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Disorders of arteries and veins are prevalent in our society. The selection of appropriate
tests supplements careful physical examination and completes the clinical evaluation of
patients with vascular disease. Vascular Diagnosis is about the detection and manage-
ment of vascular disease. The field is rapidly expanding, and technological innovations
are occurring with regularity. Refinements in imaging equipment and software are being
introduced at a steady pace, making it difficult to stay current. At the same time, vascular
laboratories have proliferated nationwide to fill the needs of patients and physicians.
Demand for experienced vascular technologists has increased. Meanwhile, concerns
about the quality of work in some of these diagnostic centers have led some to demand
stricter supervision by regulatory bodies. It is estimated that there are more than 10,000
vascular laboratories in North America; however, only one fifth have received certifi-
cation by the Intersocietal Commission for the Accreditation of Vascular Laboratories.
This book is intended to provide a comprehensive overview of the diagnosis of vascular
disease and a source of information on establishing and maintaining an accredited
vascular laboratory.

The last edition of Vascular Diagnosis was edited by the late Eugene Bernstein,
MD, and published by Mosby in 1993. Dr. Bernstein conceived the idea of publishing a
book dedicated to the noninvasive diagnosis of vascular disease in conjunction with a
postgraduate course that assembled experts from around the world. The course and the
book were very successful, and the latter was considered by many to be the standard in
the field. In the last decade, many changes and innovations have occurred in the diag-
nosis and treatment of vascular disease. Endovascular repair of aortic aneurysms is now
a commonly performed operation. Carotid stenting will soon be approved as an accepted
modality to treat carotid stenosis. Endovenous procedures with laser or radiofrequency
are gaining widespread acceptance. As devices become smaller, minimally invasive tech-
niques are facilitated. Patients and practitioners are constantly demanding less invasive
techniques and shorter hospital stays. It is now commonplace to have patients discharged
on the following day after endovascular abdominal aortic aneurysm repair or a carotid
intervention. In that last edition, Dr. Bernstein stated: “Rapid and profound strides have
been made since the first edition of this book….” Indeed, much has changed in this
last decade.

xi
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Physicians from multiple backgrounds and specialties are now involved in the diag-
nosis of vascular disease. The concept of the “vascular center”—embracing specialists
from different training paradigms to treat patients with vascular disease—is promulgated
as the right model for the present and future. As public awareness of vascular disease
increases, a growing number of patients are seeking to be screened and educated about
their atherosclerotic risk factors and cardiovascular disease. The vascular laboratory is
playing a central role in this revolution by providing fast and precise answers to frequent
questions. The earlier version of the vascular laboratory relied on physiologic methods
of blood flow measurement such as blood pressure and waveforms. Currently, there is
more emphasis on imaging blood vessels and observing blood flow with ultrasound
machines or with computed tomographic angiography and magnetic resonance angiography.
By necessity, some of the tools we use every day are located outside the vascular labora-
tory; nevertheless, their inclusion in the discussion of vascular diagnosis is germane.

Vascular Diagnosis is organized into three major parts with over 50 chapters. Tables
are used liberally, and we placed an emphasis on providing images, black and white as
well as color, for illustration. The first part covers some fundamental issues related to
the vascular laboratory and principles of vascular diagnosis. The second part has five
sections concerned with imaging the various regions of the body. The third part contains
a collection of miscellaneous topics such as coding and reimbursement and database
maintenance.

M. Ashraf Mansour, MD

Nicos Labropoulos, PhD
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Chapter 1

by early detection with a screening program. Likewise,
early detection of asymptomatic, hemodynamically sig-
nificant carotid stenosis followed by carotid endarterec-
tomy prevents fatal stroke. The current role of vascular
diagnosis therefore must not be confined to diagnosis
of symptomatic patients but must be extended to early
detection. This chapter reviews the current noninvasive
and imaging techniques available for diagnosis and early
detection of vascular disease.

The Vascular Laboratory 
and Noninvasive Tests 

Although a careful physical examination (e.g., palpation
of pulse and auscultation to detect a bruit) is helpful to
establish the diagnosis of PAD, there remains a need
for simple tests to aid the clinical examination. It would
be even more helpful if the test also served as an objective
and physiologic test for documentation and validation
of the diagnosis and treatment. The evolution of the vas-
cular laboratory in the last three decades has brought
hemodynamic information to the practice of vascular
surgery. 

Early instrumentation in the studying of peripheral
circulation includes the use of the oscillometer or plethys-
mograph. Several pioneering surgeons (e.g., Robert

Introduction

The Vascular Laboratory and Noninvasive Tests

Images of Arteries and Veins

Conclusions

Introduction

isease of arteries and veins is common. The spec-
trum of disease includes peripheral arterial occlusive
disease of arteries of the upper or lower extremity,
aneurysm of the aorta or peripheral arteries, carotid
stenosis predisposing to stroke, venous thromboembolism,
chronic venous insufficiency, and varicose veins. This
variety of disease processes signifies the magnitude of
the knowledge base required by vascular surgeons to
provide optimal care for these patients. 

In recent years it has become apparent that peripheral
arterial disease (PAD) is a manifestation of systemic
atherosclerosis and that its association with strokes and
myocardial infarction is common. Although the preva-
lence of PAD in Europe and North America is estimated
at approximately 27 million people, PAD remains largely
an underdiagnosed and undertreated disease.1 Prevention
of death from rupture of aortic aneurysm is best achieved



Linton, Fiorindo Simeone, Norman Freeman, and Edward
Edwards) used these instruments to measure peripheral
bloodflow in patients with peripheral arterial disease.
Most early studies concentrated on digital pulse ampli-
tude and skin flow, especially in relation to sympathetic
control. The first laboratory specially designated for the
study of human peripheral circulation was established
by Linton and Simeone at Massachusetts General Hospital
(MGH) in 1946.2 Other laboratories that existed in the
1950s and 1960s include the office vascular laboratory
of John Cranley at Good Samaritan Hospital in Cincinnati
and the “blood flow laboratory” established by Prof.
W.T. Irvine at St. Mary’s Hospital in London, England.
The laboratory used mainly strain-gauge plethys-
mography to measure muscle and skin flow in patients
and to test the effect of various vasodilating agents.3 All
of these laboratories, however, are considered not to be
clinical vascular laboratories but sites to perform studies
on humans. 

The era of noninvasive tests and the development of
the vascular laboratory began with the introduction of
better and more easy-to-use instrumentation including
various types of plethysmographs, a pulse volume
recorder, and the Doppler ultrasound (continuous-wave
or pulsed). With Doppler ultrasound, ankle systolic pres-
sure and its response to exercise can be recorded readily.
The simplicity of the technique has made the Doppler
ankle systolic pressure measurement a standard objective
test not only for diagnosis but also to grade the degree
of ischemia. Ankle brachial index (ABI), as suggested
by Winsor in 1950, has also proved to be a sensitive
marker for detection of PAD and is currently the most
powerful prognostic indicator in PAD.4 Many epidemio-
logic studies use ankle systolic pressure index instead of
pulse examination. Interest in systolic pressure measure-
ment also extended to segmental (thigh and calf) and
digital (finger and toe) pressure for additional informa-
tion. Penile pressure as a reflection of pelvic hemody-
namics has been found to be of value to evaluate sexual
function in aortoiliac disease and the effect of the disease
after reconstructive surgery. Later, the use of directional
Doppler to record analog flow velocity waveform from
peripheral arteries was added to the examination. This
technique brought flow velocity waveform, something
traditionally only seen in physiology textbooks, to clinical
use. 

In the 1970s, vascular laboratory and noninvasive
tests became the focus of many vascular surgeons. In
1971, using the pulse volume recorder, R. Clement Darling
and Jeff Raines reopened the vascular laboratory at
MGH for clinical use. Soon after, other centers such as
Northwestern University Medical School in Chicago 
(J. Bergan and J. Yao), Good Samaritan Hospital in
Cincinnati (J. Cranley), VA Hospital, University of
Washington in Seattle (D.E. Strandness), Scripps Clinic
in San Diego (E. Bernstein), University of Colorado in
Denver (R. Rutherford and R. Kempczinski), and St. John’s

Hospital in St. Louis (F. Hershey) also established
hospital-based, fee-for-service vascular laboratories.3,5,6

In 1972, the Inter-Society Commission for Heart
Disease Resources of the American Heart Association
recognized the need to standardize the laboratory, and
a committee was formed to study medical instrumen-
tation in peripheral vascular disease.7 The committee
recommended that the establishment of a clinical labo-
ratory in hospitals was desirable to provide studies vital
to preoperative, intraoperative, and postoperative man-
agement of patients undergoing arterial reconstructive
surgery and to provide service to patients suffering from
venous thromboembolism. This important document
provides the blueprint for many hospitals in the United
States to establish a fee-for-service vascular laboratory.

The development of the vascular laboratory could
not have been done without the help of technologists.
In 1977, the Society of Vascular Technology was char-
tered during a symposium on noninvasive diagnostic
techniques in vascular disease organized by Eugene
Bernstein in San Diego. Since then, vascular surgeons
working side-by-side with technologists have fully
developed the vascular laboratory into what it is today.
In earlier years, most techniques used were indirect tests
(e.g., supraorbital Doppler or oculoplethysmograph for
carotid stenosis, or impedance plethysmograph or phle-
borheograph for venous thrombosis). 

The introduction of duplex scan in 1979 by D.E.
Strandness and David Phillips changed the scene of non-
invasive tests. The combination of real-time imaging
and a pulse Doppler provided direct interrogation of flow
velocity at selected areas within the artery and a B-mode
image of the vessel. High-resolution B-mode image and
spectral analysis then became a standard test to detect
and to determine the degree of stenosis. Subsequent
addition of a color-coded scanner has further expanded
the use of duplex technology to instantaneously display
direction of bloodflow. At present, duplex scan is the
initial examination for patients suspected to have carotid
artery stenosis, and the velocity criterion is helpful to
grade the degree of stenosis. Duplex technology has now
extended to examination of mesenteric circulation, the
parenchymal flow of the renal arteries and the kidneys,
the aortoiliac artery, and the femoropopliteal segment.
Duplex ultrasound has also found its way to the operating
room to provide surgeons with an instant assessment
of the technical integrity of the reconstruction. Duplex
technology also offers a surveillance program to monitor
patency of an infrainguinal bypass or hemodialysis
graft and to detect recurrent stenosis following carotid
endarterectomy. Venous mapping by duplex adds a
new dimension to the planning of bypass procedures.
It is now also possible to assess the middle cerebral
artery bloodflow and to detect emboli using the trans-
cranial Doppler. For venous examination, duplex scan
has almost completely replaced venography as the diag-
nostic test. For the first time we are now able to detect
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femoral venous valve competency and to quantitate
venous reflux objectively in patients with chronic venous
insufficiency. As a result of better direct ultrasound tech-
nology, indirect tests have vanished from the vascular
laboratory. 

Because of the dominant role of duplex ultrasound
technology, the Society of Vascular Technology has
changed its name to Society of Vascular Ultrasound.
The Society has been active in quality control issues
including a certifying examination for technologists, an
accreditation process for vascular laboratories, educa-
tional courses for interpretation of various tests, and
reimbursement issues. 

At present, a vascular laboratory is an integral part
of fee-for-service diagnostic service in any hospital pro-
viding care to patients suffering from vascular disease.
It is estimated that close to 10,000 vascular laboratories
exist in the United States, and of these, only 2400 are
accredited.6 Recognizing the importance of the vascular
laboratory, noninvasive vascular testing is now desig-
nated (along with open surgery, endovascular surgery,
medical management, and critical care) as one of the
five components of training requirements and credentials
for hospital privileges in vascular surgery.8

Images of Arteries and Veins

Acquisition of images of arteries or veins remains an
important step in vascular diagnosis. In general, this
can be achieved by arteriography, venography, high-
resolution B-mode ultrasound, computed tomography
(CT), or magnetic resonance image (MRI). Each tech-
nique has its appropriate indication and offers unique
diagnostic information.  

Arteriography and Venography

These two diagnostic tests have been the gold standard
for a long time. Barney Brooks of Vanderbilt University
performed the first arteriogram.9 It was an arteriogram
of a patient with femoral artery occlusion. Later, Reynaldo
Dos Santos and colleagues of Portugal reported the use
of translumbar aortogram to visualize the aorta and iliac
arteries.10 Since then, most arteriograms are done with
direct puncture. The major breakthrough was in 1953,
when Sven-Ivar Seldinger introduced the selective femoral
retrograde catheter technique.11 This technique, coupled
with refinement of radiographic equipment and the develop-
ment of better guidewires and catheters, has extended
the examination to intracranial arteries, the mesenteric
circulation, the renal arteries and branches, the arch of
the aorta, the innominate artery, the subclavian artery and
its branches, and the aorta and its peripheral branches. 

Perhaps the most significant information obtained
with arteriogram is the observation by M. DeBakey and

colleagues.12 He recognized that the atherosclerotic change
of arteries is often segmental in nature and occurs either
in the aortoiliac or femoropopliteal level. It is the recogni-
tion of segmental occlusion that led to the concept of bypass
graft, thus beginning the era of reconstructive arterial
surgery. At present, arteriography plays an important
role in the planning of a bypass procedure. Similar to
arteriography, ascending venography was a standard
diagnostic test for deep-vein thrombosis until the intro-
duction of the duplex scan. Venography, however, remains
an important diagnostic tool to evaluate deep and super-
ficial veins in patients with chronic venous insufficiency.

High-Resolution Ultrasound

After World War II, sonar made its way to medical use.
Ultrasonography was first applied in obstetrics to measure
the size of the fetal head by Ian Donald and T.G. Brown
in 1961.13 Subsequently, the technique was extended to
the examination of solid organs. In vascular surgery,
ultrasonography was first applied to image aortic
aneurysms. Gradually the resolution of images improved,
and the current high-resolution ultrasound provides excel-
lent images of small arteries and their luminal charac-
teristics. Calcification, atherosclerotic debris, thrombus,
and intima-media thickness are additional information
obtainable with high-resolution ultrasound. Many inves-
tigators also have found the determination of intima-
media thickness to be a powerful tool for epidemiology
study of atherosclerosis, especially to assess the effect
of various forms of medical management. Echolucency
determined by gray scale ultrasound has been reported
by several investigators to detect embolic-prone carotid
plaque. No doubt, better technique for tissue charac-
terization of an atherosclerotic plaque will add further
diagnostic information in the future. Other than trans-
cutaneous use, intravascular or transesophageal ultra-
sound offers important diagnostic information. The
intravascular ultrasound probe offers accurate assess-
ment of atherosclerotic plaque and its relationship to the
cross-section area of the artery. Transesophageal ultra-
sonography provides direct examination of the aortic arch.
With this technique, the source of atheroembolization
from a mobile plaque of the aortic arch can be determined
accurately. 

Computed Tomography 

One of the major advances in acquisition of an image
of the arteries is computed tomography, introduced by
Godfrey Newbold Hounsfield, an English electrical
engineer, and Allan MacLeod Cormack.14 They shared
the 1979 Nobel Prize in medicine and physiology. Unlike
arteriography, the CT scan provides cross-sectional
images of the aorta and its major branches. Moreover,
it also yields information on the surrounding structure
of the aorta. The technique certainly revolutionized the
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diagnosis of many intra-abdominal organs. CT scan can
better define aortic pathology such as aortic dissection,
aneurysm, and intraluminal thrombus. The CT scan is
of particular use as an accurate means to determine the
exact size of an aortic aneurysm, to find unexpected
pathology such as retroaortic vena cava or horseshoe
kidney, and for incidental identification of renal tumor.
The CT also helps to determine whether the aneurysm
is inflammatory in nature or is in the form of contained
rupture. In the 1990s, a new generation of CT scan
(e.g., spiral and helical CT) was introduced. These scans
provide not only faster time for image acquisition but
also three-dimensional reconstruction of images. These
new CT scanners offer better examination of aortic
aneurysm and the thoracic outlet. They also are helpful
in the diagnosis of pulmonary embolism. With CT, we
now know that small aneurysms (i.e., less than 5.5 cm)
seldom rupture, and that it is perfectly safe to use CT to
monitor the size of the aneurysm. In the era of endovas-
cular repair of aortic aneurysm, the CT is essential in
the selection of patients for endovascular graft and to
determine the proper device as well as to detect endoleaks
following endograft placement.

Magnetic Resonance Technique

In addition to CT scan, another major development in
imaging technique is magnetic resonance imaging (MRI)
or magnetic resonance arteriography (MRA). Edward
Mills Purcell first introduced the technique in the early
1950s.15 At first, the technique was known as nuclear
magnetic resonance; later it was changed to magnetic
resonance imaging. This technique, like the CT scan, is
able to detect aortic aneurysm. MRI, however, is superior
to CT because of the ability to yield detailed examina-
tion of soft tissue and venous structure. The technique
is most useful to evaluate patients with congenital
atrioventricular malformation because of the ability of
MRI to depict venous structure in both longitudinal and
cross-sectional views. More importantly, the MRI demon-
strates the surrounding muscular structure clearly, and
the extent of the malformation can be determined accu-
rately. In recent years there has been significant advance-
ment in the understanding of embolic symptoms as a
result of plaque rupture. MRI, as demonstrated recently,
may be able to determine the type of plaque that is
most likely to cause embolization, which would be of
great clinical use. 

Another great use of MR technology for vascular
surgeons is MRA. Refinement of this technology,
especially with the use of gadolinium to enhance the
image, has led to the gradual replacement of the inva-
sive catheter arteriography. At present, many centers use
MRA and duplex scan as the preoperative diagnostic

plan for carotid endarterectomy or stent placement.
Similarly, MRA has replaced catheter arteriogram for
patients who are candidates for aortic or femoral bypass
procedures. 

Conclusions

Since the early days of vascular surgery in the 1950s
there have been great advancements in diagnostic tech-
niques for vascular disease. The vascular laboratory,
CT scan, high-resolution ultrasound, and MRI or MRA,
each with different indications, are now available to
establish the diagnosis and to plan the treatment of
vascular disease. Many of these tests are well suited as
screening tests for early detection of vascular disease.
These tests, when used with proper indications and in
an ethical manner, will improve the care of patients
with vascular disease. 
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Introduction

he vascular laboratory was developed to aid the
clinician in reaching a diagnosis and in formulating a
therapeutic plan for patients with peripheral arterial
occlusive and venous disease. Early on, many experts
recognized that physical examination alone was inade-
quate. Many studies have shown that palpation of pulses
is sometimes inaccurate, even with trained and expe-
rienced observers. Similarly, recognition of deep venous
thrombosis in the calf by physical examination alone is
as good as a coin toss (i.e., a 50% chance of being wrong).

In the 1950s and 1960s, efforts at devising objective
tests to diagnose arterial and venous disease focused on
physiologic testing. For arterial disease, it was recognized
that a pressure drop in an adjacent arterial segment
denoted the presence of a significant arterial narrowing.
Winsor, in 1950, used pneumoplethysmography to record
sequential blood pressures in a limb to make this obser-
vation. Subsequently, with the development of continuous-
wave Doppler, photoplethysmography, and strain gauge,
physiologic testing was on its way to becoming the core
of vascular disease diagnosis. The 1980s ushered a
revolution in vascular diagnosis after the refinement of
ultrasound technology. With color-flow scanning it became
possible to image the vessel, artery, or vein, and to observe
the behavior of bloodflow within that vessel. Bloodflow
velocity measurement provided an accurate method to
measure an arterial stenosis. This varied according to
the vascular bed, with 85% to 90% accuracy for celiac
stenosis and 95% accuracy for carotid disease.

This chapter provides the reader with an under-
standing of the basic hemodynamic principles used on
a daily basis in the vascular laboratory.

Hemodynamic Concepts

Systemic and pulmonary flows depend on the mainte-
nance of adequate force within the circulation to drive
blood throughout; flow distribution depends on regional
differences in vascular resistance. The latter is mediated
by diameter changes in the precapillary arterioles. The
entire process is governed by the basic rules of fluid
hemodynamics. In the following text, the most impor-
tant hemodynamic factors that determine bloodflow
are analyzed separately because of marked differences
that depend on the different anatomic vascular areas.

Wall Mechanics

The properties of vessel walls are largely dependent on
the tissues that form them. Water forms about 70% by

weight and fat about 1.5%. In dried, fat-free specimens,
collagen and elastin together make 50% to 65% of the
wall weight, and the amount of muscle is largely unknown,
even though values around 25% have been quoted.1

Mechanically speaking, the muscular tissue is the active
part, whereas endothelium, elastin, connective tissue, and
collagen are passive in their roles. However, their pro-
portions in wall composition affect the wall distensibility.
Elasticity is the inherent property of a material to regain
its original figure or dimensions after the removal of an
altering force. Stress (S) is the magnitude of the force
that causes strain on a physical material. The intensity
of stress is given in units of force divided by units of
area. Stress can be resolved into three orthogonal com-
ponents, and several qualifying terms can be derived:
(1) tensile stress tends to elongate a material, and com-
pressive stress does the reverse; (2) shearing stress acts
in a plane parallel to that of the material in question;
and (3) strain (e) refers to the degree of deformation of
a physical material under the effect of a force (i.e., the
ratio of change for a given dimension to its original
value in the nonstressed state). As in the case of stress,
strain can be also divided into three orthogonal parts:
(1) coefficient of elasticity, also known as elastic modulus,
is defined by the ratio of applied stress to the change in
shape of an elastic material; it describes the elastic
properties characteristics of a given material. 

E = S/e (Formula 1)

These principles were described assuming rectangular
coordinates. To be applied to vessels, cylindrical coor-
dinates need to be used. In a very-thin-walled blood
vessel, stress is given by the (2) transmural pressure,
which is governed by the Laplace’s law:

T = P1/r (Formula 2)

where T is the wall tension or the circumferentially
directed force per unit length (dyne/cm), P1 is the
transmural pressure (intravascular minus extravascular
pressure), and r is the vessel radius. But Laplace’s law
should only be applied the very-thin-walled structures
indeed, such as soap bubbles. (3) Circumferential stress
is given by:

S�� = Pr/h (Formula 3)

where h is wall thickness. Later on, more appropriate
and complicated formulations were developed for thick-
walled vessels, and they could be applied for determi-
nations of elastic modulus in vitro and in vivo. 

Arteries can be conceptualized as viscoelastic cylin-
ders; this means that they are not perfect elastic bodies.
The latter identifies materials that can deform and
recover their unstressed shape immediately after appli-
cation and removal of stress. Viscoelastic materials need
a certain time to achieve deformation and to regain their
original shape. Blood, if thought of as a fluid suspen-
sion of elastic cells, shares viscoelastic properties. Static
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elastic modulus (Estat) refers to the stress/strain ratio
measured in a vessel that suffered an abrupt increase
of the transmural pressure: the vessel diameter had to
increase gradually to a new value. The ratio has to be
calculated when the vessel reaches a relative steady
state (i.e., after a period when no further strain can be
obtained). But that value does not give information about
the viscous characteristics of the vessel wall. Complex
viscoelastic modulus (Ec) yields information about the
viscoelastic properties of a vessel: It is obtained using
sinusoidal, as opposed to linear, stresses. The peaks of
stress and strain are identical in perfectly elastic sub-
stances and different in viscoelastic materials. Therefore
the lag time between those peaks is a reflection of the
viscoelasticity of a material. 

Wall Elasticity and Wave Velocity

A relation between the pulse wave speed in the arteries
and wall elasticity has been recognized. First, it was
reported in a nonviscous system and represented by
the Moens-Korteweg equation; later it was reported in
viscous models. All the derived formulas in some form
or another contain simplified assumptions. However, even
though no exact data can be obtained, a large amount
of knowledge with regard to the pulse wave transmis-
sion in vivo has been obtained, focusing on vascular
disease through a new approach: measurements of
wave propagation.

Pulse Wave Velocity

In each heart cycle, a pulse wave travels from the heart
down along the arterial wall to move the bloodstream
forward. Pulse wave velocity is an estimate of the trans-
mission speed with which the arterial pulse wave pro-
pagates down the arterial tree. Data from the literature
suggest that its measurement at the aortic level is an
important marker for changes in vascular stiffness caused
by age. It is considered to be the best available method
to noninvasively assess aortic stiffness.

Pulse wave velocity is calculated by dividing the dis-
tance traveled between ultrasound transducers by the
time of travel of the pulse wave. Simultaneous recordings
of the arterial flow waves from the right common carotid
artery and the right femoral artery are obtained using
continuous-wave Doppler flow probes. The more rigid
the arterial wall, the faster the wave travels.2 When the
wave hits a major branching point it is reflected back
to its origin site.3 This normally occurs after closure of
the aortic valve, which amplifies the diastolic pressure
and facilitates bloodflow to the coronary arteries. However,
in old arteries, the increased velocity of the initial wave,

and that of the subsequent reflected one from the arte-
rial system periphery to the aortic root, further increase
systolic rather than diastolic pressure in the central
arteries.4 This is responsible for the late systolic pressure
peak observed in the central pressure waves of older but
not younger subjects. It also decreases the contribution
of the reflected wave to the filling of the coronary
arteries. Age-related changes can have major clinical
consequences in coronary bloodflow and can add to an
increase in the systolic blood pressure.4

Clinical Applications 
of Hemodynamic Principles 
in Arteries

The mechanical properties of the vessel wall have been
used in clinical practice. Both increased carotid artery
wall stiffness and pulse pressure have been associated
with higher rates of cardiovascular mortality, including
stroke.5 Recent clinical reviews have shown that a number
of novel therapeutic interventions target the walls of
large arteries. Such therapy may be preferentially directed
to patients with documented elevations of pulse pres-
sure or vessel stiffness. Nitrates, for example, have a selec-
tive action in lowering pulse pressure levels through
changes in wave reflections.6 Other drugs can decrease
the arterial wall stiffness through alterations in the wall
composition.6 Lower sodium intake and increased exer-
cise are associated with improved aortic compliance.7–9

Angiotensin-converting enzyme inhibitors have a favor-
able effect on vessel walls.7 Low-dose diuretics effectively
reduce vessel stiffness and pulse pressure in elderly
patients.7 In contrast, beta blockers have been shown
to increase vessel stiffness and the reflected wave mag-
nitude. Calcium channel blockers yielded mixed results.7

Aortic pulse wave velocity, along with age and time on
dialysis before inclusion in clinical trials, are also strong
predictors of cardiovascular mortality in patients with
end-stage renal disease (ESRD).10 Aortic stiffness measure-
ments are also predictors of cardiovascular mortality in
patients with ESRD and after kidney transplant.11

Cardiac Dynamics 

The cardiac cycle has two phases: (1) diastole or ven-
tricular filling, which results in a doubled blood volume
in the ventricle (from 40 to 50 mL, to 100 to 120 mL at
completion in resting conditions); and (2) systole or
ventricular emptying. The first phase takes about two
thirds of the cycle duration. 

Diastole encompasses five phases. The first one, or
protodiastole, is very brief and represents the fall of ven-
tricular pressure immediately after the end of ventricular
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systole, producing the closure of the aortic valve.
Isometric relaxation follows, being characterized by
continuous muscle relaxation without changing the
intraventricular volume. That results in the fall of the
intraventricular pressure until it is exceeded by the
pressure in the atria, causing the opening of the mitral
valve. The next phase is of rapid filling, where blood
falls rapidly into the ventricle, filling about 60% to 70%
of this space. Further but much slower filling occurs
during the next phase or diastasis, which is responsible
for 10% to 20% of ventricular filling. The last phase is
known as atrial systole; it increases ventricular filling
again and takes responsibility for an additional 20% to
30% of blood volume.

Systole has three phases. Isometric contraction relates
to an early period of ventricular contraction that increases
the pressure but not to levels high enough to open the
aortic valve. The intraventricular volume during this
phase does not change. When the pressures do reach
those levels (i.e., above aortic pressure), the valve opens
and allows blood ejection, and the cycle enters in its maxi-
mal ejection phase. The ventricular pressure continues
to rise as the blood is being rapidly ejected, up to a peak
point where most of the blood has left the ventricle.
After that peak point, there is a rapid decrease in blood
ejection and the aortic pressure falls as the flow of blood
out of the distal end of the arterial system begins to
exceed the blood inflow from the ventricle. This is called
reduced ejection and finishes the cycle; it is followed
by the beginning of ventricular muscle relaxation with
an associated fall in the intraventricular pressure.

Cardiac Cycle in Relation 
to Arterial Waveform

The phases of the heart cycle described above, together
with the wall properties of the arteries and the peripheral
resistance, determine the shape of the ultrasound wave-
form in these vessels. By coupling the M-mode picture
and the waveform of an artery with the electrocardio-
gram (ECG), the relationship between the cardiac and
arterial phases can be depicted (Fig. 2-1). During the R
wave, ventricular contraction (cardiac systole) occurs
and leads to vessel expansion (vessel diastole). At this
moment, the highest velocity in the vessel is recorded
(peak systolic velocity). Vessel diastole and peak systolic
velocity occur a few milliseconds after cardiac systole
because it takes some time for the pulse wave to travel
to the site of the measurement. Therefore the larger the
distance from the heart, the larger the delay. Imme-
diately after, the beginning of cardiac diastole occurs,
during which the vessel diameter starts to decrease
(vessel systole) and the bloodflow decelerates rapidly.
In arteries where the resistance is high (e.g., external
carotid, popliteal, and superior mesenteric during fasting),

the flow for a few milliseconds reverses its direction. In
arteries with low resistance (e.g., internal carotid, renal,
and superior mesenteric after a meal), flow reversal does
not occur. The flow reversal is abolished in conditions
where the resistance drops (e.g., exercise, ischemia, and
inflammation). During the filling of the ventricles (after
isometric relaxation), the vessel has its smallest diameter
(end-diastolic velocity). Blood moves forward again as
the reflective wave hits the proximal resistance of the
next incoming wave and reverses direction. This phase
reflects the peripheral resistance beyond the measure-
ment as the blood travels with its own momentum (i.e.,
kinetic energy left during ventricular relaxation).

Figure 2-1. Arterial luminal phases and waveform in rela-
tion to cardiac cycle. A, The different phases in the vessel cycle
are seen in the common carotid artery by M-mode imaging
coupled with electrocardiogram. A few ms after ventricular
contraction (R wave), vessel diastole occurs during which the
maximum diameter is achieved. In cardiac diastole the diameter
of the vessel is progressively reduced (vessel systole) until it
reaches its minimum just before the next cycle begins. B, The
arterial systolic velocity reaches its peak during vessel diastole.
The diastolic velocity occurs during vessel systole. 
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Cardiac Cycle in Relation 
to the Venous Pressure Waves

Cardiac filling pressure values are often needed in a
variety of clinical situations. Typically, central venous
pressure (CVP) is used to get information as to the status
of the right heart. For the left heart, the pulmonary wedge
pressure is commonly used. Additional information can
be obtained examining the different pressure waves
developed in the atria and central veins throughout the
cardiac cycle (Fig. 2-2).12

Arterial Hemodynamics

Health care providers refer patients with arterial insuf-
ficiency to the vascular laboratory to answer the questions:
Is there any evidence of arterial narrowing or obstruc-
tion? And if so, can the degree of narrowing (i.e.,
percent stenosis) be objectively quantified? To answer
this question, a variety of direct and indirect tests are
available.

In the case of occlusive arterial disease, most disease
processes cause a narrowing of the arterial lumen. This
is observed with atherosclerosis as well as with other
arteriopathies. In the early stages of gradual arterial
narrowing, most patients are asymptomatic. As the degree
of stenosis increases (e.g., in patients with claudication),

symptoms begin to appear.13 In the classic description
of claudication, the patient can walk for a few minutes
without any symptoms of calf pain. As the metabolic
demands of the calf muscle increase, the arterial nar-
rowing prevents an adequate supply of nutrients from
reaching the muscle and exercise-induced calf pain
ensues. This phenomenon of arterial insufficiency
causing symptoms is observed in other vascular beds
as well (e.g., the coronary circulation when patients
develop angina as they exert the heart muscle).

Fluid Energy

The cardiac muscle generates the pressure, or potential
energy, to mobilize blood. A pressure or energy wave is
created that moves throughout the vessels. The cardiac
output determines the amount of blood entering 
the system, and the peripheral resistance determines
the amount of blood that leaves it. A fraction of the
generated energy is also spent in arterial distention.
This causes a reservoir phenomenon that stores some
of the blood and energy that were delivered to the
system; it promotes the flow of blood into the tissues in
diastole.

More precisely, fluid motion requires an energy dif-
ferential between two points. That energy in a system
is the sum of its potential and kinetic components as
well as the gravitational energy. Hydrostatic pressure is
a function of:

P = –ρgh (Formula 4)

where P is hydrostatic pressure, ρ is the density of
blood, g is the force of gravity, and h is the height of
the column of blood.

The formula that correlates all factors is:

E = P + ρgh + 1/2ρv2 (Formula 5)

where E is the total fluid energy, +ρgh is the gravi-
tational energy, and 1/2ρv2 is the kinetic energy. Gravi-
tational and hydrostatic energy values are obtained using
the same calculation, but they have opposite signs. The
former describes the ability to do work because of its
elevation. They often, but not always, cancel each other
out.

Viscosity

Blood viscosity plays a major role in the loss of energy
in the peripheral circulation. Blood viscosity is defined
as the extent of internal friction between contiguous
layers of fluid, or “lack of slipperiness,” as described by
Isaac Newton. He described the first equation that
governs fluid viscosity: if two layers of fluid move at
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Figure 2-2. Venous waves in the internal jugular vein.
During quiet breathing the respiration has little effect on the
venous waveform, but it is strongly affected by the cardiac
cycle. An antegrade wave is seen right after ventricular
contraction. This is followed by a retrograde wave caused by
atrial overfilling. Next the opening of the tricuspid valve
produces an antegrade wave. Finally, a retrograde wave
occurs during atrial contraction.



different velocities (v) and slide past each other, several
values are derived. A is the area where both layers
contact; dx refers to their individual thickness; and S is
the amount of force per area unit (F/A) needed to
move the fluid laminae by virtue of the friction
between them. S is also termed stress. It is proportional
to the velocity gradient, dv/dx, as is shown in the
following equation:

S = F/A = η dv/dx (Formula 6)

where η represents fluid viscosity, implying that
viscosity is inherent to the fluid in question and the
velocity gradient is a function of the applied stress.
Viscosity is measured in poises, which equals 1 dyn
sec/cm,2 and it is affected by environmental factors such
as variation in temperature. Blood has a viscosity that
ranges from 0.03 to 0.04 poises at 37 °C.1

Inertia

Inertia is a characteristic property of pulsatile as opposed
to steady flows. In the former, inertial forces are added
to the unvarying kinetic energy of the latter. Energy losses
caused by inertia (ΔE) are dependent of a constant K,
blood specific gravity (ρ), and the square of blood
velocity (v) as follows:

ΔE = K 1/2ρv2 (Formula 7) 

Therefore inertial energy losses result from accelera-
tions and decelerations of pulsatile flow and when blood
goes from a large to a small vessel (and vice versa).
Velocity is a vector quantity; therefore changes in flow
direction at curves, junctions, and branches signify
accelerations. 

Turbulence

Also known as nonlaminar flow, turbulence arises from
the random motion of parts of the fluid in axial and
radial directions simultaneously, forming eddy currents
and vortices. It causes an abrupt change in pressure
gradient-flow relationships when flow is increased
above a critical threshold. It is also an important source
of fluid energy loss.

The Reynolds number (Re) is a dimensionless value
that refers to the point at which flow transforms from
laminar into turbulent and it is proportional to the ratio
of internal forces acting over the fluid to the viscous
forces:

Re = ρvd/η = vd/ν (Formula 8)

where ν is the kinematic viscosity (ν=η/ρ). The
threshold where turbulence occurs is 2000. There is a

transitional zone (2000 to 4000 Re) where the laminar
flow is converted to turbulence. Above this zone true,
turbulent flow occurs. Most vessels in the periphery are
below that number, and therefore in normal circum-
stances turbulence should not occur except for brief
exceptions (e.g., the ascending aorta during the peak
systolic ejection period).13

Steady Flow

The basic principles of hemodynamics are based on
simplifying bloodflow (i.e., considering it steady and
through a rigid cylinder); this starting point to the knowl-
edge of fluid flow principles has been built on over the
course of the years. Flow and pressure are factors that
are most commonly described in hemodynamics. J.L.M.
Poiseuille first described the relation between steady flow
and pressure in a cylinder. He established that in a rigid
tube flow has a parabolic or laminar shape, and showed
that the volume flow (Q) and the pressure drop (P1 – P2)
along a tube of a given length (L) and inner diameter
(D=2r) were related as follows: 

Q = (P1 – P2)π r4/8ηL (Formula 9)

Therefore as a derivation of that equation, in a
cylinder, resistance is expressed as:

R = 8ηL/π r4 (Formula 10)

This concept can be applied to the pulmonary or
circulatory system as a whole. In the latter, P1 is the
ascending aortic pressure, P2 is the central venous (or
right atrial) pressure, and Q is the left ventricular output.
The average value over repeated complete cardiac cycles
must be used. The flow that arises from the pulsatile effect
of the heart muscle can be seen as steady flow with
superimposed pulsations. Flow is directly proportional
to a pressure gradient and vessel size; it is inversely pro-
portional to blood viscosity and vessel length, which
are elements of resistance. It is important to note that
small changes in the radius result in very large flow
changes because of the fact that the radius measurement
is raised to the fourth power.

Pulsatile Flow

Pulsatile flow depicts changes in the driving pressure
conditions and the vascular bed response to them. As
opposed to steady flow, in which pressure and flow remain
constant, these factors vary continuously over time in
pulsatile flow. Associated changing velocity profiles
occur throughout the cardiac cycle. The different parts
of the arterial cycle in relation to the cardiac function
have previously been described.
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Pulsatile flow is important for adequate organ func-
tion, probably through the effects on the microcirculation
via a mechanism that is not fully understood. Experi-
mental work has revealed that the function of certain
organs decreases under steady blood perfusion.14

Resistance

The measurement of the extent to which a system of
conduits opposes flow is called resistance; it is defined
as the relationship of mean pressure gradient to mean
pressure flow, as follows:

S = (P1 – P2) / Q (Formula 11)

Resistance expresses the energy dissipation per flow
unit within a given system; its values are often given in
dyne sec/cm.5 The peripheral resistance unit (1 PRU =
1 mmHg per milimeter per minute = 8 × 104 dyne sec/
cm5) is most commonly used.

Local and remote neurohormonal mediators of smooth
muscle activity perform the moment-to-moment control
of the vasculature; however, resistance is also influenced
by the geometry of the vessel, by wall distensibility, and
by transmural pressure. The smooth muscle cell layers
in the arterial wall are progressively attenuated from 3 in
the 100- to 150-μm arteries to 2 in intermediate branches
and to 1 at the arteriolar level. Simultaneously, the elastic
layer suffers fenestration and fragmentation until it
completely disappears in the 20- to 25-μm arterioles.
This changes the vessel compliance and the wall thick-
ness/lumen ratio. Because of a significant decrease in
the vessel inner lumenal circumference in relation to its
outer perimeter, inner wall layers bear higher levels of
strain caused by intravascular pressure. This may con-
tribute to patterns of structural adaptation of large and
small arteries in response to pressure stress.

Other commonly used terms in vascular hemody-
namics are impedance and conductance. Impedance is
the term used to describe the resistance to pulsatile flow
offered by a peripheral vascular bed. Impedance shows
how the resistance changes in time; it is a more realistic
term than the resistance, which is applied to ideal situa-
tions only.15 Conductance is the reciprocal of the resistance
for the entire array of vessels from arteries, capillaries,
and veins.

Stenosis and Critical Stenosis

The bloodstream changes direction as the flow narrows
at a stenotic segment (contraction), and it enlarges
(expansion) as it exits the stenosis. Bloodflow velocity
increases through the stenotic vessel because velocity
and area are inversely related. Inertial energy losses occur

at the beginning and at the end of a stenotic segment.
This is caused by the resulting turbulence, eddies, and
vortices produced by the change in bloodflow direction.
Inertial loss is proportional to the square of the velocity.
Viscous energy losses also occur within the stenotic
segment but are of less magnitude when compared
with inertial losses. From the Poiseuille equation, the
vessel radius has a greater effect on viscous energy
losses than does vessel length.

The stenosis shape also influences energy losses.
Gradual tapering geometry is associated with fewer losses
than is irregular geometry; converging vessels stabilize
laminar flow, whereas diverting vessels have a less stable
flow pattern. Irregular stenoses are associated with high
turbulence, producing vibrations of the vessel wall that
in turn produce audible sounds known as bruits. After
a significant stenosis, poststenotic dilatation occurs. Its
development has been attributed to the following factors:
turbulent flow leading to fatigue of the elastin fibers and
collagen breakdown distal to stenotic lesions; conver-
sion of high kinetic to high potential energy; and con-
tinuous change from high to low pressure. Subsequently,
when some dilatation occurs, the decrease in the velocity
near the wall will increase the lateral pressure, leading
to further dilatation.16 The sudden expansion of blood-
stream, and the kinetic energy dissipation caused by the
associated turbulence, can cause large energy losses at
the exit site of the stenosis. That loss can be expressed
by the following:

ΔP = K 1/2ρv2 (r/rs)2 – 12 (Formula 12)

where r is the radius of the normal vessel and rs is
the radius of the stenotic segment.

There is a stenotic threshold below which the reduc-
tion in flow or pressure is; this is known as critical
stenosis. According to Formula 7, the energy losses across
a stenotic vessel are inversely proportional to the fourth
power of the radius at that site.

Mathematic and biologic models in the experimental
and clinical setting have investigated mechanical and
physiologic consequences linked to critical arterial steno-
sis. Critical stenosis has been shown to occur when the
vessel diameter has been reduced by about 50%, or when
the cross-sectional area is reduced by 75%. Other inves-
tigators, by using invasive techniques and correlating
trans-stenotic pressure differential versus stenotic mea-
surements, found the critical level to be 60% in diameter
and 80% in area (Fig. 2-3).16 The effects of proximal or
distal stenosis on the arterial waveform are illustrated
in Figure 2-4.

Several findings were derived from observations that
applied only to unbranched vessels. Stenoses in series
affecting a single conduit are a common occurrence. The
length of the stenosis affects energy losses from viscosity,
but according to Poiseuille’s equation, the effect of length
is less significant than is the effect of the lesion diameter.
An important observation to consider is that the energy
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loss caused by two stenoses of equal diameter is not the
same as that of a single stenosis of a length that equals
the sum of the lengths of the shorter lesions.13 This is
caused by entrance and exit effects for each short stenosis,
as opposed to the same effects for only a single segment.
That would explain several clinical observations. Multiple,
subcritical arterial stenoses have been shown to have
the potential for significant hemodynamic consequences.
Diminished pressure and flow at the poststenotic site
were correlated with the experimental serial application
of subcritical stenoses in a cumulative, nonlinear fashion.17

Stenoses of unequal diameter positioned in series get
most of the hemodynamic effect from the one with
smaller diameter, regardless of the order in which they
are placed. Removal of the most severe, therefore, might
result in significant hemodynamic benefit.13

Blood velocity affects energy losses as well. Because
velocity depends on the distal vascular bed resistance,
the latter also affects critical stenosis. 

The flow characteristics need to be specified for this
concept to be valid. Nonsignificant stenoses at resting
flow rates may become critical when the flow is increase
(e.g., during exercise). This shows the importance of
clinical angiographic correlation of apparently benign
lesions that may be hemodynamically significant when the
patient exercises. That constitutes the basis for physiologic
testing through blood pressure assessment to clinically
categorize stenoses.

The preferred test to assess the circulation is the exer-
cise or treadmill test. It produces physiologic stress that

resembles the patient’s ischemic symptoms. After obtaining
Doppler pressure values at rest, the patient is asked to
walk on a treadmill at a speed of 1.5 mph and at less
than 10% elevation for about 5 minutes or until limiting
symptoms occur. Duration of walking, speed, onset,
location, and progression of symptoms are all recorded.
Ankle-brachial indexes are calculated immediately after
exertion. In normal subjects, the value should be higher
than pre-exercise levels. If the value decreases, pressures
are obtained every 2 minutes until pre-exercise values
are reached. Single-level disease is associated with a
recovery time between 2 and 6 minutes; multilevel disease
with a recovery time of 6 to 12 minutes. 

Alternative techniques have been developed for stress-
ing the peripheral circulation in cases where the examined
subject is unable to exercise. Postocclusive or reactive
hyperemia is performed by inflating bilateral thigh cuffs
to pressure levels above the systolic value and main-
taining the pressure for about 5 minutes. This technique
produces transient ischemia and consequent vasodi-
latation distal to the cuffs, which in normal subjects may
produce a drop in the ankle-brachial index of 17% to
34%. In patients with disease at a single level, a less
than 50% drop in the ankle pressure is seen, whereas
multiple level disease is associated with a greater than
50% drop. Drug-induced hyperemia, simulating exercise,
is another method based on pharmacologic arteriolar
vasodilatation. This effect is readily seen with intravenous
adenosine-like drugs such as dipyridamole, which are
strong arteriolar dilators that lack any effect on larger
arteries. It is a drug widely used in myocardial perfusion
studies in humans based on that principle; it is also
used in patients with peripheral arterial atherosclerotic
disease during angiography.

Pressure Flow Relationships 

Along a streamline of bloodflow, the total fluid energy
is constant, and velocity and pressure are inversely related
according to the Bernoulli principle. With or without
arterial disease, the vessel geometry produces pressure
gradients that, in turn, create areas of flow separation
with areas of stagnation. 

Clinicians are used to measuring blood pressure and
not bloodflow. Bloodflow varies depending on the clinical
situation. In healthy extremities, the heart produces a
pressure pulse, later modified by the inherent properties
of the arterial wall and by changes in the distal vascular
bed resistance. As the pulse progresses distally there is
a reduction in the vessel wall compliance and a reflec-
tion caused by the peripheral resistance, resulting in
amplification of the peak systolic pressure. That trans-
lates into a higher pressure at the ankle level than in the
upper arm. The ankle-arm pressure ratio is then defined,
being normally 1.11 ± 0.18.

14 Part One: General Aspects

Figure 2-3. Hemodynamically significant stenosis in the
internal carotid artery. This stenosis is defined as such when
the pressure or flow is reduced distal to it. In general, most
people accept this cutoff at a 50% diameter reduction. However,
experimental work has shown that this is closer to 60% diameter
stenosis. In this figure the diameter stenosis is greater than
60% but less than 80%. This is indicated by the elevated peak
systolic velocity (PSV): 312 cm/sec and end- diastolic velocity
(EDV): 89 cm/sec and the PSV ratio of internal carotid artery
(ICA) to common carotid artery (CCA), which was 312/81 
= 3.8.
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Figure 2-4. Hemodynamic effects of stenosis, occlusion, and inflammation on the arterial waveform. A, In peripheral arteries
the waveform is triphasic, as seen in the SFA of a young, healthy volunteer. B, In the upper extremities the arteries have usually
more than three phases, as shown in this normal brachial artery. C, Increased peak systolic velocity in a normal brachial artery
after digital compression that produced greater than 50% stenosis (peak systolic velocity ratio 253/70: 3.6). D, Low amplitude
flow velocities distal to near-total occlusion of the brachial artery with digital compression. E, No flow is seen after complete
occlusion. F, Absence of flow reversal, increased peak systolic and end- diastolic velocities with prolonged forward flow caused
by decreased vascular resistance as seen in reactive hyperemia.
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The mean and diastolic pressures progressively
decrease at the same time. The fall in the mean value
between the heart and ankle is less than 10 mmHg.
Exercise in normal limbs is not associated with major
changes in ankle systolic pressures, which return to
resting levels within 1 to 5 minutes after exercise
cessation.

In atherosclerotic limbs there is an increase in seg-
mental vascular resistance. After exertion, metabolic
products accumulate, and in normal flow conditions they
are removed from the circulation. The ability to increase
flow in diseased extremities is limited, and pain in exer-
tion is assumed to be caused by those products. A dra-
matic fall in the ankle systolic blood pressure also occurs.
Its extent and duration are proportional to the severity
of the stenosis. The recovery time to resting levels can
take up to 30 minutes. The hyperemia that follows exercise
lasts longer, and the peak calf bloodflow decreases and
recovery is delayed.

As atherosclerosis progresses, the compensatory
effects of a diminished peripheral vascular resistance
eventually disappear and resting flow falls below normal,
producing ischemic rest pain.

Aneurysms

Important hemodynamic concepts have been derived
from ideal models of arterial aneurysms. Considering
them as perfect cylinders, the tangential stress applied
over the aneurysmal wall (τ) is given by the product of the
transmural pressure (P) times the inside arterial radius
(r1) divided by the thickness of its wall (δ). The larger
the aneurysm and the higher the systemic pressure, the
higher are the chances for aneurysmal rupture. Laminar
thrombus formation, a layering of the inner wall of the
aneurysm, forms in an attempt to keep the arterial lumen
as close to normal as possible. That thickens the wall
and, in theory, could be protective against rupture; this
has not been shown conclusively:

τ = Pr1/δ (Formula 13)

But aneurysms are not perfect cylinders; they are
asymmetric, which causes increased wall stress (Fig. 2-5).
That, combined with the weakening of the aneurysm wall
produced by atherosclerosis and endogenous enzymes,
increases the chances of vessel rupture.
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Figure 2-4, cont’d. G, High flow in a normal common femoral
artery secondary to inflammation in a patient with severe
cellulitis. Areas with inflammation have significant vasodila-
tion and therefore lower resistance. H, Low amplitude flow
distal to a chronic superficial femoral artery stenosis (I).
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Age

Arterial wall remodeling, along with its hemodynamic
consequences, occurs with increasing age, even without
atherosclerotic risk factors. Wall stiffness increases in a
nonpathological process that begins in the third decade
of life. This is thought to be caused by the relative
decrease in elastin and fraying of the elastic layer, as
well as by an increase in collagen content. The increase
in the arterial stiffness has been correlated with higher
rates of early atherosclerosis; it is also the most important
cause of increasing systolic and pulse pressure, and for
decreasing diastolic pressure with aging.

The viscoelastic properties of the carotid arteries were
analyzed by Labropoulos and colleagues.19 Analysis of
the intima-media thickness in these vessels showed
that 0.88 mm was the critical value at which the arterial
segments became significantly stiffer compared with
patients with values below that level (p <0.01) and with
controls (p <0.001), as determined by the measurement
of arterial elastic modulus.

Hypertension

Hypertension, by definition, is a hemodynamic disorder
that affects about one quarter of the population. Hyper-
tension is much more prevalent in the old, and the risk

of cardiovascular morbidity increases with age. As in the
case of aging, a loss of arterial distensibility was corre-
lated with hypertension. This was first noted in a study
by Freis, who analyzed the externally recorded arterial
pulse wave at the carotid and brachial arteries for
calculations of vessels compliance.20

Treatment of hypertension reduces this risk consider-
ably; however, it should not only target arterial blood
pressure but also other hemodynamic parameters and
structural changes of the cardiovascular system. Exclud-
ing beta blockers, all other antihypertensives, including
the vasodilating beta blockers, do not decrease cardiac
output while lowering the systemic impedance. In the
future, the capability to recognize preclinical arterial
injury will improve cardiovascular risk stratification
and act as a better guide in assessing the value of
therapeutic methods than monitoring blood pressure
alone.

Alternative methods to assess response to therapy
are also developed. Regression of ECG evidence of left
ventricular hypertrophy (LVH) has been verified with
antihypertensive therapy since the Veterans’ Adminis-
tration trial. In this study and others, abnormal ECG
changes in the treated patients developed only in one
fourth of the occurrence in the control group. Further-
more, in patients who presented with ECG changes before
randomization, they corrected 2.5 times more often in
the treated group than in the control.21

Venous Hemodynamics

Venous structures have significant differences in their
wall composition: these are mainly caused by the pres-
ence of valves; by a much lesser wall thickness; and by
the lack of elastic tissue, with marked preponderance
of muscle fiber in the media layer. Larger veins have
adventitial tissue as a major component of their walls,
and venules have no media layer and no smooth muscle.
Because of their wall properties and size, they are called
capacitance vessels, and at any given time they contain
about two thirds of the total blood in the body. 

Hydrostatic Pressure

Hydrostatic pressure is given by the weight of the blood
columns extending from the heart to the level where
the pressure is being measured (Formula 1). In supine
patients, hydrostatic pressure is negligible; it becomes
considerable in the standing position because of the
passage of blood to the lower extremity veins of about
0.5 L. A marked increase in the transmural venous pres-
sure at the feet occurs because gravity forces fluid out
of the capillaries and into the tissues. This phenomenon
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Figure 2-5. Abdominal aortic aneurysm (AAA) with a large
amount of thrombus lining the inner aneurysmal wall and
asymmetric contours. These arise as a consequence of abnormal
arterial wall contents of elastin and collagen. Their etiology is
not known, but metalloproteinase activity, genetic predisposi-
tion, immunoreactive proteins, certain infectious diseases, and
atherosclerosis have been related. Inflammation with media
thinning and loss of elastin are commonly seen in surgical
specimens. AAAs enlarge in an asymmetric fashion at a rate
of about 0.2 to 0.8 mm/y and eventually break. The sites of
rupture often correlate with areas of high arterial wall stress. 



occurs without a significant change in the pressure dif-
ferential across foot capillaries. The calf pump is the most
important factor in preventing interstitial fluid accumu-
lation, returning it to the circulation. Other factors also
aid in edema prevention in the erect position but to a
lesser degree. Distal vasomotor changes occur in the lower
extremity arteriolar system (the venoarterial reflex) by
dependency (the elective lowering of the leg of a subject
lying horizontally). The venoarterial reflex causes a
mean decrease in the amplitude of plethysmographic
recordings as compared with the values obtained in the
horizontal position. By limiting the arterial inflow, the
increased venous blood volume that results from an
elevated hydrostatic pressure is limited.

Unlike arteries, veins are very compliant, being able
to expand as the intraluminal pressure rises and to col-
lapse as it decreases (i.e., when the pressure of neigh-
boring tissues exceeds the intraluminal pressure). Vein
diameter is often three to four times that of the accom-
panying artery, and consequently they can carry much
more blood without increasing their pressure. Therefore,
the transmural pressure determines venous shapes. In
normal conditions they have a flattened shape, which
offers a large amount of flow resistance. Very small changes
in intraluminal pressure can cause vein expansion and
a change of shape; but once expanded, much greater
pressure changes are needed to expand it further because
of the reduced wall compliance at that point. The most
common consequences of abnormal venous function
include varicosities and the post-thrombotic syndrome;
these will be detailed in Chapters 41, 42, and 43.

Effects of Calf Pump, Cardiac
Activity, and Breathing

In the resting state, veins function as reservoirs for
blood. During activity, the effect of calf muscle contrac-
tion results in vein squeezing and blood ejected toward
the heart. The venous pressure and pooling is decreased,
and the venous return is diminished as is the cardiac
output. Vein valves are bicuspid structures essential to
proper function; their role is to ensure antegrade flow,
from the superficial to the deep system and from there
to the heart, thereby preventing reflux. Consequently,
they are more heavily distributed where the effect of
gravity is the largest. After muscle relaxation, a very
low-pressure state is created in the deep veins; this
results in bloodflow from the superficial to the deep
system via perforators, pushed by the pressure gradient
created. This phenomenon reduces peripheral venous
pressure.

Contraction of the right heart elevates the central
venous pressure, causing a brief period of flow reversal.
During ventricular contraction the atrium relaxes, increas-
ing the venous flow and decreasing the venous pressure.

During diastole, the flow decreases until the pressure
gradient opens the tricuspid valve; this causes another
brief period of increased flow that gradually drops to 0.
Cardiac-induced pulsations are not normally perceived
in the lower limb veins because of the obscuring effect
of breathing activity producing significant fluctuations
of bloodflow. They can be clinically seen in the jugular
veins or with the aid of ultrasound in the upper extremity
veins of subjects at rest. In cases of congestive heart
failure or of venous valve insufficiency, the increase in
central venous pressure overcomes the respiratory effect
in the lower limb veins and pulsatile venous structures
can become prominent (Fig. 2-6). Vein pulsatility can
also be seen in arteriovenous fistulas. This pulsatility is
strongest at the site of the fistula and gradually dissipates
at more proximal levels.

The work of breathing also affects flow. Inspiration
causes an increase in the intra-abdominal pressure while
decreasing intrathoracic pressure. This reduces the gra-
dient between the pressure in the lower extremity veins
and the pressure of those in the abdomen, in turn reducing
the blood return. Expiration produces the opposite effect,
halting flow from the upper limbs. The Valsalva maneu-
ver differs substantially, increasing both intrathoracic
and intra-abdominal pressures (Fig. 2-7). The deep breath
initially causes cessation of the spontaneous venous signal
at the common femoral vein level. Augmentation of the
signal is a normal response after releasing the strain. If
the contrary occurs, it suggests flow reversal caused by
incompetent valves. The Valsalva maneuver is con-
traindicated in patients with coronary heart disease,
acute myocardial infarction, or hypovolemia because of
the decrease in the blood return to the heart. The effects
of other maneuvers on the vein flow velocity are shown
in Figure 2-8.

Effect of Exercise

Venous disease becomes apparent with activation of
the calf muscle pump because of its effect on venous
pressure, flow rate, and direction. With activity, the
venous pressure falls to very low levels and only
returns to pre-exertion levels after several seconds.22 In
normal subjects, the pressure remains at constantly
low levels throughout the exercise period. The calf
blood volume eventually rises because of an increase in
the arterial blood volume. These effects depend on a
completely normal valve system; they keep the venous
system empty with calf contraction and nearly empty
with relaxation, ensuring normal venous return and
protecting the extremity. Venous pressure testing and
plethysmographic techniques have been used to
measure these physiologic changes. The details and
indications for testing methods will be discussed in
Chapters 41, 42, and 43.
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Edema

Edema occurs in the extremities when the rate of filtra-
tion is higher than the rate of absorption. In cases of
venous obstruction or reflux, the resulted augmentation
in the capillary pressure leads to edema formation. This

increases the flow of fluid through the microcirculation
into the interstitium and prevents normal fluid reabsorp-
tion. Eventually, normal cellular functions are distorted
and skin discoloration and ulceration may occur.

Vein Stenosis

Unlike the work done in the arterial area, venous steno-
sis has not been the subject of intensive noninvasive
research. There are few data published on the use of
transcutaneous ultrasound for this purpose. A few reports
describe the use of intravascular ultrasound, but other-
wise, venous pressure measurements have been confined
to the use of trans-stenotic recordings or venography.
In the authors’ experience (unpublished data), a veno-
venous ratio above 2.5 has been found to correlate with
more than 50% venous stenosis (Fig. 2-9). Duplex ultra-
sonography is able to identify the presence of stenoses
in venous segments in the clinical arena. Such cases
include the diagnosis of subclavian stenosis, caused by
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Figure 2-6. Pulsatile venous segments are generally ascribed
to arteriovenous fistula; however, they can be associated with
congestive heart failure or tricuspid valvular regurgitation. 
A, The popliteal vein Doppler examination of a 58-year-old
male patient with severe right-sided heart failure awaiting
cardiac transplantation. The right ventricle cannot meet the
demands of the blood volume returning to it. The resulting
congestion of the systemic venous system and decreased
output to the lungs causes venous distention, hepatomegaly,
splenomegaly, and peripheral edema. The increased venous
pressure causes the transmission of the normal physiologic,
rhythmic, pulsatile motion of the arteries from a moving
myocardium into venous conduits. This phenomenon can
clinically translate into pulsatile varicose veins on lower
extremity examination. B, Arteriovenous fistula between the
common femoral artery and vein after cardiac catheteriza-
tion. Both the peak systolic and end diastolic velocities are
very high because the resistance is very low.

Figure 2-7. The Valsalva maneuver is performed by forceful
exhalation of air while keeping the mouth and nose closed. It
usually lasts for about 20 seconds and often achieves incre-
ments of intrathoracic pressure up to 40 mmHg. Its first phase
(strain beginning) causes a brief rise in the mean arterial
blood pressure (MABP) because of the transmission of the high
intrathoracic pressure to the arterial tree. The increased
pressure is also transmitted to the femoral vein, leading to
flow cessation, as shown in this figure. In phase IIa the atrial
filling pressure drops, causing a decrease in the MABP. Phase
IIb is associated with augmented sympathetic activation,
increasing the peripheral vascular resistance and leading to a
slight increase in MABP and pulse. In phase III (strain release)
the MABP suddenly falls because of the release of the intrathoracic
pressure. Phase IV is characterized by an “overshoot” in MABP
because of a persistent increased sympathetic tone and systemic
vascular resistance. Then arterial baroreceptors are stimulated,
causing reflex bradycardia; this causes both MABP and pulse
to return to baseline levels. 
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thoracic outlet syndrome or after dialysis catheter place-
ment; iliac vein compression in May-Thurner syndrome;
extrinsic compression from different masses (e.g., tumors,
aneurysms, hematomas, or cysts); and IVC stenosis
after liver transplant.

Clinical Applications of
Hemodynamic Principles in Veins

Like in their arterial counterpart, hemodynamic parame-
ters have been used in clinical research in veins. Ciardullo
and colleagues23 studied the association between sex
hormones and varicose veins. Vein distensibility was
assessed through the use of plethysmography; it was
found to increase with higher levels of endogenous
steroids, suggesting a role for these compounds in the
pathogenesis of venous disease. Investigation of the cause
of varicose veins in high-risk groups revealed a decreased
vein wall elasticity compared with normal extremities,
and the role of venous valves in the origin of varicosi-

ties appeared to be secondary to those hemodynamic
wall changes.24

The hemodynamic effect of several therapeutic inter-
ventions has been also addressed. Leon and colleagues25

analyzed the elastic modulus of vessels affected by super-
ficial or deep venous disease, before and after 1 month
of therapy with elastic stockings. A marked increase in
elasticity was found after the use of stockings, and this
was found to be in a negative linear relationship with
duration of the disease. The same group evaluated elastic
stockings in patients with grade 2 venous disease,
analyzing the effects on venous reflux and the ejecting
capacity of the calf pump. The beneficial effect of elastic
stockings on venous hemodynamic parameters was
present mainly when the stockings are worn; it com-
pletely disappeared within a day after removal.26 Some
medications proved to have a positive effect over the
hemodynamic characteristics of venous conduits through
the effect in the venous elastic modulus. In patients
with abnormal vein elasticity but without varicose veins,
Daflon 500 mg improved the venous tone, which was
evident by a significant increase in the venous elasticity.27
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Figure 2-8. The flow velocity in the veins is affected by car-
diac activity, respiration, and compression. A, Normal wave-
form in a common femoral vein during quiet breathing. The
changes seen in this condition are mainly caused by atrial
activity (see Fig. 2-2). B, Distal compression augments the
flow. This maneuver is used to test proximal obstruction (i.e.,
iliofemoral veins) and reflux (reversed flow after the release of
the compression). Significant flow augmentation is seen during
calf muscle contraction. This is the main mechanism by which
the flow returns to the heart. C, Abdominal compression reduces
the diameter of the pelvic veins and therefore increases the
venous outflow resistance. This leads to flow reversal and
interruption in the common femoral vein. 
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Conclusions

Circulation can be summarized as the effect of forces
generated by the cardiac muscle over the bloodstream
and its motion throughout blood vessels. It is governed
by several principles that are ultimately based on basic
hemodynamic concepts described in this chapter. It should
be of interest to all who are involved in cardiovascular
research, as well as health care providers taking care of
patients with vascular disorders. An understanding of
these principles represents the foundation for a rational
diagnostic methodology and therapy of vascular
disease.
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Figure 2-9. Significant stenosis in the common femoral vein
in a patient with ipsilateral lower extremity swelling. The vein
is compressed by a hematoma after cardiac catheterization.
The poststenotic vein velocity is 150 cm/sec and the velocity
ratio across the stenosis was 7.9 (150/19). Although data for
detecting significant vein stenosis in peripheral veins have not
been validated, in the authors’ experience, such a stenosis is
present when the velocity ration across the stenosis is greater
than 2.5. 
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Chapter 3

Commission for the Accreditation of Vascular Labora-
tories (ICAVL) has established standards for vascular
laboratories and technologists, physician standards are
still lacking.7 This chapter will review the existing stan-
dards and recommendations for training and qualifica-
tions for technologists, physicians, and physician direc-
tors of the VDL, and conclude with recommendations
for assessing clinical competence of these individuals.

Technologist Qualifications

Definition and Scope of Practice

The vascular laboratory technologist is a specialist among
a diverse group of diagnostic ultrasound professionals.8,9

These technologists are qualified by professional creden-
tialing and academic and clinical experience to provide
diagnostic patient care services using ultrasound and
related technologies. According to the scope of practice
outlined by their professional societies, diagnostic ultra-
sound professionals perform the following:

● Patient assessments
● Acquire and analyze data using ultrasound and

related diagnostic technologies

Introduction

Technologist Qualifications

Physician Qualifications

Physician Directors

Competence

Introduction

ith the increased scrutiny surrounding medical errors,
credentialing, and competence,1–3 clear-cut definitions
for the qualifications of personnel working in the vas-
cular diagnostic laboratory (VDL) have assumed added
importance. In addition, many states and private insurers
will now reimburse for noninvasive vascular testing only
if it is performed by qualified personnel, even though
the definitions of qualifications may vary.4 Because a
variety of specialists with diverse backgrounds and train-
ing have become involved in vascular diagnosis in
recent years, the standardization of qualifications for
both technologists and physicians has become a quality
of care issue in the VDL.4–6 Although the Intersocietal



● Provide a summary of findings to the physician to
aid in patient diagnosis and management

● Use independent judgment and systematic problem-
solving methods to produce high-quality diagnostic
information and optimize patient care8,9

“The Scope of Practice” of the diagnostic ultrasound
professional, as reported by two journals, developed
each of these practice areas in considerable depth.8,9

For instance, patient assessment includes verifying patient
identification and that the requested procedure is appro-
priate for the patient’s history and complaints. The
technologist is expected to take a history and review
the patient’s medical record in addition to assessing the
patient’s ability to tolerate the procedure and determin-
ing if any contraindications to the procedure exist.8,9

These skills distinguish the vascular laboratory tech-
nologist from a technician who performs an examination
by rote. Obtaining this highly specialized set of skills
requires adequate training and clinical experience.

Education and Training

In December 2000, the Society for Vascular Ultrasound
(SVU) proposed academic standards for undergraduate
education in vascular technology.10 The proposal
closely aligned with the scope of practice.9 Educational
programs should be designed to offer graduates the
required knowledge to perform the four basic aspects of
their practice as outlined above. The proposal recom-
mended that the Commission on Accreditation of Allied
Health Education Programs (CAAHEP) accredit all under-
graduate programs.10 The proposal stated that under-
graduate programs must contain didactic learning sessions
and hands-on clinical experience in a clinical vascular
laboratory for a period of 12 months of each, with a mini-
mum of 1680 clinical hours.10 Suggested curriculum in
vascular technology, additional coursework, and
standards for laboratories offering externships are all
outlined.10 This document gives technical or physician
directors of laboratories a standard by which they can
judge applicants who have attended such programs,
even before applicants obtain the Registered Vascular
Technologist (RVT) credential.

The Registered Vascular Technologist

The ICAVL has recommended that all technologists in
the VDL should obtain the RVT certification from the
American Registry of Diagnostic Medical Sonographers
(ARDMS). As a minimum, the technical director should
have this credential. To obtain the RVT certificate, an
individual must pass an ARDMS-administered exami-
nation consisting of two parts: (1) vascular physical prin-
ciples and instrumentation and (2) clinical vascular
technology. Though passing this examination and
obtaining the RVT credential is only one feature that
might indicate a technologist’s qualifications (i.e., it has

no applied practical test component), it is an accepted
standard for many states, insurers, and the ICAVL.
Completing the examination developed by practicing
vascular technologists at least guarantees a minimum
level of knowledge and, at present, represents the only
available standard.11

The ARDMS has defined several pathways whereby
an individual can qualify to take the examination.12

One common mechanism is for individuals who have a
2-year degree in an allied health field or a 4-year
bachelor’s degree (in any field) to take additional
coursework specific to vascular technology (12 credit
hours) and to work in a VDL for 12 months (full-time
clinical vascular ultrasound) to qualify for the exami-
nation. Historically, this has probably been the most
common mechanism but, more recently, completion of
a formal program in vascular technology has become
more commonplace. These programs qualify an indi-
vidual to take the certification examination without
further clinical experience. The RVT examination may
also be taken if the person is a high school graduate,
takes 12 credit hours of additional coursework, and
works for 48 months in a vascular lab (or 24 months in
a VDL and 24 months in another allied health area).
Finally, someone with a 2-year degree in a nonmedical
area can also qualify for the examination with addi-
tional coursework and 24 months working in clinical
vascular ultrasound.

Physician Qualifications

The vascular laboratory originated in the vascular sur-
gery community. The first vascular laboratory is attributed
to Dr. Robert Linton at the Massachusetts General
hospital in Boston in 1946.4 The list of physicians that
followed in the ensuing decades reads like a who’s who
in vascular surgery: Cranley, Strandness, Hobbs, Fronek,
Sumner, Darling, Rutherford, Kempczinski, Nicolaides,
Yao, and so on.4 Yet today, a variety of other specialists
also participate in the VDL including radiologists, neu-
rologists, neurosurgeons, cardiologists, and vascular
internists.7 How then do we ensure some level of con-
sistency because no one specialty necessarily has all
the requisite skills and knowledge?5,7 The components
listed in Table 3-1 show that specialty training, even in
vascular surgery, probably does not provide a thorough
knowledge. In fact, no specialty will possess all the
requisite skills without some additional exposure, training,
education, and experience.5,7

One key requirement for any physician working in
the VDL is clinical knowledge and experience with the
pathology, pathophysiology, symptoms, signs, and differ-
ential diagnosis of vascular diseases. It follows that an
understanding of these diseases will allow a better under-
standing of the appropriate diagnostic testing, its sensi-
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tivity to detect disease, and the pitfalls associated with
the diagnostic technique.7 Although not every physician
interpreting studies must have all the knowledge listed
in Table 3-1, focused areas may be designated for certain
specialties (e.g., transcranial Doppler and carotid duplex
testing for neurologists and neurosurgeons).13

Training Background

Though the training will vary according to specialties,
Abbott defined three levels of competence for the vas-
cular surgery fellow that may be appropriate for any
specialty: (1) interpretation of studies, (2) understanding
how tests are performed, and (3) technologic compe-
tence in performing the tests.14 He states that the first
level is easily obtainable within the vascular surgery
training period of 1 year, though it is unlikely for the other
levels. In that instance, additional time is necessary,
which he suggests could be 2 half days per week for the
second level and 2 full days each week for the third.14

The Association of Program Directors in Vascular
Surgery has produced a comprehensive training cur-
riculum that includes a section on vascular diagnosis.15

The aspects pertinent to noninvasive diagnosis are listed
in Table 3-2. Obviously, considerable overlap is seen
between the general components in Table 3-1 and the
outline for trainees in Table 3-2.

The American Academy of Neurology also put forth
guidelines in 1996 that covered all aspects of neuro-
imaging, including “neurosonology” for both residency
training as well as physicians who have completed
training.16 If the neurologist’s training program had
verifiable training in the area of interest, no additional
training is needed for privileges to interpret noninva-
sive neurologic studies. However, training must have
included appropriate physics, biologic effects and instru-
mentation, anatomy, pathology, pathophysiology, tech-
nique, indications, interpretation, and quality assurance.
Additionally, practical experience in performance and/
or interpretation of 100 studies under qualified super-
vision is required.16 This level of training would likely
provide level 1 and level 2 competence, as suggested by
Abbott,14 and achieves some of the criteria for level 3.
In addition to didactic continuing medical education
(CME) to obtain the basic fund of knowledge listed
above, 40 hours of specific neurosonology training with
interpretation of 100 studies is recommended.16
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TABLE 3-1. Educational Components 
of Training in Vascular Laboratories

From Ricci MA, Rutherford RB: Qualifications of the physician in the
vascular diagnostic laboratory. In AbuRhama A, Bergan J (eds):
Noninvasive Vascular Diagnosis. London: Springer-Verlag, 2000.

TABLE 3-2. Curriculum Outline in
Noninvasive Diagnosis for Vascular
Surgery Trainees

From Sumner DS, Blebea J: 16. Diagnostic techniques.
apdvs.vascularweb.org./APDVS_Contribution_Pages/Archive/Old_
Curriculum/463.html, accessed March 12, 2004.



Similarly, the American College of Cardiology has
made recommendations for training in vascular medi-
cine that includes the vascular laboratory.6 This group
suggests trainees should spend at least 3 months in the
VDL. They suggest hands-on experience performing
and interpreting all vascular laboratory tests, including
physiologic and ultrasound tests. Whether this time
is sufficient to achieve the third level of competence
suggested by Abbott14 seems unlikely based on the
number of hours involved in 3 months (compared to 2
full days per week for 1 year14). Hands-on performance
of the tests is stressed and that, at least, will go toward
achieving competence at that level. Level 2, however, is
easily obtained in the time suggested by the American
College of Cardiology.

Necessary Skills

Rutherford has described the skills needed for the physi-
cian interpreting noninvasive vascular studies.5 He
states first and foremost that the physician must have a
thorough understanding of vascular diseases and the
clinical manifestations, prognosis, and treatment options
of diseases of the arteries, veins, and lymphatics. The
individual must understand the principles of vascular
testing including hemodynamics, physiology, and ultra-
sound and Doppler physics. The physician must have
an understanding of the appropriate indications for
each test to avoid abuses or unnecessary tests, includ-
ing experimental indications.17 In order to have this
understanding, the physician must have a fundamental
knowledge of the equipment used for tests, the false-
positive, false-negative, and accuracy rates of each test.
The individual, therefore, must know the limitations of
each test. Finally, the physician interpreting diagnostic
tests should have the ability to perform the tests.5,7

Though it is not expected that the interpreting physi-
cian have the same working knowledge as the tech-
nologist performing many studies each day, he or she
should ideally have enough practical experience to help
troubleshoot problems or even assist the technologist
perform a difficult test. There is no substitute for the
operating surgeon. For example, a technologist who is
having trouble with a study needs to be shown where
the surgeon did the anastomosis or the course of the graft
using the ultrasound transducer, rather than describing
it or pointing with a finger. In addition, increased use
of intraoperative ultrasound almost mandates that the
surgeon be able to perform and interpret the findings in
the operating room.18

This latter requirement is perhaps more contro-
versial, or is at least not universally recommended.
The ability to perform and interpret noninvasive VDL
studies has been recommended by Rutherford,5 the
American Academy of Neurology,16 and the American
College of Cardiology,6 as well as the American College
of Radiology.19 The SVU20 has recommended mini-

mum standards for physicians interpreting VDL studies
that are very similar to Rutherford’s recommenda-
tions5 in every aspect except the requirement for the
ability to perform testing. However, the majority of
recommendations from various medical specialty
societies favor the idea that interpreting physicians
obtain experience in the performance of vascular
noninvasive studies.

The SVU has also recommended “suggested experi-
ence levels”20 for physicians working in the VDL. For
experienced physicians, over 3 years, the minimum
number of examinations would include 300 carotid
duplex studies, 300 transcranial Doppler studies, 300
peripheral arterial physiologic studies, 300 arterial duplex
studies, 225 visceral vascular tests, and 300 venous
duplex studies. For those recently completing residency
training, required numbers during training are consider-
ably less. For those without formal training, reduced
numbers over a 2-year period are suggested as a mini-
mum.20 These numbers certainly represent a busy VDL
and, in some cases, will be difficult to obtain in smaller
hospitals or practices.

The American College of Radiology has also put forth
standards for physicians interpreting ultrasound exam-
inations.19 These recommendations require experience
in examination performance and include the requirement
for a thorough knowledge of ultrasound principles,
physics, anatomy, physiology, pathophysiology, indica-
tions, and limitations of tests (but hemodynamics is
not mentioned). Additional requirements include: (1)
certification in radiology and the performance of 300
ultrasound examinations in 36 months; (2) completion
of an accredited residency program with the performance
of 500 examinations within 36 months; or (3) certifica-
tion in a nonradiology specialty with 200 hours of CME
and 500 cases relative to the specialty in 36 months.19

In fact, these recommendations are extremely limiting
such that only radiologists could practically fulfill their
requirements. In addition, the requirements do not
address noninvasive physiologic testing other than
ultrasound imaging, further limiting their usefulness
outside of a department of radiology or radiology training
program.

Although the background and experience may
vary for physicians interpreting vascular noninvasive
studies, general agreement exists regarding the cogni-
tive skills necessary to work in this environment.
Though the amount of time (or number of tests)
recommended to obtain the skills varies with specialty
organizations, all agree that a thorough understanding
of vascular diseases and the principles of testing is
necessary. Whether the interpreting physician should
also have the skills needed to perform the examination
is the opinion expressed by most of the references and
societies cited. Ultimately, it remains for the individual
institution or department to develop minimum stan-
dards for physicians interpreting in the vascular labo-
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ratory. These should set a high standard but allow for
inclusion of multiple specialties. Whether absolute
numbers are added to these minimum standards (e.g.,
as in the SVU recommendations20 or like those devel-
oped at the University of Vermont7,13) must be addressed
by each institution.

The Physician Registered 
Vascular Technologist

Obtaining an RVT certification by the physician work-
ing in the VDL has been encouraged,7,11,14,20 although
this does not guarantee their qualifications and training
are adequate, nor does it ensure their competence. The
RVT examination prerequisites, however, satisfy the
recommendations of most of the specialty societies.
The examination tests physics, ultrasound and Doppler
principles, hemodynamics, and a clinical knowledge of
vascular diseases. Actual performance of examinations
is also a prerequisite. No equivalent or even similar
credential exists for physicians and, therefore, some
have chosen to take the RVT examination. In spite of
this, the overall number remains small: of 10,575 active
RVT registrants, only 342 are physicians.21

Physician Directors

The physician director of the laboratory is in a unique
position of having general oversight of the operation
and performance of the laboratory, technologists, physi-
cians, and equipment. Typically, this is the most expe-
rienced physician, but it should always be someone who
is an active participant in the clinical care of patients.5

Clinical experience is necessary for the medical director
to solve controversies or to provide less experienced
clinicians with advice. Additionally, as a minimum, this
individual must possess the complete breath of knowl-
edge and skills described above.5,7,22 Kempczinski favors
obtaining an RVT for the VDL director even though it
is not an accreditation requirement.4

Rutherford22 described the ideal characteristics of
the VDL director as being able to:

● Understand the instrumentation (and troubleshoot)
● Perform noninvasive tests
● Instruct others in the performance of tests
● Possess a thorough knowledge of clinical vascular

disease
● Understand the meaning of test results, including

accuracy and limitations, and interpret them in
light of the clinical setting

● Engage in other activities (e.g., supervision, teach-
ing, and consulting)

● Have no conflict of interest

For the ideal VDL director, one must add several
additional qualities. The director should have the ability
to be an effective administrator and supervisor because
he or she must manage personnel, schedules, and
human resources issues in addition to assessing the
competence of both technologists and physician inter-
preters. The VDL director should be able to build a
business plan and strategies with a sound budgeting
approach.4 This individual must be an expert in con-
stantly evolving coding and compliance issues to ensure
the laboratory is fairly compensated while adhering to
laws and regulations. Directors are ultimately respon-
sible for all procedural protocols and standardized inter-
pretation criteria as well as accreditation applications.
Finally, he or she needs to be a diplomat when dealing
with physicians who demand inappropriate tests or
when managing different specialties within the labora-
tory. This is a job full of significant responsibilities, and
the selection of a VDL director should be a thoughtful
and careful process.7

Competence

Defining competence is likely the most difficult com-
ponent to be considered. Although one may specify
minimum qualifications, recommended numbers of
tests, and certifying examinations before allowing an
individual to work in the VDL, none of these items
ensures that someone is truly competent at the task. In
fact, there is no universally accepted definition of com-
petence with regard to medical practice.3 The Accredi-
tation Council for Graduate Medical Education (ACGME)
has tried, however, by defining the following six areas
of competence23:

● Patient care that is compassionate, appropriate, and
effective for the treatment of health problems and
the promotion of health

● Medical knowledge about established and evolving
biomedical, clinical, and cognate (e.g., epidemio-
logic and social-behavioral) sciences and the appli-
cation of this knowledge to patient care

● Practice-based learning and improvement that
involves investigation and evaluation of their own
patient care, appraisal and assimilation of scien-
tific evidence, and improvements in patient care

● Interpersonal and communication skills that result
in effective information exchange and teaming
with patients, their families, and other health
professionals

● Professionalism, as manifested through a commit-
ment to carrying out professional responsibilities,
adherence to ethical principles, and sensitivity to
a diverse patient population
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● Systems-based practice, as manifested by actions
that demonstrate an awareness of and responsive-
ness to the larger context and system of health care
and the ability to effectively call on system resources
to provide care that is of optimal value

This definition has gained widespread acceptance in
the assessment of resident trainees3 and can be applied
by the VDL director when assessing the competency
of personnel in the vascular laboratory. Ultimately, this
assessment is related to a quality improvement process
that links data collection to outcomes to provide feed-
back to technologists and physicians that, together with
the medical literature, improves and updates practice
patterns and results.24

The technology professional societies have also pro-
duced a scope of practice document that serves as a
model for defining most aspects of technologist compe-
tence.8,9 The basic clinical practice standards were listed
above and are detailed in the scope of practice.8,9 This
is an excellent means to judge technologist performance.
The practice standard also includes other aspects that
a competent technologist could master including clear,
precise, accurate, timely documentation with appro-
priate diagnostic images, quality assurance planning,
maintaining a safe and functional workplace, self-
assessment, collaborative skills, ethical practices, and
continuing education.8,9 It has also been suggested that
participation in professional societies may be considered
a component of competence assessment.

Assessing Competence

The components of competence listed by the ACGME23

can be adapted for application to technologists and
physicians working in the VDL. The ACGME has pro-
vided a framework for assessing competence as well.23

To begin, objectives must be set up by which compe-
tency can be measured. For technologists, the scope
of practice document largely meets this need.9 In this
way, determination of competency goes beyond merely
counting numbers (though quality assessment and accu-
racy are still vitally important) and can provide a true
assessment, ultimately leading to quality improve-
ments.24 For the assessment of resident physicians, the
ACGME has produced a “toolbox” that has a descrip-
tion of assessment methods and references.23 This is
not specific and can easily be applied to physician
interpreters in the vascular laboratory.

Continuing Education

One area of universal agreement for both physician and
technologist societies is the need for continuing educa-
tion as an absolute requirement.5,8,9,11,13,16,19,20 To main-
tain competency, a working knowledge of new develop-
ments in the medical literature is essential and a key
component of process improvement.24 It is generally

accepted that the CME should be in the area of vascular
diagnosis, though it is important to include general
education about the clinical, pathologic, and hemo-
dynamic processes that one sees in the VDL to meet
the knowledge requirements described above. It is a
requirement that technologists and physicians receive
CME for ICAVL accreditation. To maintain RVT certifi-
cation by the ARDMS, 30 hours of CME every 3 years
is a minimum requirement. The SVU has adapted this
requirement in its recommendations as well.20 The
American Academy of Neurology16 suggests 25 hours
of neuroimaging CME every 5 years, whereas at the
other end of the spectrum, the American College of
Radiology19 suggests 60 hours of Category 1 credits
every 3 years. Though each institution and VDL should
address this requirement, it does not seem unreasonable
to ask for the minimum of 30 hours every 3 years as
suggested by the SVU and ARDMS.

REFERENCES

1. Institute of Medicine Committee on Quality of Health Care in
America (Kohn LT, Corrigan JM, Donaldson MS, eds): To Err is
Human: Building a Safer Health System. Washington, DC:
National Academy Press, 2000.

2. Nahrwold DL: The competence movement: A report on the
activities of the American Board of Medical Specialties. Bull Am
Coll Surg 85:14–18, 2000.

3. Epstein RM, Hundert EM: Defining and assessing professional
competence. JAMA 287:243–244, 2002.

4. Kempczinski R: Challenging times for the vascular laboratory.
Sem Vasc Surg 7:212–216, 1994.

5. Rutherford RB: Physicians in the vascular diagnostic laboratory:
Educational background, prerequisite skills, credentialing, and
continuing medical education. Sem Vasc Surg 7:217–222, 1994.

6. Spittell JA Jr, Creager MA, Dorros G, et al: Recommendations for
training in vascular medicine. J Am Coll Cardiol 22:626–628,
1993.

7. Ricci MA, Rutherford RB: Qualifications of the Physician in the
Vascular Diagnostic Laboratory. In AbuRhama A, Bergan J (eds):
Noninvasive Vascular Diagnosis. London: Springer-Verlag, 
2000.

8. Sonography Coalition: Scope of practice of the diagnostic ultra-
sound professional. J Diag Med Sono 16:206–211, 2001.

9. Sonography Coalition: Scope of practice of the diagnostic ultra-
sound professional. J Vasc Tech 16:206–211, 2001.

10. Society for Vascular Ultrasound: Standards for undergraduate
educational programs in vascular technology. www.svunet.org/
about/positions/standard.education.htm, accessed March 12,
2004.

11. Jones AM: Training and certification of the vascular technologist.
Sem Vasc Surg 7:228–233, 1994.

12. Examination prerequisite chart, www.ardms.org/applicants/
prechart.html, accessed March 12, 2004.

13. Shackford SR, Ricci MA, Hebert JC: Education and credentialing.
Prob Gen Surg 14:126–132, 1997.

14. Abbott WM: Training vascular surgical residents in the nonin-
vasive vascular laboratory. Sem Vasc Surg 7:223–227, 1994.

15. Sumner DS, Blebea J: Diagnostic techniques. www.vascularweb.org/
APDVSdoc/463.

16. Gomez C, Kinkel P, Masdeu J, et al: Guidelines for credentialing
in neuroimaging; Report from the task force on updating guide-
lines for credentialing in neuroimaging. www.asnweb.org/
practice/niguidelines.htm, accessed March 12, 2004.

28 Part One: General Aspects



17. Strandness DE Jr: Indications for and frequency of noninvasive
testing. Sem Vasc Surg 7:245–250, 1994.

18. Ricci MA: The changing role of duplex scan in the management
of carotid bifurcation disease and endarterectomy. Sem Vasc Surg
11:3–11, 1998.

19. Grant EG, Barr LL, Gooding GAW, et al: ACR standard for per-
forming and interpreting diagnostic ultrasound examinations. 1992;
revised 2000, www.acr.org/dyna/?doc=departments/stand_accred/
standards/standards.html, accessed March 12, 2004.

20. Johnson B, Moneta G, Oliver M: Suggested minimum qualifications
for physicians interpreting noninvasive vascular diagnostic studies.

www.svunet.org/about/positions/standard.physicianquals.htm,
accessed March 12, 2004.

21. Personal communication, American Registry of Diagnostic Medical
Sonographers, September 11, 2002.

22. Rutherford RB: Qualifications of the physician in charge of the
vascular diagnostic laboratory. J Vasc Surg 8:732–735, 1988.

23. Accreditation Council for Graduate Medical Education Outcome
Project, www.acgme.org/outcome, accessed March 12, 2004.

24. Ricci MA, Beardall RW: Documentation of competency: Main-
taining an outcomes database. Sem Vasc Surg 15:191–197, 2002.

Chapter 3: Qualifications and Competence of Vascular Laboratory Personnel 29



E

Quality Assurance and
Certification of the Vascular
Laboratory
SANDRA L. KATANICK • GAIL P. SIZE

31

invasive vascular laboratory appeared in the early 1970s
as a small department or testing area, usually located
within the university setting and often employing only
one or two nurses or technicians. As the role of nonin-
vasive vascular testing began to grow and develop beyond
pressure measurements, continuous-wave Doppler, and
plethysmographic devices, so did the role and number of
nurses and technicians. Today’s vascular testing center
offers a myriad of testing services from the conventional
ankle brachial pressures to interoperative duplex, and
the technician of yesterday is now a registered vascular
technologist (RVT).

History of Vascular Technology

The profession of vascular technology evolved in response
to a need for a simple method of diagnosing or fol-
lowing the progression of vascular disease in sympto-
matic or asymptomatic patients. At the time, laboratory
personnel were trained either by self-study, by observa-
tion of patient testing at another laboratory, or by at-
tending a manufacturer’s seminar. Many supplemented
their initial training by attending educational seminars.
As responsibilities increased, the vascular technician
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Introduction

stablishing and following standard protocols and
ensuring staff certification are of paramount importance
in ensuring that the vascular testing center has the basic
tools for quality patient testing and care.1 The first non-
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evolved into the vascular technologist. The technologist
was not only responsible for performing more sophisti-
cated testing but also became responsible for evaluating
the findings, recommending alternative testing, and pro-
ducing a preliminary report. The qualifications to perform
vascular diagnostic studies were very subjective and
were usually measured by the technologist’s experience.
In 1979 the Society of Vascular Ultrasound (SVU), then
known as the Society of Noninvasive Vascular Technology
(SNIVT), began to investigate the possibility of national
certification.2 The American Registry of Diagnostic
Medical Sonographers (ARDMS) administered the first
vascular technology examination in 1983. Even though
the RVT credential assured the employer and public that
the technologist had demonstrated a minimum level of
knowledge, it did not ensure that the technologist was
proficient in all areas of testing, nor that quality testing
was being performed.

With the ever-increasing amount of required knowl-
edge and the level at which the vascular technologist
must perform, certification is now considered the standard
of practice in ultrasound. Certification brings credibility
and professional legitimacy to the ultrasound profes-
sional.3 There are currently three recognized credentialing
organizations: the ARDMS, which awards the RVT;
Cardiovascular Credentialing International (CCI), which
awards the registered vascular specialist (RVS); and the
American Registry of Radiologic Technologists, which
awards the RT(VS). Which credential is favored is likely
to depend on the practice setting and background; the
SVU endorses the RVT as the official credential.

As more and more vascular technologists became
registered, there was concern that the registry did not
ensure the RVT was proficient in all areas of testing, or
that the studies were accurate. In addition, as ultrasound
systems became more refined, many studies (e.g., venous
and carotid duplex) became a gold standard upon which
treatment was based; therefore, the question of the
accuracy and reliability of noninvasive vascular testing
needed to be addressed. With increasing levels of non-
invasive vascular testing, there was an increasing need
for creation and standardization of laboratory guidelines.
The Intersocietal Commission for the Accreditation of
Vascular Laboratories (ICAVL) was formed in part to
address the issues of standardization of techniques and
reporting and quality assurance, and to recognize those
laboratories that consistently produced quality nonin-
vasive vascular examinations in a reliable fashion.

Scope of Practice

The success of any vascular testing center depends on
the quality and expertise of its entire staff, on the testing
center’s internally generated specific testing protocols,
and on its operational policies. Each testing center should

begin by defining the technologist’s scope of practice.
This can easily be adopted from the SVU’s position paper
entitled Scope of Practice for the Diagnostic Ultrasound
Professional. This position paper is endorsed by the
Society of Medical Sonography, American Institute of
Ultrasound Medicine, American Society of Echocardiog-
raphy, Canadian Society of Diagnostic Medical Sono-
graphers, and the Society of Vascular Sonography; its
contents  can be applied to all ultrasound professionals,
not just the vascular technologist. This document defines
in detail the roles, performance, and behavior expected
of the diagnostic ultrasound professional. The scope of
practice states that: “The diagnostic ultrasound profes-
sional is an individual qualified by professional creden-
tialing and academic and clinical experience to provide
diagnostic patient care services using ultrasound and
related diagnostic procedures.”3

Ultrasound professionals are required to perform
patient assessments, acquire and analyze data obtained
using ultrasound and related diagnostic technologies,
provide a summary of findings to the physician to aid in
patient diagnosis and management, and use independent
judgement and systematic problem solving methods to
produce high-quality diagnostic information and optimize
patient care.5 There is no one mechanism to ensure
technical competence; however, acquiring national board
certification is the current standard of practice in ultra-
sound. The established national certification perquisites
are an aid in ensuring that specific didactic instruction
and clinical experience are at an acceptable level. Having
board certification; following standard protocols; and
developing a system of peer review, quality assurance,
quality control, and testing validation will ensure the
competence of the technologist and the vascular testing
center.

Standardized Protocols

Every testing center must establish and provide compre-
hensive procedure protocols. This is extremely important
to ensure standardized quality testing, and it is man-
dated in the Scope of Practice. This document states that
the ultrasound professional is responsible for “analysis
and determination of a procedure plan for conduction
of the diagnostic examination,” and that the procedure
plan must fall within the established protocol.1 Why
are standard protocols important and how is follow-up
performed to ensure test quality? A procedure protocol
is a written document describing the specific elements
for performing a testing procedure; it should reflect the
testing center’s actual testing procedure in a step-by-
step description that includes, at a minimum, the ICAVL
standards for techniques and components of each non-
invasive vascular test performed. Consistent quality testing
and patient care can only be provided through the use

32 Part One: General Aspects



of standardized protocols to produce high-quality exami-
nations, performed by credentialed personnel in
accredited laboratories.

Practice Patterns and Membership
Opinion Regarding the Value of
Credentialing and Accreditation

Members of the Society of Diagnostic Medical Sonogra-
phy and the SVU recently conducted a practice survey
to evaluate member opinions about the credentialing
and accreditation process, and to assess current practice
patterns in the performance of carotid duplex studies.
The randomized survey was sent to varying practice
settings including vascular surgery, radiology, cardiology,
and sonography in the states of Indiana and Kentucky.
Based on the findings, 4782 or 12% of carotid duplex
examinations performed annually were repeat studies
necessitated by the initial study being inadequate; 57%
of those initial studies had significant discrepancies
“often” or “very often.” Noncredentialed personnel nearly
always performed the inadequate initial examinations
in nonaccredited facilities. The most common reason
for repeat carotid duplex studies were inadequate diag-
nostic criteria (40%), incompetent technical staff (40%),
incomplete interpretation by the physician (39%), and
failure to adhere to a diagnostic standard (30%). Other
reasons included poor instrumentation or technique;
and insufficient waveform/gray scale data. When
asked if the carotid duplex results alone were used to
determine eligibility for carotid surgery, 60% of members
responded that their practices “often” or “very often”
determined patient management based solely on
carotid duplex results. When asked if they believed that
credentialing and or accreditation improves appropri-
ateness of vascular sonography services, 91% agreed,
6% disagreed, and 3% abstained; overall, 98% of those
surveyed support crediting and accreditation.6,7

History of the ICAVL

In 1989, an informal meeting of leaders in the field of
noninvasive testing proposed studying the possibility
of establishing a voluntary accreditation process. This
initial group included vascular surgeons, radiologists,
and technologists. The discussion group concluded that
there was no suitable existing accreditation option and
that they needed to study the feasibility of creating a
new accrediting organization.4

Support and financial sponsorship were sought from
a variety of professional societies whose members were
involved in noninvasive vascular testing. One of the initial
goals was to have a broad base of support across different

specialty lines; another was to have an independent
entity that was not specifically allied with any one spe-
cialty or society. From the very beginning, the emphasis
was on an intersocietal approach. The American Academy
of Neurology (AAN), the American College of Radiology
(ACR), the American Institute of Ultrasound in Medicine
(AIUM), the International Society for Cardiovascular
Surgery (North American Chapter) (ISCVS), the Society
for Vascular Surgery (SVS), the Society for Vascular
Medicine and Biology (SVMB), the Society of Diagnostic
Medical Sonographers (SDMS), and the Society of Vas-
cular Technology (SVT) all committed to sponsor the
initial efforts, and a work group was formed with two
representatives from each society.

The ICAVL is truly an illustration of the concept of
intersocietal effort, and in 1993 four additional spon-
soring organizations were added: the American College
of Cardiology; the American Society of Neuroimaging,
combined with the American Academy of Neurology;
the Joint Section on Cerebrovascular Surgery/American
Association of Neurological Surgeons/Congress of Neu-
rological Surgeons; and the Society of Cardiovascular
and Interventional Radiology. In 2000, the Society of
Radiologists in Ultrasound joined the ICAVL. In 1996
the American College of Radiology withdrew from the
board of directors.

The initial meetings were dedicated to defining the
scope of vascular laboratory accreditation and the mini-
mum guidelines necessary for the assurance of quality.
The overall objective was “To ensure high-quality patient
care by providing a mechanism that recognizes labora-
tories providing quality vascular diagnostic techniques
through a process of voluntary accreditation.” This goal
was to be achieved by establishing an accreditation
process, issuing certificates of accreditation, and main-
taining a registry of accredited laboratories. An important
principle that was established early was that the accredi-
tation should be as inclusive as possible, something that
could be achieved by even the smallest laboratory that
was doing quality work: It would not be limited to aca-
demics only. Another important principle adopted was
that accreditation would not require any one specific
medical specialty training but would evaluate the par-
ticular education and experience of all of the doctors
and the technologists in each laboratory.

The ICAVL was incorporated in 1990 for the purpose
of providing a peer review evaluation of laboratories
and facilities providing noninvasive vascular testing in
North America. The process itself is one of peer review
performed by trained reviewers, and it places significant
emphasis on the judgment of the quality of the work
that a laboratory produces.

Because there previously has been no mechanism in
place to recognize the quality and appropriateness of
testing, certification and accreditation have been viewed
as a benefit not only for the laboratories, departments,
and facilities providing the testing but also to patients
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and payers who previously had no way of determining
the quality of the study they were receiving or paying
for. The awareness of the significance of accreditation,
both within and beyond the medical community, has
elevated the numbers of laboratories seeking accredita-
tion to unprecedented rates. The major implication for
the noninvasive vascular diagnostic laboratory that is
not yet accredited will likely be denial of reimbursement.
In addition, because of the increased public awareness
of the importance of accreditation, patient avoidance of
the nonaccredited laboratory may also be a reality.

In 2000, the ICAVL published its first electronic appli-
cation. This application allows all answers to be entered
into a database that allows for retrieval of accurate
statistics regarding the national practice of noninvasive
vascular testing (Fig. 4-1). One of the more interesting
statistics to follow has been the change in specialty of
the medical director and medical staff over the past 10
years (Fig. 4-2). The electronic application also elimi-
nates the need for laboratories to re-enter previously
submitted information when completing their reac-
creditation applications. The newest version allows
laboratories to even embed their attachments such as
protocols and diagnostic criteria, thereby keeping all
laboratory operational materials in one place.

As an accreditation organization, the ICAVL is expected
to maintain a program that balances the changing needs
of both the vascular ultrasound community and the
general public. Therefore, the Essentials and Standards
are reviewed and revised by the board of directors as
necessary every 2 years to maintain that balance. They
also are evaluated with respect to recently published
scientific literature to be certain that they reflect current
practice and are scientifically accurate. The application
for accreditation is also revised as necessary to provide
the best mechanism to objectively evaluate the laboratory
operation and its compliance with the current Essentials
and Standards. In 1999 the ICAVL added a random site

visit process to its program. Each quarter two applicant
laboratories are randomly selected to undergo an on-
site visit at the expense of the ICAVL. This allows the
ICAVL to evaluate the accuracy of the written application
and the efficacy of judging a laboratory solely on a
written application; it also forms the basis of an internal
quality assurance mechanism. To date, these random
site visits have validated the accuracy of the program
and support the continued evaluation and accreditation
of laboratories based solely on the written application.

Essentials and Standards

The ICAVL Essentials and Standards form the basis for
the entire accreditation program. They are intended to
provide the infrastructure for laboratory organization
that ensures standardization of procedures from labo-
ratory to laboratory and person to person. The following
summary of the standards was published in 2003. The
standards are published in their entirety on the ICAVL
Web site at www.icavl.org.

Part I: Organization

● Section 1—Supervision and Personnel
● Section 2—Support Services
● Section 3—Physical Facilities
● Section 4—Examination Interpretation, Reports,

and Records
● Section 5—Miscellaneous
● Section 6—Quality Assurance and Quality Control
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2003.
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Section 1 outlines the requirements for all physicians
interpreting noninvasive vascular studies; it contains
three pathways for meeting appropriate experience and
training, all a combination of formal or informal training,
number of years of experience, and number of exami-
nations interpreted.

There are also multiple pathways for all technologists/
sonographers to be considered appropriately experienced
and trained; these range from holding an appropriate
credential (e.g., RVT from the American Registry of
Diagnostic Medical Sonographers; RVS from Cardio-
vascular Credentialing International; or RT(VS) by the
American Registry of Radiologic Technologists) to on-
the-job training combined with education and/or volume
of studies performed.

All medical and technical staff working in the labora-
tory must acquire at least 15 hours of continuing medical
education (CME) related to vascular testing every 3
years. All CME must be accredited (AMA Category I,
SDMS, SVU), and physicians must have at least 10 hours
that are AMA Category I.

In Section 4 there are specific standards addressing
reporting and dealing with everything from report com-
ponents to report timeliness. Specifically, all final reports
must have the data reviewed by the interpreting physi-
cian, be completed within 2 working days, and have
reporting standardized in content for the entire labora-
tory. All reports must contain at a minimum the date of
the examination, the clinical indications leading to the
performance of the examination, an adequate description
of the test performed, an overview of the results of the
examination (including pertinent positive and negative
findings), the reasons for any limited examinations, a
summary of the test findings, comparison with previous
related studies (where available), and a physician signa-
ture and/or electronic verification.

Each one of the Essentials and Standards for the five
testing areas (extracranial cerebrovascular, intracranial
cerebrovascular, peripheral arterial, peripheral venous,
and visceral vascular) is constructed in the same fashion.
They each contain six sections that address that specific
area of testing.

Part II – Vascular Laboratory Operations

● Section 1—Instrumentation
● Section 2—Indications
● Section 3—Techniques and Components of

Examination Performance
● Section 4—Diagnostic Criteria
● Section 5—Procedure Volumes
● Section 6—Quality Assurance

Of significant importance in all testing areas is the
section outlining the techniques and components of
examination performance. There are specific guidelines

for the number of views and Doppler samples for each
vascular examination. Although the standards do not
specify the exact diagnostic criteria that must be used for
each examination, they do require that all examinations
adhere to the criteria that the laboratory has validated
for use.

Quality assurance requirements are clearly outlined
for each testing section, with minimum numbers of cor-
relations required for all areas except venous testing.
Generally, a laboratory is required to correlate at least
30 vessels per area of testing every 3 years to continue
to validate the laboratory’s accuracy over time. Although
there is no threshold defined for overall accuracy, if a
laboratory finds that its accuracy is low (e.g., less than
80%), they should be able to document that a quality
improvement plan has been put in place.

Benefits of Accreditation

There is no denying that applying for accreditation is a
lengthy and somewhat laborious process. It requires
that all staff are appropriately experienced and trained
and that the training is documented, the physical facili-
ties are adequate, the record-keeping and final reporting
processes are appropriate, and that there are step-by-step
written protocols for all testing procedures performed
in the laboratory. It also mandates that there are vali-
dated diagnostic criteria for each test performed, and
that a valid quality assurance program routinely corre-
lates the noninvasive vascular laboratory results to
another testing modality. Even though this may be time
consuming, once everything is in place the laboratory
will function at its peak performance and quality will
be ensured. When all of the documentation has been
completed, the laboratory submits, as part of the appli-
cation, actual case studies performed by current staff
members using current equipment. The case studies are
carefully analyzed for compliance with the standards
regarding performance and interpretation; this represents
the most important aspect of the application process.

Once accreditation is granted, the ICAVL offers a press
release program to accredited laboratories in order to
help advertise their accomplishment. A camera-ready
logo is also provided for use on reports, laboratory sta-
tionery, and other printed materials used in the labora-
tory. The laboratory is also listed on the ICAVL Web site
for the duration of its accreditation 

Impact of Accreditation

The ICAVL is dedicated to promoting high-quality
noninvasive vascular diagnostic testing in the delivery
of health care by providing a peer review process of
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laboratory accreditation. This mission is realized every
time an application is reviewed and a laboratory is
granted accreditation based on the quality of its work.
Completing the accreditation application enables labo-
ratory personnel to do a self-evaluation of their work.
They often identify and correct problems during the
document completion phase (e.g., revising protocols
and reviewing and validating their diagnostic criteria),
ultimately improving the diagnostic accuracy of the
testing performed.

In addition to improving the quality of the testing,
there have been other indirectly related benefits of the
ICAVL accreditation program. These include an increase
in the number of credentialed technologists and sonogra-
phers, increased job security for the technical staff in labo-
ratories, and increased support staff in the operation of
some laboratories. Because of the required continuing
education requirements for all staff members in the
laboratory, there has been an increase in the number of
relevant noninvasive vascular educational programs,
and an increase in attendance at these meetings. By
increasing the educational level of the field in general,
ultimately the quality of care the patient receives is
improved by providing the basis for a more accurate
diagnosis.

Conclusions

History has shown that the highest quality noninvasive
vascular examinations are performed by credentialed

diagnostic ultrasound professionals in accredited facili-
ties. If either of these are absent, the quality can be
improved by using as models the Standards for Assurance
of Minimum Entry Level Competence for the Diagnostic
Ultrasound Professional and Scope of Practice of the
Diagnostic Ultrasound Profession, and by mandating
national certification within a specific time frame estab-
lished when hiring new staff. These efforts, coupled with
strict adherence to established protocols, participation
in peer review, and quality assurance programs that
include testing validation, will help ensure that the
patient is receiving quality care while the laboratory
proceeds toward accreditation.
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Chapter 5

These examples illustrate the limitations of diagnostic
accuracy of physical examination in patients with vas-
cular disease, and that additional testing is often neces-
sary to establish a definitive diagnosis. This chapter
addresses issues related to the assessment of the clinical
value of diagnostic tests in vascular patients.

Diagnostic Accuracy

The aim of additional diagnostic testing is to increase
the probability of identifying a disease in patients who
may benefit from an intervention; and to increase the
probability of ruling out disease in patients, thereby
reducing the chance of doing harm by unnecessary
interventions. The clinical value of a diagnostic test is
determined by its diagnostic accuracy and reproducibility,
and by the availability of an effective treatment for the
disease.

Reference Standard

In the development phase, new diagnostic tests are
usually compared to a “gold standard” test to determine
their value to discriminate between the presence and
absence of disease. The term gold standard test implies
that a test provides absolute certainty on the true disease
status of the patient. Because this is virtually never the

Introduction

Diagnostic Accuracy

Methodologic Assessment of Diagnostic
Research

Systematic Reviews of Diagnostic Research

Assessing the Clinical Value of Diagnostic Tests

Conclusions

Introduction

n a systematic review of the physical examination of
patients suspected of peripheral arterial occlusive disease
(PAOD), McGee and Boyko found low predictive value
for abnormal pulses, unilateral coolness, prolonged venous
filling time, and femoral bruits to diagnose PAOD.1 Other
signs (e.g., capillary refill, skin atrophy or discolorations,
and absence of hair) were of no help in establishing a
diagnosis. It is not only the lower extremity that is diffi-
cult to assess by physical examination alone; only 43%
of patients in whom palpation suggested the presence
of an abdominal aortic aneurysm larger than 3.0 cm actu-
ally had this condition.2 In patients with a carotid artery
stenosis greater than 50%, a carotid bruit is found 4.4
times more often than in those without a stenosis.3



case, it is more appropriate to use the term reference
standard. When tests are evaluated against a reference
standard, the diagnostic performance, by definition, can
at best approximate the reference standard but never
perform better. The limitations of a reference standard
can be illustrated by the use of angiography for the
evaluation of lower extremity arterial disease. Although
conventional angiography served as reference standard
for a long time, it became apparent that intra-arterial
digital subtraction angiography (iaDSA) has an even
better diagnostic accuracy.4 In addition, recent studies
comparing magnetic resonance angiography (MRA)
and iaDSA found that MRA detected more patent crural
arteries than does iaDSA.5

Sensitivity and Specificity

The ability of a test to discriminate between the pres-
ence and absence of disease (diagnostic accuracy) can
be expressed in terms of sensitivity and specificity. The
sensitivity of a test (true-positive rate) is the proportion
of patients with a positive test result and the presence
of disease as determined by the reference test (Table 5-1).
The specificity, or true-negative rate, is the proportion
of patients with a negative test result and the absence
of disease. The sensitivity and specificity can be calcu-
lated from the 2 × 2 contingency table (see Table 5-1). 

It is important to realize that the sensitivity and speci-
ficity of a test are dynamic entities. In the first place,
the sensitivity and specificity may vary within different
subgroups. This can be illustrated by exercise testing in

cardiology patients. It was found that exercise testing
in women has a lower diagnostic accuracy to detect sig-
nificant coronary artery stenosis than it does in men.6

A similar problem arises when the tested population
does not include a broad enough spectrum of disease.
It is not difficult, for instance, for duplex scanning (DS)
to discriminate between totally occluded arteries and
those with minimal stenosis. Should a population com-
prise only patients with a borderline stenosis (i.e., peak
systolic velocity [PSV] ratios between 2.0 and 2.5), the
sensitivity and specificity will decrease markedly because
it is likely that patients will be misclassified.7 Likewise,
DS of the tibial arteries may perform well in patients
with claudication,8 whereas it may perform less well in
patients with critical limb ischemia.9

Predictive Value

Predictive values of a test can be derived from Table 5-1.
The positive predictive value (PPV) of a test is the pro-
portion of diseased patients with a positive test result
to all patients with a positive test result. Similarly, the
negative predictive value (NPV) can be derived by
dividing the number of patients without disease and a
negative test result by the number of all patients with
a negative test result. Testing will yield a maximum
amount of information in patients with maximum uncer-
tainty on the presence of the target condition (i.e., in
patients with a pretest probability of having this target
condition between 30% and 70%). If the physician
estimates the pretest probability of disease to be very
high (e.g., 90%), testing is not likely to change this proba-
bility significantly. The same applies to conditions when
the pretest probability is estimated to be very low.

It is important to realize in which setting the diag-
nostic test is used. As noticed before, the sensitivity
and specificity may depend on the spectrum of disease
in the population tested. In addition, the PPV and NPV
are dependent on the prevalence of disease. This is
illustrated in Tables 5-2 and 5-3. Assuming that the
sensitivity and specificity are constant in the popula-
tions represented in both tables, it is clear that the PPV
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TABLE 5-1. A 2 × 2 Contingency Table and
Test Characteristics That Can Be Calculated
From This Table

Disease + Disease – Total

Test + A B A+B

Test – C D C+D

Total A+C B+D A+B+C+D

Sensitivity = A/(A+C); specificity = D/(B+D); positive predictive value =
A/(A+B); negative predictive value = D/(C+D); accuracy =
(A+D)/(A+B+C+D); prevalence = (A+C) / (A+B+C+D).

Likelihood ratio of a positive test = (A/(A+C)) / (B/(B+D)) = sensitivity
/ (1 – specificity)

Likelihood ratio of a negative test = (C/(A+C)) / (D/(B+D)) = 
(1 – sensitivity) / specificity

Kappa = (observed agreement – expected agreement) / (1 – expected
agreement), where observed agreement = (A + D) / (A + B + C + D)
and expected agreement = (A+B) × (A+C)/(A+B+C+D) +
(C+D)*(B+D)/(A+B+C+D).

Pre-test odds = (A+C) / (1 – (A+C)) = pre test probability / (1– pre test
probability)

Post test odds = LR × pre-test odds
Post test probability = post test odds / (post test odds + 1)

TABLE 5-2. Example of Influence 
of Prevalence of Disease on Positive 
and Negative Predictive Values

Disease + Disease – Total

Test + 90 10 100

Test – 10 90 100

Total 100 100 200

Sensitivity and specificity 90%, prevalence 100/200 (50%), PPV 90%,
NPV 90%.



and NPV change with the prevalence of the disease. In
the first example, the probability of disease changes from
50% to 90% after a positive test result, whereas in the
second example the probability of disease changes to
only 47% after positive testing.

A disadvantage of the use of sensitivity and speci-
ficity is that it requires dichotomization by choosing a
certain cut-off point. This implies a loss of information,
which can be reduced by constructing a receiver oper-
ating characteristic (ROC) curve. In such a curve the
true-positive rate (TPR, or sensitivity) is plotted on the
vertical axis and the false-positive rate (FPR, or 1 minus
the specificity) on the horizontal axis. By calculating
the TPR and FPR for several cut-off points, a ROC curve
can be constructed. An example is given in Figure 5-1
that represents a ROC curve of ankle/brachial index

(ABI) versus angiography as reference standard for the
presence of lower extremity arterial disease. Varying the
cut-off point for ABI as presence of arterial disease
induces changes in the respective sensitivity and 1 minus
the specificity. From the curve it can be seen that there
is a trade-off between the TPR and FPR because the
increase of one leads to a decrease of the other.

The area under the ROC curve (AUC) can be calcu-
lated and is a measure of the discriminatory power of
the test. An AUC that equals 0.5, represented by the
diagonal line from the lower left-hand to the upper
right-hand corner in Figure 5-1, indicates that the test
has no discriminatory power at all. In contrast, an AUC
that equals 1 signifies perfect discriminatory power.
Another possibility of ROC curve analysis is that the AUC
can be used to compare the diagnostic performance of
different tests.10

From the ROC curve, the cut-off point can be chosen
that serves the clinical question best. If the test is per-
formed to detect every patient with the disease, because
the consequences of a false-negative test are catastrophic,
a high sensitivity is needed. A high sensitivity, and as
a result a high NPV, is also required if the test is used to
rule out disease. When a high PPV is required because
the consequences of false-positive testing may be harmful,
a high specificity is needed. In practice, the cut-off point
that lies closest to the upper left corner of the ROC-
curve will be chosen most often.

Likelihood Ratios

As shown in the previous paragraph, the dichotomiza-
tion of a test leads to a loss of information. Another way
to reduce information loss is to calculate likelihood ratios.
The likelihood ratio of a positive test (LR+) is the ratio
of patients with a true-positive test result to the number
of patients with a false-positive test result (see Table 5-1).
Similarly, the likelihood ratio of a negative (LR–) test is
the ratio of patients with a false-negative test result to
the number of patients with a true-negative test result.
To decide whether a likelihood ratio is “good” again
depends on the conditions in which the test is used.
Typically, a LR+ greater than 1 indicates that the test
has some discriminatory power, which increases with
the magnitude of the LR. Similarly, with regard to LR–,
values moving toward 0 indicate that the test can accu-
rately identify patients without the target condition.

For dichotomous outcomes, calculation of LRs may
not seem particularly helpful to prevent information loss;
however, in case of more categories, additional infor-
mation can be gained. Table 5-4 shows the number of
patients with positive, negative, and nondiagnostic test
results compared with the reference standard. It turns
out that a nondiagnostic test result occurs two times
more often in patients with the target condition than in
patients without this condition. This information would
not have been available if the patients with a nondiag-
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TABLE 5-3. Example of Influence 
of Prevalence of Disease on Positive 
and Negative Predictive Values

Disease + Disease – Total

Test + 90 100 190

Test – 10 900 910

Total 100 1000 1100

Sensitivity and specificity 90%, prevalence 100/1100 (9%), PPV 47%,
NPV 99%.
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Figure 5-1. ROC curve for ankle-brachial index (ABI) vs.
arteriography for assessment of peripheral arterial occlusive
disease.



nostic test result had been left out of the analysis, or
had been added to one of the other test outcomes.

Another advantage of the use of LRs is that they
facilitate the calculation of post-test probabilities by
means of Bayes’ theorem. This theorem postulates that
the post-test probability can be calculated by the
following formula: 

Post-test odds = LR × pretest odds (see Table 5-1). 

From this it follows that: 

Post-test probability = post-test odds/(post-test 
odds + 1).

Although calculating post-test probabilities in this
way may not seem easy, it carries the advantage of cal-
culating the probability of disease by simply multiplying
the LR of different tests used sequentially. This is true
under the condition that all tests are independent of
each other. The Evidence-Based Medicine Working Group
has developed a nomogram that facilitates calculation
of the post-test probability if the pretest probability and
LR are known.11

Reproducibility

Assessment of reproducibility includes determination
of agreement on test results by the same investigator
(intraobserver variation) and among other investigators
(interobserver variation). It seems natural to start the
development and evaluation of a diagnostic test by 
the determination of its reproducibility. This is, how-
ever, the ideal situation, because the introduction of a
test in clinical practice often precedes a thorough evalu-
ation of interobserver and intraobserver agreement.
Assessment of reproducibility is essential to be able to
judge whether the test can be used in different settings.
Even more important is that good reproducibility of a
test is a prerequisite for good discriminatory power.
Although the relationship between reproducibility and
diagnostic accuracy can be expressed mathematically,12

it intuitively is clear that inconsistent classification as
diseased or nondiseased by the same or different
observers causes imperfect diagnostic accuracy.

Finally, it should be realized that variation might not
only depend on observers but can also be caused by
equipment-related or environmental factors.

Categorical Data

The intra- and interobserver variation of tests with
dichotomous or categorical classifications can be
expressed as kappa (κ) values. Kappa is a commonly
used measure of agreement beyond chance between
two or more observers (for calculation of κ, see Table
5-1). The κ value ranges from 0 to 1 and can be
interpreted as poor (κ 0 to 0.2), fair (κ 0.2 to 0.4),
moderate (κ 0.4 to 0.6), good (κ 0.6 to 0.8), and perfect
agreement (κ 0.8 to 1.0).13 The κ statistic can also be
calculated for more than two categories, assuming that
there is a qualitative relationship between each
category. In such a case, a weighted κ value is calculated
(weighted because full agreement gets full credit and
partial agreement only partial). 

The significance of the κ statistic is limited in situa-
tions with an extreme distribution and an already high
agreement beyond chance. In this case the possible agree-
ment beyond chance becomes low with only moderate
κ values as a result. This is illustrated in Tables 5-5 and
5-6. Although there is absolute agreement in 20/23
(87%) cases, the κ value indicates good agreement in
Table 5-5 and only moderate agreement in Table 5-6. It
is not uncommon to express the agreement between
two different diagnostic tests as κ values. As explained
before, it is more informative to report the sensitivity
and specificity of the test or other measures that allow
calculation of post-test probabilities.

Continuous Data

The association between continuous data measured by
two observers or tests is often presented as their corre-
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TABLE 5-4. Example of Likelihood Ratios

Positive + Negative – Nondiagnostic Total

Disease + 25 5 10 40

Disease – 5 30 5 40

LR+ = (25/40) / (5/40) = 5
LR– = (5/40) / (30/40) = 0.17
LR? = (10/40) / (5/40) = 2 

TABLE 5-5. Example of Dependence of Kappa
on Distribution

Test + Test – Total

Test + 10 2 12

Test – 1 10 11

Total 11 12 23

κ = 0.74

TABLE 5-6. Example of Dependence of Kappa
on Distribution

Test + Test – Total

Test + 18 2 20

Test – 1 2 3

Total 19 4 23

κ = 0.50



lation, or as a linear regression coefficient. Such analyses
are less appropriate for diagnostic research because they
do not take into account a systematic difference between
the observers or different tests. In addition, although
the correlation or regression coefficient may be highly
significant, it is important to realize that the magnitude
of the association (or the explanation of variance of the
dependent variable by the independent variable) equals
r2, which in practice is often disappointingly small. For
instance, a highly significant correlation coefficient of
0.5 means that only 25% of the variation is explained
by the independent variable. Finally, statistical analysis
only makes sense when these continuous data follow the
normal distribution. In case of a skewed distribution,
logarithmic transformation should precede such analyses.

Several better methods are available to express the
agreement between observers for continuous data. One
is the calculation of the intraclass correlation coefficient
(ICC). The ICC expresses the strength of linear correla-
tion between two measurements corrected for systematic
bias. The higher the systematic difference, the lower
the ICC, which ranges between –1 and 1. One possible
reason for the limited use of the ICC may be that it is
not automatically calculated by commercially available
statistical software.

Because Fleis and Cohen demonstrated that the ICC
is mathematically equivalent to the simple and weighted
κ statistic,14 its value can be interpreted likewise. From
this follows that the ICC, like κ, is also influenced by
extreme distributions. In addition, a study can show high
ICCs whereas cross tabs and κ show the opposite, as in
a study of interobserver variation in duplex scanning of
infrainguinal bypass grafts.15

Another method to express the agreement between
two observers for continuous data has been developed
by Bland and Altman.16 An example from a study on the
reproducibility of various tools for assessment of lower
extremity arterial disease is shown in Figure 5-2.17 On
the vertical axis, the difference in measurement per-
formed by two observers is plotted against the mean of
the same measurement. In this way it can be observed
if the difference in measurement is dependent on the
magnitude of the value on the x-axis. In addition, a
systematic difference between measurements by both
observers can be detected when the regression line
differs from the horizontal line through zero.

Methodological Assessment 
of Diagnostic Research

The methodology of diagnostic research has only recently
started to gain attention. Partly because of changing
standards over time, the methodologic quality of many
studies can be best characterized as mediocre not only
in vascular research18,19 but in general.20 Some aspects

of the validity of studies on diagnostic tests discussed
here may help the reader better appreciate the clinical
value of diagnostic tests.

Internal Validity

Internal validity relates to design-related systematic
errors or bias that may affect study outcomes. Several
elements in study design are essential in order to reduce
systematic errors or bias. These include a prospective
design, an adequate spectrum of disease, a consecutive
series of patients, and blinding. Retrospective studies
can overestimate the diagnostic accuracy because the
reasons for patients to have undergone both the test
under study and the reference test are usually unclear.
It may be that the reference test was only performed in
patients with an equivocal test under study. In addition,
selection bias may occur in retrospective studies by a
systematic dropout of patients or by certain reasons to
include patients. Prospective studies have the advantage
of minimizing selection bias by including a consecutive
series of patients and by accounting for patients who
for some reason could not be included in the study.

Studies can be designed as cohort or case-control
studies. In cohort studies, patients with a relevant spec-
trum of disease are included. In case-control studies,
test results are compared in patients who definitely
have the disease and in those who definitely have not.
Because only the extremes of the disease spectrum are
included, the diagnostic accuracy of the test will be
overestimated.

Failure to use blinding is also likely to influence the
study results. The interpretation of the reference test
with knowledge of the results of the test under study
may be biased by this knowledge. Vice versa, the inter-
pretation of the test under study may be influenced by
knowledge of the reference test result.

Chapter 5: What Are We Measuring in the Vascular Patient? 41

75

50

25

�75

�50

�25

0

0 25 50 75

Mean TcpO2, inter-observer after one week (mm Hg)

D
iff

er
en

ce
 (

m
m

 H
g)

Figure 5-2. Bland and Altman plot of interobserver assess-
ment of TcPO2 measurements.



Verification bias looms when the decision to perform
the reference test is at least partially influenced by the
result of the test under study. The sensitivity will be
overestimated in studies designed as such. This can be
illustrated by the very high sensitivity of duplex scan-
ning in patients referred for percutaneous transluminal
angioplasty (PTA) of the superficial femoral artery.21,22

Patients were probably likely to be referred for angiog-
raphy and PTA only if duplex scanning identified lesions
suitable for PTA. From these studies it remains unclear
how many patients had suitable lesions that were not
identified by duplex scanning.

In a systematic review of studies on diagnostic tests,
Lijmer and colleagues found that the diagnostic perform-
ance was overestimated in studies designed as case-
control studies when different reference tests were used,
when blinding was inadequate, when no cut-off criteria
for the test under study were described, and when the
study population was not described in sufficient detail.23

External Validity

To be able to translate study results to one’s own practice
it is essential to judge the generalizability or external
validity of a study. First, the setting in which the study
was performed influences the study results. Vascular
patients evaluated in an outpatient setting of a general
practitioner compose a different spectrum of disease
than patients evaluated in a tertiary center. In addition,
a clear description of patient demographics may clarify
whether the patients represent those seen in one’s own
practice. Another important aspect is knowledge on
referral patterns before patients entered the study. This
is often difficult to judge because from most publications
it remains unclear which tests were already performed
before patients entered the study protocol. Special atten-
tion should be given to studies that include asympto-
matic contralateral limbs or arteries in their results.
This is commonly encountered in studies evaluating
noninvasive modalities for assessment of carotid artery
stenosis in symptomatic patients. Studies designed as
such will report an artificially high specificity because
the majority of normal contralateral carotid arteries
will be detected with the modality that is studied.

Finally, adequate description of details on how the
diagnostic test was performed (to permit replication),
which cut-off values were used, and how nondiagnostic
results were dealt with complete the assessment of
external validity. A full list of criteria for methodologic
assessment of diagnostic research can be found on the
Web page of the Cochrane Methods Group of Screening
and Diagnostic Tests (www.cochrane.org).

Analysis

Any article on diagnostic tests should at least report the
sensitivity and specificity of the test or report its likeli-

hood ratios. The calculation of the precision of estimates
of diagnostic accuracy has been given little attention so
far, but is very important. The 95% confidence interval
(CI) around a point estimate for the sensitivity and
specificity should be reported as its upper and lower
boundary. Rothwell and colleagues have provided an
example of the diagnostic accuracy of duplex scanning
for detection of a stenosis greater than 70% in the
internal carotid artery.19 They calculated that in a popu-
lation of 600 patients with a 20% prevalence of 70% to
99% stenosis and a sensitivity of 90%, DS would detect
108 of 120 stenoses. The lower 95% confidence interval
limit of the sensitivity in this case, however, is only
75%, which they considered unacceptable. The issue
of underpowered studies is not unique for noninvasive
carotid artery assessment. In a meta-analysis of studies
evaluating MRA for assessment of lower extremity
arterial disease, the median sample size was only 25
patients.24 The diagnostic accuracy in these studies
obviously has wide confidence intervals.

Reporting

Ideally, 2 × 2 contingency tables are provided in the
original studies to enable the reader to make additional
calculations and to be informed on the prevalence of
target conditions. Unfortunately, this is not common
practice for all medical journals. To improve the stan-
dards of design and reporting of diagnostic research, the
Standards for Reporting of Diagnostic Accuracy (STARD)
steering committee has recently published a guideline
(www.consort-statement.org/stardstatement.htm).
This includes a 25-item checklist that can be used for
methodologic assessment and to appreciate the appli-
cability of the findings for clinical practice.25

Systematic Reviews of Diagnostic
Research

Analogous to studies evaluating the effectiveness of
therapy, meta-analysis is a powerful tool to obtain the
best available estimates of the diagnostic accuracy of a
test in the absence of large studies. The methodology
of systematic reviews and meta-analyses of diagnostic
research is still evolving. In short, literature retrieval,
methodologic assessment according to the criteria
described in the previous sections, data extraction, and
data synthesis follow principles similar to the systematic
reviews of studies of effectiveness. It is important to
determine the presence of heterogeneity among the
different studies; this can be caused by differences in
study population, design, or technical aspects, or by
variation in cut-off points between studies. In case of
homogeneity among studies, the diagnostic accuracy
can be estimated by calculating a pooled sensitivity
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and specificity. In case of heterogeneity, summary ROC
(SROC) curves can be constructed. These curves differ
from the standard ROC curve in that the SROC curve is
defined by the data from the original studies and cannot
be plotted beyond these limits. A shortcoming of SROC
curves is that they cannot be used to determine the
optimal cut-off point of a diagnostic test. It is possible,
however, to determine differences between the diagnostic
performance of several modalities. This is illustrated in
the study by de Vries and colleagues, who found a
significantly better performance of color duplex scanning
compared with conventional duplex scanning for assess-
ment of lower extremity arterial disease.26 The authors
could compare 3D contrast-enhanced (CE) MRA with 2D
time-of-flight (TOF) MRA for assessment of the lower
extremity arteries (Fig. 5-3).24

Guidelines

Current clinical practice is increasingly based on the
use of evidence-based guidelines. A guideline can be
described as a “systematically developed statement to
assist practitioner and patients in decisions about
appropriate health care for specific clinical circum-
stances.” The Evidence-Based Medicine working group
has suggested a classification for the levels of evidence
for the evaluation of diagnostic modalities, together
with the strength of recommendation for their use in
clinical practice (see suggested readings). This classi-
fication is presented in Table 5-7.

Assessing the Clinical Value 
of Diagnostic Tests

Previous discussions were about evaluating the diag-
nostic accuracy of a test; however, diagnostic accuracy
alone does not tell us about the clinical relevance of the
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Figure 5-3. Example of Summary ROC curve for 2D TOF MRA
and 3D CE MRA compared with arteriography for assessment
of lower extremity arterial disease.

TABLE 5-7. Grades of Recommendation and Levels of Evidence for Diagnostic Tests

Grade Level Description

A Level 1a SR (with homogeneity) of Level 1 diagnostic studies, or a CPG validated on a test set

A Level 1b Independent blind comparison of an appropriate spectrum of consecutive patients, all of whom 
have undergone both the diagnostic test and the reference standard

A Level 1c Extremely high sensitivity and specificity

B Level 2a SR (with homogeneity) of Level >2 diagnostic studies

B Level 2b Any of the following:
● Independent blind or objective comparison
● Study performed in a set of nonconsecutive patients, or confined to a narrow spectrum of 

study individuals (or both), all of whom have undergone both the diagnostic test and the 
reference standard

● A diagnostic CPG not validated in a test set

B Level 3 Independent blind comparison of an appropriate spectrum, but the reference standard was not 
applied to all study patients

C Level 4 Reference standard was unobjective, unblended, or not independent

D Level 5 Expert opinion without explicit critical appraisal, not based on physiology, bench research, or
“first principles”

CPG = clinical practice guideline.



test. The patient and physician may be more interested in
how a test result and subsequent treatment can improve
the patient’s health status than in the diagnostic truth. This
implies that the clinical value of the test is also dependent
on the availability of an effective treatment. In a meta-
analysis of MRA, performed predominantly in patients
with claudication, the authors found a high diagnostic
accuracy for 3D CE MRA, with a statistically significant
4% difference in Q-point (where sensitivity equals speci-
ficity in the SROC curve), compared with 2D TOF MRA.24

The clinical significance of this difference cannot be
determined without taking into account possible differ-
ences in treatment and patient outcomes depending on
a work-up based on either or both MRA modalities. 

The lack of clear clinical relevance of diagnostic
testing can also be illustrated by follow-up with duplex
scanning after carotid endarterectomy for early detection
of a restenosis. Although a postoperative duplex scan
may be used as self-assessment, there is no evidence that
reoperation for an asymptomatic restenosis benefits the
patient. In addition, despite an increase in costs, there is
no gain in quality of life.27 Hence, the clinical relevance
of follow-up with duplex scanning is debatable. Some
methods to analyze the clinical value of diagnostic tests
and to compare different test and treatment strategies
are mentioned briefly in the following section.

Diagnostic Before-After Study

The before-after study design, introduced by Guyatt and
colleagues, can be used to estimate the effect of additional
testing.28 In brief, the physician establishes a diagnosis
(e.g., based on ankle/brachial index measurements in
diabetic patients suspected of peripheral arterial disease).
Then the results of a second diagnostic modality (e.g.,
toe pressures) are revealed, after which the diagnosis is
re-established.29 Both diagnoses can be filled in the 2 × 2
contingency table, and the shift in classifications can
be seen. In addition, both classifications can be compared
to a reference standard (e.g., angiography) and the
difference in diagnostic accuracy can be established. In
this way information is gained on whether additional
diagnostic testing improves the physician’s accuracy of
assessment and patient management. The advantage of
this strategy is that it is easy to perform within a short
time. A limitation of this design is that, although it is suited
to estimate the effect of additional testing, it cannot
compare the outcome of different test and treatment
strategies. Observed differences between two strategies
may be the result of many confounding factors and need
not necessarily be related to differences in test properties.

Decision Analysis

In a decision analysis, data on the prevalence of disease,
the performance of diagnostic tests, and the expected bene-
fits and harm of a treatment are combined to compare

different test and treatment strategies. Differences between
strategies can be expressed as utilities, quality adjusted
life years (QALYs), costs, and cost-effectiveness. The
study by Visser and colleagues is an example of a cost-
effectiveness analysis of patients with intermittent claudi-
cation having a work-up and subsequent treatment based
on duplex scanning, MRA, or iaDSA.30 Differences in
diagnostic accuracy of all modalities, complications of
the tests, consequences of missing some lesions, and
consequences of overtreatment were explored in the
analysis. Surprisingly, they conclude that the differences
in costs and clinical outcome between each diagnosis
and treatment strategy are small.

The strength of decision analysis is limited by con-
flicting or missing data about the accuracy of diagnostic
tests or about the benefits and harms of different
treatment modalities.

Randomized Trials 

Randomization is commonly used to study the effect of
different treatment modalities. In contrast, randomized
controlled trials to study the effects of different diagnostic
test strategies are rare. However, there is a growing
interest in the theoretical and practical aspects of such
studies. As mentioned previously, diagnostic trials should
not only include the diagnostic strategy but should also
evaluate a test and treatment strategy in terms of relevant
health outcome or clinical endpoints. One example from
vascular surgery practice is the uncertainty about the
clinical significance of duplex surveillance programs for
early detection of asymptomatic stenosis after peripheral
bypass surgery. A randomized trial by Lundell and
colleagues indicated that surveillance and subsequent
intervention in case of a stenosis improved patency rates
after 3 years follow-up.31 However, the study insufficiently
focused on clinically relevant end-points (e.g., quality
of life or limb salvage rates), which was a reason to
embark on a larger randomized trial.32

It is beyond the scope of this chapter to further discuss
the various designs for randomized diagnostic trials, each
of which has its own advantages and limitations. Although
the thorough evaluation of a test and treatment strategy
is desirable to be able to fully appreciate its additional
clinical value, randomized trials may be limited by the
rapid developments in imaging technology: By the time
a trial is completed, the technology may be outdated. An
interesting new flexible study design that offers the possi-
bility to incorporate rapid advances in imaging technology
into the study may help to overcome this limitation.33

Conclusions

This chapter has provided an overview of the various
aspects of diagnostic testing, in particular those avail-
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able to the vascular patient. For added information on
these tests, see the publications listed in Suggested
Readings.
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Chapter 6

ltrasound physics have not changed since the begin-
ning of time. Our understanding of ultrasound physics
has evolved, however, and there is some disagreement.
Ultrasound instrumentation has not changed much
since the beginning of medical ultrasound, about half a
century ago, at least not in concept. The introduction
of transistors and solid state circuits, and of digital cir-
cuits and software, have simplified the tasks conceived
in the early days of diagnostic medical ultrasound develop-
ment. Advances in technology have allowed the progres-
sion from one-dimensional imaging to two-dimensional
imaging to three-dimensional imaging. Advances in tech-
nology have also simplified and speeded the process of
“demodulating” ultrasound echoes to create B-mode and
color Doppler displays. By constantly sharing observa-
tions and insights, and by discussing the subject, a deeper
understanding of the diagnostic process evolves. Formal
math can sometimes offer insight. The mathematical
concepts in this chapter use methods taught in high
school, so it seems that they should be understandable
with a single reading. However, like poetry, each time
the equations are read, new meanings appear.

There is still a great deal left to comprehend about
ultrasound physics, the physics of bloodflow, and the
biology of vascular diseases. As these topics are better
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understood, the still-unresolved issues of ultrasound
safety and of proper diagnostic criteria can be approached.
The evolution of thought is a partnership between
examiners, who have the opportunity to observe the
processes firsthand; and the developers, who try to
convert the wisdom of the examiners into better instru-
ments. Medical ultrasound diagnostic methods are
expected to change as much in the next 50 years as
they have in the last 50 years.

Introduction

Pulse-echo ultrasound imaging is based on radar prin-
ciples. The analogies between current two-dimensional
color Doppler imaging and modern television weather
reporting are striking. Like the Doppler, weather radar
shows where the moving reflectors of rain are located,
measuring the lateral speed, which is caused by the
wind. Diagnostic medical Doppler systems are used to
measure the speed of bloodflow.

The term imaging will be used here to refer to all
methods of interrogating the body with active ultra-
sound and providing an output, whether that output is
a picture, sound, feeling, taste, smell, direct connection
to the nervous system of the examiner, or for the
automatic control of some therapy device.

Ultrasound Propagation
Through Tissue

Ultrasound is a mechanical wave. Ultrasound passes
through tissue like light passes through foggy air. Tissue
is like foggy air because the cells in tissue scatter ultra-
sound just as the water droplets in fog scatter light. For
ultrasound imaging, the ultrasound beam is collimated
like a laser beam that shines as a thin line through tissue.
At least that is what we think; the ultrasound beam is
more like a flashlight beam, with a brighter central region,
pretty well directed, but with some ultrasound heading
off to the sides in “sidelobes.” In the central region,
some zones are brighter and some zones are dimmer.
We believe that the ultrasound beam passes along one
line into tissue and that the reflections pass back along
the same path; however, the ultrasound beam is bent
by refraction and reflection, like the flashlight. The
beam also has a focus, like a flashlight beam. 

Think of the ultrasound beam as light coming from
the bulb in a flashlight by way of a focusing device. In
the flashlight, the focus is provided by the reflector; in
ultrasound, the focus is provided by a rubber or plastic
lens or by an electronic beam former acting on a seg-
mented transducer array. Continuing the flashlight
analogy, the ultrasound echo is similar to light that is

reflected by an object and returns through the focus
system and back to the source. In the flashlight, the
majority of the light that returns to the lightbulb has
been directed there by the reflector. Of course, if the
lightbulb is on and emitting light when the reflected
light (echo) returns, the bulb can’t detect the reflection.
So for the “flashlight” system to work, the flashlight is
turned on for a brief period, then it is turned off,
allowing the bulb to become a detector of light so that
the echoes can be received. This would be a “radar”
operated with light rather than with radio waves. The
same job can be done with ultrasound. 

Although the “light radar” would work, it is hard to
operate because light travels so fast (300,000,000 meters/
second compared to the ultrasound speed of 1500 meters/
second). Radio waves travel the same speed as light, so
radar waves travel 200,000 times as fast as ultrasound.
Ultrasound will travel through the liver and back 150
millimeters each way in 200 microseconds; radar (radio)
waves would return from a reflector 30 kilometers
away in the same time. If you replace the ultrasound
transducer on your scanner with a radar antenna, you
can look through walls at the buildings around you. At
5 MHz, the wavelength of RADAR waves is 60 meters
(λ = C/F, 60 meters/cy = (300,000,000 meters/s)/
(5,000,000 cy/s)). Because buildings are spaced at
intervals between 20 meters (house) and 100 meters
(commercial), spanning the wavelength of 5 MHz radar,
individual houses may not be resolved, but city blocks
would be.*

Because the wavelength of 5-MHz ultrasound is 
0.3 mm (300 μm), and the size of a cell is about 10 μm,
individual cells cannot be resolved with ultrasound;
however, blood vessels can be. Even though it appears
that blood cells can be seen in blood vessels, each disk-
shaped erythrocyte is about 8 μm in diameter and 2 μm
thick, and the spacing is about 5 μm, so individual
erythrocytes cannot be resolved with ultrasound
frequencies below 300 MHz, having a wavelength of 
5 μm ([1500 μm/μs] / [300 cycles/μs], λ = C/F). Even
rouleaux (stacks of erythrocytes) are only 20 μm long
and cannot be resolved.

The speed of ultrasound propagation through tissue
can be derived from simple equations of mechanics such
as force = mass × acceleration (F = m × a). To develop
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*A “light radar” system has been used to see the ossicles in the
middle ear behind the eardrum. With continuous wave light (like a
normal lightbulb), the reflection from the eardrum is so bright that
reflections of light from the ossicles cannot be seen. By flashing the
light for 10 picoseconds (0.01 nanoseconds = 0.000 01 microseconds),
and waiting for 200 picoseconds until the reflections from the
eardrum have passed from a depth of 30 mm before looking at the
reflected light, the light coming from the ossicles can be seen. Of
course, pulsed lasers and electronic shutters are needed to operate in
these very short times. 



the math, the tissue is treated like a stack of blocks.
Each block is much smaller than the wavelength of
sound, so each theoretical block is about the dimension
of the smallest cell, about 1 micron (μm = micrometer).
The mass “m” is the volume multiplied by the density
of the tissue “ρ.” As an ultrasound wave passes through
tissue, the tissue shakes like an earthquake is passing.
Each block of tissue moves back and forth along the
direction of wave propagation. This is called a longitu-
dinal wave. The shaking velocity of each block will be
called “v,” the molecular velocity. The distance that the
block moves from the resting location will be called “δ,”
the molecular displacement. The wave is moving along
the direction “x” in time “t.” The tissue strain in calculus
terms is s = dδ/dx. In calculus terms, the molecular
velocity is v = dδ/dt and a = dv/dt = d2δ/dt2. 

The force “F” on the block comes from a pressure
gradient in tissue (Fig. 6-1), a change in pressure
with distance along the direction of wave propagation.
Pressure changes above and below atmospheric
pressure are caused by changes in tissue strain, p=K × s
where K is the stiffness of the tissue and s is the strain.
The pressure gradient, in calculus terms is d(p)/dx =
K × ds/dx = K × d2δ/dx2.

Setting the acceleration force equal to the pressure
gradient force yields the following:

K × d2δ/dx2 = ρ × d2δ/dt2

where the properties of the tissue are as follows:
● d2δ/dx2 is tissue distortion as the ultrasound wave

passes through the tissue.
● d2δ/dt2 is tissue acceleration as the ultrasound

wave passes through tissue.
● K is the stiffness or spring constant of the tissue.
● δ is the displacement of molecules and cells of the

tissue as the wave passes.

● x is the distance along the ultrasound beam path.
● t is the time after the wave begins the journey

through tissue.
● ρ is the density of the tissue, the mass per volume.

The density determines whether the tissue will float.
Fat floats, muscle sinks, but both fat and muscle den-
sities are near the density of water. Fat has a density lower
than water, muscle has a density higher than water.

Using differential calculus, if we make “δ” a function
of the variable (x-Ct), then using the chain rule from
calculus, the equation can be simplified with the
substitutions:

d2δ/dx2 = δ
d2sδ/dt2 = C2 × δ

Using calculus notation, the equation becomes as
follows:

K × δ = ρ × C2 × δ

which solves to

K = ρ × C2

C has units of cm/sec, like velocity. To understand
C, think of a wave traveling on the ocean. The shape
stays the same, over time, but the position changes. C
makes the connection between position and time: C is
the velocity of the wave. If a log is floating in the water,
the wave passes by without moving the log. The log
moves with the water molecules. The velocity of the
log is like molecular velocity, “v.”

The speed of ultrasound in tissue is dependent on the
properties of tissue (density and stiffness) and is not
dependent on the properties of the ultrasound, at least at
low ultrasound intensities where these equations apply.

C = SQRT( K/ρ)
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C is the speed of ultrasound in tissue that you find
stated, but not explained, in ultrasound physics books.
The speed of ultrasound in tissue is a property of the
stiffness and the density of the tissue. In stiffer tissue
like bone, ultrasound speed is higher. In denser tissue,
the ultrasound speed is lower. The reason that the speed
is low in fat (low density) is that fat is not stiff.

From the definition of stiffness, tissue pressure P =
Po + p = Po + K × dδ/dx, where “p” is the tissue pres-
sure fluctuation above or below atmospheric pressure.
As the ultrasound wave passes through tissue, the
tissue molecules vibrate back and forth. Because “δ” is
the normal position of the tissue molecules, dδ/dt is
the molecular velocity which is called “v.”

Equation 1 can be integrated with calculus as follows:

K × dδ/dx = (ρ/C) × dδ/dt

Substituting values into the equation yields the
following:

p = (ρ × C) × v

So, as an ultrasonic wave passes, the tissue pressure
fluctuation is always proportional the instantaneous
oscillatory velocity of the molecules. The ratio between
the pressure fluctuation and the velocity fluctuation is
a constant. That constant is called “impedance” and its
symbol is “Z.”

Z = p/v = (ρ × C) = SQRT(K × ρ)

Like ultrasound velocity, impedance is a property of
stiffness and density: Impedance increases when either
stiffness or density increases. So, if density is constant,
then ultrasound impedance “Z” is proportional to ultra-
sound velocity “C.”

Acoustic impedance in tissue is dependent on the
properties of tissue and is not dependent on the
properties of the ultrasound (at least at low ultrasound
intensities).

If the density of tissue is higher, but the stiffness is
the same, the acoustic impedance is higher but the
speed of ultrasound is lower. If the stiffness of the
tissue is higher but the density is the same, then both
the speed of ultrasound and the impedance of the
tissue are higher.

The fascinating result is that the shape of the distur-
bance (i.e., the shape of the ultrasound wave, the fre-
quency, the amplitude) is not part of the solution to the
equation. Any wave shape will propagate the speed
“C” through tissue and the ratio of p/v (Z) will be
determined by the tissue.

The Role of Impedance

The speed of ultrasound in tissue is used to determine
the depth of the reflector causing an ultrasound echo,

so that an image of that reflector can be placed in the
correct location on the ultrasound image. An ultrasound
echo occurs when the ultrasound burst encounters a
location where the acoustic impedance changes.

The acoustic impedance is the ratio of the molecular
pressure fluctuation to the molecular velocity fluctuation.
When the ultrasound wave encounters an impedance
change, as the wave passes from one tissue into another,
the ratio of the molecular pressure fluctuation “p” to
the molecular velocity fluctuation “v” must be different
in the second tissue than it was in the first tissue (that
is what impedance means). However, the product of
the two is the ultrasound intensity, which must be con-
served. Suppose that the impedance is 2% higher in
the second material than in the first material: then the
pressure fluctuation could go up by 1% and the velocity
fluctuation could go down by 1%, making the ratio 2%
higher and the product (intensity) unchanged. That
seems OK.

But there is one other requirement: The pressure
fluctuation in the second material must equal the pres-
sure fluctuation in the first material at the boundary,
and the velocity fluctuation in the second material
must equal the velocity fluctuation in the first material.
If this were not true, then the tissue would tear at the
boundary. This is called a “boundary condition.”

This problem can be resolved by fabricating a new
wave that adds pressure and velocity to the molecules.
The only wave that will make the boundary conditions
work is a reflected wave. The incoming wave is described
by “p1” and “v1,” the transmitted wave is described by
“p2” and “v2,” and the reflected wave is described by
“pr” and “vr.”

If the wave passes from material 1 to material 2, and
the reflected wave travels “back” in material 1, then all
of the following equations must be true.

For impedance relations:

p1/v1 = Z1
p2/v2 = Z2
pr/vr = Z1

For boundary conditions:

p1 + pr = p2
v1 – vr = v2

The sign change (+pr, –vr) is because the reflected
wave is traveling backwards. The result is that the
amplitude of the new reflected wave is:

pr/p1 = (Z2 – Z1)/(Z2 + Z1) 

And the ratio of the intensities is:

Ir/I1 = (Z2 – Z1)2/(Z2 + Z1)2

Every time that an ultrasound wave encounters a
change in acoustic impedance, there is a reflection. The
remaining transmitted wave, if the ultrasound speeds
are different, bends according to Snell’s law. In addition,
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some of the longitudinal wave motion is converted into
shear wave motion, which is rapidly converted to heat.

Impedance has units of pressure divided by velocity: 

(dynes/cm2)/(cm/sec) = (dyne × sec) / (cm3)

Because Z = ρ C, the units are (gm/cm3) × ( cm /
sec) = gm / (cm2 × sec)

From F = m × a the conversion 1 = (dyne × sec2)/
(gm × cm) can be used to show that (dyne × sec) /
(cm3) = gm / (cm2 × sec).

The accepted units of measure for impedance are
called Rayls after Lord Rayleigh (1842–1919) (Table 6-1).
The unit is defined in the MKS metric system as
follows:

Rayl = Kilogram/(meter2 × second) = (N × s)/ (M3)

Computing Ultrasound Intensity

Ultrasound intensity has units of Watts/cm2. The instan-
taneous intensity is the molecular pressure multiplied
by the molecular velocity. The units work out as
follows:

Energy (joules) = force (newton) × distance (meter)
Power (watt) = energy/time (watt/second) = force

(newton) × distance/time (meter/second)
Power (watt) = force (newton) × velocity

(meter/second)
Intensity (Watt/cm2) = power/area (watt/cm2) =
force/area (newton/cm2) × velocity (meter/second)

Intensity (watt/cm2) = molecular pressure (newton/
cm2) × molecular velocity (meter/second)

The most common ultrasound waveshape for the
molecular pressure and velocity fluctuations is the sine
wave. A sine wave is usually expressed in the trigono-
metric form:

p = pmax × sin(2πFt)

or

v = vmax × sin(2πFt)

where F is the ultrasound frequency (Hz or cycles/
second), which is multiplied by 2π to convert it to
radians per second.

For a sine wave, the averaged intensity of ultrasound
is I = (1/2) × pmax × vmax. Using the possible
substitution of Z for either pmax or vmax:

I =(1/2) pmax 2 / Z = (1/2) × vmax 2 × Z 

Intensity is proportional to amplitude squared.
The ultrasound intensities used in medical diagnostic

ultrasound are not “low intensities,” and therefore
ultrasound does not follow these equations.

So why do we learn the equations if medical
ultrasound does not behave this way? Because we can
learn from the equations, and understanding these
equations is a starting point for learning about non-
linear propagation. 

The ultrasound impedance of tissue is near 1.5 × 105

(d s)/(cm3) = 1.5 × 105 gm/(cm2 s).
When pmax is equal to atmospheric pressure (106

dyne/cm2), the pressure in tissue doubles during the
compression phase of the ultrasound wave and drops
to 0 during the decompression half cycle of the wave.
The intensity when pmax = 1 atm is Isptp = 0.333 Watts/
cm2. Isptp meant spatial peak temporal peak intensity.
Let’s explore the methods of computing intensity
(Table 6-2).

The spatial average temporal average is the value that
has been traditionally quoted. The value of 100 mW/
cm2 SATA was in common use as the maximum inten-
sity for diagnostic ultrasound in 1976 when the Medical
Devices Act gave the Food and Drug Administration
authority to regulate medical devices. According to the
act, any intensity value used in diagnostic medical
ultrasound equipment before 1976 is considered safe
unless there is evidence of harm. New diagnostic ultra-
sound instruments with intensities under that level can
be brought to market by filing a 510K application stating
that the new ultrasound instrument is equivalent to a
“pre-enactment” system. Ophthalmic ultrasound
instruments used intensities below 17 mW/cm2 before
1976, so ophthalmic examinations are limited to that
level until a manufacturer files a new device applica-
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TABLE 6-1. Ultrasound Impedance of Tissues

Tissue Impedance Impedance Impedance

Fat 1.38 MegaRayls 1.38 × 106 N s / M3 1.38 × 105 gm/(cm2 s)

Muscle 1.65 MegaRayls 1.65 × 106 N s / M3 1.65 × 105 gm/(cm2 s)

Blood 1.62 MegaRayls 1.62 × 106 N s / M3 1.62 × 105 gm/(cm2 s)

Bone 7 MegaRayls 7 × 106 N s / M3 7 × 105 gm/(cm2 s)

Water 1.48 MegaRayls 1.48 × 106 N s / M3 1.49 × 105 gm/(cm2 s)



tion (NDA) for ophthalmic ultrasound showing that
higher levels are safe in the eye. Only the heating of
tissue is considered a safety issue in the paragraph above.

However, during an ultrasound examination, the
ultrasound is only transmitted for 1 microsecond every
100 microseconds or so. Therefore, even if the temporal
average intensity is below 100 mW/cm2, the peak
intensities can be 100 times that high because it is on
for such a short time. Recently there has been concern
that the high peak intensities might be hazardous
because of cavitation. This will be discussed later in
the chapter.

We’ve computed the tissue pressure fluctuation at
an Isptp (intensity) of 0.333 Watts/cm2 when the tissue
pressure fluctuation is 1 atmosphere. It is also instruc-
tive to compute the tissue velocity fluctuation at that
intensity. One atmosphere of pressure is 106 d/cm2.
Using the definition of impedance (Z = pmax/vmax)
and pmax = 1 atm = 106 d/cm2, the maximum tissue
molecular velocity vmax = 6 cm/s. At a frequency of
5 MHz, the maximum acceleration is 2 megameters/s2

maximum tissue molecular acceleration, and 2 nanometers
maximum molecular displacement. The maximum dis-
placement is on the order of molecular size, but the
maximum acceleration is 200,000 times the accelera-
tion of gravity. That seems large, but it only lasts for 0.1
microseconds.

If you are wondering what this means, nobody
knows. If you want to think that ultrasound is safe,
remember that the cells jiggle only 2 nanometers. If
you want to think that ultrasound is dangerous, then
remember that tissues accelerate at 200,000 times the
acceleration of gravity. But ultrasound machines transmit
100 mW/cm2 SPTA; during the ultrasound burst, the
SPTP is 10,000 mW/cm2, so the accelerations are
10 times as large as we just calculated. (If pmax is
10 times higher, then pmax2 is 100 times higher.
Remember I =[1/2] pmax2 / Z). Although 2 million
times the acceleration of gravity sounds scary, nobody
knows how to interpret this number.

Harmonic Waves

The discussion of ultrasound waves in tissue is all nice
theory, but a complete understanding of ultrasound
during imaging isn’t so easy. If the ultrasound intensity
is greater than 333 mW/cm2, the tissue molecular pressure
drops to below 0, an impossible situation. Of course the
Ispta (temporal average) in medical diagnostic instru-
ments is held below 0.100 Watts/cm2 to avoid excess
heating of the tissues. But the Isptp (temporal peak)
value is 100 times as large because the ultrasound is
only on for 1% of the time (duty factor = 0.01). So,
during the transmission of a short ultrasound burst, the
instantaneous intensity Isptp = 10 Watts/cm2, and the
peak pressure pmax = 5.5 atmospheres. The peak posi-
tive pressure is 6.5 atmospheres and the peak negative
pressure is –4.5 atmospheres. Because this is impos-
sible, the linear equations of wave propagation above
don’t work and nonlinear equations must be used. Of
course, we will use the linear equations improperly later
to compute the mechanical index as if the equations
apply to this case. We will do this because the nonlinear
equations are too difficult.

The spring expressions, K × d2s/dx2 and P = Po +
p = Po + K × ds/dx are not valid for these high inten-
sities used in diagnostic ultrasound (i.e., greater than
300 mW/cm2 Isptp). When the tissue is stretched so far,
K is not a constant any longer. There are lots of everyday
examples of the stiffness (also called the spring constant)
failing. Stretch a rubber band between your hands. If
you pull a little harder, the rubber band will lengthen.
If you reduce the pull, the rubber band will shorten.
However, if you reduce the pull to 0 so that the rubber
band shortens to its flaccid length, you cannot reduce
the force further, so the spring constant K no longer
works. If you pull the rubber band to the maximum
length, pulling harder does not lengthen the rubber band,
but might break it. This is the other limit to K. So, for
a rubber band, if X = Xo + x is the length of the rubber
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TABLE 6-2. Intensity Measures

Label Abbreviation Meaning Typical Value

Spatial peak temporal peak Isptp or SPTP Cavitation 30W/cm2

Spatial average temporal peak Isatp or SATP 10W/cm2

Spatial peak temporal average Ispta or SPTA 300 mW/cm2

Spatial average temporal average Isata or SATA Heating 100 mW/cm2

Thermal index TI Heating 1

Mechanical index MI Cavitation 1



band and Xo is the flaccid length of the rubber band,
then the force on the rubber band, f = K × x, and is
valid from x = 0 to xmax. If you try to stretch the
rubber band beyond xmax, you can apply a large f,
with no increase in length, and then the rubber band
breaks. Blood vessel walls follow the same rules. The
circumference of an empty vein might be 3 cm, so the
venous pressure stays near 0 as the vein fills until the
cross section changes from flat to a circle 1 cm in
diameter. If it fills further, the pressure increases
rapidly.

Some people explain what happens with Isptp inten-
sities above 300 mW/cm2 by saying that the ultrasound
speed increases in compression and decreases in decom-
pression. Whatever happens, the result is that the tissue
takes some energy out of the original frequency and
converts it into double the ultrasound frequency or
triple the ultrasound frequency. The result is harmonic
waves, the addition of double and triple frequencies
to the ultrasound. These higher harmonic frequencies
help decrease the negative pressure. The high-pressure
portion of the wave becomes sharper and steeper,
whereas the low pressure portions of the wave flatten
out. This is similar to the ocean wave that crests and
breaks as it approaches the shoreline. The presence
of harmonics is a way to explain the change in shape.
An FFT frequency spectrum of the sharpened wave
contains harmonic frequencies. In addition to flatten-
ing the negative pressure regions, the harmonics also
increase attenuation of the wave because attenuation is
proportional to frequency. This lowers the intensity of
the ultrasound by converting the energy into heat. Of
course, the harmonic frequencies are also scattered by
the tissue, so they can be received by the transducer if
the transducer is sensitive to them. This is the basis of
harmonic imaging.

Because harmonics form best where the intensities
of the fundamental frequency are highest, the harmonics
are most likely to be scattered from the center of the
ultrasound beam pattern. Harmonic waves can be used
for imaging and for Doppler.

Harmonic waves form because the ultrasound inten-
sities used in diagnostic ultrasound are so high that ultra-
sound propagation is nonlinear. Nonlinear means that
the waves don’t follow the linear (simple) equations
above.

However, harmonic imaging requires a trick. Ultra-
sound transducers are not sensitive at twice the natural
ultrasound frequency of the transducer (2 × Fo). By
using a broadband transducer and lowering the transmit
frequency to 0.7, the natural frequency (0.7 × Fo), then
the strongest harmonic generated by tissue, is double
that or 1.4 × Fo, still below the frequency 2 × Fo at
which the transducer is not sensitive. Unfortunately,
the third harmonic (3 × [0.7 × Fo]) is close to the
2 × Fo at which the transducer is not sensitive (3 × 0.7
= 2.1~2.0).

Ultrasound Attenuation

As an ultrasound burst passes through tissue, a fraction
of the energy in the burst is converted to heat and a
fraction is converted to reflected or scattered ultrasound.
The original burst, traveling in the original direction,
becomes progressively weaker. The easiest way to think
about attenuation is that you can find a slab of tissue
that will attenuate the energy of the burst to half of the
original energy. For the same tissue, a thicker slab will
attenuate the ultrasound more, leaving the burst with
lower energy. If a slab of muscle 1 cm thick attenuates
the energy of a 3-MHz ultrasound burst by 50% to 50%,
then a slab of muscle 2 cm thick will attenuate the
ultrasound energy by 75% to 25% and a slab of muscle
3 cm thick slab will attenuate the ultrasound by 87.5%
to 12.5%. The remaining ultrasound burst energy, after
attenuation, has an exponential relationship to depth.
Attenuation can be computed in: (1) deciBels (dB),
based on factors of 10 in energy; (2) Nepers, based on
factors of “e” in amplitude; (3) half amplitude; or (4)
half energy levels.

The rate of attenuation is proportional to ultrasound
frequency. In the example above, doubling the ultra-
sound frequency from 3 MHz to 6 MHz results in
doubling of the ultrasound attenuate rate. So for 6-MHz
ultrasound, a 1 cm thick slab of muscle will attenuate
the ultrasound burst energy to 25% and 2 cm of muscle
will attenuate the ultrasound burst energy to 6.25%.

The easiest way to compute attenuation is to remember
that in average soft tissue, half of the ultrasound power
will have been scattered or converted to heat after 20
wavelengths of tissue penetration. The attenuation is
lower in fat (34 wavelengths to half power) and higher
across muscle fibers (6 wavelengths to half power).
With older ultrasound systems, we can get echoes back
from a “perfect” reflector at a depth of 200 wavelengths
average tissue; the best ultrasound systems of the future
will never be able to get echoes back from a perfect
reflector that is 400 wavelengths deep. That limit is
because of the intrinsic ultrasound noise emitted by
tissue. At 5-MHz ultrasound, with a wavelength of 0.3 mm,
200 wavelengths is 6 cm. For Doppler measurements,
the echogenicity of blood is poor, only about 1/1,000,000
of the 5-MHz echo power reflects from blood. So, at 
5-MHz, Doppler studies are limited to about 2 cm with
older systems. Newer systems with better electronics
may get 5-MHz Doppler signals from 4 cm deep or
more.

Lower ultrasound frequencies are able to get signals
from deeper in tissue because the lower attenuation
at those frequencies means that echoes returned from
those depths are likely to be stronger. One factor
working against this is that reflectors smaller than the
ultrasound wavelength (like blood cells) are not good
reflectors. According to the Rayleigh theory of wave
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scattering* from small reflectors, the scattered intensity
increases with the forth power of the ratio of scatterer
size to wavelength. So for higher ultrasound
frequencies with shorter wavelengths, the scattering
from red blood cells increases. If a 6-MHz Doppler
replaces a 3-MHz Doppler, except for the attenuations
problem, the 6-MHz Doppler will receive echoes from
blood that are 16 times greater than echoes using a 3-
MHz Doppler. However, the addition of attenuation,
which is twice as great for 6-MHz ultrasound as for 3-
MHz ultrasound, does diminish the benefit of using a
higher ultrasound frequency to take advantage of
Rayleigh scattering. Taking the two factors together, 5-
MHz ultrasound gives the strongest Doppler signal
from carotid arteries 2 cm deep under fat and muscle
(carotid arteries); 2-MHz ultrasound gives the strongest
echo from renal arteries 10 cm deep under muscle and
fat (renal arteries).

Ultrasound Burst

Although it is possible to listen for ultrasound naturally
produced in the body (the emission intensity is about
0.01 picoWatts/cm2), in this discussion, all ultrasound
imaging begins by sending a burst of sound into the
body and listening for the echoes returning from tissues.
The transmitted ultrasound is called a burst, rather than
a pulse, because the burst may contain few or many
cycles of ultrasound (Fig. 6-2). For good depth
resolution in B-mode imaging, the burst is short (0.5
microseconds); for Doppler, the burst is long (1 to 10
microseconds); in the extreme of continuous-wave
Doppler, ultrasound is transmitted continuously.

Ultrasound Propagation in Tissue

The ultrasound passes into the body traveling at a speed
of about 1.5 millimeter per microsecond (1.5 mm/μs,
Table 6-3). At that speed, the ultrasound can travel the
150 mm across your head in 100 μs. An echo from the
far skull takes another 100 μs to return to the trans-
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*The third Lord Rayleigh, whose name was John William Strutt,
became Lord Rayleigh when he inherited the title from his father.
Both the impedance unit Rayl and Rayleigh scattering of ultrasound
from blood cells are credited to him.
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poral peak power is limited.
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transducer.



mitting transducer for a total round trip time of 200 μs.
Any echo that returns after a 200 μs trip comes from a
reflector at a one-way distance of 150 mm (Table 6-4).
We expect that the trip is straight, along a selected ultra-
sound line, so information from that echo is displayed
as if it came from a known direction and depth. All of
the caution in these statements is because we know that
ultrasound propagation in tissue is more complicated:
the ultrasound path is bent by refraction and reflection,
and those complications result in image distortions
called artifacts.

Of course, in tissues where the speed is not 1.5 mm/μs
(see Table 6-3), the depth display (see Table 6-4) is
distorted by the percent error in speed. The depth errors
occur in both depth distance between the ultrasound
transducer and the reflector, and in the depth distance
between two reflectors in tissue. For example, when
measuring the thickness of the temporal bone during
transtemporal ultrasound brain imaging, a bone layer
of 4 mm thickness will appear to be 1.5 mm thick on
the ultrasound image. Ultrasound can do a 4-mm each
way round trip in bone in 2 microseconds, and ultrasound
can do a 1.5-mm each way round trip in soft tissue in

2 microseconds. The two round trips look the same to
the ultrasound scanner because both last 2 microseconds.
Such effects may be important in ultrasound-guided
biopsy in fatty breast, where a tumor that is 58 mm
deep appears to be 60 mm deep on the image because
the engineers designing the ultrasound system do not
provide a control to adjust the image scale for different
ultrasound speeds.

With this information, in about 1950, medical diag-
nostic ultrasound imaging began.

B-Mode Ultrasound Imaging

By transmitting a short burst of ultrasound into tissue
along a line and measuring the time for an echo to return,
the depth of the reflector causing that echo can be
determined (Fig. 6-3). There are two features of the
echo which are important: (1) the strength of the echo;
and (2) the phase of the echo. Phase is used for Doppler
velocity detection and will be discussed later. The
strength (amplitude) of the echo is used for B-mode
(brightness mode) imaging. The echo strength is deter-
mined by acoustic impedance changes in tissue and by
attenuation of the ultrasound as it passes through tissue.
To infer the tissue type represented at specific locations
in the image, it is common to display the echo strength
after adjusting for attenuation.

Ultrasound attenuation occurs because some of the
energy of the ultrasound burst is scattered in all direc-
tions and because other energy is converted to heat in
each part of the tissue. The strength (amplitude) of the
burst decreases with time (depth) in the tissue, and echoes
from deeper depths are weaker than echoes from shallow
tissues. If the amount of attenuation in the tissue is
known, then the ultrasound instrument can adjust the
strength of those echoes from deeper tissue by ampli-
fying them more than the echoes from shallow tissue.
This adjustment of the echo strength is called compen-
sation for attenuation. The amount of amplification is
called gain. Because the depth of the reflector is pro-
portional to the time that it takes for the echo to return,
the amplification is called time gain compensation (TGC)
or depth gain compensation (DGC) or time gain control
or depth gain control. This control is adjusted by the
examiner to make the image look right. Of course, it is
possible for the examiner to “paint” features into the
image by adjusting the TGC control.

Doppler Ultrasound Imaging

Doppler methods are designed to identify the speed of
moving tissue rather than the tissue type. Doppler
methods are similar to M-mode (see Figure 6-3, Panel
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TABLE 6-3. Speed and Impedance
of Ultrasound in Tissues

Tissue Speed (mm/μs) Impedance (KiloRayls)

Air 0.33 0.0004

Fat 1.45 1.38

Water (25 °C) 1.48 1.48

Liver 1.54 1.65

Blood 1.57 1.62

Muscle 1.58 1.65

Cartilage 1.65

Bone 4 7

TABLE 6-4. Reflector Depth vs. Echo Time,
Maximum Pulse Repetition Frequency,
and Doppler Aliasing Frequency

Depth Time PRF Aliasing 

0.75 mm 1 μs 1 MHz 500 KHz

3 mm 4 μs 250 KHz 125 KHz

30 mm 40 μs 25 KHz 12.5 KHz

60 mm 80 μs 12.5 KHz 6.25 KHz

150 mm 200 μs 5 KHz 2.5 KHz  



Figure 6-3. Ultrasound echo strength imaging modes: Panel 1, A broadband ultrasound transmit burst (upper row) is followed
in 40 μs by an echo from a reflector at 30 mm deep and another echo at 95 μs from a reflector at 71 mm deep. Using the given
value for the speed of ultrasound in tissue and accounting for the round trip, the instrument displays the 40 μs echo at a depth
of 30 mm and the 95 μs echo at a depth of 71 mm. Panel 2, Both echoes enter the ultrasound system via a single signal path.
The 71-mm echo has a smaller amplitude than does the 30-mm echo. Although the smaller amplitude could be caused by
reflection from a smaller impedance difference at 71 mm deep, the examiner assumes that the difference is caused by
attenuation. Panel 3, The examiner adjusts the TGC control (violet line) to make the two echo amplitudes appear equal, and the
signal is routed to the demodulator where the echo amplitude is measured (green line). Panel 4, The echo amplitude can be
divided into sections representing echo strength. Four divisions are shown here representing four gray levels. Modern ultrasound
instruments divide the echo strength into 256 gray levels even though the examiner can only differentiate about 16. These gray
level values, as a function of depth, are stored in the scan converter computer memory. Panel 5, If the ultrasound transducer
beam pattern is held stationary, and the process is repeated over moving tissue like the heart, and the results are displayed along
adjacent lines, each below the last, an M-mode (motion mode) display is generated. The speed of the moving structure can be
measured. It is the slope of the line, the change in depth with change in time. Panel 6, If the tissue is stationary, and the process
is repeated while the ultrasound beam pattern is moved from location to location in the tissue, and the resultant echo patterns
are shown along corresponding lines on the image, a two-dimensional B-mode image display is generated.
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5). As in M-mode, to measure the speed of moving
blood or other tissue, a series of ultrasound pulse-echo
cycles are directed along a stationary ultrasound beam
pattern. In contrast to M-mode, when measuring the
speed of bloodflow, there is no large reflector that can
be seen after amplitude demodulation. So the motion
detection must occur using the undemodulated radio
frequency (RF) signal (Fig. 6-4).*

Radio station WWV in Fort Collins, Colorado, operated
by the National Institute of Standards and Technologies
broadcasts radio signals on 2.5-MHz, 5-MHz, 10-MHz,
15-MHz, and 20-MHz bands providing time signals,
weather and geophysical alerts, and global positioning
system status reports. If you try to use a conventional
ultrasound instrument in Fort Collins at one of these
frequencies, it is possible that the WWV transmitter will
cause interference in your image. Ultrasound instru-
ment manufacturers shield the case and cables of the
ultrasound instrument to avoid this interference. Damage
to the cables (e.g., like that caused by rolling a wheel
over the scanhead cable) will defeat the shielding and
allow interference.

Although amplitude demodulated ultrasound echo
signals can resolve motions of a fraction of a millimeter
(mm), measurement of changes in phase of the RF
echo can resolve motions of a fraction of a micron
(micrometer, μm), 1000 times better than with the
amplitude demodulated echo used in M-mode.

Although time domain methods (see Figure 6-4,
Panels 6, 7, and 8) are advocated as being resistant to
aliasing, in practice, the echoes are so complicated that
the correct echo match cannot usually be found, so the
methods work about as well as Doppler, but they take
more computing power. Therefore, few ultrasound
instruments have used time domain methods.

Each new echo from a pulse-echo cycle (PEC) taken
along a single beam pattern gives new information about
tissue motion. A pair of echoes can identify which voxels
contain moving tissue. Echoes from a third PEC are
required to separate strong echoes bouncing off blood
vessel walls from the weak echoes representing moving
blood. The vessel wall echoes are called “clutter” by
the engineers. Because each echo contains noise, more
pulse-echo cycles (longer ensembles) are needed to
separate the noise from the bloodflow and the wall
motion. Most two-dimensional color Doppler systems
use 8 pulse-echo cycles (PECs) per ensemble. At a
pulse repetition frequency (PRF) of 10 KHz suitable for
examinations up to 75 mm deep (see Table 6-4), an
ensemble of 8 PECs requires 0.8 milliseconds to acquire.
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Color-flow systems represent the velocity in each voxel
as a single value represented by a color selected from a
color scale (red to blue). If the velocity has some
fluctuation, then the variance may be added by adding
green to the color.

If the sample volume contains turbulent bloodflow,
many velocities should be measured in a voxel. The
number of measurements that can be made is equal to
the ensemble length. For each spectrum in a spectral
waveform, an ensemble of 128 PECs is usually used,
allowing a new spectrum of 128 frequency tests to be
displayed representing data gathered over 12.8
milliseconds. Some 78 spectra, each representing 12.8
milliseconds, are displayed each second to form a
spectral waveform (Fig. 6-5).

Because so much data are displayed about a single
sample volume in the spectral waveform, data are not
displayed about other sample volumes. The alternative
is to display velocity data for many sample volumes,
showing a single velocity for each sample volume as
color (Fig. 6-6).

Both color Doppler and spectral Doppler are subject
to aliasing. A pulsed Doppler cannot differentiate between
different possible velocities separated by twice the
velocity corresponding to the Nyquist frequency.* In
Figure 6-7, Panel 1, pairs of possible Doppler frequency
waveforms, separated by twice the Nyquist frequency,
are displayed.

By knowing from hemodynamics that the frequen-
cies should be connected to form a smooth waveform,
a proper-appearing waveform can be selected (see
Fig. 6-7, Panel 2).

Aliasing Computation

If a Doppler signal is aliased, the correct velocity can
be computed. Remember that as the wave leaves one
edge of the spectral waveform, it enters the other edge,
so both edges represent the same frequency and velocity
(Fig. 6-8).

Doppler Equation

If the blood is flowing parallel to the axis of the visu-
alized vessel, then the Doppler frequency scale, which
is measured, can be converted into a velocity scale by
using the Doppler equation (Fig. 6-9).

*The echo is called a radio frequency signal because it is radio
frequency. If the ultrasound transducer plug were connected to an
antenna wire strung out the window rather than to an ultrasound
transducer in contact with a patient, then the antenna would send a
radio signal at a frequency above the AM broadcast band (0.55 MHz
to 1.6 MHz) but below the FM broadcast band (88 to 108 MHz).

*Harry Nyquist was a physicist at Bell Laboratories around 1920.
He figured out the rules for sampling and aliasing while developing
methods of sampling telephone conversations to combine 20 conver-
sations on a single trans-Atlantic telephone cable circuit.



0.2 ms @ 5 MHz

0.6 ms

Panel 2Panel 1

Panel 4 Panel 3

Panel 6 Panel 5

Panel 8Panel 7

= 01.5 mm/0.6 ms = 25 cm/s

Figure 6-4. Doppler velocity measurement. To perform Doppler measurements, usually between 8 and 120 pulse-echo cycles
are used and analyzed as a group. In this figure, 8 pulse-echo cycles are used. This group is called an ensemble. The ensemble
length is 8. Panel 1, A shallow echo representing a moving structure and a deep echo representing a stationary echo are shown.
The envelopes of the echoes of both echoes appear stationary. Panel 2, By tracking the RF peaks from echo to echo, the phase
change can be measured. Panel 3, With a pulse repetition frequency (PRF) of 10 KHz, seven successive echoes span 0.6
milliseconds. A tissue motion of 0.15 mm toward the ultrasound transducer means a tissue velocity of 25 cm/s. Panel 4, Modern
digital ultrasound instruments divide the depth into segments called voxels and look at the echoes from one voxel to see if the
phase is stationary or moving. Panel 5, If the time interval between two pulse-echo cycles is too long for the velocity in the tissue
under study, the displacement of the tissue represented in the sample volume may be greater than 0.125 wavelengths of ultra-
sound in tissue. If so, the phase will move too far between observations to be properly tracked. In that case, when the analysis
system selects the lowest possible phase shift, the measurement is low and often in the opposite direction. This is called aliasing.
Panel 6, The time domain method is an alternate ultrasonic velocity measurement system that is resistant to aliasing. It differs
from Doppler by using a short broadband transmit burst resulting in shorter echoes. Panel 7, By comparing the echoes in a voxel
that come back at different times, voxels containing stationary reflectors can be differentiated from those containing moving reflec-
tors. Panel 8, When a voxel containing moving reflectors is detected, then a model of the echo is moved in depth until a match
is found and the velocity computed from the time delay detected.



Unfortunately, in nearly all arteries, the normal
blood velocities are not parallel to the axis of the artery.
Instead the flow is helical, like the flow down the drain
of a washbasin (Fig. 6-10). Thus, the measured Doppler
velocity can only be used for the empirical classifica-
tion of arteries and veins into disease categories based
on experience.

In cardiology, where Doppler signals are always
acquired using a Doppler angle of 0 degrees, the measured
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Figure 6-5. Two-dimensional brightness-mode image with
Doppler spectral waveform. The Doppler is operating at a PRF
of 3 KHz, allowing the sample gate to be located at any depth
shallower than 250 mm. The 3-KHz PRF allows frequencies
between +1.5 KHz and –1.5 KHz to be displayed. The texture
of the spectral broadening in the spectral waveform is formed
by the results of about 50 spectra per second, each displaying
the intensity of each of 60 Doppler frequencies (50 × 60 = 3000).

Figure 6-6. Color-Flow Image. The spectral waveform at the
bottom displays all of the velocities in the sample volume over
a period of 4 seconds, showing velocities in both systole and
diastole. The color-flow image shows the velocities at about
40 locations on each of 20 color Doppler ultrasound beam
pattern lines, 800 locations in all. The color bar shows a velocity
range from –16 cm/s to +16 cm/s, a 32 cm/sec range that
is different from the –10 cm/s to +100 cm/s on the spectral
waveform (a 110 cm/sec range). After removing the adjust-
ment for the Doppler examination angle (60 degrees, cos[60°]
= 0.5), the spectral waveform velocity range is –5 cm/s to
+50 cm/s. The PRF for the spectral Doppler is higher than for
the color Doppler, and the color Doppler velocity is not
adjusted for Doppler angle. A baseline shift has been applied
to the spectral waveform display by the examiner to show
high aliased velocities continuous with the low unaliased
velocities. The color-flow image is aliased in the center of the
vessel. Notice the color change from red to orange to cyan,
going off one end of the color scale and onto the other. If this
had been reverse flow, the color sequence in the image would
have been red to black to blue to cyan.

Figure 6-7. Doppler aliasing, redisplayed with baseline shift. Because a Doppler system can’t really tell if the echo phase has
shifted by 360 degrees plus the measured shift, or 360 degrees minus the measured shift, the possible spectral waveforms could
be stacked as one manufacturer did (left). A simple Doppler display (right) shows the Doppler frequency values displayed between
the upper and lower Nyquist lmit frequency values at + and –1.5 KHz. The Nyquist limit is half the PRF. In this case, the PRF is 3
KHz. The frequencies representing high velocities away from the transducer appear on the lower part of the display where flow
toward the transducer should appear. The examiner recognizes that this display is aliased and moves the aliased portion of the
display to a corresponding region representing flow away from the transducer. This control is usually called baseline shift.



blood velocity is commonly used for the computation
of both cardiac output and for the computation of
Bernoulli pressure drop across a stenotic valve. Both
measurements have been validated by gold standard
cardiac catheterization methods. However, in vascular
studies where Doppler data can be acquired only at
Doppler examination angles between 40 degrees and
70 degrees, attempts at computing validated arterial
and venous flow rates and pressure drops have failed.
Even a simple test of taking velocity data at an angle of
40 degrees and at 60 degrees from the same location
usually leads to an angle adjusted velocity value taken
at 60 degrees, about 40% higher than the value taken
at 40 degrees. This “error” in the Doppler equation is
not caused by faulty math but by the incorrect assump-
tion that blood flows parallel to the vessel axis.

The systematic increase of angle adjusted blood
velocity measurements as the Doppler examination
increases is a source of variability in facilities that do
not use a constant Doppler examination angle in peripheral
arteries. The question of which angle is most accurate
appears regularly on the e-mail discussion service,
UVM Flownet <UVMFLOWNET@LIST.UVM.EDU>.

Evidence of helical flow is easy to demonstrate with
color-flow imaging (Fig. 6-11). By placing the view to
the artery in cross section, the helical flow can be
demonstrated.

Ultrasound Instrumentation

The evolution of diagnostic ultrasound pulse-echo ultra-
sound instruments since 1950 has been based on the
adoption of advances in electronics rather than advances
in concepts. Vacuum tubes were in common use in
1950. The invention of the transistor by John Bardeen
and Walter Brattain in 1947 led to commercial pocket-
sized transistor radios by 1960 and pocket-sized tran-
sistorized continuous-wave (CW) Doppler ultrasound
systems before 1970. The availability of inexpensive
digital memory for computer systems around 1975
started the development of the modern computerized
two-dimensional ultrasound imaging system.

The “all analog systems” constructed before 1975
changed in performance as analog components dried
out, corroded, became fouled with dust, and otherwise
deteriorated. This deterioration caused continuous
shifts in instrument performance such as the display of
time seen as distance on the viewing screen. Because
of this, the use of alignment targets and phantoms was
constantly required to readjust the instrument to com-
pensate for drifting analog electronic components. The
introduction of digital circuits, and later programmed
microprocessors and computers, eliminated the insta-
bilities of analog systems. It also eliminated the need
for alignment targets and phantoms, although these are
still discussed because of tradition and because these
devices are useful teaching tools. It is important to
understand the difference between analog and digital
processing.

In ambulation, compare a ramp to a staircase. The
ramp is like an analog circuit, the staircase is like a digital
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Figure 6-9. Doppler equation. If
the examiner aligns the Doppler
cursor parallel to the axis of the
vessel during the examination, the
Doppler equation is applied auto-
matically by modern duplex
Doppler instruments, converting
the measured frequency scale into
velocity and shrinking that scale
according to the inverse cosine of
the Doppler examination angle.

Figure 6-8. Aliasing computation. Notice the addition of
velocity labels at the edge of the velocity scale. Both the higher
PRF waveform at the right and the scale adjusted waveform
at the left demonstrate peak systolic angle adjusted velocities
of 118 cm/s.



circuit. You can number the stairs on the staircase and
define exactly your elevation by the stair number. You
can place a ruler on the ramp, but you cannot exactly
define all possible locations on a ramp. If something is
on a particular stair of the staircase, you know exactly
the elevation. Even if an earthquake shakes the object
around a little (system noise), it is still on the stair and
still at a known elevation. If the object were on a ramp,
a little shaking would change the elevation. However,

if there are 20 stairs, only 20 elevations are possible, so
a very small elevation change is not possible. On the ramp,
there is no elevation change too small to be allowed.
So, analog has the advantage that very small differences
can be differentiated. Digital has the advantage that
each step is defined and resistant to noise.

Analog processing of ultrasound echoes in early
ultrasound instruments allowed subtle differences in
gray scale to be displayed. When digital scan converter
memories were introduced in 1977, the digital memory
could only store and display 16 shades of gray, about
the same as the eye can detect. Although that should
be OK, often the examiner viewing an image will want
to adjust the display after storing in the memory. For
example, the brightness of two tissues might be 4.1 and
4.4 on a scale of 16. If there are 64 brightness levels
stored instead of 16, then the two tissues could be
resolved. On a 16 level scale the 4.1 tissue would be at
4/16 and the 4.4 tissue would be at 4/16, the same. On
a 64 level scale, the 4.1 tissue would be at 16/64 and
the 4.4 tissue would be at 18/64. By converting the
display for viewing by eye (which only sees 16 gray
levels), you can choose to show stored levels 1/64
through 12/64 as 1/16 and 20/64 through 64/64 as
16/16. Then you can spread the stored level range
13/64 to 19/64 over the display levels 2/16 to 15/16. If
you do, then the 4.1 is greater than 16/64 is greater than
8/16 and the 4.4 is greater than 18/64 is greater than
12/61, so it would be easy for the eye to differentiate
them. This process is called post processing; it provides
flexibility for improving the display of the image.

As digital systems have improved, digital processing
has taken over more components of ultrasound imaging
systems. The major improvement of digital processing
is to increase the number of values that are allowed. In
early image memories, only 4 bits (binary digits) were
available to record the brightness of each pixel (spot on
the image screen corresponding to a memory location
in the scan converter). These 4 bits could store 16
levels of gray. Some systems call 0 = white and 15 =
black, others use the inverse (Table 6-5).

The improvement to 6 bit memories allowed 64 levels
of gray. Increasing to 8 bits allowed 256 levels of gray.
Now, 16 bit memories are common. That allows 65,000
levels of gray. Of course, only 256 levels of gray are
used. The rest of the values are for color in the image.

The components of an ultrasound system, whether
analog, digital, or software, are similar. Figure 6-12
shows the components of a basic system to display an
ultrasound image. The transducer is not coupled to the
patient, so the burst energy is trapped in the transducer,
causing only a rapidly decaying oscillation in the trans-
ducer and no echo from the patient.

The echoes returned from the patient’s anatomy
can be demodulated to display echo strength and then
scan converted to form an image (Figs. 6-13 through
6-18).
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Figure 6-10. Helical flow. Velocity measurements (top) taken
from the middle right common carotid artery at two angles
have the same Doppler frequencies, resulting in differing angle
adjusted velocities. Velocity waveforms (bottom) taken from a
perpendicular cross section at the same mCCA location show
the dual helical velocities of 13 cm/s, which may be the cause
of the failure of the two angle adjusted Doppler measure-
ments to agree.



Real-Time Imaging

Generating an ultrasound image takes time. Although
different parts of the image are gathered at different
times, generally the image acquisition proceeds from
left to right. The effect of this orderly progression can
introduce effects in the image that could be mistaken
for physiology or anatomy. Figure 6-19 shows a series
of two-dimensional color Doppler images gathered from
a single cardiac cycle. By displaying the ECG, the rela-
tionship between the spectral waveform and the time
of image acquisition can be seen.

Note that in Frame 2 the highest “color velocities”
(aliased) are on the right, taken later in the image nearer
to peak systole. Note that in Frame 3 the highest “color
velocities” (aliased) are on the left, taken earlier in the
image near to peak systole. Although the horizontal
dimension in a two-dimensional ultrasound image is
supposed to be lateral dimension, the lateral dimension
also contains time (Fig. 6-20).

Text continued on page 68
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A

Figure 6–11. A, Color Doppler demonstration of helical
velocities in the common carotid artery. Notice that the
systolic peak of velocity waveform on the left occurs after the
ECG T-wave, but the systolic peak of velocity waveform on the
right occurs before the ECG T-wave.

TABLE 6-5. Binary Numbers

4-Bit Binary Hexidecimal Decimal
Number Number Number

0000 0 0

0001 1 1

0010 2 2

0011 3 3

0100 4 4

0101 5 5

0110 6 6

0111 7 7

1000 8 8

1001 9 9

1010 a 10

1011 b 11

1100 c 12

1101 d 13

1110 e 14

1111 f 15



Figure 6–11. B, The helical shape of the waveform changes with angle of view and time in the cardiac cycle. Notice that the
scan plane is perpendicular to the common carotid artery axis, as verified by the intima-media thickness image on the deep side
of the artery.
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Figure 6-13. Ultrasound system
showing RF echoes from three
reflectors, each at a different
depth in the patient. Trans-
ducer oscillation stops more
quickly (transducer is damped)
because most of the ultrasound
burst energy is going into the
patient. The echoes are at the
same frequency as the natural
oscillation of the transducer
based on its thickness. In the
patient, there are three reflec-
tors. Echoes from each of the
three reflectors are seen after
each transmit burst. The receiver
has removed the transmit
bursts from the signal.

Figure 6-12. Ultrasound system
not coupled to a patient. The
transmit impulse causes an
oscillation in the transducer,
seen as an oscillating voltage.
The frequency of oscillation is
higher if a thinner transducer
is used. Because the energy
loss from the transducer into
the patient is not present, the
transducer oscillates, producing
bright echoes at the superficial
edge of the image.
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Figure 6-14. Ultrasound M-
mode (motion mode) display
showing the amplitude as A-
mode (amplitude mode). The
receiver has removed the high
voltage transmit burst from
the signal. Amplitude demodu-
lation preserves the echogenic-
ity of the three tissue struc-
tures in the patient. Motion
would appear as an upward or
downward drift of the peaks
on the lower display.

Figure 6-15. Ultrasound M-
mode (motion mode) display
showing the amplitude as B-
mode (brightness mode).
Motion would appear as an
upward or downward drift of
the reflectors on the lower
display
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Figure 6-16. Two-dimensional
ultrasound B-mode display.
Notice that the only difference
between an M-mode system
and a two-dimensional system
is the signal path from the
beam former to the memory/
scan converter to deliver the
position information to the
memory, which will deliver it to
the display.

Figure 6-17. Pulsed Doppler
ultrasound system. The spectral
waveform and the sound from
the speaker represents the
blood velocity at the selected
sample depth. The three pulse-
echo cycles represent an
ensemble. A spectral waveform
usually uses an ensemble of
128 pulse-echo cycles to display
128 frequencies (velocities) on
a spectrum. The spectral wave-
form and audio output displays
the Doppler signal from a single
depth and single lateral loca-
tion, called a voxel or Doppler
sample volume. The lateral
dimension on the spectral
waveform is time (seconds). A
color Doppler image usually
uses an ensemble of eight
pulse-echo cycles to display a
color representing a single
velocity. A different velocity is
computed for each depth.
Adjacent lines can represent
either time (color M-mode) or
lateral dimension (2-D color
display).
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Figure 6-18. History of intro-
duction of digital devices in
ultrasound systems. Shaded
devices are digital. Now the
entire ultrasound system is a
computer with software.

Figure 6-19. A sequence of color Doppler images. Each image takes about 40 milliseconds to acquire. Frame 1 (upper left),
systolic velocity upslope. Frame 2 (lower left), presystolic velocity peak. Frame 3 (lower center), postsystolic peak. Frame 4
(lower right), systolic downslope. Frame 5 (upper right), mid-diastole.



Ultrasound Beam Former

The ultrasound scanhead has two tasks: (1) to direct the
ultrasound beam pattern into the tissue to be imaged;
and (2) to focus the ultrasound beam at a depth of
interest. In early systems, the focusing was performed by
using a transducer that is concave or has a lens attached.
The directing was done by pointing the transducer by
hand or by using an electric motor. These two processes
were called mechanical focusing and mechanical
directing of the ultrasound beam. Poor focusing leads
to loss of lateral resolution in the ultrasound image.

Around 1975, many ultrasound transducers were
directed by hand. One group of instruments was called
“static B-scanners.” The sonographer developed the art of
making good ultrasound images by “painting” the image
into memory. Echoes obtained with the ultrasound beam
pattern perpendicular to surfaces were bright and gave a
pleasing image. Static Doppler scanners were also popular
between 1975 and 1980. These instruments tracked the
position of the ultrasound transducer and marked the
image at the corresponding location when an arterial
Doppler signal was detected. Friends became competi-
tors making the Arteriograph, DopScan, and EchoFlow.

Beginning in 1970, ultrasound transducers were
mounted on motorized wheels or oscillators. These
systems flourished until about 1995, when most were
replaced by segmented array transducers. Some scan-
heads used a combination of electronic beam forming
and mechanical directing of the beam pattern. The most

popular is the annular array that uses concentric ring
transducer elements arranged like a Bull’s-eye target to
allow electronic focusing of the transducer combined
with mechanical directing of the beam pattern. This was
called an annular array. The other popular combined
system, recently released, is a three-dimensional B-mode
imaging system that uses an electronic array to direct
the ultrasound beam pattern in one direction and a
mechanical actuator to direct the ultrasound beam in
the other direction.

Between 1975 and 2003, transducer arrays evolved
to direct and focus the ultrasound beam pattern. Early
linear array transducer scanheads used a row of single
independent transducers to form an image. Each ultra-
sound line was formed by a different ultrasound trans-
ducer. This is called a low-density array. Each element
is focused separately.

The focus of an ultrasound beam can be controlled
to the end of the near field (also called the Fresnel
zone). The depth of the near field (L) is:

L = D2 / (4X λ)
L = R2 / (λ)

where D is the diameter or width of the transducer
(R is the radius of the transducer). For a carotid ultra-
sound examination to a depth of 20 mm using an ultra-
sound wavelength of 0.3 mm (5 MHz), the width of the
transducer must be at least 6 mm.

The width of the transducers in a low-density array
must be 6 mm for a 5-MHz carotid scanhead to a depth
of 2 cm; and a width of 20 mm for a 3-MHz abdominal
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Figure 6-20. Flow tracing in the proximal anastomosis of a vein graft. These images are formed by the ultrasound scan lines
proceeding from left to right. Although the color Doppler image is beautiful, the B-mode image is remarkable. In the B-mode
image at the right, the scan lines move across the 30-mm wide linear array scanhead in 30 milliseconds, proceeding at 1 mm/ms
= 1 m/s = 100 cm/s, which is equal to the blood velocity. The streaks are formed by groups of erythrocytes arranged by chance
such that they produce a strong echo. These are not formed structures in blood. The effect is achieved by using a long complex
transmit burst matched to a demodulation filter to emphasize speckle. This is similar to what is called B-flow. The effect is only
seen when the blood velocity matches the ultrasound scan velocity. Reversing the scanhead eliminates the streaks.

Text continued from page 62



scanhead to a depth of 10 cm. The ultrasound line spacing
can be no closer than the transducer width, so a low-
density array has limited lateral resolution. By 1980, linear
transducer arrays were constructed that had closely
spaced transducer elements that could work together to
make an aperture spanning a group of transducer ele-
ments. The ultrasound beam pattern could be directed
along many lines within one plane. Now transducers
arrays are segmented in two directions so that ultrasound
beams can be directed along lines in three-dimensional
space.

In order to use the elements of an array to direct an
ultrasound beam, the time of transmission from each
transducer element must be controlled within a few
nanoseconds. By introducing a 6-nanosecond delay
between two transducers spaced at 0.5 mm, an ultra-
sound beam can be tilted about 1 degree. Controlling
the time in nanoseconds is not easy.

Linear array transducers move the ultrasound beam
pattern to parallel locations by using a new transmit/
receive aperture for each selected beam pattern. Phased
array transducers tilt the ultrasound beam pattern to
new angular locations by adjusting the relative time of
transmission for each transducer element and inserting
an equivalent delay to the echoes received by each trans-
ducer, before the echo signals are combined. Sounds
originating from locations other than the selected beam
pattern are suppressed by destructive interference. To tilt
an ultrasound beam by 45 degrees using a transducer
14 mm wide requires a progressive time delay between the
transducers amounting to a total delay of 6 microseconds
from one edge of the aperture to the other.

Ultrasound Scanning
Considerations

Modern ultrasound scanners automate most of the
examiner controls so that the examiner can direct
attention to the important issues of the patient and the
pathology. In older systems, the examiner can turn
down the receiver gain, dimming the B-mode image,
and turn up the transmit power to make it bright. This
reduces the noise in the image but exposes the patient
to more ultrasound intensity. Because the instruments
are designed not to exceed safe limits, this is not
an issue.

In Figures 6-10 and 6-11, the importance of using a
consistent Doppler examination angle was illustrated.
There is also an angle issue with B-mode imaging of
blood vessels. The resolution of ultrasound images is
about equal to the wavelength of ultrasound in the depth
direction but is much greater (poorer) in the lateral
direction, where electronic focusing is possible; and
greater (poorer) still in the thickness direction, where
the focus is fixed by the plastic lens on the scanhead
face. This unequal resolution in three-dimensions is
called anisotropic resolution. The most obvious effect
on vascular ultrasound scanning is the measurement of
the intima-media thickness (IMT) (Fig. 6-21).

To visualize the IMT, the scan lines must be perpen-
dicular to the vessel wall. The line appears brighter if
the curvature of the ultrasound wavefronts matches the
curvature of the wall. The wavefront curvature can be
changed by changing the focus of the transducer.
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Figure 6-21. Anisotropic resolution and the intima-media thickness. With the ultrasound scan lines tilted to the left (left panel),
perpendicular to the artery wall, the double line of Pignoli representing the intima-media thickness (IMT) can be easily
appreciated. With the ultrasound scan lines tilted to the right (right panel), not perpendicular to the artery wall, the double line
of Pignoli (DLP) representing the IMT cannot be seen.



Although common carotid IMT measurement is a
popular surrogate for coronary artery atherosclerosis,
agreement on IMT evaluation is not as easy as agree-
ment on Doppler criteria. In a blinded study of reader
variability of IMT presence and thickness between Gene
Strandness, Jean Primozich, and the author, there was
no agreement on which images demonstrated a DLP, so
agreement on where to measure and what to measure
was hopeless. The project was abandoned.

Ultrasound Safety Considerations

Both the American Institute of Ultrasound in Medicine
(AIUM) and the United States Food and Drug (and
devices) Administration (FDA) agree that ultrasound is
safe. Or, at least, that diagnostic ultrasound is safe. Or,
at least, safe or at least not very dangerous if you use
it with caution and set the output power to as low as
reasonably allowable (ALARA).

It is true that you can cauterize tissue with ultrasound.
Surgical ultrasound systems have been under develop-
ment since 1950; now several companies are attempting
to promote the ablation of tumors, or at least entire
prostates, with high intensity–focused ultrasound (HIFU).
HIFU may be used for the ablation of breast tumors and
uterine fibroids, and for the sealing of arterial leaks after
arterial catheter procedures. HIFU intensities exceed
1000 Watts/cm2. These intensities can raise tissue tem-
perature 25 ºC per second, boiling a region of tissue the
size of a grain of rice in 2.5 seconds. Cautery can be
done to depths of several centimeters noninvasively
without damaging the intervening tissues.

Diagnostic ultrasound examinations can raise tissue
temperature. Temperature elevations less than 1 ºC are
thought to be safe. In Figure 6-5, the TIS is less than
0.4. The TIS is the thermal index and predicts that if
the examination is performed, the temperature of the
examined tissue will rise no more than the thermal index
in ºC. In this case, the expected temperature rise is
computed to be less than 0.4 ºC. Similar temperature
rises are found during noninvasive MRI examinations.
The volume of tissue heated during an MR examination
is much larger than the volume of tissue heated during
an ultrasound examination. The ultrasound thermal
index is computed from the spatial peak temporal
average intensity. It includes the effect of the blood
perfusion carrying heat away. If the patient does not
have a fever, and if the temperature rise caused by the
ultrasound examination is not expected to increase the
temperature of local tissue up to a “fever” temperature,
the examination is considered to have no thermal hazard.

It is true that if, during a fetal ultrasound examination,
ultrasound is directed at the ear, the fetus will move
“out of the way.” Fetuses may be able to hear high audible
frequencies of 20 KHz, but they cannot hear ultrasound

frequencies of 3 MHz. However, during an ultrasound
B-mode examination, the pulse repetition frequency
(PRF) along each line is about 30 Hz. And if the color
Doppler is used, ensembles of 50-KHz PRF are added
to the mix. Ultrasound can push tissue. This is called
radiation pressure. Diagnostic ultrasound pulses probably
push tissue a couple of microns with each ultrasound
burst. Therefore, a color Doppler ultrasound system
may be vibrating the oval window of the ear with an
amplitude of a few microns and a frequency of 5 KHz
(PRF), which would be easily heard by the fetus.

Sometimes transcranial ultrasound examinations include
an examination of the ophthalmic artery through the eye.
Transcranial Doppler instruments, in order to penetrate
the skull, often operate at higher output levels than regular
Dopplers. As the eye causes little attenuation, the ultra-
sound intensities at the retina may be higher than the
legally allowable 17 mW/cm2 for ophthalmic ultrasound.

Diagnostic ultrasound examinations can cause cavi-
tation, or little “explosions” in tissue. The most likely
time for this to happen is if air or a gas is present. One
example is the use of ultrasound contrast agents. Ultra-
sound contrast agents consist of tiny bubbles (4 μm in
diameter) containing a fluorocarbon (safe) housed in a
surfactant of unknown composition (unknown safety).
Contrast bubbles can also be made from agitated saline.
These bubbles are 20 microns in diameter and will not
pass through the capillaries of the lung, so they are useful
for detecting cardiac shunts when the agitated saline is
injected intravenously. When ultrasound is applied to
these bubbles, enhanced echoes are generated at the
fundamental frequency and harmonic echoes are
generated. If the spatial peak temporal peak intensity is
high, the bubbles cavitate, break, and damage capillaries.
As the bubbles break, they enhance contrast on color-flow
images but show diminished contrast on two-dimensional
real-time B-mode ultrasound. So, for B-mode contrast
imaging, the examiner must set the MI to the lowest pos-
sible value. The mechanical index (MI; in Figure 6-5
the MI is 0.5) indicate a moderate chance of bubble
breaking during the examination.

The MI is considered to be an indicator of whether
cavitation will occur. MI is the peak negative pressure
of the ultrasound wave computed from the spatial peak
temporal peak intensity divided by the square root of
the ultrasound frequency. During ultrasound examina-
tions with contrast agents, the contrast agents seem to
vanish. If the imaging is done at low MI, the agents
don’t vanish, but at high MI they do vanish. During the
1 millisecond required to acquire a color Doppler ensem-
ble, the contrast bubbles may vanish. It usually takes
about 0.5 milliseconds for them to disappear. The color
Doppler processor will see this change and report it as
bloodflow. Color Doppler at high MI is used to detect
contrast agent when it is otherwise difficult to see. By
extinguishing the contrast agent with high MI and then
imaging the influx of new contrast agent with low MI,
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perfusion measurements can be done. Cardiac gated
interrupted imaging is used to visualize contrast agents
because new contrast bubbles can enter the image plane
during the time between images and capillary refilling
can be measured.

It is possible to perform a diagnostic ultrasound exami-
nation that causes verifiable harm to a patient because
of cavitation. Do not do this examination. There is
evidence that capillary damage can occur at high MI in
the presence of contrast agent. High MI occurs at low
frequency and high intensity. Transcranial Doppler uses
relatively high intensity to penetrate the skull and uses
low frequency, so the MI should be high. Use an ultra-
sound contrast agent during the examination. Examine
the ophthalmic artery through the eye, with the trans-
cranial Doppler and with the power on high. Remember
that the acceptable intensity for eye examinations is 
17 mW/cm2, 1/6 the intensity allowed for other tissues.
If the cavitating contrast agent does damage small blood
vessels, it is possible that a bleed into the vitreous
humor of the eye will occur, causing the patient to see
a red cloud immediately. Of course, the small bubbles of
the commercial contrast agents might not cause overt
bleeds into the vitreous. However, if you use agitated
saline as the contrast agent, and the patient has a right-
to-left cardiac shunt, these large bubbles will be in the
arterial circulation. It is common to look for them through
the temporal bone with a transcranial Doppler. If you
look for them in the ophthalmic artery, approaching
through the eye, the low attenuation of the lens and the
vitreous will provide high MI in the vessels of the retina,
and these larger bubbles may be stuck in the retinal
arterioles. Do not do this examination on humans, but
this might be an opportunity to show a critical hazard
associated with diagnostic ultrasound.

Diagnostic levels of ultrasound have been shown to
increase the permeability of membranes including the
blood-brain barrier and the skin. Inventors have suggested
the use of ultrasound to allow the delivery of insulin
through the skin, to allow the easy entry of antibiotics
and antipsychotic medications through the blood-brain
barrier, and to ease the entry of genetic material into
target cells during gene therapy. This raises the possibility
that ultrasound may enhance the transport of pathogens
across secure membrane barriers. The effect may be
increased if contrast agents are present. Ultrasound may
allow pathogens to cross the placenta or the blood-brain

barrier in patients with acute or chronic viral diseases.
This possibility has not been investigated.

Although ultrasound, without doubt, is safe, it is
important to continue discussions about potential hazards
to ensure that any hazards are identified and explored
at the earliest possible opportunity.
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Introduction

-mode imaging was combined with pulsed Doppler
frequency analysis in the mid-1970s to provide anatomic
feedback on the actual site of flow measurement without
regard for the actual visualization of the flow itself.
Throughout the 1980s, flow was “visualized” by discrete
sampling of specific sites by placing the pulsed Doppler
sample volume at regions of interest. When color Doppler
imaging was introduced in the late 1980s, this allowed
for the first time the qualitative analysis of bloodflow
characteristics over a larger region of interest. Throughout
the 1990s, technology continually improved the quality
of color Doppler displays such that it has become as
widely used as gray scale imaging for the evaluation of
patients with vascular disease. Despite this widespread
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use, however, color Doppler imaging does have its dis-
advantages and limitations. Color Doppler displays use
an overlay technique that results in a significant loss of
spatial resolution in the image and that often obscures
anatomic features of interest by overwriting the gray
scale information. Signal processing for color Doppler
imaging is necessarily more complex than that for gray
scale and results in loss of frame rate and an inability
to view rapidly changing flow phenomena in real time.
At the other extreme, very low pulse repetition frequen-
cies are needed to detect slow flows, causing further
decreases in the image frame rate. And, as the name
implies, it is still a Doppler technique and subject to all
the same limitations as any other pulsed Doppler system
(e.g., significant aliasing and loss of flow information
at Doppler angles near 90 degrees because of too small
a Doppler frequency shift). To overcome these limita-
tions, power Doppler imaging and, more recently, the
direct B-mode imaging of bloodflow have been developed
to provide more sensitive direct imaging of bloodflow
hemodynamics.

Power Doppler Imaging

Power Doppler imaging, although still a Doppler-
dependent technique, displays ultrasound signal ampli-
tude or intensity rather than the Doppler frequency shift



information.1–3 Similar to color Doppler imaging, each
scan line in the defined region of interest is divided into
small pixels. When a series of ultrasound echoes for a
single scan line return to the probe and ultrasound
machine, they are compared to a reference signal to detect
the presence or absence of any Doppler frequency shift
for each pixel. If a frequency shift is detected for a pixel,
rather than create a display based on the magnitude of
the frequency shift (as color Doppler imaging does), the
total amplitude or intensity of the returned signal within
that pixel is calculated and displayed using a color map,
typically with bright yellow as high intensity and darken-
ing toward purplish-brown or black for low amplitude/
intensity signals. The resulting image displayed is rela-
tively independent of flow velocities. By repetitive sam-
pling of multiple transmissions along a single scan line,
power Doppler imaging is particularly sensitive to slow
flows such as are seen in the venous system, in vessels
of small lumen caliber, near the vessel walls, or in vessels
downstream from near total occlusions (Fig. 7-1). For
high-speed flows, because signal amplitude/intensity is
displayed and not the frequency shift, there is no alias-
ing associated with power Doppler images. Flow with
Doppler angles near 90 degrees can also be displayed
more reliably with power Doppler imaging so long as
a small Doppler shift can be detected (Fig. 7-2). Pixel
size for power Doppler images tend to be smaller than
that for color Doppler imaging as well; this allows a
better definition of vessel continuity and of the vessel
lumen-wall interface.

As with all things related to Doppler and ultrasound,
however, there are disadvantages associated with power
Doppler imaging that must be considered. It is still a
Doppler technique, so a frequency shift must be detected
to produce a display; at 90 degrees, when no Doppler

frequency shift is present, there will be no power Doppler
display, though this is less sensitive to this limitation
than is color Doppler imaging. Because of the need for
multiple pulse transmissions along a single scan line, the
frame rate for power Doppler imaging is also very slow,
especially when the system is optimized for detecting
slow flows. Improved sensitivity to low speed motion
can be a disadvantage if there is significant tissue motion
as well as bloodflow in the region of interest; these cause
severe imaging artifacts. Flow direction is not displayed
in a power Doppler image, but this is rarely a significant
drawback and, in fact, helps improve the display of
vessel continuity in tortuous vessels.

B-Mode Imaging of Bloodflow

More recently, by adapting technology developed for
radar systems, it has become possible to use B-mode

Figure 7-2. A, Color Doppler image of a normal common
carotid artery with the flow direction very nearly at 90 degrees
to the direction of the Doppler ultrasound beam, resulting in
a very poor display of flow information. B, Power Doppler
image of the same vessel at the same Doppler angle showing
the ability of power Doppler to provide flow information even
under these extreme conditions.
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Figure 7-1. Power Doppler image of a kidney showing flow in
the major segmental arteries as well as distally out through
the arcuate arteries and into the interlobular arteries to the
edges of the cortex indicative of normal perfusion.

A
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gray scale to directly image bloodflow (e.g., B-flow,
GE Ultrasound, Milwaukee, WI). The ability to image
bloodflow simultaneously with tissue using B-mode
ultrasound relies heavily on technology only recently
available in duplex ultrasound instruments: Very high
frequency digital signal processing, wide bandwidth, and
high dynamic range combine to provide the necessary
spatial, temporal, and contrast resolution. In addition
to these features, the two adaptations from radar tech-
nology that have been applied to the signal processing
of the ultrasound system are pulse compression, using
coded excitation, and signal equalization filtering.4–6

Pulse compression allows the use of a short duration
(wideband) transmit pulse to maintain high spatial reso-
lution. This single transmit pulse is coded into a longer
sequence of pulses to put more energy into the trans-
mitted ultrasound signal. By using digital electronics this
code can be made completely random, pseudorandom,
or repetitive in nature; of most importance, the coding
can be optimized in terms of length and pulse sequences
for the particular application and tissue depth. The same
code used for transmission is then applied in the receiver,
or “decoder,” to correlate with the return echoes and
provide pulse compression once again into a single pulse.
The effects of pulse compression are to restore the original
spatial resolution of the single wideband transmit pulse
while keeping as much of the transmitted energy as
possible in the received signal so that the very weak
echoes from the blood can be processed along with
stronger tissue-based echoes.

The equalization filter is then used to extract the very
much weaker echoes from the blood along with the
relatively strong tissue-based echoes. For repetitive coded
transmit sequences, the stream of acoustic backscatter
data from each sequence is decoded with pulse com-
pression and fed into a memory buffer. For each pair of
sequences the filter subtracts a fraction of the second
signal from the first. If, for example, a fraction of 1.0 is
used, all of the stationary echoes in the first signal would
be subtracted entirely, eliminating from that signal the
information corresponding to large but stationary tissue-
based echoes. Because the blood was flowing, the parts
of the two signals corresponding to blood would be
slightly different (i.e., slightly decorrelated) and not
subtract completely, leaving a signal related to bloodflow
at the filter output, which is then sent on for conven-
tional B-mode processing and display with the original
B-mode frame rates and spatial resolution. In practice,
some fraction less than 1.0 would be used in the equaliza-
tion filter so that B-mode tissue-based echoes are
displayed simultaneously and with approximately the
same intensity as the echoes related to the bloodflow
(Fig. 7-3A). This allows the display of tissue charac-
teristics essentially in real time, at frame rates of 30 to
40 per second, which are comparable to conventional
B-mode imaging. Neither axial resolution nor temporal
resolution are sacrificed as they are with color or power

Doppler imaging, which use multiple, longer duration
(narrowband), transmitted pulses. These high frame
rates with virtually real-time imaging of the flow stream
potentially provide a more reliable map of the true direc-
tion of the flow throughout the cardiac cycle, which is not
possible with slower frame rate flow imaging techniques.
B-mode imaging of bloodflow offers the additional advan-
tage that it is not Doppler dependent in any fashion,
with no significant loss of signal intensity for flows at
90 degrees to the ultrasound beam (see Fig. 7-3A).
B-flow image brightness does vary slightly with flow
speed relative to the ultrasound probe (which is

Figure 7-3. A, B-flow image of the carotid bifurcation and
proximal ICA showing qualitative bloodflow characteristics
independent of bloodflow angle to the ultrasound beam, as
well as providing a clear image of the surrounding tissue and
the blood–vessel wall interface, including a plaque ulceration.
Measured minimum vessel lumen diameter (A) was 2.5 mm. 
B, B-flow image of a mildly stenotic lesion at the origin of the
ICA with the hypoechoic gray scale plaque characteristics
preserved and evidence of the point of maximum flow velocity
seen as a brightening of the B-flow image just past the point
of maximum narrowing (A).
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somewhat angle dependent) because successively
transmitted signals decorrelate more rapidly at higher
flow speeds. This feature translates into the maximum
velocity flow jet appearing brighter in the gray scale
image than the surrounding flows, allowing direct
visualization in real time of the site of peak flow
velocity (Fig. 7-3B).

Clinical Applications of Flow
Imaging: Power Doppler

Power Doppler imaging has proved most useful clini-
cally in those situations where flow speeds are very low,
the vessel lumen is small, or the returning ultrasound
echo is weak from tissue path attenuation. Low flow
speeds such as those seen in the venous system or in
small peripheral vessels are readily displayed by power
Doppler imaging (see Figure 7-1), providing a qualitative
image of overall perfusion.7 In larger vessels, power
Doppler imaging has proved helpful in situations of low
flow such as that seen in Figure 7-4, which shows a
proximal internal carotid artery dissection ending in a
complete vessel occlusion approximately 2 cm past the
vessel origin. Transcranial duplex ultrasound has also
benefited from power Doppler imaging because the
echoes returning through the acoustic windows of the
skull are very weak and often of insufficient strength for
color Doppler image processing. Because a Doppler shift
can be detected in these signals, power Doppler imaging
has proved to be much more reliable in displaying the
intracranial vessels of the circle of Willis and allowing
placement of the spectral Doppler sample volume.8–10

Power Doppler imaging has also been used to evaluate
the cerebral sinuses and the internal cerebral veins.11

Because of its improved ability to image the lumen–
vessel wall interface, power Doppler has also been uti-
lized for three-dimensional (3-D) vascular ultrasound.12–16

For adequate reconstruction of ultrasound data into a
3-D image, good edge and border detection are neces-
sary to discriminate the patent lumen of the vessel
from surrounding tissue. (Fig. 7-5). Studies have shown
that qualitative features of organ perfusion and vascular
obstructive disease can be readily identified from such
3-D images (Fig. 7-6A). Artifacts commonly encountered
in angiography (e.g., vessel overlap) are easily eliminated
with 3-D vascular ultrasound because the resulting
images can be manipulated to view the vessels from
virtually any angle. It has also been possible to accu-
rately measure anatomic data (e.g., the length and
severity of stenoses) from the 3-D images of the carotid
artery bifurcation; atherosclerotic plaque features such
as surface ulceration are more easily identified from a
3-D image than from its 2-D counterparts17 (Fig. 7-6B).

Clinical Applications of Flow
Imaging: B-Flow

The direct B-mode imaging of flow is a new technology
and has not been evaluated as extensively in clinical
situations as have color Doppler and power Doppler
imaging. It has been evaluated at both ends of the velocity
spectrum, however, with useful applications in clinical
situations of low flow (e.g., in the portal vein or in cases
of venous insufficiency) and in high flow (e.g., in the
evaluation of arterial stenoses).18–21 Because gray scale
information is preserved along with visualization of the
flow stream, the venous valve leaflets of patients with
venous insufficiency can be observed in real time to
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Figure 7-4. Power Doppler image of the proximal internal
carotid artery showing the long gradual taper of the lumen to
a complete occlusion approximately 2 cm beyond the origin,
characteristic of a dissection.

Figure 7-5. 3-Dimensional image of a normal carotid artery
bifurcation region using power Doppler imaging to show the
patent lumen. Even the superior thyroid branch off the proximal
ECA can be seen.



evaluate their behavior during periods of reflux flow. In
patients with chronic venous disease secondary to pre-
vious deep vein thrombosis, B-flow offers a better means
to image chronic thrombus, with simultaneous imaging
of the degree of recanalization (antegrade flows) and
post-thrombotic insufficiency (reflux flows).

A number of applications have been evaluated in the
diagnosis of carotid artery atherosclerotic disease. Appro-
priate indications for carotid endarterectomy have been
clarified since publication of the results of randomized
trials such as the North American Symptomatic Carotid
Endarterectomy Trial (NASCET) and the Asymptomatic
Carotid Atherosclerosis Study (ACAS).22–24 These and
similar studies also confirmed the morbidity of diagnostic

Figure 7-6. A, 3-Dimensional image of the upper pole of a
normal kidney using power Doppler imaging, taking advan-
tage of its ability to detect slow flows in small vessels so that
renal perfusion out to the interlobular arteries can be seen. 
B, 3-Dimensional image of an ulcerated plaque at the origin of
the ICA. Spatial resolution and low flow sensitivity of power
Doppler imaging make it possible to clearly see the ulceration
just past the origin of the ICA.

carotid artery angiography, with stroke rates as high as
1.2% attributable just to the angiographic procedure.
This has led to an increased reliance on preoperative
duplex ultrasound as the sole determinant of the degree
of stenosis of atherosclerotic lesions. The author and
colleagues have evaluated the preoperative duplex
ultrasound capabilities of B-flow in assisting in two
areas: (1) placement of the Doppler sample volume
more precisely within the maximum flow jet and (2)
angle correction parallel to the actual bloodflow. The
goal was to determine whether these modifications in
technique provide a more accurate categorization of
stenosis25 (Fig. 7-7). Spectral Doppler velocity measure-
ments were taken with angle correction made parallel
to the vessel walls and using either conventional gray
scale imaging or color Doppler imaging to place the
Doppler sample volume at the site of the suspected
maximum flow jet near the point of minimal lumen
diameter. An additional spectral Doppler velocity meas-
urement was obtained using B-flow to position the
Doppler sample volume within the maximum flow jet
and to correct the Doppler angle parallel to the imaged
bloodflow rather than parallel to the vessel walls.

No significant differences were seen in the Doppler
angle between the two techniques. The mean difference
in angle was 0.4 ± 3.0 degrees (p > 0.20). Eighteen of
the 20 vessels evaluated had a Doppler angle very near
60 degrees for both techniques (within ± 3 degrees).
One vessel had both measurements taken at a Doppler
angle of 51 degrees. One vessel had conventional
Doppler done at an angle of 49 degrees, with a B-flow-
assisted Doppler angle of 60 degrees. For this last
vessel, conventionally measured velocities were PSV =
131 cm/sec and EDV = 44 cm/sec versus B-flow-assisted
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Figure 7-7. B-flow image of a severe (greater than 80%
diameter) stenosis at the origin of the ICA clearly showing the
flow jet adjacent to and parallel to the upper wall of the
vessel. A short segment of increased brightness highlights the
point of maximum flow velocity, aiding accurate placement of
the spectral Doppler sample volume.



velocities of PSV = 167 cm/sec and EDV = 59 cm/sec.
Both of these sets of velocity measurements place the
degree of narrowing between 30% and 50% diameter
reduction. These data showed that the great majority
of vessels (90%) could be evaluated at very nearly
60 degrees with no significant effect of correcting along
the direction of flow as seen in the B-flow image.
“Parallel to the vessel walls” appears to be a reliable,
and certainly reproducible, technique for Doppler angle
correction.

Significant differences were seen in measured
velocities, both for peak systole and end diastole. The
relative change in peak systolic velocities (ratio of B-flow-
assisted velocity to conventionally measured velocity)
was 1.23 +/- 0.21 (p < 0.005) and in end-diastolic
velocities was 1.29 +/- 0.18 (p < 0.005). In 19 of 20
vessels, B-flow-assisted velocities were higher than the
conventionally measured velocities, with a mean increase
in absolute velocities of 40 +/- 36 cm/sec for peak
systole and 13 +/- 11 cm/sec for end-diastole. In eight
vessels the higher B-flow-assisted velocities increased
the category of stenosis. In four vessels the category
merely increased from <30% to 30% to 50% diameter
narrowing. In three vessels the category increased from
30% to 50% to 50% to 70%, and in one vessel the cate-
gory increased from 50% to 70% to greater than 70%
diameter stenosis. No changes in category of stenosis
were seen in the other 12 vessels despite higher B-flow-
assisted measured velocities in 11 of these.

An additional area of investigation has been an attempt
to improve on the overall accuracy of preoperative
duplex ultrasound by making direct measurements of
minimum residual lumen diameter, using the B-flow
image to determine the site of maximum stenosis. Pre-
vious efforts to do so from B-mode images of athero-
sclerotic lesions have largely been unsuccessful because
of the effects of the complex heterogenicity of the lesions
on the image and the small residual lumens to be
measured, which for a >60% diameter stenosis are
characteristically less than 2 to 2.5 mm. Garra and col-
leagues compared the results of duplex ultrasound–derived
percent stenosis using anatomic measurements of the
minimum lumen diameter from B-flow images (using
the ACAS/NASCET method of comparing the lumen to
the normal distal ICA diameter) to angiography. They
found agreement of percent stenosis within +/- 10% in
40 of 40 vessels; agreement within +/- 5% was seen
in 18 of 40 vessels.

In the author’s own laboratory, validated spectral
Doppler velocity criteria were used to grade stenoses as
greater or lesser than 60% diameter reduction using the
techniques of the NASCET and ACAS study.26 Minimum
residual lumen diameter measurements were made at
the point of maximal narrowing using the B-mode image,
a color Doppler image, a power Doppler image, and the
B-flow display to guide placement of the measurement
cursors. To calculate percent diameter reduction a final

measurement was made of the distal ICA lumen diameter.
Twenty-seven patients had preoperative duplex ultra-
sound spectral Doppler velocity findings indicative of
greater than 60% diameter stenosis, and visual inspec-
tion of the operative specimen confirmed the presence
of a significant atherosclerotic lesion. In 25 cases (93%
sensitivity), direct measurements from the B-flow image
correlated with these findings in predicting a greater
than 60% diameter stenosis. In the remaining two cases
the measurements from the B-flow image indicated
minimum residual lumen diameters of 2.5 and 2.7 mm,
which corresponded to 50% to 60% diameter reductions.
(In six patients in whom preoperative angiography was
done, the B-flow data correlated in all cases.) The sen-
sitivity of B-mode imaging alone to greater than 60%
diameter stenosis in this patient group was 53%, com-
parable to previous reports in the literature; whereas
the sensitivity of color Doppler imaging was only 44%,
and that of power Doppler imaging was 55%.

A second area of investigation has been in lower
extremity arterial examinations for vein graft surveillance.
B-flow has proved helpful in identifying segments of
graft stenosis. Segments of increased flow velocity and
flow jets are readily identified using B-flow. With the
simultaneous high-resolution imaging of the surrounding
tissue, the cause for the narrowing is typically also iden-
tified at the same time, whether it is intimal hyperplasia,
a fibrotic retained valve, or recurrent atherosclerotic
disease (Fig. 7-8). Preliminary results on a small number
of patients have thus far shown promise for B-flow as
a rapid means of evaluating bypass graft hemodynamics
qualitatively throughout the entire course of the graft
and of reliably identifying segments needing more quan-
titative (i.e., spectral Doppler velocity measurements)
examination.

Conclusions

Power Doppler imaging and the direct B-mode imaging
of bloodflow are proving to be clinically valuable
adjuncts to the standard duplex ultrasound examination
for vascular disease. They provide a sensitive means of
directly imaging the flow field in a variety of settings,
from very slow flows in the venous system to high
velocity jets in arterial stenotic disease. Qualitative hemo-
dynamics can be readily assessed from these images,
leading to more accurate quantification of any flow
disturbances present. Power Doppler imaging and B-
flow will not replace the quantitative spectral Doppler
velocity measurements for severity of stenoses, but they
do provide additional information reinforcing the velocity
findings and give an improved anatomic view of the
characteristics of the lesion involved, further dimin-
ishing any reliance on more invasive testing such as
angiography.
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Figure 7-8. A, Conventional color Doppler image of a lower
extremity in situ vein bypass graft at a site of flow distur-
bances. Color Doppler overlay prevents any imaging of the
possible anatomic cause of the flow disturbances. B, B-flow
image of the same site of the in situ vein graft taking advan-
tage of the preservation of gray scale spatial and contrast
resolution to clearly show the echogenic fibrotic retained valve
and the resulting flow disturbances.
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tomatic Carotid Endarterectomy Trial (NASCET), the
Asymptomatic Carotid Atherosclerotic Study (ACAS), and
the European Carotid Surgery Trial (ECST) all utilized
the angiogram to determine diagnostic criteria to establish
standard of care.1–3

The angiogram provides extensive information about
the circulation from the aortic arch through the intracra-
nial circulation. Concomitant pathologic processes such
as tandem lesions, siphon stenoses, intracranial masses,
and arteriovenous malformations are easily delineated.
In addition, anatomic information such as the level of
the carotid bifurcation, carotid kinks, and carotid coils
can be obtained and may influence the preoperative
and intraoperative management (Fig. 8-1). 

The angiogram is an invasive procedure, however,
and as such it carries with it a myriad of complications.
Allergic reactions from the contrast media range from a
minor response to an anaphylactic and possibly fatal
event. Arterial injuries include hematoma, embolization,
thrombosis, dissection, and rupture. Contrast nephropathy,
both reversible and permanent requiring dialysis, has
been documented. The most dreaded complication of
the procedure is the stroke risk.

The ACAS reported a 1.2% stroke rate.2 Even higher
iatrogenic embolic stroke rates have been observed in
patients with bilateral, high-grade, internal carotid artery
stenoses; and in those patients with symptomatic carotid
disease (i.e., patients with crescendo transient ischemic
attacks [TIAs] or stroke-in-evolution).4,5

Angiography

Duplex Sonography

Transcranial Doppler (TCD)

Computed Tomographic Angiography (CTA)

Magnetic Resonance Angiography (MRA)

Conclusions

s technology advances, physicians have witnessed a
meteoric influx of innovative methods to diagnose both
normal and abnormal processes. The choice for the best
study is dependent on many factors including cost, patient
risk, accuracy, reproducibility, and accessibility. This
chapter reviews the evolution of diagnostic imaging
modalities for the extracranial circulation and outlines
an algorithm to assist in formulating a treatment plan. 

Angiography

Since the advent of the first carotid angiogram in 1927
by Moniz, the angiogram has been considered the “gold
standard” study for the diagnosis for carotid disease.
Indeed, investigators in the North American Symp-
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Based on the advantages and limitations of this pro-
cedure, it is prudent to construct a diagnostic plan or a
set of patient criteria based on a risk benefit analysis of
the angiogram. In order to devise such a plan, another
study must be deemed as accurate as the angiogram, or
certainly be associated with less risk. These criteria best
fit the duplex ultrasound.

Duplex Sonography

Noninvasive imaging became available in the 1960s
with the inception of the device by Miyazaki and Kato,
who were the first to describe the use of Doppler equip-
ment for extracranial cerebrovascular disease. However,
it took decades to produce a streamlined and perfected
noninvasive imaging technique: duplex sonography.
Duplex ultrasound is actually composed of two sets of
functions: B-mode imaging and Doppler gray scale. Color
duplex is the most recent addition to the sonographic
armamentarium. Color duplex sonography improves
visualization of the flow divider at the carotid bifurca-

Figure 8-1. CT Angiogram of the carotid bifurcation
revealing a severe ICA stenosis.

Figure 8-2. Color duplex of the internal carotid artery and
carotid bifurcation with velocities consistent with high-grade
stenosis.

tion. It also aids in visualization of reversal of vertebral
flow and internal carotid artery occlusion6 (Fig. 8-2).

The duplex ultrasound has significant advantages.
The examination is extremely cost effective; the machine
is easily accessible. Although operator dependent, there
are accreditation courses available to both credential and
recertify registered vascular technicians and their labora-
tories. Because duplex sonography is noninvasive, there
are none of the risks associated with the angiogram.

When compared with angiography for internal carotid
artery stenoses greater than 70%, duplex ultrasonography
has been estimated to have sensitivities ranging from
80% to 100% and specificities of 68% to 99%.7–14 Limi-
tations of the duplex are related to operator technique.
Underestimation of disease can be seen in the presence
of tortuous arteries and in large plaques where angle
determination can be difficult. In the presence of con-
tralateral occlusion, stenosis can be overestimated.

Although certain investigators have suggested that
such complex anatomic abnormalities cannot be ade-
quately visualized with the duplex, experienced regis-
tered vascular technicians may provide information
otherwise unattainable.

Certain characteristics that may be difficult to assess
by duplex include a long internal carotid artery plaque,
a small internal carotid artery diameter, redundancy of
the internal carotid artery, kinks, coils, or a high carotid
bifurcation. Wain and colleagues prospectively examined
patients to evaluate such difficult carotid anatomic
characteristics.15 They obtained excellent sensitivity rates
between 80% to 100%, and specificities ranged from
56% to 100%.

However, these rates are clearly influenced by the
quality of the vascular laboratory. Intersocietal Com-
mission for the Accreditation of Vascular Laboratories
(ICAVL) accreditation is the first important step. More-
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over, it is imperative that the laboratory be adequately
supervised with regular quality control and with con-
tinuing medical education for the registered vascular
technicians. It is essential to maintain high standards
and to ensure that objective criteria exist with which to
base a management plan. It is only in this setting that
the duplex ultrasound may be used with impunity. It is
also only in this setting that the carotid duplex may be
utilized as the sole imaging study with which to base
medical or surgical management.

Transcranial Doppler (TCD)

In 1982, the first clinical report on the transcranial Doppler
was published by Aaslid, Markwalder, and Nornes.16

The TCD is a noninvasive imaging technique that permits
visualization of the intracranial circulation through
pulsed wave insonation of bone windows: the transtem-
poral, the transorbital, and the suboccipital. The TCD
delineates a myriad of intracranial pathology such as
intracranial mass lesions and arteriovenous malforma-
tions. In addition, the TCD can measure intracranial
collateral pathways of the intracranial circulation. This
information may be helpful not only to document col-
lateral flow but also to measure stenosis of the extracra-
nial carotid artery. Some centers utilize the TCD as an
intraoperative monitor during carotid endarterectomy
using it to detect a shunt requirement and to detect
embolic phenomenon.17

However, the TCD has some limitations. Insonation
of the middle cerebral artery is inadequate or even
impossible in some patients because of insufficient ultra-
sound transmission through the skull. Furthermore, the
accuracy and reliability of TCD have been questioned,
with error introduced both by operator technique as
well as by measurement errors caused by the dynamic
flow changes in these insonated vessels. The TCD is
used as an adjunctive diagnostic modality; however, its
utility as a dominant tool to measure carotid disease
has yet to be established.

Computed Tomographic
Angiography (CTA)

Conventional tomographic angiography was developed
by Kalendar in 1989 as a new modality with which to
visualize the arterial anatomy. Spiral CT power cables
were replaced with sliprings, which allowed the x-ray
tube to be rotated continuously. The rapid and con-
tinuous rotation of the scanner enabled a patient to be
advanced through the machine without stopping, signifi-
cantly decreasing the examination time. To obtain arterial
images, a single bolus of contrast is injected intra-

venously. This is followed by a precisely timed image
display and computer-assisted generation of postpro-
cessing arterial images. The technical advantages pro-
vided by spiral technology have significantly improved
the ability of CT to image the vascular system. The
technique is noninvasive, and therefore there is no risk
of arterial or neurologic complications associated with
its use.18 Sensitivities of CTA in evaluation of internal
carotid artery stenoses of 70% or greater range from 67%
to 100%. Specificities in the same category of stenosis
range from 84% to 100%.19–23

Although CTA does provide good results in parts of
the arterial circulation, there remain significant draw-
backs to its use in the diagnosis of carotid disease. CTA
has been used less commonly for evaluating carotid
artery stenosis. Although CTA can evaluate the carotid
artery wall and characterize the morphology of the carotid
plaque, calcification remains a problem. Unfortunately,
calcification of the carotid artery bifurcation is common,
and mural calcification often completely obscures the
arterial lumen. Furthermore, although CTA is a nonin-
vasive technique, the examination still requires a large
amount of contrast, and in some cases, even more than
conventional angiography.24

At this time there are no sufficient data with large
numbers to advocate this study; therefore CTA is neither
recommended as the single imaging modality nor as a
confirmatory study to diagnose extracranial carotid
disease.

Magnetic Resonance Angiography
(MRA)

Magnetic resonance imaging uses the energy of an
electromagnetic field to create different atomic signals
in soft tissues. Two techniques are utilized to image the
arterial system: (1) time of flight (TOF); and (2) phase
contrast pulse sequences. Although TOF images may
be generated in either two or three dimensions, three-
dimensional TOF images are preferred in the intracra-
nial circulation because this technique is less sensitive
to artifacts caused by turbulent flow (Fig. 8-3).

Gadolinium, the MRA contrast agent of choice,
enhances arterial imaging because of the increased
contrast between blood and the surrounding soft
tissues.

Gadolinium is not nephrotoxic and is administered
as a single intravenous bolus injection. A new advance-
ment in MRA technology is contrast enhanced magnetic
resonance imaging (CEMRA), which has resulted in a
significant reduction of flow void artifacts, elimination
of inplane flow defects, and improved spatial resolu-
tion.25 Borisch and colleagues utilized the CEMRA and
reported a sensitivity of 95% and a specificity of 79%
for evaluation of carotid stenoses of 70% or greater.26
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In 2000, Back and colleagues27 prospectively deter-
mined that the MRA is an acceptable substitute for the
conventional angiogram. The investigators utilized the
MRA as a modality with which to supplement incon-
clusive duplex sonograms. They reported a sensitivity
rate of 100% and a specificity of 77% for carotid stenoses
75% or greater. Similar sensitivities in the range of 92%
to 100% and specificities in the range of 75% to 100%
for internal carotid artery stenoses of greater than 70%
have been reported.28–32

There are many advantages to the MRA. The MRA
provides images of both the brain parenchyma as well
as the intra- and extracranial circulation. The examina-
tion is noninvasive and does not require ionizing radia-
tion. As previously described, sensitivities and speci-
ficities in many studies demonstrate the MRA to be an
excellent noninvasive alternative to the conventional
angiogram.

The MRA is, however, very sensitive to motion, and
severe image degradation occurs with even slight move-
ment. In addition, patients with pacemakers, metallic
clips, or orthopedic devices should not be studied with
this modality. Small numbers of patients may be unable
to proceed with this study because of severe claustro-
phobia. Anatomic limitations of the study are mainly
caused by overestimation of stenoses as a result of
hemodynamic turbulance and the current limitations of
MRA technology. It is expected that as the technique
continues to evolve, this drawback may be resolved.
Despite its limitations, MRA is an excellent noninvasive
modality that may be used as an adjunct to the duplex
as a confirmatory or supplementary imaging study.

Conclusions

The advancement of technology brings not only the
refinement of older methods but also the introduction
of new modalities. This precept holds true for the evo-
lution of imaging the carotid circulation. Vascular sur-
geons now have a wide armamentarium of studies from
which to choose. However, it is essential to tailor imaging
studies to meet the needs of the patient while appre-
ciating the particular strengths and weaknesses of local
hospital resources. 

The advantages of each of these imaging studies may
vary from one institution to another. Duplex sonography,
without ICAVL accreditation and quality assurance,
cannot be considered a sole imaging study for carotid
disease. Similarly, a lack of radiologic resources may
retard technologic growth, thereby preventing state-of-
the-art imaging and interpretation. One cannot blindly
utilize an MRA as a confirmatory study in this setting.
Therefore, to construct a diagnostic algorithm, it is pru-
dent to review the individual risk factors of the patient,
as well as to understand the strengths and limitations
of the facility and the quality of the imaging products. 

The risk-to-benefit ratio of a procedure is crucial for
maintaining safe outcomes in the vascular surgical popu-
lation. Market-driven forces and rising health care costs
all contribute to the need for cost containment. The
Internet age has brought knowledge to every computer
screen, enabling patients to become enamored with new
technology that may not be suitable for their disease. 

The following is a list of factors that would describe
the ideal imaging study to diagnose carotid disease: low
cost, low patient risk, high accuracy, highly repro-
ducible, and easily accessible. Obviously, based on the
authors’ review, there is no device that can provide all
of these characteristics. 

Therefore, the risks and benefits associated with each
procedure must be evaluated and applied to a diagnostic
approach that will afford the patient and the physician
with a reliable plan.

In an ICAVL-accredited laboratory that practices
regular quality control, the duplex sonogram should be
utilized as the primary imaging modality for screening,
diagnosis, and postoperative surveillance. Indeed, once
accuracy and quality assurance have been documented,
the duplex should be the sole imaging study before
endarterectomy. If MRA technology is available, this non-
invasive study is ideal as a confirmatory noninvasive
examination.

Certainly, the MRA may over-read a lesion, or in cir-
cumstances in which the diagnosis remains inconclu-
sive, the angiogram may be required as a third exami-
nation. If MRA technology is not available, the angiogram
may be required as a second stage of diagnostic imag-
ing. In these cases, it would be ideal to aggressively
pursue methods to make the vascular laboratory a more
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Figure 8-3. MRA of the aortic arch with RICA moderate to
severe stenosis.



powerful resource, thereby decreasing use of the invasive
angiogram. Although the CTA may continue to evolve,
current data do not support its use as a superior method
to the MRA.

The establishment of a gold standard is difficult to
achieve because expertise and resources vary between
centers. It is therefore the responsibility of the practi-
tioner to evaluate the outcomes of resources available
and to delineate a plan that will meet the standards of
any diagnostic test (i.e., low risk, high accuracy, repro-
ducible results, and optimal patient care).
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examination. Whichever method is used to diagnose
carotid stenosis, the clinician must remember that the
test results determine the patient’s need for carotid
endarterectomy. In this chapter, carotid endarterectomy
is used exclusively as the therapy for cervical carotid
stenosis. Carotid angioplasty and stenting (CAS) is cur-
rently being evaluated as an equivalent therapy. When (or
if) CAS is proven to have equipoise, the clinician should
include both therapies in the therapeutic algorithm.

Indications for Testing

Symptomatic Patients

Randomized, multicenter, prospective trials have docu-
mented the efficacy of carotid endarterectomy (CE) in
reducing stroke in symptomatic carotid stenosis. The
North American Symptomatic Carotid Endarterectomy
Trial (NASCET) showed a clear benefit of CE for patients
with 70% to 99% carotid stenosis who present with
transient ischemic attack (TIA) and/or nondisabling
stroke.2 Carotid atherosclerosis may either reduce flow
by obstructing the lumen of the internal carotid artery
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iagnostic duplex ultrasonography (DUS) of the cere-
bral vasculature has evolved significantly over the past
decade. The noninvasive nature of DUS makes this testing
modality more attractive than the “gold standard” of
angiography. If the diagnosis of significant carotid stenosis
can be accurately made with DUS, the risk of stroke
inherent in carotid angiography (1.2% in the Asympto-
matic Carotid Atherosclerosis Study1) could be avoided.
Currently, many patients (90% at the authors’ institution)
undergo carotid endarterectomy based solely on a duplex



(ICA) or by embolizing to the intracranial arteries. The
carotid arteries lead to the anterior cerebral, middle
cerebral, and ophthalmic arteries. Thus, the patient will
present with contralateral monoparesis (arm or leg), hemi-
paresis (arm and leg), aphasia (dominant hemisphere),
or ipsilateral transient monocular blindness (amaurosis
fugax). In this group there was a 65% relative risk reduc-
tion in ipsilateral stroke at 2 years. Similarly, those symp-
tomatic patients in NASCET with a 50% to 69% carotid
stenosis showed a 29% relative risk reduction in ipsi-
lateral stroke at 5 years.3 Based on these results, CE is
indicated for patients with symptomatic 70% to 99%
carotid stenosis and in selected symptomatic patients
with 50% to 69% carotid stenosis at centers with low
morbidity associated with CE. For this reason, all patients
with carotid or hemispheric TIA or nondisabling stroke
who potentially may benefit from carotid endarterectomy
should undergo carotid imaging. This test should be
performed even in the absence of carotid bruit because
analysis of NASCET data revealed over one third of patients
with high-grade carotid stenosis lacked a carotid bruit.4

Patients may also present with symptoms such as
dizziness or light-headedness, but these symptoms are
nonspecific and, in the absence of other evidence, cannot
be assumed to be caused by carotid stenosis. Other symp-
toms such as cranial nerve dysfunction (e.g., dysphasia,
double vision, or blurred vision) and drop attacks are
more likely to be vertebral basilar in location. However,
testing in these patients, as well as in asymptomatic
patients with computed tomographic (CT) or magnetic
resonance (MR) infarcts, is indicated to rule out cervical
cerebral vascular disease.

Asymptomatic Patients

The Asymptomatic Carotid Atherosclerosis Study (ACAS)
documented a 53% relative risk reduction in any ipsi-
lateral stroke and any perioperative stroke/death at 5
years when comparing CE with medical management
for asymptomatic carotid stenosis greater than 60%.1

The absolute risk reduction was from 11% to 5%. This
has led to increased performance of CE in patients with
asymptomatic carotid stenosis; however, controversy con-
tinues regarding who best to screen for asymptomatic
carotid stenosis. Routine screening of all patients is
unlikely to be cost-effective, and most physicians have
adopted a selective approach. The most commonly used
selection criteria will be reviewed. 

Carotid bruit can be expected in up to 8.2% of patients
over 75 years of age.5 These bruits have been asso-
ciated with up to a three-times increased risk of stroke
in a population-based prospective cohort study.6 In a
prospective natural history study of duplex scanning for
asymptomatic carotid bruit, Roederer and colleagues
from the University of Washington showed 36% of
imaged carotids had a greater than 50% stenosis.7

Importantly, in a follow-up report, this group reported

on progression of disease in patients initially diagnosed
with carotid stenosis by screening for carotid bruit.8

Some 21% of patients with greater than 50% stenosis
progressed to 50% to 79% stenosis, and 27% of patients
with 50% to 79% stenosis progressed to greater than
80% stenosis at 7 years. These data support the con-
cept of carotid duplex screening for carotid bruit, and
regular follow-up of those patients with carotid disease
not severe enough to warrant surgery. The measure-
ment of percent stenosis using imaging alone is fraught
with hazard. Image angle, vessel tortuoisity, differing
flow velocities, and patterns of flow all contribute to
this inaccuracy. The Stanford laboratory requires at least
a 50% stenosis by image to establish a diagnosis but
relies on flow velocities to categorize the narrowing.9

Others have reasonable accuracies using the image alone,
but at this time flow measurements, not image alone,
should be used as the definitive diagnostic criteria.

Patients harboring a near-total occlusion will have a
reduced flow (i.e., the peak systolic velocity [PSV] may
be reduced rather than elevated). The distal ICA may
be diminutive (string sign) with likewise reduced flow.
Total occlusion obviously has no flow at or past the
point of occlusion, with the exception of very few report-
ed cases that had ICA branches. In the past, arterio-
graphy was recommended for an ultrasound diagnosis
of total occlusion because of inaccuracies of black and
white imaging. With the advent of color-flow imaging,
the accuracy of a total occlusion diagnosis is excellent.
Mansour and colleagues from Southern Illinois University
(SIU) confirmed 64 of 65 ultrasound-diagnosed occlu-
sions by angiography.10 Twenty-six of thirty string signs
were correctly diagnosed. Moneta and colleagues report-
ed no false-positive or false-negative duplex examina-
tions for ICA occlusions.11 Thus, the diagnosis of total
occlusion using color-flow duplex is now accurate.
Confirmatory angiography is rarely required.

Patients with severe congestive heart failure who
have reduced cardiac indices will have reduced PSV in
their carotid arteries.12 This reduced flow may mask a
significant stenosis. If imaging identifies a severe stenosis,
but flow criteria do not cross the diagnostic threshold,
angiography may be required. Patients with a con-
tralateral occlusion may have increased flows in their
remaining patent ICA. Intuitively, if a flow to the brain
is to be maintained and flow is zero in one carotid artery,
flow in the opposite carotid artery must be increased.
A multi-institutional study in 1988 identified a 45%
stenosis using a PSF of 5500 Hz with an overall accu-
racy of 92.2%.13 If the patient had a contralateral ICA
occlusion, a threshold of 8500 Hz was required to
achieve this same accuracy. Whereas others suggest a
contralateral severe stenosis leads to diagnostic inac-
curacy, Hayes and colleagues could verify this only in
patients with a contralateral occlusion.13 Recent studies
have shown that contralateral stenosis affects the diag-
nostic accuracy. This was evident in patients with
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bilateral carotid stenosis that underwent CE in one side
and were retested by DUS. It was shown that the veloci-
ties in the unoperated side were usually decreased after
CE.14,15

Significant carotid stenosis can exist in the absence
of cervical bruit. For this reason, recommendations for
carotid duplex scanning have been made based on specific
risk factors such as age, hypertension, smoking, coronary
artery disease (CAD), and peripheral vascular disease
(PVD).16 In one study conducted in a veteran population
aged more than 50 years,17 significant carotid stenosis
was present in 17.5% of patients with CAD, tobacco
abuse, and PVD and 0% of patients with none of these
risk factors. The authors suggested aggressive surveillance
in patients with multiple risk factors. Claudication and
decreased ankle-brachial index have both been found
to be predictive of carotid artery disease.18 In particular,
in patients without a cervical bruit, the presence of age
greater than 68 years, hypertension, PVD, and prior
cardiac surgery have been correlated with an incidence of
significant carotid stenosis as high as 45%.19 By focusing
carotid duplex screening for asymptomatic carotid stenosis
on patients with cervical bruits or multiple risk factors,
screening protocols, which are most cost-effective, can
be established for the early identification of high-risk
lesions and prevention of stroke. 

Carotid duplex scanning has also been recommended
as a screening tool for patients undergoing noncarotid
surgery and for patients at risk for atherosclerosis.
Patients with asymptomatic carotid stenosis undergoing
coronary artery bypass graft (CABG) have been shown
to have an increased risk of perioperative stroke.20,21 In
a prospective evaluation of 1087 patients undergoing
CABG at Washington University Medical Center, 17% of
patients had carotid lesions greater than 50% and 5%
had lesions greater than 80. Some 83% of patients had
minimal or no stenosis. Major predictors of a greater
than 50% stenosis were PVD, female sex, previous TIA
or stroke, hypertension, and left main coronary disease.
Patients with none of these major predictors would be
expected to have a 5% chance of a 50% carotid stenosis.
In a similar study, Ascher and colleagues22 examined the
results of carotid duplex scanning in 3708 patients who
underwent cardiovascular surgery. They found age greater
than 60 years to be a major predictor of concomitant
significant carotid disease. Patients younger than 60 years
had a 1% chance of significant carotid disease, whereas
patients older than 60 years had a 6.7% chance. The pres-
ence of the risk factors of hypertension, diabetes mellitus,
and smoking increased the risk of significant stenosis
to 3% for patients younger than 60 years and 14.4% for
patients older than 60 years. Based on this data, duplex
scanning pre-CABG can be recommended, either selec-
tively based on risk factors or routinely in all elderly
patients.

Finally, carotid duplex scanning has been used as a
surveillance tool for carotid restenosis. Widely varying

protocols exist for the follow-up of patients after CE.
Routine duplex surveillance has been criticized as
unnecessary and expensive.23,24 Conclusive data about
the benefit (or lack thereof) of carotid surveillance
post-CE is absent. It is likely carotid duplex scanning
for surveillance post-CE will continue to be a common
indication until more definitive data are available, given
the quoted restenosis rates (which can be as high as
19.7%).24 In contrast, there are data to support carotid
duplex surveillance of the contralateral carotid artery
after ipsilateral CE because progression of the disease
requiring surgery has been noted in substantial num-
bers.25,26 Ricotta and colleagues reported progression
from less than 50% stenosis to greater than 50% stenosis
in 10.1% of patients followed.25 The optimal frequency
of this surveillance is open to speculation, but biennial
examinations have been suggested.26

Methodology (Testing Procedure)

After a short history to record relevant symptoms and
risk factors, the examination starts by measuring blood
pressure in both arms. A blood pressure differential of
20 mmHg or more is considered abnormal and indicates
a brachiocephalic or a subclavian/axillary artery stenosis.
Blood pressure variability is common in nervous, tense
patients, and any blood pressure differential should be
verified by a repeat examination at the end of the testing
procedure.

The patient is made comfortable in the supine position.
The head is turned away from the examiner but not to an
extreme degree. Coupling gel is applied liberally over the
course of the carotid artery, which in general parallels
the easily seen anterior border of the sternocleidomastoid
artery.

The thyroid gland and internal jugular vein are seen,
and the common carotid artery is identified. Varying the
depth, focus, and gain settings maximizes the image.
The common carotid artery is visualized just above the
clavicle and followed to the carotid bifurcation. The
widened carotid bulb indicates the origin of the ICA.
Both the internal and external carotid arteries should
be identified. Usually the carotid bifurcation is located
comfortably below the mandible. Abnormal anatomic
variation of this bifurcation should be noted. This is
especially important if the carotid duplex examination
is the sole diagnostic test before proceeding with surgical
endarterectomy.

A sagital scan is also obtained. Again, the examina-
tion is begun low in the neck and continued up to the
angle of the mandible. The scan head may be placed
anterior, medial, or posterior to the sternocleidomastoid
muscle to maximize the image and flow tracings. There
should be wall-to-wall color flow. Any luminal or wall
abnormalities are noted. Velocity measurements are taken
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with an angle of insonation of 60 degrees. Usually these
are taken in the proximal and distal common carotid
artery (CCA), one in the external carotid artery (ECA);
two or three in the ICA (i.e., proximal, middle, and
distal); and one in the vertebral. The ICA is followed as
far cephalad as possible. In patients with a significant
carotid plaque, the distal extent of the plaque should be
noted. For example, if the plaque ends at the distal bulb,
and a centimeter or so of normal ICA can be identified,
this should be noted. If the carotid plaque continues
posteriorly cephalad into the ICA, this likewise should
be noted. These two different variations in pathology
are extremely important to the operating surgeon.

The vertebral arteries will be noted posterior to the
common carotid artery between the vertebral bodies. In
some laboratories an effort will be made to identify the
vertebral arteries low in the neck as they arise from the

subclavian artery. The tortuous course of these arteries
makes diagnosis of a stenosis quite difficult. Regardless,
flows should be noted to be antegrade (the same direc-
tion as normal carotid flow) or retrograde. Absent flow
indicates an occluded artery.

Diagnostic Criteria

The normal common carotid artery has flow charac-
teristics of both the internal and external carotid arteries
(Fig. 9-1). The PSV in both the left and right common
carotid arteries should be equal. An increased PSV
indicates a stenosis; a decreased PSV indicates a proxi-
mal severe stenosis. The precise numeric criteria of a
diagnosis of proximal cervical carotid disease have not
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Figure 9-1. Normal waveforms from the carotid arteries. A, The CCA has a waveform that represents a high (ECA) and a low
(ICA) resistance arterial tree. B, The ECA has a high resistance as shown by the reverse flow component and the low end-diastolic
velocity. It is smaller than the ICA and it has branches. Identification of the branches is the best way to separate the two arteries.
C, Temporal tapping should be used as an adjunct to this method or when unable to identify the branches coming off the ECA.
This is particularly useful in cases like this one, where the ECA is internalized because of ICA occlusion. D, The ICA has a low-
resistance flow pattern as seen by the absence of the reversed flow and the high end-diastolic velocity. Unlike the ECA it has no
branches in the cervical region, with the exception of very few case reports.
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been established. There should be an absence of dis-
turbed flow as indicated by a clear window under the
systolic peak. The ICA should have a similar flow pattern
with forward flow seen in both systole and diastole
(see Fig. 9-1). The external carotid artery in general has
a slightly increased peak systolic velocity (see Fig. 9-1).
Forward flow is not seen in diastole because the
external carotid artery supplies a relatively high resistant
vascular bed, much like any artery supplying muscle.

The presence or absence of atherosclerosis within the
carotid system should be noted. The measurement of
intimal medial thickness is covered elsewhere and will
not be reviewed here (see Chapter 14). However, not only
the presence or absence of plaque should be evaluated,
but also its morphologic characteristics such as irregu-
larity, echogenicity, and calcification (Fig. 9-2).

Figure 9-2. Examples of an echolucent and an echogenic
plaque. A, This is an echolucent plaque in the ICA from a patient
who presented with ipsilateral amaurosis fugax. B, Echogenic
plaque in the ICA of an asymptomatic patient with ipsilateral
neck bruit. For more information on the plaque morphology,
see Chapter 12.

Different laboratories will either record the entire exami-
nation on tape or produce hard copy for review. Both are
satisfactory and should allow the interpreting physician
ample material to make a proper diagnosis. In the authors’
laboratory, it is established that a peak systolic velocity of
greater than 250 cm/sec is indicative of a greater than 60%
diameter stenosis (Fig. 9-3). These statistics were estab-
lished by comparing duplex ultrasonography to angiogra-
phy as qualification for the ACAS. Other criteria follow.

Other Interpretations
and Quality Assurance

To ensure that patients who may benefit from operation
are accurately differentiated from those who may not, the
accuracy of DUS in diagnosing significant carotid stenosis
must first be determined. Most diagnostic laboratories
simply use the well-established criteria of others to diag-
nose severe carotid stenosis. Roederer and colleagues from
the University of Washington established diagnostic cri-
teria based on a comparison of arteriograms and ultra-
sound studies.27,28 Criteria were established to categorize
the carotid lesion as less than 50%, 50% to 79%, and
80% to 99% stenotic. The amount of residual lumen was
compared to the wall of the carotid bulb as seen on
ultrasound. After the original publication of NASCET,2

which emphasized the importance of a greater than 70%
diameter stenosis compared to a 50% to 69% stenosis,
the original Strandness criteria were modified to identify
patients at greatest risk of future stroke. In addition,
ACAS identified asymptomatic patients with a greater
than 60% stenosis to be at risk.1 Furthermore, both ACAS
and NASCET compared the residual lumen to the nar-
rower distal ICA rather than the wider carotid bulb
used by the University of Washington group. Clearly, new
guidelines were in order. 

DUS is operator- and machine-dependent. Labora-
tories acknowledge to be excellent have, after similar
ultrasound and angiographic comparisons, established
a variety of differing criteria. To diagnose a greater than
70% stenosis, most laboratories use the PSV; however,
the threshold velocity varies from 210 to 340 cm/sec.
The University of Oregon found that in ICA PSV/CCA
PSV greater than 4.0 was more accurate than a PSV of
325 cm/sec.29 Southern Illinois University (SIU) found
that a combination of PSV of 130 cm/sec and end-
diastolic velocity (EDV) of 100 cm/sec was better than
either PSV (210 cm/sec) or EDV (100 cm/sec) alone.30,31

Stanford combined PSV, EDV, PSVICA/CCA, and the
image to establish their diagnostic scheme.9 Criteria to
diagnose a greater than 50% and greater than 60%
stenosis are likewise varied.32,33 The results are more
accurate when a single cutoff point for stenosis is used,
or when a broad category is used rather than a small
range of stenosis (e.g., 60% to 69%).33 At Loyola, during
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Figure 9-3. Various degrees of stenosis in the ICA. 
A, Echogenic plaque in the proximal ICA producing greater
than 50% stenosis. B, ICA producing 50% to 79% stenosis. The
ICA/CCA PSV was 2.3, indicating a stenosis at the lower end
of this range. C, Significant stenosis at the origin of the ICA.
Both the PSV and EDV are elevated, indicating a greater than
60% stenosis according to the authors’ criteria because the
PSV is greater than 250 cm/sec. D, Tight stenosis in the ICA
in an asymptomatic patient with ipsilateral neck bruit. This is
greater than 80% stenosis because the EDV is greater than
130 cm/sec. E, Subtotal occlusion of the ICA with a string sign
and very low flow velocities in a patient with recent ipsilateral
TIAs. 

the authors’ entrance into ACAS, it was established that
a PSV of greater than 250 cm/sec was the best thresh-
old to diagnose a greater than 60% diameter stenosis.
Because of a paucity of arteriograms, the authors’ accu-
racy statistics have not been updated since the early
1990s. Recently, two review papers analyzed the diag-
nostic accuracy of DUS in detecting ICA stenosis when
compared with angiography.34,35 The first study showed

that 18/22 papers who matched their criteria had a
sensitivity ranging from 80% to 100%, and 20/22 had
a specificity of the same range.34 The second study com-
pared 70% to 99% stenosis to greater than 70%, and
occlusion to patent ICA.35 The pool-weighted sensi-
tivity and 95% CI were 86% (84% to –89%) and 96%
(94% to –98%). The pool-weighted specificity and 95%
CI were 87% (84% to –90%) and 100% (99% to –100%).



Planimetric Evaluation

Measuring diameter and percent area stenosis has advan-
tages over velocity measurements. Different velocity cri-
teria have been utilized to determine the degree of carotid
stenosis. In a recent study it was shown that velocity
criteria were not equivalent in different centers.36 In addi-
tion, area and diameter, in contrast to velocity measure-
ments, are not sensitive to contralateral stenosis or occlu-
sion, ipsilateral proximal or distal stenosis or occlusion,
or cardiac output or cardiac arrhythmia. Recent studies have
tested the accuracy and practicality of area and diameter
measurements with promising results (Fig. 9-4).37–41

Tri-axial and area measurements are hindered when heavy
calcification or significant tortuosity cause inadequate
imaging of the affective stenosis. Previous studies have
reported poor imaging caused by heavy calcification in
as much as 10% of carotids.37,42 This is not a problem for
the velocity measurements because the highest veloci-
ties are seen at the exit of the stenosis. These methods
complete each other and should be used together.

Other Vessels and Special Cases

There has not been much work done in validating detec-
tion of stenosis or occlusion by DUS in ECA and CCA.
Both these arteries are graded as normal, less than 50%,
greater than 50% diameter stenosis, and occlusion.
Regarding the ECA there is one study with magnetic
resonance angiography comparison in 60 carotid bifur-
cations; it shows that a PSV greater than 250 cm/sec
was the best cut-off for determining greater than 60%

stenosis (Fig. 9-5). A PSV less than 150 cm/sec was
associated with less than 50% stenosis.43 Another study
on 707 normal and stenotic ECAs showed that a PSV
ratio of ECA to ICA greater than 2.0 indicates a greater
than 50% stenosis.44 It was also shown that ipsilateral
ICA stenosis greatly affects the ECA velocities. Increased
velocities and internalization of the ECA may be seen
in carotid body tumors; in paragangliomas and other
masses fed by the ECA; in local inflammation (e.g.,
thyroid and parotid glands); and when the ICA has a
tight stenosis or occlusion.

CCA occlusion has been demonstrated by ultrasound
in several reports, particularly when the ICA is open
through retrograde flow in ECA (Fig. 9-6).45 Evaluation
of CCA stenosis is limited. In the authors’ institution the
best cutoff value is a poststenotic to prestenotic PSV ratio
of greater than 2.0 (unpublished data). Asymmetrical
velocities in the CCA indicate proximal stenosis (CCA
or brachiocephalic artery) or ICA stenosis or occlusion.
Usually the EDV is less than 12 cm/sec and there is an
EDV difference of greater than 10 cm/sec compared with
the normal side.46 Low velocities in both the CCA and ICA
may be seen after recanalization of previously occluded
ICA (Fig. 9-7).47,48 Occasionally, when there is internaliza-
tion of the ECA, this may not be true. In general, low EDV
indicates a high resistance distal to the measurement
and a significant stenosis or occlusion can be suspected.
In cases of trauma or in patients that have no athero-
sclerotic disease but low EDV46,49 that is asymmetrical
to the other side, dissection or thrombosis of the distal
ICA should be ruled out. In the absence of trauma, dissec-
tion in the CCA is an extension of the aortic dissection.
Such dissection may involve the ICA. There are two
lumens, a real and a false one, with opposite flow direction
(Fig. 9-8). The false lumen sometimes is thrombosed.
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Figure 9-3, cont’d. F, Poststenotic turbulence, which is seen after significant stenosis. G, Stenosis may occur in the absence of
a plaque from a kink. The aliasing indicates the significant stenosis at the site of the kink. The PSV was 230 cm/sec and the EDV
was 60 cm/sec at an angle of insonation at 0 degrees.
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Figure 9-5. Significant ECA stenosis in a symptomatic patient
from the contralateral side. Both the PSV and EDV are elevated,
indicating a greater than 50% stenosis. The exact grade cannot
be calculated because there is no validation for the different
degrees of stenosis.

Figure 9-6. CCA occlusion with the ICA being filled through
the ECA. The ECA has reversed flow. Note the opposite colors
between the ECA (blue) and the ICA (red).
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Figure 9-4. Planimetric evaluation of carotid stenosis. A, Anterior view of the ICA stenosis; B, lateral view; and C, posterior view
of the same lesion. The stenosis was measured by the NASCET method, and the average of the three views was calculated (43 +
53 + 61 = 52%). The velocities in this patient corresponded with the planimetric measurements (PSV = 170 cm/sec and EDV = 
53 cm/sec). D, The area stenosis of the same lesion was evaluated as well.



Carotid aneurysms are rare and are found in the com-
mon, external, and internal carotid. The most common
location is the carotid bifurcation; this is followed by
the ICA and ECA.50 There is strong association with
atherosclerosis, which is present in up to 70% of the
cases.51 There are no strict criteria for the definition of
a carotid aneurysm, but the doubling of the diameter is
used for its diagnosis. Most of the detected aneurysms
are much larger than this cutoff. Pseudoaneurysms are
the result of penetrating trauma and occasionally may
be seen at an anastomosis or after endarterectomy with
a patch. The ultrasound features of large symptomatic
human immunodeficiency virus (HIV) related carotid
aneurysms are false aneurysms with a wall defect or
“blow-out,” and to-and-fro pulsatile flow.52 There is
marked wall thickening adjacent to the aneurysm with
a hyperechoic “spotting.”

Takayasu’s arteritis is most often present at the origin
and the proximal part of the CCA.53 It is not associated
with atherosclerosis and the patients are usually asymp-
tomatic. When seen by ultrasound is characterized by
concentric wall thickening (Fig. 9-9). The velocities are
increased, but because of the concentric nature of the
lesion there is minimal or no spectral broadening. 

Carotid body tumors are slow-growing tumors with
unpredictable malignant potential. They are unilateral
in 95% of the reported cases. They are fed by the ECA
and have very rich vascularization (Fig. 9-10).54 They
most often occur in the fifth decade of life and have been
associated with a high altitude.54 There are three types:
type I has minimal attachment to the vessels and has
small size; type II it is bit larger and partially encircles
the vessels; type III is the largest in size and incorpo-
rates both arteries and the vagus nerve.
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Figure 9-7. Flow characteristics in the ICA occlusion. A, ICA occlusion in a patient with a recent ipsilateral stroke. There is
absence of flow in the ICA and there is flow reversal as seen by the blue color at the beginning of the occlusion. B, Low velocities
in the CCA with an EDV of less than 12 cm/sec. C, The velocities in the ECA are unaffected in this case. In some patients the ECA
is internalized. D, The contralateral CCA has normal velocities. The EDV difference between the two sides is greater than 
10 cm/sec.



Fibromuscular dysplasia is a degenerative primary
disease and has no association with atherosclerosis. It
is found in many arteries in the body, but its prevalence
in consecutive carotid angiograms is around 0.5%.55 In
the carotid arteries it is most often found in the ICA.
When it occurs in the proximal ICA it can be diagnosed
by ultrasound (Fig. 9-11). It is characterized by a series
of stenoses and dilatations with moderate to significant
increase in the velocity.

Validation

The ACAS evaluated the performance of 63 devices
before the initiation of the study.36 Only 37 devices
were used to enter patients. The majority of devices not
used were rejected because their performance was
unacceptable. Thirteen of the 63 devices had an excel-

lent sensitivity (80%+) and a PPV of 90%; 32 had a
marginal sensitivity (50% to 80%); 9 had poor sensi-
tivity (0% to 50%); and in 9, no threshold could be
established. The threshold PSV varied from 150 to
450 cm/sec. If there is this much variation between
devices from institutions voluntarily applying to enter
a National Institutes of Health (NIH) sponsored study,
the variation and inaccuracy of community hospital
devices may be even greater. The ACAS was initiated in
the late 1980s. Hopefully, 15 years later, our accuracy
is somewhat better. Regardless, the need to validate
each diagnostic laboratory is obvious.

The standard technique of validating DUS is through
comparison to angiography. Each patient must undergo
both testing modalities and comparisons made. The
DUS criteria routinely examined include PSV, ICA/CCA
velocity ratios, and end-diastolic velocities (EDV). The
goal for a definitive examination would be a high posi-
tive predictive value (PPV) to minimize the number of
patients who would undergo an unnecessary operation.
In general, a PPV is achieved by missing the diagnosis
in some patients with a stenosis (decreased sensitivity).
That is, certain patients do not meet the strict criteria
required to achieve a high PPV despite the presence of
an angiographic stenosis. The laboratory at the authors’
institution has a high PPV, and thus diagnostic
angiography may be avoided before recommending
endarterectomy. In elderly, asymptomatic patients, the
few patients underdiagnosed should be at a low risk for
stroke.56 A younger, otherwise healthy patient with a
carotid bruit, multiple TIAs, and an atherosclerotic
carotid artery on scan, who does not meet the flow
criteria of a significant stenosis, should have additional
diagnostic studies (e.g., contrast angiography, magnetic
resonance angiography, or CT angiography). The patient’s
physician needs to ensure that a potential stroke-prone
lesion is not left untreated.

Other diagnostic laboratories may use DUS as a screen-
ing test only. That is, these labs wish to have a high nega-
tive predictive value (NPV) so that few patients with a
stenosis are underdiagnosed. It is obvious that a high NPV
is achieved by decreasing the specificity. Many patients
will be overdiagnosed so that few are missed. Thus all
patients in this setting will need an additional study
before proceeding along the therapeutic algorithm toward
endarterectomy.

Ideally, validation of a vascular lab could be performed
without subjecting all patients to the inherent risks of
angiography. Eckstein and colleagues validated DUS
not only with angiography but also using endarterectomy
specimens.57 Some 68 eversion endarterectomy specimens
were embedded in a prosthesis, followed by a fixation,
and then sectioned. Their combined Doppler standard
criteria predicted 70% to 99% ICA stenosis with a sen-
sitivity of 95% and a PPV of 96%; they concluded that
90% of all angiograms were unnecessary. Using tissue
specimens as the gold standard has some practical limi-
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Figure 9-8. A, CCA dissection in a patient with a known
aortic dissection. There are two lumens. The false one has a
retrograde flow (blue). B, Cross-sectional view of the CCA
showing the two lumens in a patient with dissection.
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tations because pathology technicians require an intact,
noncrushed sample of carotid bifurcation plaque. Speci-
mens obtained by the standard technique are usually
unsatisfactory. Specimens obtained by the eversion
endarterectomy technique lend themselves to such a
study. Ideally, the lumen should be pressurized at the
patient’s mean blood pressure at the time of fixation.
The percent stenosis determined by pathology usually
compares the residual lumen to the “normal” lumen at
the site of the stenosis, whereas both NASCET and
ACAS compare the angiographic residual lumen to the
more distal, smaller ICA. A comparison using the speci-
men will establish a PPV but not a NPV (patients with
minimal stenoses do not get operations). At Loyola the
authors relied on the surgeon’s “eyeball” estimation,
which is obviously poorly controlled. The surgeon can
clearly differentiate a severe from a not severe stenosis,
but assigning percentages is patently inaccurate. Regard-
less, in the absence of angiography (gold standard),
specimen estimation is the best available correlation
for accuracy statistics. In fact, at Loyola the few errors
discovered have led to minor modifications of tech-
nique and interpretation.

An alternative quality control plan would be to have
patients tested at two different laboratories, one previously
validated and one undergoing validation. Patients with
matching diagnostic criteria would be assumed to have
the correct diagnosis. Patients with differing stenoses in
different laboratories or devices would need an angiogram
to arbiter the dispute. This quality control measure would
need to be financed by the laboratories (hospitals) because
third-party carriers are unlikely to support dual
payment of laboratory testing.

A group of experts from different medical specialties
met in October 2002 to arrive at a consensus document
with regard to the use of DUS in the diagnosis of ICA.58

Table 9-1 illustrates their recommendations when using
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Figure 9-9. Common carotid artery stenosis in a 56-year-old
female with Takayasu’s arteritis (A). The CCA has a significant
amount of circumferential plaque (B). The PSV was 420 cm/sec
and the PSV ratio across the stenosis was 7.1. (Courtesy of
Dr. Carmen Porto, HUPE-UERJ, Rio de Janeiro, Brazil.)
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TABLE 9-1. Current Recommendations for Gray Scale and Doppler Ultrasound for Diagnosis
of ICA Stenosis

From Grant EG, Benson CB, Moneta GL, et al: Carotid artery stenosis: Gray-scale and Doppler US diagnosis. Society of Radiologists in Ultrasound
Consensus Conference. Radiology 229:340–346, 2003.



gray scale imaging and Doppler ultrasound. Technical
considerations, diagnostic stratification, imaging and
Doppler parameters, Doppler diagnostic thresholds, struc-
ture and content of the final report, and quality assess-

ment issues were all discussed and suggestions were
made. Recommendations were also made for follow-up
of patients at high risk or with asymptomatic carotid
stenosis (depending on the severity of the stenosis),
and research topics were suggested for the future.58

Ideally, each center should perform its own validation;
however, most centers do not perform internal vali-
dation and therefore it was recommended by this panel
of experts to use the criteria suggested in Table 9-1.

Conclusions

Carotid duplex ultrasonography is the established method
for diagnosing a cervical carotid artery stenosis. In medical
centers with a laboratory that has established an excel-
lent positive predictive value, angiography may be avoided
before embarking on carotid endarterectomy. These
laboratories per force will underdiagnose certain patients
with a carotid stenosis. Other laboratories will empha-
size the screening aspect of their testing: They will have
a less envious positive predictive value. Patients diag-
nosed by these laboratories will need a confirmatory study
to establish that their patients do indeed have a carotid
stenosis. The criteria used for diagnosis are variable
between laboratories, and each laboratory needs to estab-
lish its own criteria. All laboratories, even those with
established criteria, need to embark on a continuous
quality assurance program.
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Figure 9-10. Carotid body tumor. A, The tumor is located 
in the bifurcation and is well vascularized. B, The ECA very
high EDV because it feeds the tumor. C, The ICA has normal
flow.
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mine whether intervention is indeed indicated for the
ICA stenosis in question. In this chapter the indications
and the added value of alternate imaging modalities in
the management of carotid bifurcation disease are
discussed.

Indications for Alternate Imaging

Internal Carotid Pseudo-occlusion

A staccato Doppler flow signal with a minimal or an
absent diastolic flow component by CDU evaluation is
highly suggestive of near or total occlusion of the extracra-
nial ICA or of severe distal ICA siphon disease. Differen-
tial diagnosis when staccato signal is found on CDU
includes ruptured unstable carotid plaque, hypertensive
dissection, and fibromuscular dysplasia. Further inves-
tigation of such CDU findings with digital subtraction
or magnetic resonance arteriography is advised to diag-
nose and treat the underlying condition. In patients
presenting with a recent transient ischemic attack or
nondisabling stroke who are being considered for revas-
cularization, additional imaging is necessary to further

Introduction

Indications for Alternate Imaging

Alternate Imaging Modalities

Magnetic Resonance Angiography

Digital Subtraction Angiography

Research/Future Directions

Introduction

n the majority of cases, patient selection for carotid
endarterectomy or stent angioplasty of the carotid bifur-
cation is considered when clinically significant extracra-
nial internal carotid artery (ICA) stenoses are detected
by color duplex ultrasound (CDU). A priori, an accredited
vascular lab with the necessary quality control measures
is essential for the accurate determination of the degree
and nature of the ICA stenosis. However, several clinical
scenarios exist in which alternate imaging techniques
are needed to provide greater anatomic detail and reso-
lution of the extra- and intracranial vasculature to deter-
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determine patency of distal ICA beyond CDU suspicion
of a cervical string sign. Establishing a disease-free distal
ICA is essential for a satisfactory hemodynamic out-
come and long-term patency following revasculariza-
tion. Figure 10-1 demonstrates the velocity profiles of a
patient with a cervical string sign by CDU; and the sub-
sequent angiogram, which showed an ICA dissection. 

Carotid Plaque Disruption

Although velocity criteria for high-grade stenosis form
a reliable basis for investigation and possible interven-
tion, the role of plaque structural morphology has lagged
behind as an important biologic variable when treating

patients with significant carotid disease. Studies of carotid
endarterectomy specimens have indicated that plaque
ulceration and even proximity of plaque necrotic core to
the lumen are associated with clinical ischemic events.1,2

The presence and degree of plaque echoluceny as
determined by duplex ultrasound appears to correlate
with structural features that connote plaque instability
and predisposition to ischemic events.3,4 Hence, a
moderate nonstenotic yet highly echolucent internal
carotid plaque should be considered as the culprit lesion
in the absence of other sources of thromboembolism
(e.g., cardiac, arch, or intracranial disease). Unfortu-
nately, duplex ultrasound is not reliable for detection of
plaque ulceration.5,6 Multiplanar digital subtraction

106 Part Two: Imaging the Body ● CEREBROVASCULAR DISEASE

Figure 10-1. CDU findings in ICA pseudo-occlusion. There is significant decrease in peak systolic velocity with marked reduction
of diastolic flow (staccato flow signal) in the proximal ICA (PSV = 0.1 m/sec) (B) and distal ICA (PSV = 0.2 m/sec) (C) compared
with CCA (PSV = 0.8 m/sec) (A). Corresponding selective left ICA arteriogram demonstrating a string sign in the mid ICA with
delayed clearance of the contrast column (D and E).



arteriography is potentially helpful to uncover subtle
plaque surface irregularity or ulceration, and it also helps
in selecting patients for further intervention. Other
imaging techniques continue to evolve for the assessment
of plaque structural components that underlie plaque
instability. These include spiral computed tomography
(CT) and magnetic resonance imaging (MRI) for the
delineation of such features as calcification, necrosis,
intraplaque hemorrhage, and fibrous cap integrity;
however, these have yet to be investigated in prospec-
tive natural history trials.

Carotid Bifurcation Thrombus

Freely floating thrombus involving the carotid bifurca-
tion, visualized by CDU in a patient presenting with a
TIA, stroke in evolution, or fixed stroke, is an alarming
finding. Characteristically, this unusual event is encoun-
tered in relatively younger individuals with minimal if
any atherosclerotic plaque formation at the carotid bifur-
cation. Along with a thorough evaluation for the source
of the embolic material, the persistence of thrombus
should be confirmed before intervention by serial CDU
evaluation or arteriography because some thrombi will
lyse with systemic anticoagulation. 

Fibromuscular Dysplasia and Arteridities

Atypical diffuse or tandem stenoses involving the com-
mon and internal carotid arteries may represent nonath-
erosclerotic occlusive disease. Because of the skip nature
of the disease, conventional CDU velocity criteria for
atherosclerotic ICA stenosis do not apply for this type
of pathology. Such conditions typically involve longer

segments of the carotid and other arterial segments such
as the renal arteries and aortic arch branches. Precise
delineation of the disease extent by alternate imaging is
essential if intervention is contemplated.

Carotid Body Tumors

CDU is unique in identifying carotid body tumors. A
carotid body tumor is easily recognized by the presence
of a speckled color filling of a vascular mass splaying
the carotid bifurcation (Fig. 10-2). Contrast-enhanced
spiral CT helps delineate the extent of the tumor and
the degree of carotid arterial encasement as defined in
the Shamblin classification.7 MRI may have more specific
signal characteristics and better delineation of neurovas-
cular structures than CT.8 To date, MRI has not been
shown to be adequately sensitive for detecting tumor
feeder arteries.9 Arteriographic study of the carotid
body tumor vascularity provides additional information
regarding the vascular supply of the tumor and the level
of the carotid bifurcation if preoperative coil emboliza-
tion is contemplated before resection. Such anatomic
detail is helpful in surgical planning (e.g., for resection
with or without carotid bifurcation reconstruction). 

Vertebrobasilar Insufficiency

Patients with symptomatic posterior fossa ischemia who
have either demonstrable vertebral artery flow reversal
or evidence of vertebral stenosis and occlusion by duplex
must undergo further detailed assessment of the verte-
brobasilar anatomy and the integrity of the circle of
Willis, preferably with digital subtraction arteriography
as a first choice or with MRI/A.
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Figure 10-2. CDU of a carotid body tumor. B-mode ultrasound demonstrating the tumor outlined in red. CDU demonstrating
color speckling, indicated by the asterisks.



Recurrent Carotid Stenosis

In most instances, early recurrent carotid stenosis is
asymptomatic by virtue of the benign natural history of
the underlying intimal hyperplastic response.10 Recurrent
stenosis discovered after many years of carotid inter-
vention is most commonly attributed to de novo athero-
genesis. With the advent of stent/angioplasty as a
novel treatment of ICA stenoses, increased rigidity and
reduced vessel compliance results in relative increases
in peak systolic flow velocity measurements.11,12 New
criteria are being reported for what constitutes a hemo-
dynamically significant in-stent restenosis.13 Thus far,
accurate classification of the degree of in-stent restenosis
by CDU has not been established. When clinically indi-
cated (e.g., with symptomatic or contralateral occlusion),
the suspect lesion should be further evaluated with arte-
riography to determine the precise degree of stenosis
and the feasibility of an endovascular approach.

Intracranial Pathology

Patients with history or symptoms suggestive of intracra-
nial cerebral pathology (e.g., aneurysms and arteriove-
nous malformations) are best investigated with CT,
MR, or arteriography; or with a combination of these as
determined by the pathologic entity in question.

The above clinical scenarios highlight the significant
value of alternate imaging in further refining our diag-
nostic skills and for assigning patients to medical therapy
or intervention. However, carotid and vertebral CDU,
when performed and interpreted in a skilled accredited
vascular laboratory, remains the primary screening
method for patients with possible carotid bifurcation
disease.

Alternate Imaging Modalities

Computed Tomography Angiography

Computed tomography angiography (CTA) has only
recently been regarded as a valuable test for carotid
artery stenosis. Although use of CTA for carotid disease
is not widespread, CTA is a powerful tool with potential
broad applications. CTA is usually performed using a
timing bolus technique. This requires intravenous injec-
tion of approximately 120 mL of iodinated contrast.
Motion or interference artifact from dental amalgam may
limit full visualization of the carotid lesion in question.
Patient positioning with elevation of the jaw, a shoulder
harness, and instructions to avoid swallowing help limit
these technical difficulties.

The study of carotid stenosis with CTA imaging has
been slow to gain acceptance because of the paucity of
data validating accuracy and because of the limited
knowledge regarding the attributes of this modality for

providing information regarding the severity of luminal
reduction. CTA analysis of ICA stenosis is generally
expressed as lumenal area reduction at the location of
maximum ICA plaque burden. This is in distinction from
digital subtraction angiographic (DSA) estimates of ICA
stenosis, in which maximum lumenal reduction is cal-
culated by diameter measurements at the stenosis relative
to the diameter of a normal segment of the distal ICA
(as reported in the North American Symptomatic Carotid
Endarterectomy Trial [NASCET] and Asymptomatic
Carotid Atherosclerosis Study [ACAS] studies).14 Some
authors who recommend CTA have advocated the use
of back-calculating diameter reduction from the luminal
area reduction, which is the parameter that is typically
expressed. Cinat and colleagues demonstrated a curvi-
linear relationship between area stenosis by CTA and
diameter reduction by DSA. They showed that an area
reduction of 80% by CTA corresponded to a DSA stenosis
of greater than 60%, which is significant by NASCET
criteria (Fig. 10-3).15 An added value for CTA is the
feasibility of three-dimensional (3-D) image reconstruc-
tion with commercially available software and the current
generation of CT scanners (Fig. 10-4). Three-dimensional
reconstruction is advantageous in providing more reli-
able information regarding plaque geometric configura-
tion and structure, and luminal dimensions.

Limitations of CTA include a lack of widespread
familiarity with image processing techniques and a diffi-
culty in assessing timing and direction of intracranial
collateral filling in the presence of occlusive disease.
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Figure 10-3. The expected curvilinear relationship between
diameter reduction (as measured by arteriography) and area
reduction (as measured by CTA). (From Journ Vasc Surg)



However, CTA is easy to perform and is associated with
few risks. Unlike DSA, arterial access is not required, and
there is no associated risk of a cerebral vascular acci-
dent. Image quality rivals that of DSA when the exami-
nation is performed with a high-speed helical scanner
programmed to generate thin (1.25-mm interval) slices
for 3-D reconstruction.

More importantly, CTA can provide additional infor-
mation about conformation and composition of carotid
plaque, which may help differentiate stable and unstable
plaques. Certainly, CTA can easily distinguish calcified
plaque from soft or lipid-laden plaque. Figure 10-5 shows
spiral CT cross-section images of plaques with variable
degrees of calcification, as measured by computer-
assisted morphometry with color density scale analysis.
These plaque structural features may prove helpful in
predicting possible plaque rupture and in stratifying
patients at increased risk for stroke and in need of
intervention.

Magnetic Resonance Angiography

Magnetic resonance angiography is a more widely used
alternative imaging technique; it is more commonly
used for evaluation of carotid disease than is CTA. Two
techniques are used; time-of-flight imaging (TOF), which
is a flow-dependent technique; and contrast-enhanced
MRA (CE-MRA), which is a filling-dependent technique
comparable to the technique of CTA.

TOF is a technique widely used to establish the diag-
nosis of carotid stenosis. This technique is optimized to
minimize the signal from stationary tissue, thereby
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Figure 10-4. Three-dimensional reconstruction of SCT images
of the carotid bifurcation in a patient with a 60% to 70%
symptomatic right ICA stenosis.

Figure 10-5. Ex vivo SCT cross-section images of plaques with variable degrees of calcification. Calcification area was measured
using computer-assisted morphometry with color density scale analysis (calcified regions in the 0 to 100 range vs. noncalcified
regions in the 100 to 250 range). 



increasing relative signal from the fresh spins delivered
to the volume by bloodflow from outside the imaging
volume.16 There are two modes of TOF, 2-D and 3-D.
The 2-D time of flight is more sensitive to slower flow,
whereas 3-D TOF depicts a wide range of flow velocities,
and as such has greater accuracy than 2-D in defining
internal and external carotid artery morphology.16 Because
this imaging is flow dependent, there is some distortion
of the carotid anatomy with high-grade lesions or in
lesions with turbulent flow. TOF spins may remain in
imaging volume long enough to see numerous pulses
and become saturated, thereby causing loss of signal
within vessel lumen and an inability to depict the vessel
contiguous with the lesion.16 This can lead to overes-
timation of the degree of stenosis. Thus an MRA that
demonstrates no evidence of disease at the carotid bifur-
cation is quite accurate. A normal MRA is highly specific
for the absence of carotid atherosclerotic disease.

CE-MRA utilizes flow-independent anatomic infor-
mation. This technique provides a more accurate assess-
ment of stenosis and visualization of ulcerated plaques.
There may be some technical difficulty in capturing the
timing bolus, but a variety of approaches have been
developed to overcome this. The use of a test bolus and
automatic detection by the scanner to detect the arrival
of the contrast material greatly assists in optimizing
timing for contrast enhancement.17,18 A principal advan-
tage of CE-MRA is that the shorter imaging time (less
than 25 seconds) increases accuracy secondary to a
decreased risk of motion artifact. Figure 10-6 shows the

excellent resolution and 3-D geometry that is possible
with CE-MRA. 

The ability to use MRA as a diagnostic tool for carotid
stenosis has unfortunately been limited by lack of
expertise and lack of familiarity with the test. In centers
where the test is widely used, it can provide valuable
additional data to the CDU findings. Furthermore, MRA
is not associated with ionizing radiation or ionic contrast,
and as such is quite safe for most patients. Additionally,
information about the cerebral circulation, including
patency of the carotid siphon and MCA, can be obtained
simultaneously.

There are several limitations to MRI. Some patients
are unable to tolerate the lengthy procedure because of
claustrophobia or health problems. This can sometimes
be overcome with coaching and sedation. Patient motion
and surgical clips can cause artifacts, making results
difficult to interpret. Additionally, small carotid lumens
and tortuous vessels can be interpreted as occlusion or
severe stenosis. Finally, the test is expensive, which
limits its utilization as a screening method.

More advanced techniques are now being evaluated
for visualization of atherosclerotic plaque and vessel
wall. These methods include standard CE-MRA and
TOF obtained with specialized surface carotid coils to
increase the signal-to-noise ratio (Fig. 10-7). Additional
techniques include 3-D bright blood MRA and 2-D spin
echo and fast-spin echo methods. Important develop-
ments are also being made in the postprocessing of
MRI. Algorithms have been developed that allow calcu-
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Figure 10-6. Contrast-enhanced MRA study of a patient with
moderate disease at the origin of the internal carotid artery.
A, The anatomy of the bifurcation is well displayed in maximum
intensity projection (MIP) images (four different projection angles
were selected for display here). B, Multi-planar reformats
show the complexity of the shape of the residual lumen: level
1, the distal CCA with small invaginations; level 2, the level of
the maximum stenosis showing ICA and ECA; and level 3 in the
mid ICA, which has the shape of a figure 8.
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lation of vessel lumen dimensions, wall thickness, and
even composition and distribution of tissue com-
ponents.19,20,21 Data obtained from these techniques
demonstrate good correlation with ex vivo plaque mor-
phology (Fig. 10-8).

Digital Subtraction Angiography

Although digital subtraction angiography (DSA) is con-
sidered the “gold standard” for cerebrovascular imaging,
it may be soon supplanted by less invasive imaging
modalities such as CTA and MRI. In a single examina-
tion, DSA provides a complete evaluation of the aortic
arch and the extracranial and intracranial cerebrovascular
systems. Additionally, DSA is advantageous in defining
the timing and direction of filling between the left and
right hemisphere and between the anterior and posterior
circulation. This is helpful in diagnosing anterior or
posterior circulation watershed ischemia related to occlu-
sive disease involving the aortic arch and its branches.

Guidelines for operative intervention from both
NASCET and ACAS are based on luminal diameter reduc-
tion as diagnosed by DSA. Before the NASCET study,
diameter reduction criteria were often based on a theo-
retical estimate of the size of the nondiseased lumen.
Given the inherent inaccuracy and tendency to overes-
timate the degree of stenosis using such estimates,
NASCET defined the degree of carotid stenosis in rela-
tion to the actual measurement of the lumen of the
normal ICA distal to the carotid stenosis. This method
is widely accepted as standard in North America, and
as such is the basis for operative intervention in both
asymptomatic and symptomatic patients with carotid
disease.22,23

Although the risk of cerebral arteriography is rela-
tively low, it is significantly greater than with CTA and
MRA. Although the stroke risk has been quoted as high
as 1% in the NASCET trial, in practice the CVA/TIA
risk from carotid angiography is closer to 0.5%.24 Addi-
tionally, the risk of femoral sheath hematoma, while
low with the 5 French sheath required for angiography,

is still 0.1% to 0.5%.25 Additionally, in comparison to
MRA in which there is no ionic contrast or ionizing
radiation, DSA puts the patient at some risk for renal
insufficiency and radiation hazards.

Finally, DSA provides accurate information regarding
the lumen of the carotid artery but fails to provide any
information about plaque composition, the vessel wall,
or surrounding cervical structures.

Research/Future Directions

The future holds great promise for both CTA and MRI/A,
as it does for continued positive evolution in both soft-
ware and hardware technology. The ability to perform
a single study that would accurately assess the cerebral
vascular anatomy, the brain parenchyma, and the degree
of plaque stability is soon forthcoming. Findings from
these imaging modalities will further refine our judg-
ment in treating patients with carotid bifurcation
atherosclerosis.
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Figure 10-7. Cross-sectional slice of the proximal ICA using
high-sensitivity surface coil MRI. The residual lumen is black
with enhancement of an intraplaque hematoma underlying an
intact fibrous cap.

Figure 10-8. MR images are acquired (A) and the correspon-
ding histological section is digitized (B), and registered with
the MR image. Based on histology, a representative region for
each plaque component is selected. Training regions for collagen
(red), fibrous plaque (yellow), calcification (blue), and fibrous
plaque mixed with lipid (green) are shown in A and B. Based
on MR properties of these training regions, each pixel in the
MR image is classified. Classification results are shown in 
C. Manual segmentation of the histology image by a patholo-
gist is shown in D, and this segmentation can then be compared
with classification algorithm results C on a pixel-by-pixel
basis. (From Demarco JK, Rutt BK, Clarke SE: Carotid plaque
characterization by magnetic resonance imaging: Review of
literature. Top Magn Reson Imaging 12(3)205–217, 2001.)
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to evaluate middle cerebral artery flow velocity in patients
undergoing carotid endarterectomy (CEA) that its full
potential as a diagnostic and therapeutic tool was estab-
lished.3 Initially, the technique was used to evaluate ade-
quacy of middle cerebral artery flow ipsilateral to the
clamped internal carotid artery. Later it was used in evalu-
ating postoperative hyperemia, and this included moni-
toring the effects of pharmacologic interventions aimed
at controlling reperfusion injury. Expansion into embolism
detection, both in the operating room and in the recovery
room, has now enabled clinicians to detect this phenome-
non early, institute therapeutic measures, and evaluate
the efficacy of such interventions.

The technique may also be used to evaluate vaso-
motor reserve (VMR) using the CO2 challenge test; this
has expanded its role to the evaluation of cerebrovascular
hypoperfusion, enabling assessment of stroke risk and
evaluation of the effects of surgical revascularization. 

The noninvasive nature of the technique, its ability
to supply continuous information in real time, and its
ability to make quantifiable physiologic measurements
has expanded its utility into areas as diverse as coronary
artery bypass, subclavian steal, treatment of arteriovenous
malformations, cerebrovascular vasospasm, the evalua-
tion of intracranial pressure by examination of the TCD
waveform profile, diagnosis of patent foramen ovale, and
evaluation of the efficacy of antiplatelet therapy. This
chapter focuses on those areas of particular interest to
the vascular surgeon and vascular interventionalist.

Introduction 

Background

Physiology of TCD Monitoring

TCD in Carotid Endarterectomy

Vasomotor Reactivity Evaluation of the Cerebral
Circulation Using TCD CO2 Challenge

Embolism Monitoring

Embolism Monitoring in the Posterior Cerebral
Circulation

Cardiac Surgery

Other Uses of TCD

Future Directions

Transcranial Doppler in Carotid Artery Stenting
(CAS)

Introduction

lthough transcranial Doppler (TCD) was introduced
in 1982 to measure bloodflow velocity in the circle of
Willis,1 its first clinical application was in the detection
of cerebral vasospasm following aneurysm rupture.2 It
was not, however, until it became routinely employed
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Background

The most important factor influencing susceptibility of
the brain to ischemia is its severity and duration. Normal
cerebral bloodflow is approximately 50 mL/100 g/min,
and a critical level appears to exist at 20 mL/100 g/min.
Below this level, metabolism begins to decline. If the
ischemia is short-lived, or the demand is reduced (e.g.,
in hypothermia or barbiturate intoxication), lower flow
values may be tolerated without sustaining deficit. The
ischemic tolerance of neural tissue varies. In regions of
marginal perfusion, bloodflow is not homogeneous, and
areas of local ischemia may be adjacent to areas of normal
perfusion. Furthermore, an embolus or thrombosis that
would normally cause no deficit or a temporary deficit
may result in permanent deficit if the perfusion pressure
is severely reduced.

The aim of intraoperative monitoring is to reduce the
incidence of neurologic deficits by identifying ischemia
and implementing measures to alleviate it while the situa-
tion is still reversible. Hypoperfusion during occlusion
may be identified and prevented by insertion of a tem-
porary shunt. Embolic events and postoperative throm-
bosis cannot be prevented by monitoring, but they may
be recognized and treated early. Hyperperfusion, mani-
fested by sustained reactive hyperemia following clamp
release, may be identified early and therapeutic measures
instituted.

Many techniques have been proposed to determine the
adequacy of cerebral perfusion during carotid occlusion.

Monitoring Methods

1. Direct observation. Neurologic assessment during
anesthesia provides a sensitive and accurate
method. Surgeons utilizing selective shunting and
regional anesthesia generally use them in approxi-
mately 5% of cases, indicating that the fraction of
patients who require shunts is about 10%. Patient
and surgeon discomfort, as well that of the anes-
thesiologist, has limited acceptance of this tech-
nique. There occasionally may also be a prolonged
delay between clamping and onset of neurologic
deficit.

2. Stump pressure. This method has been advocated
for years as a reliable and simple measurement of
collateral adequacy, and thus indirectly of cerebral
bloodflow. The critical level is normally stated to
be approximately 50 mmHg at normocapnea, or
somewhat lower during hypocapnea or if vasodi-
lating agents such as halothane are used. Stump
pressure measurements reflect pressure at a single
point in time immediately after clamping. Not
surprisingly, other methods including cerebral
bloodflow, electroencephalography (EEG), and
clinical outcome have shown discrepancies with

this method. Stump pressure therefore may be
considered a crude method of assessment only. 

3. Electroencephalography. Although close correla-
tion between cerebral bloodflow and EEG has
been demonstrated, with significant slowing of
frequency occurring when cerebral bloodflow is
of the order of 16 mL/100 g/min, reports of its
reliability have varied, and clamp-related EEG
changes occur in approximately 10% to 30% of
cases. This oversensitivity, together with a demand
for an experienced technician, are considered seri-
ous drawbacks, although interpretation is now
facilitated by the use of compressed spectral array
analysis. Somatosensory-evoked potentials can
also be used as an index of cerebral perfusion. The
applicability and advantages and disadvantages
are similar to those of EEG. 

4. Cerebral bloodflow (CBF). CBF may be measured
using the xenon 133 clearance technique. Corre-
lation between CBF and EEG has been shown in
several studies. Below 10 mL/100 g/min, virtually
all patients develop EEG changes. These numbers
are in agreement with the threshold for brain infarc-
tion suggested by experimental observation and
substantiated by endarterectomy series performed
without the use of a shunt. CBF measurement pro-
vides only an instantaneous measure of perfusion.
It is also cumbersome and requires the use of
radioisotopes. It is, however, a useful reference
against which other modalities may be measured.

5. Cerebral oximetry. This is a noninvasive method
for continuous monitoring of intracerebral oxygen
saturation. Significant linear correlation is found
between oxygen saturation and TCD velocities on
cross clamping. The preliminary data are promising
but as yet are insufficient to assess the role of cere-
bral oximetry as a monitoring tool during CEA.

6. Transcranial Doppler. Changes in flow velocity
measured in the middle cerebral artery parallel
changes in cerebral bloodflow, provided that the
vessel diameter, flow profile, and the angle between
the ultrasound beam and the vessel remain con-
stant. Although there is significant scatter amongst
patients, the continuous and noninvasive moni-
toring ability of TCD provide real-time information
on changes in flow velocity. Recent experience
indicates that the ratio of clamp to preclamp flow
velocity in the MCA is a reliable indicator of cere-
bral ischemia during temporary carotid clamping.
TCD also monitors shunt patency. TCD appears
to represent the most promising intraoperative
monitoring technique currently available to deter-
mine the need for a shunt. The only large ran-
domized study to look at carotid shunting does
not clarify this issue.4 It included 503 patients,
and the morbidity was 4% among the shunted as
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well as unshunted patients. However, a small group
of 10 patients in the nonshunt group who devel-
oped severe EEG changes during clamping were
shunted. A more recent study collected data from
1495 procedures in 11 centers that used intraopera-
tive TCD.5 The incidence of intraoperative stroke
was assessed depending on degree of cerebral
ischemia during clamping: severe, 0% to 15% of
the preclamp velocity in the middle cerebral artery;
mild, 16% to 40%; none, greater than 40%. The
data showed that unnecessary shunting increased
the perioperative risk of stroke 1% vs. 4% 
(p <0.001). Furthermore, it indicated that shunting
of patients who develop severe ischemia during
clamping (as assessed by TCD) lowered the risk
of stroke, 19% vs. 0% (p <0.01). These data
suggest that selective shunting is indicated and
that selection be based on MCA velocity data
acquired during intraoperative TCD monitoring.

Physiology of TCD Monitoring

This is based on several assumptions:

1. The diameter of the insonated cerebral arteries is
constant. TCD monitoring may be used to insonate
all the major cerebral arteries in a noninvasive
and continuous fashion, although velocity in the
middle cerebral artery (VMCA) is most commonly
measured.1 Flow velocity is proportional to CBF
only when the diameter of the insonated vessel and
the angle of insonation remain constant. There is
considerable evidence to suggest that major cere-
bral arteries do not dilate or constrict as vascular
resistance changes. A number of validation studies
have confirmed the reliability of TCD as an index
of CBF6,7 (Fig. 11-1). Angiographic and CO2 reac-
tivity studies confirm that changes in CO2 tension
and blood pressure have negligible influence on
the diameter of the proximal basal arteries.8,9 The
exception is nitroglycerine, which may cause
vasodilatation when administered to healthy volun-
teers.10 Intravenous anesthetic agents do not vasodi-
late or vasoconstrict the basal cerebral arteries.11

Similarly, commonly used inhalational anesthetics
do not dilate the MCA appreciably,12 although this
remains controversial.13 During steady state anes-
thetic conditions, changes in the VMCA can be
interpreted to mean corresponding changes in
cortical CBF.14,15 The only clinically important
situation in which basal cerebral arteries do change
diameter is when vasospasm occurs as a compli-
cation of subarachnoid hemorrhage. Vasospasm
renders the relationship between CBF velocity
and CBF volume invalid. As the vessel constricts
the bloodflow, the flow velocity increases but CBF

decreases. This increase in flow velocity with
constriction of the basal cerebral artery repre-
sents one of the most important and established
uses of TCD.16 If a diagnosis of vasospasm is con-
firmed by angiography, TCD can be used to track
patient response to therapy and time course of
resolution.

2. Changes in MCA velocity reflect relative changes
in CBF. TCD can only give relative indices of CBF.
Because vessel diameter varies with individuals,
the normal VMCA range is from 35 to 90 cm/sec.
Thus, although correlation between absolute flow
velocity and CBF in any given population is poor,
good correlation has been demonstrated between
relative changes in flow velocity and CBF.6,17

Furthermore, validity of TCD for determination
of the lower limit of CBF autoregulation has been
established.18

3. Pulsatility of flow velocity reflects cerebral vascular
resistance. In the absence of stenosis or vasospasm,
pulsatility of the flow velocity profile reflects the
distal cerebrovascular resistance. Two derived
indices have been used to quantify the resistance:

Pulsatility index (PI or Gosling index)
= (Vsys - Vdias)/mean VMCA 

Resistance index (RI or Pourcelot index)
= (Vsys - Vdias)/Vsys

TCD in Carotid Endarterectomy

The benefit of prophylactic CEA has been demonstrated
in both symptomatic and asymptomatic patients by the
NASCET,19 European,20 and ACAS21 trials, but this benefit
is contingent on low perioperative neurologic compli-
cation rates for the procedure. The combined morbidity/
mortality should be below 2% to 4%, as was achieved
in the randomized multicenter studies.
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Figure 11-1. Mean middle cerebral artery velocities are a
reliable index of cerebral bloodflow over a wide range of mean
arterial pressures.



There are four mechanisms for neurologic complica-
tions resulting from carotid endarterectomy: (1) hypoper-
fusion with clamping; (2) embolization; (3) perioperative
thrombosis; and (4) hyperperfusion syndrome. Hypoper-
fusion during carotid clamping occurs in a minority of
complications, but it is the complication most commonly
discussed in the literature because it may be prevented
with a temporary indwelling shunt to ensure ipsilateral
hemispheric perfusion. Current data suggest that detach-
ment of embolic material from the carotid bifurcation
during dissection, during shunt insertion, or upon reopen-
ing the endarterectomized vessel may be an important
pathogenic factor in perioperative stroke. Postoperative
thrombosis at the endarterectomy site is often associated
with technical error, and should be minimized with meticu-
lous surgery and judicious use of antiplatelet agents.
Sustained reactive hyperemia leading to hyperperfusion
and intracerebral hemorrhage (ICH) is thought to account
for approximately 10% to 15% of all intraoperative
strokes. It is the most difficult of all perioperative com-
plications to prevent. Recent evidence suggests that the
relative incidence of ICH is increasing.22

The generation of continuous real-time information
regarding hemispheric bloodflow by monitoring VMCA
makes TCD monitoring well suited to address hypoper-
fusion, perioperative thromboembolism, perioperative
thrombosis, and hyperperfusion syndrome, as well as
sustained postoperative intra-arterial embolism.3

Prevention of Hypoperfusion
During Carotid Clamping

Mean MCA velocities can be used to detect hypoper-
fusion during cross clamping of the internal carotid artery,
and therefore can help determine the need for an
indwelling shunt (Fig. 11-2). The validity of selective
shunting (as validated by Halsey) has been previously
discussed.5 Correlation between flow velocity changes
and electroencephalographic changes appears to be good
in several studies.23,24 The correlation with stump pres-
sure is less consistent, but low stump pressures are
generally associated with low flow velocity during cross
clamping.25,26 Perfusion is defined as adequate if the
VMCA does not fall below 40% of the preclamp value
(i.e., no greater than a 60% drop).25 TCD can be used
as a continuous monitor of shunt function, detecting
inadequate perfusion that may be caused by kinking or
by thrombosis in the shunt. 

Detection of Microembolism

Both air and particulate emboli may be detected by TCD.3

Validation studies using both in vitro and in vivo models

Figure 11-2. A, Sudden decrease in velocity and pulsatility
occurs with carotid artery cross clamping. In this case, mean
velocity middle cerebral artery is maintained above 40% of
preclamp values. Concomitant stump pressure was 55 mmHg.
This patient does not require a shunt. B, A slight increase in
flow and pulsatility is noted during cross clamping; this is
caused by the recruitment of collaterals. C, Hyperemic response
following release of carotid cross clamp. The high-intensity
vertical lines immediately after clamp release are air emboli.
D, Sustained hyperemic response. If this lasts more than 3 to
5 minutes, and is an increase of 100% to 120% over baseline,
it is defined as hyperperfusion and should be treated. The
response to pharmacologic intervention may then be monitored
until normal perfusion has been restored.
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have confirmed that the embolic “signatures” consist of
high intensity backscatter energy; these are caused by
reflected ultrasound from the emboli, which are of higher
density than the surrounding flowing blood. The number
of embolic signals found during dissection has been
correlated with the occurrence of intraoperative infarcts.27

Furthermore, the data suggest that embolus counts occur-
ring at a rate of more than 10 per hour in the postopera-
tive period are associated with a significant increased
risk of perioperative stroke.28 Embolism detection repre-
sents the most rapidly expanding use of TCD and will
be considered in detail in a separate section.

Diagnosis and Treatment of
Postoperative Hyperperfusion Syndrome

Following TEA, approximately 1% of patients develop
hyperperfusion syndrome that results in cerebral hemor-
rhage.29 Studies have demonstrated that hyperemia occurs
in patients with high grade stenosis, low stump pressure
values, and low flow velocity during cross clamping.30

Patients who develop hyperperfusion syndrome show
sustained elevation of flow velocities after clamp release.
The incidence of hyperemia as identified by TCD ranges
from 10% to 20%, and the increase in flow velocity can
range from 30% to 230%.31 The findings suggest that
there is defective autoregulation in the ipsilateral hemi-
sphere after TEA, because reduction of blood pressure
is effective in normalizing the ipsilateral flow velocity
and in alleviating the symptoms.

Although hyperperfusion after release of the carotid
artery crossclamp is rare, it is a potentially devastating
complication.22,30 In normal patients, ipsilateral flow
velocity is transiently elevated following crossclamp
release, resulting in a short-lived hyperemic response.
In patients with chronic hypoperfusion there is a loss
of normal autoregulation with a low vascular imped-
ance distal to the stenosis. These patients may exhibit
sustained hyperemia.

If hyperemia persists, symptoms ranging from mild
headache to intracranial hemorrhage may develop.
Hyperperfusion occurs when there is an increase in
velocity of 120% or greater (based on TCD velocity

measurements in the ipsilateral MCA) lasting more than
3 to 5 minutes.

Hyperperfusion has been documented as lasting for
as little as 3 hours to as long as 12 days. Because, in these
situations, bloodflow is completely pressure dependent,
it is imperative that systemic arterial bloodflow pressure
is strictly controlled postoperatively in these patients
(Fig. 11-3). Propofol is a useful agent. Once the patient
has been extubated, esmolol may be used.

Diagnosis and Treatment of
Perioperative Intimal Flap or Thrombosis

Occlusion of the carotid artery may occur postopera-
tively because of thrombus formation or as the result of
a residual intimal flap. Severely stenotic flaps may be
associated with a failure of restoration of normal VMCA.
Intraoperative and recovery room monitoring for both
microemboli and for normal flow velocities may identify
technical problems requiring either administration of
antiplatelet agents and/or emergent reoperation.

Use of TCD in Cerebrovascular
Revascularization

TCD monitoring is also useful in cerebrovascular surgery
other than CEA.32 It has been used as follows:

1. To assess ipsilateral hemispheric perfusion when
the common carotid artery is clamped for carotid
subclavian bypass or in vertebral reimplantation.
In cases of fetal circulation anatomy, posterior
cerebral artery monitoring may also be indicated. 

2. For basilar artery monitoring to assess basilar flow
when vertebral artery clamped, in the presence of
poor or absent posterior communicating arteries,
or with stenosis of occlusion of the contralateral
vertebral artery.

3. To assess the ipsilateral hemispheric perfusion
when there is change in mean arterial pressure
(MAP) in patients whose VMR is severely impaired
or absent. This is particularly useful in cardiopul-
monary bypass when flow is pressure-dependent.
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Figure 11-3. Postoperative reactive hyperemia. A, Normal hyperemic response at clamp release (note mean middle cerebral
artery velocity). B, Sustained hyperemia in the recovery room more than half an hour after clamp release (note mean middle
cerebral artery velocity). C, Hyperemic response controlled with propofol (note mean middle cerebral artery velocity).
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Technical Problems of TCD Monitoring

Incorrect Vessel Identification. This should be a rare
occurrence with experienced technologists. An increase
in flow velocity after cross clamping would suggest that
the posterior cerebral artery (PCA) is being monitored.
If the signal disappears completely after cross clamping,
but there is backflow from the internal carotid artery,
the insonated vessel is most likely the siphon.

Hyperostosis of the Temporal Bone. This may result 
in an inability to isonate the middle cerebral arteries.
Inadequate temporal windows may be encountered 
in approximately 10% to 15% of patients in an older
population.

Vasomotor Reactivity Evaluation
of the Cerebral Circulation Using
TCD CO2 Challenge

Patients with cerebral vascular occlusive disease may
experience insufficiency because of inadequate CBF. In
these patients the compensatory mechanism of the col-
lateral circulation and autoregulation is inadequate to
maintain distal perfusion.

The main collateral supply to the cerebral hemispheres
is through the anterior and posterior communicating
arteries, the circle of Willis; and through the external
carotid to internal carotid anastomoses around the eye.
Anomalies of the circle of Willis are common, and it is
estimated that a symmetrical configuration without
hypoplastic or atretic segments is present in only about
50% of the population.33 Major variants include a fetal
(or simian) origin of the posterior cerebral arteries from
the internal carotid. In some patients there are anom-
alies of both the anterior and posterior circulation, with
a resultant “isolated” hemisphere that is reliant on the
ipsilateral ICA and only small ophthalmic and distant
leptomeningeal vessels for collateral flow.

Cerebral autoregulation, first described by Lassen in
1959,34 enables cerebral bloodflow to be maintained over
a wide range of MAP between 50 and 150 mmHg. This
is accomplished through vasoconstriction and vasodi-
latation of the microcirculation. Once the microcircula-
tion is maximally dilated, VMR becomes exhausted and
a fall in systemic pressure results in compromised flow.
Because vasoconstriction and vasodilatation of the micro-
circulation can be achieved using varying levels of carbon
dioxide (CO2), the response of the cerebral circulation
to hypercapnea and hypocapnea enables estimation of
the VMR (Fig. 11-4). In 1966 Bloor and colleagues 35 pro-
posed using the CO2 challenge test to define hemody-
namically significant ICA stenoses and occlusions 
(Fig. 11-5).

Under conditions of standard TCD monitoring, the
patient breathes a gas containing 6% CO2, 40% oxygen,

and a balance of nitrogen through a mouthpiece attached
to a one-way valve. The patient is asked to breathe nor-
mally, to hyperventilate, and to hypoventilate, enabling
conditions of normal capnea, hypercapnea, and hypocap-
nea to be assessed while middle cerebral artery velocities
are recorded.

Normal values for VM reactivity using the TCD CO2

challenge were established by Ringlestein and colleagues
in 198836 (Fig. 11-6). Vasomotor reactivity is expressed
as the percent change in MCA velocity from baseline
between hypercapnea and hypocapnea. The vasomotor
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Figure 11-4. A, Normal vasomotor tone seen in arterioles
with normal middle cerebral artery velocities during normo-
capnia. B, With inhalation of CO2 vasodilatation occurs, resist-
ance to flow is lowered and middle cerebral artery velocities
increase. C, During hyperventilation, arterioles vasoconstrict
resistance to flow increases and middle cerebral artery
velocities decrease.

Figure 11-5. Vasomotor reactivity values in varying degrees
of ICA stenosis and occlusion. Where the degree of stenosis
reaches 80%, vasomotor reactivity is significantly different
from normal (p = 0.053). Even in ICA occlusion, vasomotor
reactivity may be normal in individual cases. This is a function
of the status of the circle of Willis.
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reactivity may then be divided by the absolute change in
end tidal, that is, expired carbon dioxide (ET CO2). The
absolute change in ET CO2 is the highest CO2 value
during hypercapnea minus the lowest CO2 value during
hypocapnea. This may be then expressed as the
percentage change in MCA velocities per mmHg of
CO2. A normal value for total vasomotor reactivity is
86% ±. 16%.

Kleiser and Widder, in an analysis of 293 patients
with unilateral occlusion of the ICA, found a significant
correlation between very low or exhausted CO2 reactivity
and a recent history of ischemic attacks or stroke.37 In
75 patients they also found a close correlation between
hemodynamically caused infarcts demonstrated by cra-
nial CT and an exhausted CO2 reactivity.

The TCD CO2 challenge test is therefore a noninvasive,
reliable, quantifiable, cost-effective tool that enables iden-
tification of patients with abnormal vasomotor reactivity,
a known correlate of hypoperfusion-induced stroke. The
test also identifies those patients undergoing cerebrovas-
cular revascularization who are at increased risk of
reperfusion injury including intracerebral hemorrhage.
It constitutes a useful screening test in asymptomatic
patients with noncerebral vascular disease who are
required to undergo general anesthesia and who may be
at risk for cerebral ischemia during systemic hypotension
(Fig. 11-7). This is particularly true for patients under-
going coronary artery bypass who are subject to non-
pulsatile low pressure flow on bypass. It also enables
patients to be assessed postoperatively for the efficacy of
a range of cerebral revascularization procedures including
not only carotid endarterectomy but also EC/IC bypass
and other extracranial cerebrovascular revascularizations
(Fig. 11-8).

Embolism Monitoring

Background

The ability of Doppler ultrasound to detect gas emboli in
flowing blood was first reported in 1968. High-intensity
transient signals in the Doppler ultrasound spectrum
were presumed to represent air bubbles, the effect being
created by their much higher reflectivity compared with
the background flowing blood. The phenomenon was
described as a practical early warning system in the study
of decompression sickness.38 This led in 1969 to the
ultrasonic detection of arterial air embolism during open
heart surgery.39 In 1986, a series of 19 patients monitored
with transcranial Doppler ultrasound during CEA was
reported.40 In 17 of the 19 patients, high-amplitude signals
were noted to occur when a shunt was inserted. The
authors ascribed these high-amplitude signals to turbu-
lent bloodflow or to microscopic air bubbles. It was
noted that the signals had no correlation with adverse
clinical outcome.

The first report describing Doppler ultrasound signals
thought to represent formed element emboli and their
correlation with neurologic deficits postoperatively
appeared in 1990.31 This report also defined and differen-
tiated those high intensity transient signals thought to
represent solid emboli from those of air bubbles. Microem-
bolic signals (MES) were defined as: (1) transient (i.e.,
lasting 0.01 to 0.1 second); (2) occurring randomly; and
(3) having amplitudes of 10 decibels (dB) or greater
than the background Doppler signal. To the ear, signals
defined as indicating emboli were harmonic in tone with
a chirping or whistling quality, and distinctly different
from those indicating probe motion artifacts. Probe motion
artifacts did not have a harmonic quality; were coincident
with the motion of the probe or electronic switching;
and had a noisy “banging” quality with a broad frequency
spectrum, the highest energies of which extended to
the lowest frequency ranges. Artifacts were invariably
bidirectional. In this study, distinction was made between
MES thought to represent air emboli (i.e., very high
amplitudes up to 60 dB more than the background
Doppler signal) and those of particulate or formed ele-
ment emboli. Of the 91 patients, 35 (38%) demonstrated
what were thought to represent air emboli, and these
were related to release of cross clamps following arte-
riotomy closure. MES with similarity to, but with smaller
dynamic range than those associated with air bubble
emboli (40 dB or less above the background Doppler
signal) were noted in 24 patients (26%). They were noted
to occur both spontaneously and upon common artery
compression, and also during and after surgical dissec-
tion in the intact arterial system. These presumed formed
element MES were also noted to occur postoperatively.
They did not usually cause postoperative symptoms;
however, when they persisted for hours they were asso-
ciated with strokes and cerebral infarction. This study
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Figure 11-6. Vasomotor reactivity values from 40 individuals.
Middle cerebral artery velocities increase with CO2 inhalation
(52%) (upper curve) and decrease with hyperventilation (35%)
(lower curve). The average total change is 87.8%.
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also reported that when MES occurred before surgery, an
ulcerated plaque was usually present (Fig. 11-9). These
data suggested the ability to detect clinically silent and
symptomatic emboli and to demonstrate a mechanism
for silent cerebral infarction. The publication of this report
suggested intra-arterial embolism could be observed
directly by noninvasive means and stimulated much
interest in the technique. 

One year later, in 1991, the first in vivo experiment
was reported.41 Emboli introduced into a rabbit aorta

(including particulates of clotted whole blood, platelets,
atheromatous material, fat, and air) were examined by
ultrasound. Over 125 emboli introduced were clearly
detected, and it was noted that they caused a Doppler
signal of at least 15 dB greater than that of the sur-
rounding blood. Further validation of correlation between
MES and air and particulate emboli was reported in
another in vivo model (swine) in 1992.42

Also in 1992, MES were reported in a series of three
patients with recurrently symptomatic extracranial internal
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Figure 11-7. Middle cerebral
artery (MCA) velocities during a
CO2 challenge test. The time
tracing is compressed to show
the response throughout normo-
capnea, hypercapnia, and hypocap-
nia. The right MCA velocity
increases in response to CO2,
whereas the left MCA response
is negligible. The left hemisphere
is at increased risk of reperfu-
sion injury.

Figure 11-8. The CO2 challenge test may be used to evaluate VMR and hence hemispheric perfusion in response to cerebral
revascularization.



carotid artery stenosis or occlusion.43 Recordings were
performed for several hours. Signals were noted only in
the territory of the symptomatic internal carotid artery.
No emboli were recorded in the internal carotid artery
contralateral to the stenosis or the occlusion. MES occurred
at a rate of 4.1 per hour. A control group of 10 patients
was also monitored. No emboli were found in these sub-
jects. Further correlation between MES and solid emboli
(including platelet rich aggregates) was reported using
an in vitro model in 1993.44

In 1994, TCD embolism monitoring was described as
being used in determining both the timing and type of
anticoagulation in a series of three patients, two of
whom were surgical.45 The authors concluded that
TCD monitoring was able to detect the response of
embolism to anticoagulant therapy, and that it was
useful in determining the relative efficacy of different
regimens, enabling titration of therapy based on embolus
counts, and had the potential to eliminate “blind” admin-
istration of anticoagulant agents.

In a case report published the same year, heparin was
shown to be effective in suppressing MES in a patient
presenting with a cerebral infarct.46

MES have now been reported in a variety of patient
groups with potential embolic sources including carotid
stenosis,47 prosthetic heart valves,48 myocardial infarc-
tion,49 atrial fibrillation,50 deep venous thrombosis,51,52

fat embolism syndrome,53 cardiopulmonary bypass,54

carotid angioplasty,55 and peripheral angioplasty.56 Most
recently there has been direct clinicopathological corre-
lation of MES in the peripheral arterial circulation, where
they have been demonstrated to be caused by platelet
aggregates.57

For the vascular surgeon, particular interest is now
focused on postoperative monitoring in carotid endarterec-
tomy, where ongoing embolism has been demonstrated
to correlate with neurologic deficits. Correlation of reduc-
tion or elimination of such embolization has been demon-
strated to confer clinical benefit, and the effects of phar-
macologic intervention can be monitored in real time.58

Modifications to the basic identification criteria of
MES were made in 1995,59 and a more comprehensive
description was published in 1998.60

Microembolism Detection
in Carotid Endarterectomy

Since the initial report of the detection of emboli in the
middle cerebral artery during and in the early post-
operative period after CEA,3 an attempt has been made
to correlate the number of microemboli detected in a
given period (a rate of microembolism) with postopera-
tive neurologic deficits and silent infarction as demon-
strated on brain imaging. Although air embolism is noted
to occur commonly during CEA (specifically, when pres-
sure measuring devices are introduced into the internal
carotid artery to assess stump pressure and also following
release of the clamps after arteriotomy closure), these
are now thought to have minimal pathologic conse-
quences. The ability to distinguish between air and par-
ticulate emboli has caused some confusion; however, the
feature of air emboli that makes them grossly distin-
guishable from particulates is their large dynamic range
(of the order of 60 dB), compared with that of particulates
(of the order of 10 dB to 15 dB). Most commercially
available machines have been overloaded by signals of
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Figure 11-9. Embolic signals are seen in the MCA waveform of a patient presenting with TIA before carotid endarterectomy.
Embolic signals were absent on post-CEA monitoring. Plaque specimen is shown on right.



such hemodynamic range, and hence air emboli have
usually resulted in signals that extend outside the normal
velocity waveform of the ultrasound spectrum. Experi-
mental work in animals suggests that this applies to
bubbles down to approximately 30 microns in size (i.e.,
0.1 microliters or less).61 Below this size, it is currently
impossible to distinguish between large solid emboli
and small air emboli.

The first attempt to quantify the number of solid
microemboli occurring during CEA that have clinical
significance was made in 1995.62 In patients in whom
greater than 10 microemboli were recorded during the
procedure, there was a statistically significant relationship
with perioperative cerebral complications and with new
ischemic lesions on magnetic resonance images of
the brain. There was an increased incidence of both
intraoperative (p <0.002) and postoperative (p <0.02)
cerebral complications. Microemboli that occurred
during shunting also were also related to intraoperative
complications (p <0.007). It was noted that micro-
embolism did not result in new morphologic changes
in postoperative CT scans, although there was a corre-
lation between more than 10 microemboli during dis-
section and new lesions on postoperative T2-weighted
MRI scans (p <0.005). The authors concluded that
surgeons could be guided in the documentation of
embolic signals by changing their operative technique
with the expectation that a decrease in the incidence
of microembolism would result in a decline in the
intraoperative stroke rate.

Although the ability to alter operative technique is
limited, interest has continued to be focused on post-
operative monitoring in the recovery room, a time when
most perioperative neurologic events are either noted
immediately or observed to evolve. Continuing to monitor
in the recovery room has revealed interesting data
regarding the occurrence of perioperative events. In a
prospective series of 100 patients who underwent
endarterectomy with 6-hour postoperative monitoring,
dextran 40 infusion was commenced if 25 or more
emboli were detected in any 10-minute period.58 It was
noted that 48% of the patients had one or more emboli
detected in the postoperative period, the majority of
these occurring in the first 2 hours. Only five patients
developed sustained embolization requiring adminis-
tration of dextran. In each of these cases, the emboliza-
tion was abolished by dextran administration, and during
the period of this protocol they recorded a 0% periopera-
tive morbidity and mortality. This compared favorably
with their previous postoperative carotid thromboem-
bolic stroke rate, which was 3%. The authors concluded
that postoperative embolism monitoring and interven-
tion with dextran in patients who demonstrated sustained
high rates of embolization would contribute markedly
to an improved perioperative stroke rate.

A lower rate of postoperative microembolism was
significant in a report of 65 patients undergoing carotid

endarterectomy who were studied at intervals up to
24 hours postoperatively.63 The study design was open
and prospective, with blinded offline analysis of
microembolism counts. MES were detected in 69% of
the cases during the first hour postoperatively, with
counts ranging from 0 to 212 per hour. In seven cases
(10.8%), counts were greater than 50 per hour. Five of
these seven cases developed ischemic neurologic
deficits in the territory of the insonated MCA. It was
concluded that frequent signals (greater than 50 MES
per hour) occurred in about 10% of cases in the early
postoperative phase of endarterectomy, and that they
were predictive of the development of ipsilateral focal
cerebral ischemia.

The microembolism rate (emboli/hour) that is pre-
dictive of ipsilateral cerebral ischemia and that should
be used as the threshold for intervention (either phar-
macologic or surgical) remains to be elucidated, but it
appears even lower rates of embolism are deleterious.
In a study analyzing 76 carotid endarterectomy patients
retrospectively,28 only one clinical stroke (1.3%) was
noted; however, ipsilateral small areas of silent ischemic
change on seven postoperative MRI studies (9%) were
noted. Microembolization rates that occurred at a rate
of greater than 20 per hour were associated with MRI
changes (p <0.0001). It was concluded that ischemic
changes on MRI after endarterectomy are related to
postoperative microembolization.

The question remains of what is the best pharma-
cologic intervention to employ. Although some experience
reports complete abolition of embolism with dextran,
others have found it to be useful but not completely
effective in all cases. In a prospective randomized series
of 148 carotid endarterectomy patients utilizing either
dextran or placebo,64 it was noted that in the first post-
operative hour there were 118 patients with less than 10
MES per 30 minute recording. Of these, only 3 had ipsi-
lateral TIA, stroke, or stroke-related death, whereas 8 of
22 with greater than 10 MES per 30-minute period had
primary events (p < 0.0001). Fifty-eight percent of the
patients in the dextran group had no MES, compared
with 43% in the placebo group. This difference was sta-
tistically significant (p = 0.043). Trends in favor of using
dextran during hours 2 to 3, hours 4 to 6, and hours 24
to 36 in the postoperative period were not statistically
significant. This study demonstrated that dextran 40 is
very effective in reducing the microembolism rate, but
it is not successful in all patients. Similar experience has
been reported in a series of 79 TCD-monitored carotid
endarterectomies in which dextran was also used65

(Figs. 11-10 and 11-11). Perioperative stroke occurred in
two patients in whom dextran only was utilized. These
patients had high rates of embolization (greater than
150 emboli per hour). In six other patients who had
dextran failure, a IIB-IIIA receptor antagonist (abciximab)
was given. In these six patients, abciximab was admin-
istered when a persistent rate of greater than 10 emboli
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per hour was recorded while on dextran. No patient in
whom embolization was abolished (either by dextran
or abciximab) suffered a perioperative stroke.

Transcranial Doppler monitoring has also been used
to evaluate S-nitrosoglutathione (NSGO) as adjunctive
perioperative antiplatelet therapy.66 In 12 control patients
and 12 experimental patients NSGO was administered
from the induction of anesthesia until 2 hours after skin
closure. Both groups received standard aspirin and heparin
therapy. Dextran was not utilized. The median range of
MES detected during the initial 3-hour postoperative
recording was markedly reduced in the NSGO group com-
pared with the control group (7.5 vs. 38.5; p = 0.018).
This difference persisted until 6 hours after surgery. There
were three perioperative events in the control group
and none in the NSGO group.

These studies demonstrate that abolition of microem-
bolization following carotid endarterectomy reduces the
incidence of both clinical and silent cerebral ischemia.
The method demonstrates a quantifiable technique for
assessing the efficacy of different anticoagulation regi-
mens in postoperative patients. In the future it can 
also be expected to provide guidance in determining
dosage.

Although the use of balloon angioplasty in the treat-
ment of carotid stenosis is still under evaluation, it is
likely to gain increasing acceptance if cerebral emboliza-
tion can be successfully managed. Cerebral embolization
is a major drawback to this technique.19 It may occur as
a result of initial wire and catheter placement, causing
dislodgment of atheromatous material during balloon
dilatation; or as a result of thrombus formation on the
stent. Documenting this problem and the assessment of
methods used to control it, whether pharmacologic or
mechanical, are best evaluated by TCD monitoring.67

The role of TCD in carotid stenting is discussed in detail
in a separate section.

Embolism Monitoring in the
Posterior Cerebral Circulation

Although 25% of brain infarcts involve the vertebrobasilar
territory, diagnosis of the etiology of vertebrobasilar
insufficiency (VBI) remains imprecise. The location and
anatomy of the vertebral arteries and the ill-defined
symptom complex of VBI have contributed to the mecha-
nism of cerebral ischemia in vertebrobasilar insufficiency
being poorly defined until recently. Current data sug-
gest that embolism is more common than previously
suspected.68

A recent study evaluated 52 patients presenting with
acute or recent vertebrobasilar insufficiency.69 MES were
documented in 10 patients (19.2%) when TCD moni-
toring of the posterior cerebral artery was performed
for a 20-minute period.
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Figure 11-11. Chronology of embolism monitoring of patient
in Figure 11-10. High rates of embolism were partially sup-
pressed with dextran; however, the patient developed angina
and cognitive heart failure. Complete suppression was achieved
with administration of a glycoprotein IIB III A inhibitor. The
patient was on aspirin and the heparin had not been reversed.
Some describe this phenomenon as “sticky platelet syndrome.”

Figure 11-10. Persistent embolic signals in the middle cerebral
artery ipsilateral to CEA recorded postoperatively in the recovery
room were associated with ipsilateral hemispheric neurologic
deficit (upper extremity weakness). At reoperation, embolic
signals ceased when the common carotid was reclamped and
platelet thrombus was found at the endarterectomy site. Post-
operatively on CT a watershed infarct was found in the
ipsilateral MCA/ACA territory. The case demonstrated post-
operative neurologic deficit caused by platelet embolism from
the endarterectomy site.

100

80

60

40

20

0

0 1 2 3 4 5 6 7 8 9101112131415161718192021222324

E
m

bo
li/

ho
ur

Heparin and aspirin
Dextran
ReoPro

Hours

TIA recovery room

Angina, CHF Bolus Reopro

TEA Reop

ReoPro infusion



The clinical usefulness of embolism monitoring in VBI
was demonstrated in a report of four patients in whom
embolism monitoring by TCD enabled precise diagnosis
of embolism and helped in localization of the embolic
source. When these were amenable to surgical manage-
ment, selection for surgery and decision making for
type of surgery were aided. When medical management
was selected, the efficacy of the antiplatelet and anti-
coagulation regimen was able to be assessed. The data
suggested a role for embolism monitoring of the verte-
brobasilar system by TCD in all patients presenting
with vertebrobasilar insufficiency.70

Cardiac Surgery

A major concern associated with use of open-heart
bypass has been the documentation of a relatively high
incidence of both clinical and silent brain infarction
and protracted impairment on postoperative psycho-
metric testing.71 Both phenomena are associated with
cerebral embolism. Based on autopsy study, it is esti-
mated that up to 15 million emboli measuring 15 to
70 microns are trapped in cerebral arterioles during the
procedure.72

Doppler ultrasound has now been used to correlate
the rate of microembolization and postoperative cogni-
tive function. In a report of 127 patients, high rates of
microembolism (greater than 60 MES) were associated
with a higher incidence of central nervous system symp-
toms including stroke.73 Cardiac and pulmonary com-
plications and mortality were also higher in the greater
than 60 MES group. The authors concluded that intra-
operative TCD was useful in assessing operative strategy,
the quality of perfusion, and had potential as an indi-
cator for pharmacologic therapy in the operating room.
Using a different technique, others have found greater
than 100 MES were associated with neurobehavioral
deficits.74

Microembolism monitoring has also been used to
improve the technique of arch cannulation,75 to introduce
neuroprotective agents,76 and to modify pump compo-
nents (e.g., filters and tubing). It has also been shown
to have predictive value for cerebral ischemia during
use of a left ventricular assist device.77

Initial concern over the extremely large number of
MES seen in the middle cerebral arteries of patients with
prosthetic heart valves has now abated. These appear to
be caused by cavitation bubbles because they are affected
by the oxygen partial pressure.78,79 This also explains
why some investigators have had difficulty documenting
reductions in emboli counts with anticoagulation.80

Transcranial Doppler monitoring may also be used as
a highly sensitive and specific method in the diagnosis
of right-to-left shunts. The air microbubbles in an injec-
tion of agitated saline administered via an antecubital vein
normally do not pass the pulmonary capillaries. In the
presence of a right-to-left shunt (e.g., a patent foramen
ovale), air MES are detected intracranially several seconds
after injection (Fig. 11-12). The technique may be used
to assess shunt volume.81 The method is highly sensi-
tive and specific when compared with transesophageal
echocardiography.82

Other Uses of TCD

Microembolism monitoring appears to have value in the
management of cerebral aneurysms. In a study of 100
patients treated with coil embolization for this condition,
microemboli were detected significantly more often in
patients who suffered from cerebral ischemia after the
procedure.83 The observation appeared to support the
definition of a high-risk group of patients with incom-
plete embolization or a larger-diameter, broad neck
aneurysm. The authors felt that early detection of microem-
boli after treatment might be an indicator of excessive
intraneurysmal thrombus formation and could influence
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Figure 11-12. Microembolic signals (air) in the middle cerebral artery of a patient with patent foramen ovale after IV injection
of agitated saline.



the decision for prophylactic treatment with heparin or
aspirin.

Fat embolism syndrome is associated with hemor-
rhagic cerebral infarcts secondary to small vessel occlu-
sion from fat emboli. This occurs spontaneously in
the presence of traumatic fractures but is known to
be exacerbated by orthopedic procedures.84 Intra-
medullary nailing appears to be associated with par-
ticularly large numbers of fat globules. In the presence
of a patent foramen ovale (PFO), cerebral sequelae may
be particularly severe.85 Embolism monitoring in these
patients may be used to guide modification of surgical
procedures (as in carotid endarterectomy and coronary
bypass) and, by identifying patients with PFO, identify
those at particular risk.

In traumatic carotid and vertebral artery injury,
MCA monitoring may be used to determine both the
hemodynamic effect and embolic potential of these
lesions. Their response to antithrombotic and anti-
platelet therapy may help to select those patients
who require either endovascular or open intervention
(Fig. 11-13).

Future Directions

It is apparent that quantification of embolism (i.e., an
estimation of “embolus load” or “volume”) would be
useful to correlate embolic events with potential clinical
effects. This requires knowing embolus size as well as
frequency. Although embolus detection is sensitive,
sizing of emboli remains problematic. Measurements
of the embolus-to-blood ratio (EBR) of back-scattered
acoustic power, using two different insonation frequen-
cies simultaneously, appears to offer a solution to prob-
lems of ultrasound beam refraction artifact and to allow
gross discrimination of embolus size; however, appli-
cation in the clinical setting has yet to be achieved.86

Although a consensus regarding what constitutes a
true embolic signal is forming, on-line automatic embolus
detection will be required in the future. Various efforts
have been made in this direction, including neural net-
works87 and the use of dual frequency and various signal
transformations.88,89 To date, however, none has been
perfected. A Holter system of embolus monitoring in the
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Figure 11-13. Patient was a 26-year-old who sustained carotid injury from a ski pole. Ipsilateral middle cerebral artery
embolism was detected and treated with heparin. When persistent embolization was recorded, coumadin was added. Follow-up
monitoring recorded persistent embolization that was suppressed with a single dose of aspirin.



absence of an observer will be necessary for the period
required to reduce sampling error.

Although in many cases there is a clear-cut relation-
ship between clinical symptomatology and observed
embolization, it is clear that silent embolization may occur
in many patients with no apparent untoward effects.
Presumably this is because of ongoing disaggregation
of platelets/fibrinolysis in the presence of an adequate
collateral circulation. The status of the collateral circu-
lation is clearly a major determinant of clinical outcome
of embolization observed, and greater emphasis on con-
sideration of available collaterals will be fundamental
to more clearly defining the clinical significance of ongoing
embolization.

Although much observed embolism appears to be
“silent,” there are two respects in which reconsideration
of this apparent “silent” embolization may be interpreted:
(1) the observed embolization may indicate a proco-
agulant or incipient state of more clinically significant
embolization; and (2) subclinical embolization may be
considered with more concern in the future as imaging
techniques are improved. Increasing use of MRI scanning,
including diffusion instead of CT scans in acute brain
imaging, demonstrates this.

Recent evidence suggests that much observed microem-
bolism consists of platelet aggregates.57,65,90 Back-scatter
characteristics of platelet material can be tested experi-
mentally. If the assumption is made that increased back-
scatter energy of a given embolus corresponds to an
increase in size, a nomogram of embolus back-scatter
energy versus size for platelet emboli should be able to
be constructed. This would enable rough estimates of
embolus volume delivered to target tissues.

Standardization of equipment and machine settings
remains unresolved in current embolus detection. For
example, the back-scatter energy of a MES relative to
the background flowing blood (embolus-to-blood ratio,
or EBR) is related to both instrument gain and sample
volume size.91 Also, some MES may be missed if the time
window overlap is insufficient.92 Both instrument design
and data acquisition will need to be standardized to
improve the currently large interobserver error.93 Adoption
of the Frankfurt criteria24 by those reporting embolism
and instrument manufacturers can be expected to improve
agreement and reproducibility in the future.94

Transcranial Doppler in Carotid
Artery Stenting (CAS)

As would be expected, the uses of TCD developed for
CEA have direct application to CAS. A significant accu-
mulation of TCD monitoring experience with CAS has
now been reported.

The Carotid and Vertebral Artery Transluminal
Angioplasty Study (CAVATAS) was a randomized prospec-

tive trial comparing the safety and efficacy of CEA with
carotid PTA with and without stenting. The preliminary
report of this trial focused on the transcranial Doppler
results.95 Of 28 patients undergoing either carotid PTA
(n = 14) or CEA with shunt (n = 40), CEA was noted to
have significantly longer occlusion time (CEA 337 ± 70;
PTA 27 ± 10) (p<0.001); however, there were signifi-
cantly more embolic signals during PTA; (202 ± 119)
than during CEA (52 ± 64) (p = 0.0001). Thus, there
was approximately four times the number of microem-
boli during angioplasty compared with CEA. This differ-
ence, however, did not translate into an overall difference
in stroke or death rates between the two groups.

In the Leicester trial,96 a prospective randomized study
also confirmed that carotid artery stenting (CAS) generates
significantly more embolic particles than does CEA.
Although the trial was stopped early, 17 patients were
randomized before suspension. There were 10 CEA pro-
cedures without complication, but 5 of 7 undergoing CAS
had stroke (p = 0.03). The median number of microem-
bolic signals during CEA was 12 (range, 0 to 26), whereas
the median number during CAS was 284 (range, 151 to
379) (p = 0.015).

Jordan and colleagues97 reported 105 patients under-
going 112 procedures (CAS, n = 40; CEA, n = 75), all
of whom had TCD monitoring. The CAS procedures
had a mean of 74 microembolic signals per stenosis
(range, 0 to 398), whereas CEA had a mean of 8.8
microembolic signals per stenosis (range, 0 to 102)
(p = 0.0001). Although there were four neurologic
events in the CAS group and one neurologic event in
the CEA group, this was not significant (p = 0.08).
This study therefore demonstrated that CAS was asso-
ciated with eight times the rate of microemboli
compared with CEA.

The introduction of cerebral protection devices during
CAS results in a reduction of the number emboli, par-
ticularly of the larger sizes, which are more clinically
significant. However, these devices do not eliminate all
embolization with the device deployed. Embolization
also occurs during predilatation of the lesion. TCD moni-
toring may also be used to observe embolization after
the procedure and, as in CEA, to guide the use of
antiplatelet agents. 

TCD monitoring appears to serve the same function
in CAS as in CEA with respect to cerebral reperfusion.
Meyers and colleagues98 reported on 140 patients under-
going CAS; of these, 7 (5%) developed clinical or radio-
logic manifestations of cerebral hyperperfusion. Six of
these patients demonstrated ipsilateral hemispherical
edema, and two of these developed ICH. These data
would suggest the role of TCD in managing postpro-
cedural cerebral hyperperfusion may be even greater in
CAS than in CEA.

In summary, TCD monitoring serves the same func-
tion in CAS as in CEA and has now characterized both
differences and similarities between the two techniques.
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It is able to assess hemispheric perfusion during balloon
occlusion, to monitor for microembolization during
manipulation, and to diagnose and guide the treatment
of reperfusion. It also has the ability to compare the
efficacy of the various protection devices.
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Chapter 12

high-resolution ultrasound; thrombolytic therapy; plaque
pathology; coagulation studies; and, more recently,
molecular biology, have implicated atherosclerotic
plaque rupture as a key mechanism responsible for the
development of acute coronary syndromes and cere-
brovascular events.3–5

Atherosclerotic plaques consist of a lipid-rich core
and a fibrous cap that separates the core from the
lumen. The lipid-rich core contains T cells and lipid-
laden macrophages (foam cells), which are derived
from blood monocytes.3 T cells produce interferon-γ,
which suppresses the production of collagen by the
smooth muscle cells4 and stimulates the macrophages
to produce metalloproteinases (e.g., stromelysins, gelati-
nases, and collagenases), which digest existing colla-
gen and other extracellular matrix components. In addi-
tion, foam cells produce tissue factor, which stimulates
thrombus formation when in contact with blood after
plaque rupture.

Rupture-prone plaques tend to have a large lipid core,
a thin fibrous cap, few smooth muscle cells, and an
abundance of macrophages.5 Ruptured plaques heal or
enlarge by incorporating the thrombus formed on their
surface. Some thrombi grow and occlude the lumen
or produce emboli. Whether a thrombus will occur or
enlarge depends on the local bloodflow and the hyper-
coagulable state.

Introduction

The Need for B-Mode Image Normalization:
Description of the Method

Plaque Texture Features Other Than
Overall Echodensity

Clinical Significance of Carotid Plaque
Echodensity and Structure

Future Perspectives: The ACSRS Study

Conclusions

Introduction

arotid bifurcation disease has two main clinical
manifestations: (1) asymptomatic bruits; and (2) cere-
brovascular syndromes, such as amaurosis fugax, tran-
sient ischemic attacks (TIAs), and stroke, which are
often the result of plaque erosion or rupture with sub-
sequent thrombosis producing occlusion or emboliza-
tion.1,2 Internal carotid artery stenosis, the main conse-
quence of atherosclerotic disease of the carotid
bifurcation, remains the single preventable cause of
ischemic stroke. Recent studies involving angiography;



Conventional arteriography has been used for
several decades to investigate the presence and severity
of internal carotid artery stenosis. Because it is invasive
and carries a 1.2% risk of stroke, it cannot be repeated
frequently. In addition, angiography provides little
information on plaque structure. The development and
continuing technical improvement of noninvasive,
high-resolution vascular ultrasound has enabled us to
study the presence; rate of progression (or regression);
and, most importantly, the consistency of plaques. 
A number of ultrasonic characteristics of unstable
(vulnerable) plaques have been determined,6–9 and
populations or individuals at increased risk for cardio-
vascular events can now be identified.10 In addition,
high-resolution ultrasound has enabled us to identify
the different ultrasonic characteristics of unstable
carotid plaques associated with amaurosis fugax, TIAs,
stroke, and different patterns of computed tomogra-
phy (CT) brain infarction.6–8 This information has
provided new insight into the pathophysiology of the
different clinical manifestations of extracranial athero-
sclerotic cerebrovascular disease by using noninvasive
methods.

This chapter highlights the advances of high-
resolution ultrasound in carotid plaque characterization
and their clinical importance.

The Need for B-Mode Image
Normalization: Description
of the Method

High-resolution ultrasound provides information not
only on the degree of carotid artery stenosis but also on
the characteristics of the arterial wall including the size
and consistency of the atherosclerotic plaque. Different
classifications according to plaque consistency have been
proposed in the literature, resulting in considerable
confusion. For example, plaques containing medium or
high-level uniform echoes were classified as homoge-
nous by Reilly11; these correspond closely to Johnson’s
dense and calcified plaques,12 to Gray-Weale’s type 3
and 4,13 and to Widder’s type I and II plaques14 (i.e.,
echogenic or hyperechoic).

The most popular and most commonly used ultra-
sonic plaque classification is based on the Gray-Weale
classification as modified by Geroulakos15 in 1993. It is
defined below with examples shown in Figures 12-1
through 12-5.

● Type 1: Uniformly echolucent plaques with or
without a thin fibrous cap (see Fig. 12-1)

● Type 2: Predominantly echolucent plaques with
less than 50% echogenic areas (see Fig. 12-2)

● Type 3: Predominantly echogenic plaques with
less than 50% echolucent areas (see Fig. 12-3)

● Type 4: Uniformly echogenic plaques (see Fig. 12-4)

● Type 5: Heavily calcified plaques that cannot be
classified accurately because of acoustic shadow
(see Fig. 12-5)

A recent consensus on carotid plaque characterization
suggested that echodensity should reflect the overall
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Figure 12-1. Uniformly echolucent plaque, without (A) and
with (B) the color Doppler.

Figure 12-2. Type 2: Predominantly echolucent plaque with
less than 50% echogenic areas.
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brightness of the plaque, with the term hyperechoic
referring to echogenic plaques and the term hypoechoic
referring to echolucent plaques.16 Plaque echodensity
should be compared with reference structures: for hypoe-
choic plaques, the blood; for isoechoic plaques, the

sternomastoid muscle; and for hyperechoic plaques,
the bone of the adjacent cervical vertebra.

There is enough evidence published to support the
potential clinical usefulness of ultrasonic plaque char-
acterization. Patients with hypoechoic carotid plaques are
at increased risk for stroke. Polak has recently inves-
tigated the association between stroke and internal carotid
artery plaque echodensity.17 In his study, plaques were
subjectively characterized as hypoechoic, isoechoic, or
hyperechoic in relation to the surrounding soft tissues.
The stroke rate for hypoechoic plaques was 2.78 times
higher than that for isoechoic and hyperechoic plaques.
The authors suggested that quantitative methods of
grading carotid plaque echomorphology (e.g., computer-
assisted plaque characterization, developed by our group)
might be more precise in determining the association
between hypoechoic (echolucent) plaques and the
incidence of stroke.

Computer-assisted plaque characterization involves
processing of digitized B-mode images of plaques taken
from a duplex scanner with fixed instrument settings
including gain and time control. The median of the fre-
quency distribution of gray values of the pixels within
the plaque (gray scale median or GSM) is used as the
measurement of overall plaque echodensity. In a personal
computer (PC), the gray levels of the pixels are usually
coded on a scale of 0 to 255 (0 = black, 255 = white) for
an 8-bit image (28 = 256 shades of gray). Early work
by our team has demonstrated that plaques with a GSM
of less than 32 (i.e., hypoechoic plaques) are associated
with a fivefold increase in the prevalence of silent brain
infarcts on CT-brain scans.18 Similar results were obtained
by another team, but the cut-off point for the GSM was
50 instead of 32.19 Soon it became apparent that ultra-
sonic image normalization was necessary so that images
captured under different instrument settings, from dif-
ferent scanners, by different operators, and through
different peripherals (e.g., video or magneto-optical
disk) could be made comparable.

As a result, a method has been developed to normalize
images by means of digital image processing using blood
and adventitia as the two reference points.20 With the
use of commercially available software (e.g., Adobe
Photoshop version 3.0 or later) and the histogram
facility, the GSM of the two reference points (blood and
adventitia) in the original B-mode image is determined.
Algebraic (linear) scaling of the image is performed
with the curves option of the software so that in the
resultant image the GSM of blood equals 0 to 5 and that
of the adventitia equals 185 to 195. Thus, brightness of
all pixels in the image, including those of the plaque,
becomes adjusted according to the two reference points.
This results in a significant improvement in the compa-
rability of the ultrasonic tissue characteristics.21,22 The
various steps in image normalization are shown in
Figure 12-6. Accurate selection of the appropriate areas
of blood and adventitia for image normalization and
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Figure 12-3. Type 3: Predominantly echogenic plaque with
less than 50% echolucent areas.

Figure 12-4. Type 4: Uniformly echogenic plaque.

Figure 12-5. Type 5: Heavily calcified plaque that cannot be
classified accurately because of acoustic shadow.
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Figure 12-6. A, Before normalization. Histogram of plaque pixels (area of interest) and gray scale median of 19. B, Histogram
and gray scale median 2 of pixels representing blood.
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Figure 12-6, cont’d. C, Histogram and gray scale median 112 of pixels of adventia. Inset shows sampling of middle two fourths
of adventitia after magnification. D, Linear scaling using the curves facility of Adobe Photoshop. No change has been made in
the blood reference point, but gray level of 112 has been changed to 190 (arrow points at horizontal line representing gray level
of 190).

Continued

C

D



the avoidance of areas of acoustic shadow in the selec-
tion of the plaque area are imperative.

Although image normalization can compensate for
moderate changes in overall gain or time gain compen-
sation curve (TGC) settings, it cannot do so in extreme
situations when practically the whole image, including
blood, is white (very high gain); or very dark, when there
is lack of information (very low gain). Thus for best
results the following duplex settings are recommended:
maximum dynamic range, low persistence, and high
frame rate. A high-frequency linear array transducer
(ideally, 7 to 10 MHz) should be used. A high dynamic
range ensures a wide range of gray scale values. High
frame rate ensures good temporal resolution. In addition
to these presets, the TGC should be positioned verti-
cally through the lumen of the vessel because there is
little attenuation of the ultrasound beam as it passes
through blood. The overall gain should be adjusted to
give optimum image quality (i.e., bright echoes with
minimum noise in the blood). It should be increased until
there is noise in the blood, and then reduced slowly until
there are black areas in the lumen. A linear postpro-
cessing curve should also be used; and finally, where
possible, the ultrasound beam should be at 90 degrees
to the arterial wall.

The above guidelines should result in the following:
● An area of noiseless blood
● A hyperechoic area of adventitia in the vicinity of

the plaque
● Visualization of the extent and borders of the

plaque (It is here that color or power Doppler can
provide further information about plaque outline.)

Pitfalls of Image Normalization

There are three major causes that would lead to inac-
curacy in the normalization process. As already stated,
it is imperative that certain prerequisites should be
observed in order that the ideal image for this process
is captured.

Excess Noise in the Vessel Lumen

Too much noise within the lumen of the vessel does not
allow the operator to assess the gray levels of blood. If
normalization is attempted it results in an overall darker
image. This could result in the loss of information from
the plaque itself, especially in the case of a thin fibrous
cap.
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Figure 12-6, cont’d. E, After normalization. Histogram of plaque pixels (area of interest) and gray scale median of 24.
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Plaque or Adventitia Not at 90 Degrees
to Ultrasound Beam

When a plaque is not captured at 90 degrees to the
ultrasound beam it becomes hard to delineate its borders
clearly; therefore, one can easily underestimate its size
and components, which in turn, leads to erroneous pixel
numbers and GSM values.

Absence of Well-Defined Adventitia
on Captured Image

A lack of well-defined adventitia adjacent to the plaque
often results in an image that is too bright after nor-
malization. This overcompensation will, in turn, result
in falsely high GSM values.

Thus, to summarize, if normalization is to achieve
the desired reproducible effect, it is essential to follow
these prerequisites:

● One must be able to identify a plaque and its outline
clearly

● Provide an image with an area of noiseless blood

● Ensure there is a segment of adventitia adjacent to
the plaque that is clearly visible and at right angles
to the ultrasound beam

● Use color mapping, especially with very echolucent
plaques

Training is both important and necessary. Where
possible, the individual performing the scans should be
familiar with the normalization technique because
understanding the steps involved in this process will
result in the acquisition of images that contain all the
essential ingredients that will allow normalization with
reproducible results.

Reproducibility Studies

Three major reproducibility studies have been per-
formed in order to establish the validity of the method
of image normalization and the value of GSM measure-
ments.20–22 These studies have demonstrated that the
GSM of a plaque after image normalization is a highly
reproducible measurement that can be used in natural
history studies of asymptomatic carotid atherosclerotic
disease, aiming to identify patients at higher risk for
stroke. The first reproducibility study20 has shown that
image normalization reduces significantly the GSM dif-
ference when using different scanners, multifrequency
linear array probes, and storage media (e.g., videotape
and magneto-optical disk). Interobserver variability in
normalizing B-mode images obtained from a single scan-
ner (i.e., HDI 3000, Advanced Technology Laboratories,
Bothell, WA) revealed a mean GSM difference of –1 + 6.3
(limits of agreement by the Bland and Altman method
+ 2SD = 12.6). This has enabled us to define the limits
of experimental error so that this method can be used

to identify real changes in the echodensity of the ath-
erosclerotic plaques in longitudinal studies using high-
resolution ultrasound. The second study21 assessed the
interobserver, interscanner, and the gain variability before
and after normalization, in terms of plaque echotexture.
The results indicated that normalization reduced the
interscanner and gain-level variability, allowing the
demonstration of a significantly lower GSM of the symp-
tomatic plaques from the asymptomatic ones. Such a
demonstration was not possible before normalization.
The third study22 confirmed the above and demonstrated
that the median GSM of plaques associated with ipsi-
lateral nonlacunar silent CT-brain infarction was 14,
whereas that of plaques not associated with infarcts
was 30 (p = 0.003).

It has already been pointed out that training is
essential if the level of reproducibility reported above is
to be achieved. Training is necessary not only in the
use of the software but also in the appropriate scanning
technique. For an experienced ultrasonographer, training
requires 2 days.

Plaque Texture Features Other
Than Overall Echodensity

Plaque Classification

The rationale of plaque classification as described above
has been the expectation and hope to determine a rela-
tionship between plaque features and symptoms. The
problems encountered have been the lack of uniformity
in definition, variability in operator experience (especially
with gain settings), and the quality of the equipment.
It has now become possible to improve the repro-
ducibility of plaque characterization by doing image
normalization, plaque gray scale contouring, and using
a slightly modified definition of the Geroulakos classi-
fication. After image normalization pixels in the range
of 0 to 25 are given a pixel gray value of 0, pixels in the
range of 26 to 51 are given a value of 26 and so on, so
that an image of a contoured plaque is achieved (10
contours in total). A contoured plaque is easier to be
classified visually. Figure 12-7 shows the effect of
contouring on plaques.

The Geroulakos classification15 can now be redefined
in terms of pixels and gray levels, which makes it
amenable to classification by computer.

● Type 1: Hypoechoic plaques in which less than
15% of the pixels have a gray scale greater than 25

● Type 2: Mainly hypoechoic plaques in which 15%
to 50% of the pixels have a gray scale greater than
25

● Type 3: Mainly hyperechoic plaques in which 51%
to 85% of the pixels have a gray scale greater than
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25 (or 15% to 50% of the pixels have a gray scale
less than 25)

● Type 4: Hyperechoic plaques in which more than
85% of the pixels have a gray scale greater than 25
(or less than 15% of the pixels have a gray scale
less than 25)

● Type 5: Plaques with extensive calcification and
acoustic shadowing so that it is impossible to
visualize or assess the substance of the plaque. In

plaques with small areas of calcification, the area
of acoustic shadowing is not included in the area
of plaque selected for image analysis.

Table 12-1 shows the classification of 988 carotid
plaques of patients in the ACSRS natural history study
before image normalization using the original Geroulakos
classification; and after image normalization, when the
modified Geroulakos classification was used. It can be
seen that using the original classification, 120 plaques
were type 1; 258 were type 2; 286 were type 3; 155 were
type 4 and 169 were type 5. After image normalization
and reclassification, there was a marked change. For
example, of the 120 plaques originally classified as type
1, only 54 (45%) remained as type 1; 43 (36%) became
type 2; 12 (10%) became type 3; 10 (8.3%) became
type 4; and 1 (0.8%) became type 5. The changes in
classification resulted in a low kappa statistic of 0.215.

The distribution of neurologic events (atrial fibrilla-
tion [AF], TIAs, and strokes) that occurred during follow-
up in relation to the type of plaque before and after
image normalization are shown in Tables 12-2 and
12-3, respectively. Before image normalization, 61 of
the 92 events (66%) were associated with plaque types
2 and 3. After image normalization, 83 of the 92 events
(90%) were associated with plaque types 2 and 3. These
findings emphasize the importance of image normal-
ization and may explain the lack of definitive conclu-
sions from studies performed in the past.
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Figure 12-7. Effect of contouring. Digitized plaque before
(above) and after (below) contouring.

TABLE 12-1. The Distribution of Ipsilateral Plaque Types in 988 Patients
Before and After Image Normalization (Kappa 0.215)

Plaque Type After Image
Normalization (New 
Geroulakos Classification) 1 2 3 4 5 Total

Plaque Type Before Image 1 54 (45%) 43 (36%) 12 (10%) 10 (8.3%) 1 (0.8%) 120 (100%)
Normalization (Old 2 33 (13%) 147 (57%) 54 (21%) 20 (7.8%) 4 (1.6%) 258 (100%)
Geroulakos Classification) 3 13 (4.5%) 81 (28%) 114 (40%) 64 (22%) 14 (5%) 286 (100%)

4 4 (3%) 37 (24%) 41 (26%) 59 (38%) 14 (9%) 155 (100%)
5 3 (2%) 32 (19%) 72 (43%) 46 (27%) 16 (10%) 169 (100%)

Total 107 (11%) 340 (34%) 293 (30%) 199 (20%) 49 (5%) 988 (100%)

TABLE 12-2. Distribution of Ipsilateral Neurologic Events That Occurred During Follow-Up,
in Relation to Type of Plaques Before Image Normalization

Ipsilateral Neurologic Events Absent Present Total  

Ipsilateral Plaque Type 1 114 6 (5%) 120 (100%)
2 222 36 (14%) 258 (100%)
3 261 25 (8.7%) 286 (100%)
4 140 15 (9.7%) 155 (100%)
5 159 10 (5.9%) 169 (100%)

Total 805 92 (9.3%) 988 (100%)



Homogeneity/Heterogeneity

The consensus on carotid plaque characterization has
suggested that measurements of texture should not be
confused with measurements of echodensity.16 The term
homogenous should refer to plaques of uniform consis-
tency, irrespective of whether they are predominantly
hypoechoic or hyperechoic (Fig. 12-8). The term het-
erogenous should be used for plaques of nonuniform
consistency (i.e., having both hypoechoic and hypere-
choic areas; Fig. 12-9). Although O’Donnell in 198523

and Aldoori in 198724 proposed this otherwise simple
classification, there has been a considerable degree of
diversity in terminology used by others.

Leahy defined heterogenous plaques as those that
contained echolucent areas, and homogenous plaques as
those with uniform consistency suggestive of sclerotic
plaques.25 Sterpetti defined heterogenous plaques as
those that contained mixed high-, medium-, and low-
level echoes; and homogenous plaques as those having
uniformly high- or medium-level echoes.26 Langsfeld
defined heterogenous plaques as those that were either
predominantly echolucent with a thin “eggshell” cap of
echogenicity, or echogenic plaques with substantial areas
of echolucency.27 AbuRahma defined heterogenous
plaques as those composed of a mixture of hyperechoic,
isoechoic, and hypoechoic areas.28 The authors who
used the above definitions indicated that heterogenous
plaques were more commonly symptomatic, or tended
to become symptomatic during follow-up more often
than did homogenous plaques. In all these studies the
uniformly or near-uniformly echolucent plaques that
were relatively rarely seen tended to be included within
the heterogenous group.

The authors’ group has attempted to devise measure-
ments such as heterogeneity index by measuring the
GSM difference between the most echogenic and most
echolucent plaque areas,29 or to measure the relative
ratio between echogenic and echolucent areas.20,30 Their
studies indicated that symptomatic plaques had large
black areas and thus tended to be not only heterogenous
but more hypoechoic than asymptomatic plaques. It
became obvious that an objective measurement of hetero-
geneity that could be adopted universally was lacking.

It is now realized that heterogenous plaques are more
likely to be associated with symptoms than homogenous
(i.e., uniformly echolucent or uniformly echogenic)
plaques. However, heterogenous plaques that have large
black areas and thus a low GSM are even more likely
to give rise to symptoms, especially if the black areas
are close to the lumen8,9 (see the following).

More recently, Pedro and colleagues8,9 divided plaques
subjectively after image normalization according to the
ultrasonographic uniformity of plaque echostructure
appearance. When it was regular and uniform, the
plaque was classified as homogenous; if identification of
areas of different echogenicity was possible, the lesion
was classified as heterogenous and the presence of hypo-
and hyperechogenic areas located in relation to its lumen
surface was noted. Symptomatic plaques had a lower
GSM and a more common plaque surface disruption than
did asymptomatic plaques, irrespective of whether they
were homogenous (odds ratio 8.9; 95% CI 2.3 to 32.9)
or heterogenous (odds ratio 6.2; 95% CI 2.6 to 14.8).
However, a juxtaluminal location of an echolucent region
(Fig. 12-9C) was more common in symptomatic het-
erogenous plaques than in asymptomatic heterogenous
plaques (odds ratio 6.8; 95% CI 1.8 to 21.2). On the
basis of these findings, plaques could be classified into
symptomatic or asymptomatic with an accuracy close
to 80%. This is the first time a combination of several
ultrasonic features determined after image normalization
has been used to assess plaque stability.

Ultrasonic Plaque Ulceration

The association between maroscopic plaque ulceration
and the development of embolic symptoms (e.g., AF,
TIAs, and stroke) and signs such as silent infarcts on CT
brain scans has been described by many authors.2,31–34

However, the ability to identify plaque ulceration using
ultrasound has been questioned. Reports in the literature
show that the sensitivity of ultrasound in predicting
ulceration ranges from less than 30% to greater than
90%.11,14,35–41 It is interesting that the sensitivity is high
(77%) when the stenosis is less than 50%, and it is low
(41%) when the stenosis is greater than 50%. This
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TABLE 12-3. Distribution of Ipsilateral Neurologic Events That Occurred During Follow-Up
In Relation to Type of Plaques After Image Normalization

Ipsilateral Neurologic Events Absent Present Total

Ipsilateral Plaque Type 1 100 7 (6.5%) 107 (100%)
2 293 47 (13.8%) 340 (100%
3 257 36 (12.3%) 293 (100%)
4 198 1 (0.5%) 199 (100%)
5 48 1 (2.0%) 49 (100%)

Total 806 92 (9.3%) 988 (100%)



indicates that ulceration is much easier to detect in the
presence of mild stenosis, when the residual lumen and
plaque surface are more easily seen, than with severe
stenosis, when the residual lumen and the surface of
the plaque are not easily defined because they are not
always in the plane of the ultrasound beam. In a series

of 17 carotid plaques, a new promising approach has
been to use three-dimensional ultrasound to study plaque
surface configuration.42 The results of large series are
awaited.

Two recent studies involving relatively large numbers
have investigated plaque surface characteristics and the
type of plaque in relation to symptomatology. The first
one was a retrospective analysis of 578 symptomatic
patients (242 with stroke and 336 with TIAs) recruited
for the B-scan Ultrasound Imaging Assessment Program.
A matched case-control study design was used to com-
pare brain hemispheres with ischemic lesions to
unaffected contralateral hemispheres with regard to the
presence and characteristics of carotid artery plaques.
Plaques were classified as smooth when the surface
had a continuous boundary, irregular when there was
an uneven or pitted boundary, and pocketed when
there was a crater-like defect with sharp margins. The
results demonstrated an odds ratio of 2.1 for the pres-
ence of an irregular surface, and of 3.0 for hypoechoic
plaques in carotids associated with TIAs and stroke.43

The second study included 258 symptomatic and 65
asymptomatic patients. Carotid plaque morphology was
classified according to Gray-Weale,13 and plaque sur-
face features were assessed. The results demonstrated
that plaque types 1 and 2 were more common in symp-
tomatic patients; the incidence of ulceration was 23%
in the symptomatic group vs. 14% in the asymptomatic
group (p = 0.04).44

As far as the authors can tell, prospective natural
history studies in which high-resolution ultrasound has
been used with carefully designed methodology and
criteria for identifying plaque ulceration are lacking.
Thus, clinical decisions cannot currently be made on
the basis of ultrasonic ulceration. However, if the find-
ings of black areas close to the lumen8,9 can be substan-
tiated by further studies, then this strong indicator of
risk may make the presence or absence of true ulcera-
tion as defined by ultrasound unnecessary.

Computer Texture Analysis Using
the Distribution of Gray Scale Levels
of the Image Pixels

Ultrasonic texture characterization using computer algo-
rithms has been successfully applied to liver images.45,46

A software package has been developed that can be
used to analyze ultrasonic images of plaques. This
package has four main modules (Fig. 12-10). The
first provides a user-friendly way to normalize images
(Figure 12-10A). The second provides a means of
calibration and of making measurements in millimeters
(Figure 12-10B). The third provides the user with a
means of selecting the area of interest (plaque) and
saving it as a separate file (Figure 12-10C). The fourth
(Figure 12-10D) extracts a number of texture features
and saves them on a file for subsequent statistical
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Figure 12-8. A, Homogenous plaque uniformly echolucent
(hypoechoic) type 1 plaque. B, Uniformly echogenic (hypere-
choic) type 4 plaque. 
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Figure 12-9. A, Heterogenous type 2 plaque without a large black area (greater than 15% of the whole area of the plaque)
adjacent to the lumen. B, Heterogenous type 2 plaque with a black area in the centre of the plaque, not adjacent to the lumen.
C, Heterogenous type 2 plaques with a black area adjacent to the lumen. D, Homogenous (hyperechoic) type 4 plaque (new
Geroulakos classification with a small (less than 15% of total plaque area) close to base of the plaque. Both components of the
plaque (anterior and posterior wall) are shown.
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Figure 12-10. A, User-friendly method of image normalization. Original image is on the left. By sampling pixels representing
blood and pixels of center of adventitia after magnification, the normalized image is produced on the right. This image can be
shared in a database. B, The measurements module provides a display for both the black and white and the color image. Using
the calibration markers, measurements of distance and area can be made in mm and mm2. 
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Figure 12-10, cont’d. C, This module provides the facility for outlining the plaque (area of interest) and saving it in a database
as a separate file. D, This module extracts a large number of well-established standard first-order and second-order statistical
features used in image analysis. They can be saved on a database for subsequent analysis. The program allows additional impact
on the presence of a dark area adjacent to the lumen, the patient’s symptomatology, the type of plaque, and percent carotid
stenosis.
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analysis. This package was tested in a cross-sectional
study of 409 patients referred to the vascular laboratory
for diagnostic duplex scanning. Of these, 242 were
asymptomatic, 40 presented with amaurosis fugax, 72
with TIAs, and 55 with stroke. Plaques were classified
into three main groups (Fig. 12-11) on the basis of
image normalization and six features, three (homo-
geneity, angular second movement, and correlation)
based on the spatial gray level dependence matrix
method (SGLDM); plaque type (1–5); GSM; black area
close to the lumen (defined as an area with gray scale
pixels of less than 25 and greater than 15% of the total
plaque area); and using discriminant function analysis.
These included a group (left in Fig. 12-11) of
asymptomatic plaques, a group (top of Fig. 12-11) of
plaques that were asymptomatic or associated with
TIAs and stroke, and a group (bottom right of Fig. 12-
11) of plaques that were asymptomatic or associated
with amaurosis fugax. It can be argued that because all
plaques start by being asymptomatic, it is very likely
that the group at the top of the figure is that of unstable
plaques that tend to produce TIAs and stroke. Similar
arguments can be produced for the other groups;
however, this methodology and the value of the above
six features needs to be tested in prospective natural
history studies.

Clinical Significance of Carotid
Plaque Echodensity and Structure

The clinical importance of ultrasonic plaque characteri-
zation could be focused on two main areas: (1) cross-
sectional studies such as the ones described above,
aiming to identify the texture features that are asso-
ciated with stable and unstable plaques and different
symptomatology; and (2) prospective natural history
studies seeking to identify high- and low-risk groups
for ischemic neurologic events. 

New Messages From Cross-Sectional
Studies

The use of image normalization and analysis has resulted
in the identification of differences in carotid plaque
structure (in terms of echodensity and degree of stenosis)
not only between symptomatic and asymptomatic plaques
but also between plaques associated with retinal and
hemispheric symptoms.7 In a series of asymptomatic
and symptomatic (i.e., amaurosis fugax, TIAs, and
stroke) patients having 50% to 99% stenosis on carotid
duplex scan, plaques associated with symptoms were
significantly more hypoechoic, with higher degrees of
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Figure 12-11. Discriminant func-
tion analysis of 409 plaques after
image normalization (242 asymp-
tomatic, 40 presenting with AF,
72 with TIAs, and 55 with stroke
and good recovery). Three main
groups of plaques are displayed. 



stenosis than those not associated with symptoms
(mean GSM = 13.3 vs. 30.5 and mean degree of stenosis
= 80.5% vs. 72.2%). Furthermore, plaques associated
with amaurosis fugax were hypoechoic (mean GSM =
7.4) and severely stenotic (mean stenosis = 85.6%).
Plaques associated with TIAs and stroke had a similar
echodensity and a similar degree of stenosis (mean
GSM = 14.9 vs. 15.8 and degree of stenosis = 79.3%
vs. 78.1%).6 These findings confirm previous reports,
which have shown that hypoechoic plaques are more
likely to be associated with symptoms.15,18–20 In addi-
tion, they support the hypothesis that amaurosis fugax
has a different pathophysiologic mechanism from that
of TIAs and stroke.

Our group has found that GSM separates echomor-
phologically the carotid plaques associated with silent
nonlacunar CT-demonstrated brain infarcts from plaques
associated with normal brain scans. The median GSM
of plaques associated with ipsilateral nonlacunar silent
CT-demonstrated brain infarcts was 14, and that of plaques
that were not so associated was 30 (p = 0.003).22

Additionally, emboli counted on transcranial Doppler
(TCD) in the ipsilateral middle cerebral artery were
more common in the presence of low-plaque echoden-
sity (low GSM) irrespective of the degree of stenosis.
These data support the embolic nature of cerebrovas-
cular symptomatology associated with hypoechoic
plaques.47

There are several biologic findings explaining the
unstable clinical presentation of hypoechoic carotid artery
plaques. The authors’ group has found an inverse asso-
ciation between carotid plaque GSM and carotid plaque
necrotic core volume on histology (r = –35, p = 0.03),
which means that plaques with high necrotic core volume
have low GSM.48 In addition, hypoechoic plaques on B-
mode imaging have increased macrophage infiltration
on histologic examination of the specimen after
endarterectomy.49

The role of biomechanical forces in the induction of
plaque fatigue and rupture has been emphasized.50–52

In the authors’ group of patients, carotid plaques asso-
ciated with amaurosis fugax were hypoechoic and were
associated with very high-grade stenoses. It may well be
that the plaques that are hypoechoic and homogenous
undergo low internal stresses, and therefore do not rup-
ture but progress to tighter stenosis with poststenotic
dilatation, turbulence, and platelet adhesion in the
poststenotic area, resulting in the eventual production
of showers of small platelet emboli. Such small platelet
emboli may be too small to produce hemispheric symp-
toms but are detected by the retina. In contrast, plaques
associated with TIAs and stroke were less hypoechoic
and less stenotic than those associated with amaurosis
fugax. These plaques are hypoechoic but more heteroge-
nous, undergoing stronger internal stresses. Therefore
they may tend to rupture at an earlier stage (i.e., lower
degrees of stenosis), producing larger particle debris

(plaque constituents or thrombi) that deprives large
areas of the brain of adequate perfusion.

Natural History Studies

The first study to show the value of ultrasonic charac-
terization of carotid bifurcation plaques in asymptomatic
patients was done by Johnson in the early 1980s.12 In
that study, hypoechoic carotid plaques, in comparison
with the hyperechoic or calcified ones, increased the
risk of stroke during a follow-up period of 3 years; this
effect was prominent in patients with carotid stenosis
more than 75% (estimated by cross-sectional area calcu-
lations and spectral analysis) because stroke occurred
in 19% of them. None of the patients with calcified
plaques developed a stroke.

A second study, performed in the 1980s by Sterpetti,26

has shown that the severity of stenosis (i.e., lumen
diameter reduction greater than 50%, which he defined
as hemodynamic) and the presence of a heterogenous
plaque were both independent risk factors for the
development of new neurologic deficits (TIA and stroke).
Some 27% of the patients with heterogenous plaques
and hemodynamically significant stenosis developed new
symptoms. Unfortunately, that study involved mixed
cases because 37% of the patients had a history of pre-
vious neurologic symptoms (mainly hemispheric ones).
History of these neurologic symptoms was a risk factor
for the development of new neurologic symptoms during
the follow-up period, although this was found only in
the univariate analysis. Because no subgroup analysis
was performed, no conclusion can be drawn regarding
stroke in asymptomatic or symptomatic patients.

A third study, published in the 1980s by Langsfeld,
confirmed that patients with hypoechoic plaques (type
1, predominantly echolucent raised lesion, with thin
“eggshell” cap of echogenicity; and type 2, echogenic
lesions with substantial areas of echolucency) had a
twofold risk of stroke. Their 15% risk was compared
with the 7% risk of those having hyperechoic plaques
(type 3, predominately echogenic with small area of
echolucency deeply localized and occupying less than
a quarter of the plaque; and type 4, uniformly dense
echogenic lesions).27 Patients with greater than 75%
stenosis were also at increased risk; however, the overall
incidence of new symptoms was low, in contrast with
the previous studies, perhaps because only asymptomatic
patients were included in that study. Based on their
results, the authors proposed an aggressive approach in
those patients with greater than 75% stenosis and het-
erogenous plaques. There is some confusion regarding
the interchangeable use of the terms heterogenous and
hypoechoic in their article. Additionally, the authors
raised the point that it is important for each laboratory
to verify its ability to classify plaque types. The same
group in another study published 4 years later reported
a 5.7% annual vessel event rate (TIA and stroke) for
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echolucent carotid plaques vs. 2.4% for the echogenic
ones (p = 0.03).53 Again, because the numbers were
relatively small, TIAs and strokes were grouped together;
a clear message about the occurrence of stroke in the
absence of warning symptoms was lacking.

Given the fair interobserver reproducibility for type
1 plaques, the use of reference points was proposed:
anechogenicity to be standardized against circulating
blood, isoechogenicity against sternomastoid muscle,
and hyperechogenicity against bone (cervical vertebrae).
A similar method was used in the late 1990s by Polak,17

who investigated the association between stroke and
internal carotid artery plaque echodensity in 4886 asymp-
tomatic individuals aged 65 years or older, who were
followed-up prospectively for 48 months. Some 68% of
those had carotid artery stenosis, which exceeded 50%
in 270 patients. In this study, plaques were subjectively
characterized as hypoechoic, isoechoic, or hyperechoic
in relation to the surrounding soft tissues. Hypoechoic
plaques causing stenoses 50% to 100% were associated
with a significantly higher incidence of ipsilateral, non-
fatal stroke than were iso- or hyperechoic plaques of the
same degree of stenosis (relative risk, 3.08). The authors
of this study suggested that quantitative methods of
grading carotid plaque echomorphology (e.g., computer-
assisted plaque characterization) might be more precise
in determining the association between hypoechoic
(echolucent) plaques and the incidence of stroke.

The Tromsø study, conducted in Norway in 223 sub-
jects with carotid stenosis greater than 35%, also found
that subjects with echolucent atherosclerotic plaques
have increased risk of ischemic cerebrovascular events
independent of degree of stenosis.54 The authors give
no details on their patients’ neurologic histories. The
adjusted relative risk for all cerebrovascular events in
subjects with echolucent plaques was 4.6 (95% CI 1.1
to 18.9), and there was a significant linear trend (p =
0.015) for higher risk with increasing plaque echolu-
cency. Ipsilateral neurologic events were also more
common in patients with echolucent or predominantly
echolucent plaques (17.4% and 14.7%, respectively).
The authors concluded that evaluation of plaque mor-
phology in addition to the grade of stenosis might improve
clinical decision making and differentiate treatment for
individual patients, and that computer-quantified plaque
morphology assessment, being a more objective method
of ultrasonic plaque characterization, may further
improve this.

This method was recently used by Grønholdt,55 who
found that echolucent plaques causing a greater than 50%
diameter stenosis were associated with an increased
risk for future stroke in symptomatic (n = 135) but not
asymptomatic (n = 111) individuals. Echogenicity of
carotid plaques was evaluated with high-resolution B-
mode ultrasound and computer-assisted image processing.
The mean of the standardized median gray scale values
of the plaque was used to divide plaques into echolu-

cent and echorich. Relative to symptomatic patients
with echorich 50% to 79% stenotic plaques, those with
echorich 80% to 99% stenotic plaques, echolucent 50%
to 79% stenotic plaques, and echolucent 80% to 99%
stenotic plaques had relative risks of ipsilateral ischemic
stroke of 3.1 (95% CI 0.7 to 14), 4.2 (95% CI 1.2 to 15),
and 7.9 (95% CI 2.1 to 30), equivalent to absolute risk
increase of 11%, 18%, and 28%, respectively. The
authors suggested that measurement of echolucency,
together with degree of stenosis, might improve selection
of patients for carotid endarterectomy. The relatively
small number of asymptomatic individuals was probably
the reason why plaque characterization was not helpful
in predicting risk in the asymptomatic group.

Future Perspectives:
The ACSRS Study

The methodology of computer-assisted carotid plaque
characterization with B-mode image normalization is
now being applied in a prospective multicenter inter-
national natural history study of asymptomatic carotid
stenosis with stroke as the primary end-point. The aim
of the Asymptomatic Carotid Stenosis and Risk of Stroke
(ACSRS) Study56 is to identify a high-risk subgroup that
has an ipsilateral stroke rate greater than 4% (ideally,
greater than 7%) based on clinical risk factors and the
findings of the noninvasive investigations, mainly ultra-
sonic carotid plaque characterization (echodensity and
texture) in addition to degree of stenosis. In addition, a
low-risk subgroup with an ipsilateral stroke rate of less
than 1% should be identified. This study will provide
evidence about the importance of ultrasonic carotid plaque
characterization in the prediction of cerebrovascular
events (i.e., stroke, TIAs, and amaurosis fugax). The
identification of the high- and low-risk groups may
eventually provide better indications on selection of
patients, not only for carotid endarterectomy but also
for carotid artery stenting.

Data of computerized texture analysis of plaques in
the ACSRS study are not yet available; however, some
preliminary results based on image normalization,
subsequent plaque classification using the redefined
Geroulakos classification, and the presence of a black
area close to the lumen in relation to all ipsilateral
hemispheric events that have occurred during follow-
up (6 to 72 months) are available (Table 12-4).

Table 12-4 shows that the presence of a black area
adjacent to the lumen of the vessel identifies a group of
533 plaques that became associated with 85 (92%) of
the 92 neurologic events that occurred during follow-
up (event rate of 16%). Only 7 events occurred in the
group of 455 plaques that did not have any black areas
adjacent to the lumen (event rate of 1.5%) (odds ratio
9.6; 95% CI 4.4 to 21.1).
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TABLE 12-4. The Distribution of Neurologic Events in Relation to Plaque Types
and the Presence of Black Area Adjacent to the Lumen (After Image Normalization)*

Black Area Adjacent to Lumen Absent Present Total

Plaque Type 1 _______ 7/107 (6.5%) 7/107 (6.5%)
2 0/29 (0%) 47/311 (15%) 47/340 (13.8%)
3 5/179 (2.8%) 31/114 (27%) 36/293 (12.3%) 
4 1/198 (0.5%) 0/1 (0%) 1/199 (0.5%)
5 1/49 (2%) _______ 1/49 (2%)

Total 7/455 (1.5%) 85/533 (16%) 92/988 (9.3%)

*Events are in the numerator; event rates are shown as percentages.

A black area adjacent to the lumen in type 2 and 3
plaques identifies a group of 425 plaques that became
associated with 78 (85%) of the 92 neurologic events
that occurred during follow-up (event rate of 18.3%).
Only 14 events occurred in the group of the remaining
563 plaques (event rate of 2.5%) (odds ratio 13.5; 95%
CI 7.6 to 24.3).

Conclusions

Carotid ultrasound, apart from being a valuable diag-
nostic tool, provides useful information on the natural
history of carotid artery atherosclerosis. The high reso-
lution of modern equipment and our ability to normalize
images has provided the basis for reproducible plaque
characterization features that can identify unstable
plaques. The identification of a high-risk group of patients
based on ultrasonic features other than stenosis should
lead to a better selection of patients for carotid endarterec-
tomy or stenting. Novel applications, like algorithms
and software identifying patients at high risk of stroke,
are expected to become available on duplex scanners in
the near future.
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tion and freedom from recurrent stenosis. This chapter
describes the various methods of intraaoperative carotid
assessment with emphasis on noninvasive techniques.

Arteriography

For many years, intraoperative completion arteriography
was the only diagnostic test performed after carotid
operations.5–9 The test is quite simple to perform. After
the endarterectomy is completed, the arterial defect is
closed and flow re-established. A sterile 20-mL syringe
attached to a 19-gauge butterfly needle is used for the
angiogram. About 10 to 15 mL of undiluted contrast
agent is injected directly into the common carotid artery
proximal to the closure, and a plain radiograph is
obtained. Inflow occlusion may be used to enhance the
quality of the image. The advantages of intraoperative
angiography are that it is a simple, readily available
modality with a low complication rate. Its disadvan-
tages are that it requires the use of a potentially nephro-
toxic contrast agent, exposes the patient and operating
room personnel to ionizing radiation, and is technically
inadequate in a significant proportion of patients. Up
to 10% of images are considered to be of poor quality

Arteriography

Angioscopy

Transcranial Doppler

Color-Flow Scanning

Key Points 

arotid endarterectomy is one of the most commonly
performed vascular operations in the United States.
Several well-designed, randomized, controlled trials have
demonstrated that carotid endarterectomy is superior
to medical treatment in patients with either symptomatic
or asymptomatic carotid stenosis.1–3 However, the advan-
tage of carotid endarterectomy over medical therapy
alone is dependent on excellent surgical outcomes and
minimizing the perioperative stroke and death rates.3 The
technical aspects of carotid surgery have been described
in many texts.4 The aim of carotid endarterectomy is to
prevent cerebral ischemia from occurring because of a
lesion in the carotid bifurcation. From the technical stand-
point, the operation is designed to remove the obstruct-
ing lesion and to achieve a satisfactory arterial closure.
The immediate and long-term goals are stroke preven-
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or provide no useful information. Furthermore, because
the radiographs are static and taken in one plane (in
contrast with color-flow scans), they provide no hemo-
dynamic information.5 Finally, image acquisition is
dependent on good timing and skillful radiologic
technicians.

In 1967, Blaisdell and colleagues were first to point
out that up to 25% of intraoperative angiograms after
carotid endarterectomy demonstrated technical flaws.6

Since then, many authors have shown similar results.7–9

Roon and Hoogerwerf found that the combined stroke
and death rate from carotid endarterectomy can be
reduced from 4.5% to 1.3% by routinely performing intra-
operative completion angiograms. Abnormal angiograms
led to reopening 11 of 535 carotids (2.1%).7 In another
study from the University of Arizona, Westerband and
colleagues found angiographic abnormalities in 19% of
their patients.8 They reopened all vessels with severe
defects and successfully repaired 30 of 32 defects. They
reported a 2.6% stroke rate. Pross and colleagues from
UCLA predominantly used completion angiograms in
333 vessels, and in 21 vessels both duplex and angiogra-
phy were performed. In all, their intraoperative revi-
sion rate was 6.3%.9 They found that the incidence of
recurrent stenosis after a normal intraoperative study is
quite low at 0.5%. These studies show that intra-
operative angiography improves the technical results of
carotid endarterectomy by reducing the operative
stroke rate and the postoperative recurrent stenosis.

Angioscopy

Angioscopy requires special equipment (i.e., the angio-
scope and a fiberoptic light source). Prior to completing
the arteriotomy closure, and with a distal vascular
clamp applied, the angioscope is inserted in the vessel.
Continuous irrigation with saline is done to distend the
artery and simulate flow conditions while the operator
is focused on visualizing the endarterectomy end-point.
Flaps, residual atheromas, and clots can be detected and
immediately corrected.

A few authors have reported their experiences with
angioscopy. Branchereau and colleagues had 102 patients
who underwent angioscopy and angiography with a 94%
agreement between the two tests.10 Two additional reports
describing the use of angioscopy together with transcra-
nial Doppler are reviewed in the following paragraph.11,12

Mueller and colleagues performed angioscopy alone in
325 carotids and found technical problems in 16 (5%).13

Operative revision was necessary in 11, whereas 5 were
corrected without major revision. In their hands, angioscopy
took less than 3 minutes to perform and had no compli-
cations. This technique appears to be quite simple to
implement providing that an angioscope is available for
use. The necessary turnaround time for equipment sterili-

zation may hamper the use of angioscopy on consecutive
cases in a busy hospital.

Transcranial Doppler

Transcranial Doppler (TCD) is an rarely used modality
and there are only a few reports describing its benefits.
A 2-MHz probe is used to insonate the ipsilateral middle
cerebral artery during carotid surgery through a transtem-
poral window. A plastic probe holder with a special
headband or modified helmet is necessary to keep the
transducer in place. Monitoring of the middle cerebral
artery (MCA) is done continuously from the start of
anesthesia to 30 minutes after flow restoration or until
the patient is awake. The main role for TCD is to help
the surgeon in deciding whether or not to shunt.11,12 A
drop in the MCA velocity to less than 30% is an indica-
tion to shunt. Secondary benefits of TCD are monitor-
ing the incidence of microembolization during dissec-
tion and clamping, verification of shunt function after
it is placed, and aiding in the detection and manage-
ment of cerebral vasospasm.14

In 1996, Gaunt and colleagues compared four dif-
ferent modalities used for quality control after carotid
endarterectomy: continuous-wave Doppler, B-mode ultra-
sound, TCD, and angioscopy.11 These methods were used
on 100 patients. The authors found that a combination
of angioscopy and TCD was the most helpful in detection
of technical errors leading to perioperative morbidity.
Lennard and colleagues attempted to use angioscopy and
TCD in 252 patients.12 They were successful in using
the TCD 91% of the time and found that employing two
modalities for quality control contributed to lowering
the intraoperative stroke risk. In a large study of 1058
patients, Ackerstaff and colleagues found four variables
associated with perioperative stroke: (1) TCD-detected
microemboli during dissection; (2) wound closure; (3)
greater than 90% MCA velocity decrease at cross-
clamping; and (4) a greater than 100% increase in
pulsatility index after release of the cross-clamp.14

It is clear from these studies that TCD provides valuable
information during carotid surgery. What precludes its
widespread use are issues related to cost (e.g., acquisition
of the device, technologist training, and reimbursement)
and time for set-up. It should also be remembered that
in approximately 5% to 10% of patients, it is impossible
to image the MCA because of bone density or other
technical barriers.

Color-Flow Scanning

Intraoperative color-flow scanning after arterial recon-
struction has gained increasing support from many
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investigators.15–19 The vascular literature includes
numerous reports describing the utility of this modality
as a quality control tool after lower extremity vein bypass,
visceral arterial reconstruction, and carotid surgery
(see Chapters 26 and 34).

Technique of Intraoperative Carotid CFS

After the endarterectomy is completed and the vessel is
closed, flow is re-established. The scanner is brought
into the operating room and the 10-5–MHz linear array
transducer is placed in a sterile plastic transparent sleeve
with a copious amount of acoustic gel at the tip. The
authors prefer the hockey stick probe, but other scanner
heads can be used.5,18 A rubber band is placed near the
head of the transducer to trap the gel near the scanning
surface to provide a good coupling. The surgeon then uses
the transducer to scan the operated carotid artery. The
transducer is placed in the open wound and longitudinal
image acquisition starts in B-mode in the proximal com-
mon carotid artery. The transducer is gently advanced
on the vessel, scanning both the internal and external
carotid arteries. It is sometimes necessary to fill the depths
of the wound with sterile saline solution to obtain good
contact between the scanner head and the artery. Trans-
verse scanning is also performed along the entire vessel.
The operator looks for intimal flaps, loose debris, retained
atheroma, or fronds. Platelet clumps or thrombi may also
be visualized. Attention should be paid particularly to
the proximal and distal end-points of the endarterectomy
because technical flaws are often present at those two
locations. The external carotid artery stump can also harbor
a flap or clot that, if allowed to propagate, may lead to
occlusion or embolization into the internal carotid. After
imaging the vessel in B-mode, the color flow is turned
on and bloodflow characteristics are observed. Any tur-
bulence or mosaic flow should lead to velocity or blood-

flow measurement. The authors typically sample velocities
from all three vessels because this often serves as a base-
line for future postoperative carotid scans. Elevated peak
systolic velocities (i.e., over 150 cm/sec) should be clearly
investigated. Increased velocities usually signal the pres-
ence of a hemodynamically significant stenosis; or less
commonly, spasm. If spasm is implicated, the velocity
should normalize after intra-arterial injection with papaver-
ine and a few minutes have passed. However, the sur-
geon should not ignore a residual stenosis because it may
be a harbinger for recurrent stenosis or occlusion.15–26

The purpose of the intraoperative color-flow scan is
to detect any major abnormalities that could possibly
lead to a stroke or neurologic event, residual stenosis,
or, rarely, intraoperative carotid occlusion. These tech-
nical errors can be immediately corrected and intra-
operative rescanning should be done to confirm satis-
factory results (Fig. 13-1). Minor defects can be ignored
because many of them resolve without any further
action (Fig. 13-2).18,19,23,27

The advantages of intraoperative CFS are that it is a
simple and readily available test that provides the surgeon
with important information about vessel patency and
flow dynamics.22–26 The disadvantages to intraoperative
scanning include the fact that it is operator dependent.
The authors have taught residents and fellows surgeons
the technique, and many of them become facile with it
after a handful of cases. Another logistical problem is
bringing the scanner to the operating room. In a busy
vascular laboratory, this could translate into a valuable
30 minutes of technologist and machine time that often
is not reimbursed by insurance carriers. Before the avail-
ability of the small foot-print scanner, the authors encoun-
tered some difficulty in reaching the distal aspect of the
cervical internal carotid artery near the angle of the
mandible, particularly in obese patients with short necks.18

This led to a virtual blind spot in the test where no image

Figure 13-1. Small 1.8-mm frond in common carotid artery
(long view). This small frond was left alone without any adverse
sequellae.

Figure 13-2. Large frond in common carotid artery (trans
view). This large frond was revised and subsequent scan
showed it was successfully removed.
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acquisition was possible, and therefore the test was
incomplete. Another technical point concerns imaging
after sewing the patch. The authors have found that it
is quite difficult, if not impossible, to scan through a
Dacron or polytetrafluoroethylene (PTFE) patch. To get
around this problem, the authors started sewing the
patch on the lateral aspect of the vessel, thus freeing up
the anterior surface to allow unfettered scanning.

Results of Intraoperative Carotid
Color-Flow Scanning

Zierler and colleagues validated the use of pulsed Doppler
and real-time spectral analysis as a noninvasive modality
to evaluate carotid endarterectomy intraoperatively.16

Recent reports are summarized in Table 13-1. At Loyola,
the authors began performing intraoperative color-flow
scans in 1986.17,18 Over a 12-year period, data was accu-
mulated on 644 carotid endarterectomies performed in
569 patients (Table 13-2). The intraoperative study was
completely normal after 466 operations (Table 13-3).
Major abnormalities were detected in 20 patients (3.1%),
who all underwent immediate revision (Fig. 13-3). Minor
abnormalities in 148 vessels (e.g., fronds, proximal

shelf or atheroma, kinks, turbulence, or elevated
velocities in the external carotid artery) were not
revised (Fig. 13-4). In 10 cases, technical problems led
to an unsatisfactory scan. All those cases were in the
early learning period. The overall stroke rate was
1.05% in this series. The average follow-up was
34 months. During follow-up, increased velocities,
suggesting recurrent stenosis, were noted in eight
(5.4%) vessels that had a minor defect intraoperatively.
Only one patient needed a reoperation for recurrent
stenosis in this latter group (Fig. 13-5). These results
are quite similar to those reported by other groups
who routinely use intraoperative color-flow scans16–31

(see Table 13-1). Mays and colleagues found minor
abnormalities in 23% of their carotid endarterectomies,
and they had an intraoperative revision rate of 10%.19

Bandyk and colleagues, as well as Sawchuk and
colleagues, were able to show that minor defects on
intraoperative duplex scan tend to resolve sponta-
neously with time and lead to no adverse events.15,23

Most authors agree that a certain amount of clinical
judgment is required when performing intraoperative
color-flow scans; however, even in experienced hands,
there is an intraoperative revision rate of 3% to 10%
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TABLE 13-1. Intraoperative Carotid Evaluation: Results of Various Methods

Author, Year Method Vessels (n) Revision rate Stroke/Death (Percentage) 

Bandyk, 1996 CFS 210 5.7% 0

Gaunt, 1996 TCD, angioscopy, CW, B-mode 100 27% 2*

Mueller, 1996 Angioscopy 325 3%

Papanicolaou, 1996 CFS 86 4.7% 0

Walker, 1996 CFS 50 6% 2

Dykes, 1997 CFS 64 9% 0

Westerband, 1997 Angio 154 21% 2.6

Padayachee, 1998 CFS 106 2.8% 1.9

Seelig, 1999 CFS 102 12.2% 0

Lennard, 1999 TCD, angioscopy 252 5%

Mansour, 1999 CFS 644 3.1% 1.1

Mays, 2000 CFS 100 10% 1

Panneton, 2001 CFS 155 9% 1.3

Pross, 2001 Angio, CFS 380 6.3% 0.5†

Krug, 2001 CFS & angio 78 3.8%

Ascher, 2002 CFS, Angio 226 2.7% 0.4

CFS, color-flow scan; TCD, transcanial Doppler; CW, continuous wave.
*2% TIA; †0.5% TIA.
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because of major technical flaws at the endarterectomy
site (Fig. 13-5).15,17–19,21–23,25

Occasionally, cerebral vasospasm will occur imme-
diately after endarterectomy. This can be best demon-
strated by TCD, but can also be suspected on intraopera-
tive duplex or angiogram. Ascher and colleagues have
used internal carotid artery flow volume measurement
in their patients.32 They observed that a flow volume
less than 100 mL/min is abnormal and correlates with
postoperative stroke. In these patients, they do not use
heparin reversal with protamine and they use Dextran-

40 infusion. Others use papaverine or lidocaine to relieve
the spasm. The surgeon should make certain that an
intracranial internal carotid thrombus is not misdiagnosed
as vasospam. In the event of an intracerebral clot, it is
still possible to rescue the affected hemisphere with
thrombolytics.

Intravascular ultrasound has been very useful in
endovascular procedures such as peripheral and coro-
nary angioplasty, as well as endovascular aneurysm repair.
Karnik and colleagues used intravascular ultrasound to
assess the carotid endarterectomy site in eight patients

TABLE 13-2. Patient Characteristics

n Percentage 

Carotid endarterectomies 644 100

Right 269 42

Left 333 52

Bilateral 42 6

CEA + CABG 9 1.4

Regional anesthesia 5 0.7 

Patients 569

Men 332

Women 237

Age 68 ± 9 years 

Symptomatic 274 43

Asymptomatic 370 57 

Preoperative angiogram 202 31

CEA, carotid endarterectomy; CABG, coronary artery bypass graft.

Figure 13-3. Proximal shelf in internal carotid artery (long
view). No revision is required.

Figure 13-4. Large flap (long view). This flap requires imme-
diate revision.

Figure 13-5. Suggested algorithm for intraoperative color-
flow scan during carotid surgery.

Carotid endarterectomy
CEA

Intraoperative color-flow scan

Normal Abnormal

Defect

Minor Major

Observe Intraoperative revision

Postoperative surveillance in the first year



and found it helpful.33 This modality may play a larger
role with carotid angioplasty.

In summary, various methods have been used as
quality control tools after carotid surgery. Intraoperative

duplex ultrasound provides sensitive and specific real-
time images of the operated site and allows the surgeon
to correct abnormalities that could lead to adverse neuro-
logic outcomes or recurrent stenosis.

KEY POINTS

■ Intraoperative quality control after carotid endarterec-
tomy can reveal technical defects that may lead to peri-
operative complications or recurrent carotid stenosis.

■ Several methods have been used to examine the operated
carotid artery, including angiography, angioscopy, trans-
cranial Doppler, and carotid duplex scanning.

■ Intraoperative carotid color-flow scanning is an easy
method to use to ensure a satisfactory technical result. 

■ Major technical defects (e.g., flaps, clots, or high-grade
stenosis) should be immediately revised. Minor defects
can be safely observed.
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Flow-Mediated Dilatation and IMT

Current Research and the Future

Introduction

therosclerosis is a progressive process that often
begins in childhood.1 Autopsy studies have correlated
atherosclerotic plaques in young people with cardio-
vascular risk factors.2 Ultrasound has shown increased
intima-media thickening in children with risk factors
but without atherosclerosis.3 These risk factors persist
longitudinally into adulthood4,5 and may be predictive
of coronary heart disease (CHD).6,7 Hypercholesterolemia
alone is associated with the development of cardiovas-
cular disease (CVD: coronary and peripheral vascular
disease) in later years.8

Carotid artery intima-media thickness (IMT) represents
a marker of preclinical atherosclerosis because of its
correlation with vascular risk factors.9 It also correlates
to the severity and extent of CHD and may be useful as
a surrogate end-point to measure likelihood of disease
or effectiveness of treatment modalities.10–14 The benefit
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of IMT measurements may arise from an ability to treat
or prevent atherosclerosis before the disease is sympto-
matic. However, the correlation is not absolute, and the
presence of these risk factors in a youth does not
always predict atherosclerosis in the same person as an
adult.15

End-organ injury from atherosclerosis is a morbid and
costly consequence of a variety of risk factors, genetics,
and associations with other disease processes and results
in 16.6 million deaths worldwide per year.16 According
to the American Heart Association, the cost in the United
States alone for CVD and stroke is estimated to be $351.8
billion for 2003.16 In the last several years clinicians
and researchers have begun to understand the disease
and address its horrific consequences. Better prevention
will be the key to limiting this disease, and IMT may
provide a role in this effort.

This chapter defines IMT, shows its correlation with
various risk factors, and illustrates its potential utility
in the treatment of patients with atherosclerosis.

Methods of Measuring IMT

IMT is defined as the width including lumen-intima and
the media-adventitia interface (Fig. 14-1). Delineation of
this distance is possible because of the clear interfaces
between the anechoic vessel lumen and the echogenic
intima, and between the hypoechoic media and the
echogenic adventitia. The far arterial wall is used because
of the proximal wall’s dependence on the gain. The intima
and media thickness cannot be measured on their own
in vivo because they lack a definable border at their

edges and the intima itself is exceedingly small.17,18 The
endothelium is the thickest part of the intima and it
measures about 0.003 to 0.004 mm,19 which is well
beyond the resolution of ultrasound and other non-
invasive methods. In addition to correlating directly with
cardiovascular risk factors and atherosclerotic disease
and its progression, IMT has been shown to correlate
well with histologic findings.20,21 Abnormal CCA and
ICA IMT examples are shown in Figure 14-2.

B-Mode Ultrasonography

High-resolution ultrasound imaging can be used to mea-
sure IMT in major arteries within 4 cm from the skin.
The common carotid artery (CCA) is ideal because it is
close to the skin, homogenous, and often devoid of plaque.
IMT is usually measured as an average continuous
variable in arterial segments not involved by localized
atherosclerotic plaques in the CCA.22 In the authors’
institution a high-resolution ultrasound is used to obtain
longitudinal images from three different views (i.e.,
anterior, anterior-lateral, and posterior-lateral). The intra-
operator and intraobserver variability of IMT measure-
ments ranges from 3.7% to 7.8%.23 This is consistent
with the published variability (Table 14-1).1,24–27

High-resolution B-mode imaging repeated and averaged
manual measurement is easy to perform28,29; however,
it suffers from being operator-dependent and it can have
poor reproducibility.30 Modern computer-assisted mea-
surements allow ease of measurement with improved
reproducibility.31,32 Computerized imaging can quantify
the area of IMT and may be a more accurate way to follow
IMT over time. This is done with horizontal visualization
of the artery in a longitudinal view. The region of interest
is defined and the IMT detection and measurement is
then automated. Gray scale analysis is performed in
each column of pixels perpendicular to the vessel wall.
Through interpolation, a continuous curve is derived
from the histogram of gray density values. The curve is
then analyzed by a dedicated mathematical algorithm that
defines the exact position of lumen-intima and media-
adventitia interfaces. Because there are substantial
systolic-diastolic differences in IMT, images are frozen
in end-diastole where IMT changes are minimal.30 The
readings are recorded and the mean values are used.
Other researchers have measured the CCA and internal
carotid artery (ICA) (including or excluding the carotid
bulb).33,34 ARIC used images from CCA and ICA bilat-
erally35 and found a greater correlation with atheroscle-
rotic disease when the IMT for the CCA and ICA was
combined.

Increased wall thickening has been assumed if the
IMT exceeds a threshold, but this value is dependent
on the number of risk factors present and on the
patient’s age and gender.23,36
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Figure 14-1. Normal CCA IMT from a 50-year-old male without
any risk factors. The measurement is performed in the far
wall because the acoustic impedance enhancement allows
better visualization compared with the near wall. The calipers
are placed at the lumen-wall interface and at the adventitia-
media border. This distance represents the intima plus media
thickness.



By defining a plaque as a localized irregularity of 
1.5 mm or more protruding into the lumen,37 IMT can
be expressed as the maximal measured value including
the thickness of a plaque, if present.38 Physical forces
alone can cause an increase in the IMT, and thus this
process is not only associated with atherosclerotic
disease.37,39,40

M-Mode Ultrasonography

M-mode ultrasonography utilizes discrete points along
the CCA. Using a high-resolution probe, real-time images
are generated on a standard monitor. The images are
frozen, and three end-diastolic measurements are taken
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Figure 14-2. A, Irregular CCA endothelial lining. This is one of the first atherosclerotic changes seen as the endothelium
from smooth becomes irregular. The acoustic holes are caused by the concave surface that does not reflect sound waves
from its center. B, Increased CCA IMT in a female patient with a recent stroke and absence of carotid stenosis. C, High IMT in
the CCA of a female patient with hypertension, diabetes, hypercholesterolemia, and peripheral vascular disease. D, Increased
IMT in the ICA. IMT measurements are performed in the ICA. These measurements can be used alone or in combination with
the CCA.
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on the far wall 1 cm proximal to the carotid bulb.41 It
may also be used as M-mode-derived radio frequency
signal.41,42 The main drawback to this modality is the
application of a single-point measurement to a diffuse
and sometimes uneven parietal process.30

Transesophageal
Echocardiography

This modality allows excellent visualization of the
ascending and proximal descending aorta. It can be
used to find aortic plaques and measure IMT. When the
carotid IMT is greater than 2 mm, it correlates with
complex aortic arch disease.43 Aortic IMT less than 3 mm
has been shown to be a predictor of the absence of
CHD.44 Carotid artery plaques have also been sug-
gestive of aortic arch plaques.45 The need for sedation,
invasiveness, and the discomfort associated with swal-
lowing the tube warrant its use as a secondary study
and not as a screening modality.

Intravascular Ultrasound

Intravascular ultrasound (IVUS) can be utilized during
arteriography. This is an accurate way of defining plaques
and atheroma burden. There are studies promoting its
utility in cardiac transplant patients, for stent deployment,
and in certain patients with coronary artery disease.
Arteriography and IVUS carry a small but real risk
of major complications (up to 2% stroke/myocardial
infarction [MI] risk). Briefly, the ultrasound probe is
advanced over a guide wire to the artery of interest and
the transducer is placed distal to a side branch. Then,

a motorized pullback apparatus is used to take serial
images at a set velocity over a standardized distance.

Despite theoretical advantages of IVUS over B-mode
ultrasound (e.g., shortest possible distance between
points and improved acoustics from initiating the sound
wave in a fluid medium to the wall) and studies show-
ing IVUS’s utility to measure coronary IMT, there are
no studies comparing the measurement of carotid IMT
between B-mode and IVUS.46,47 IVUS is ideal for visual-
izing luminal irregularities, but it is more likely to help
clinicians further evaluate this disease than prevent it.
Given its size (i.e., larger introducing catheter and probe
than a standard arteriography catheter) and invasive-
ness, it is plausible that IVUS denudes the endothelium
of the targeted vessels. Thus, it is not an optimal
screening modality.

Magnetic Resonance Imaging

Magnetic resonance imaging (MRI) has been used to
identify and serially follow atherosclerotic plaques and
to document regression of plaque volume following the
use of a lipid-lowering agent.48,49 The measurements
have been shown to correlate in cadavers using fat-
suppressed T1-weighted sequences with contrast
enhancement.50 There were no articles using MRI for
IMT measurements only.

Risk Factors for IMT

IMT has shown to represent the sum of the risk factors
that we carry; therefore, IMT reflects atherosclerotic
changes and can be used to predict cardiovascular risk.
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TABLE 14-1. Variability of Ultrasound Measurements of IMT

Interobserver Intraobserver Within Subject
Study Number of Patients Variability Variability Variation

Salonen 199124 10 CV 10.5% CV 5.4% to 5.8%

Touboul 199225 13 r = 0.71 r = 0.77 

KAPS 199526 63 CIMT r = 0.89 r = 0.79–0.9
Bulb IMT r = 0.79
Femoral IMT r = 0.9

BRHS 199927 NR 3% to 5% 3% to 5% 

Finns study 20031 173 n = 60 5.2% n = 113 6.4%

KAPS, Kuopio Atherosclerosis Prevention Study; BRHS, British Regional Heart Study; EVA, Etude du Vieillissement Arteriel, aging vascular study;
Finns study, Cardiovascular Risk in Young Finns Study.

IMT, intima-media thickness; CV, coefficient of variation; r, correlation coefficient; CIMT, carotid IMT; NR, not reported.
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Some of the important risk factors associated with
increased IMT are discussed in following:

● Age: Aging is the main determinant of IMT, except
in subjects under 18 without cardiovascular risk
factors.51 This is supported in the Kuopio Athero-
sclerosis Prevention Study (KIHD) and Athero-
sclerosis Risk in Communities Study (ARIC).28,33,52

● Gender/ethnicity: Men have higher IMT readings
and a quicker progression than women.33,40,53 There
are not a lot of data regarding ethnicity outside of
populations predisposed to other risk factors, but
D’Agostino found African Americans to be predis-
posed to higher CCA IMT but not ICA IMT.54

● Body habitus: Many studies show a correlation
between body mass index and IMT.55,56 The android
body morphology has also been shown to correlate
with increased IMT.56 The reason may be the ten-
dency to have concurrent hyperlipidemia, or that
other characteristics shared by obese individuals
contribute to the progress of atherosclerosis in an
independent fashion. These factors have been pos-
tulated to include hyperinsulinemia with insulin
resistance, inflammatory cytokines, and the per-
turbation of the renin-angiotensin system.57–60

● Blood pressure: Patients with established arterial
hypertension have increased IMT.53,61,62 It has also
been correlated with isolated systolic hypertension29

and pulse pressure.63

● Blood lipids: Hyperlipidemia leads to intimal athero-
sclerotic infiltration. This association is seen in
familial forms of hypercholesterolemia.64 There exists
a linear correlation between plasma cholesterol
and IMT,28,63 and another between IMT and low-
density lipoproteins (LDL) alone.63,65 There is an
inverse relationship between high-density lipopro-
teins (HDL) and IMT; this is especially important in
diabetics.65,66 Low HDL is associated with increased
IMT.67 Not surprisingly, IMT correlates directly with
the LDL/HDL ratio.68 The Monitored Atherosclerosis
Regression Study (MARS) showed a positive rela-
tionship between IMT and triglycerides.69

● Smoking: Smoking is an independent risk factor
for the development of IMT, and its cessation has
been shown to slow or even regress IMT in patients
in the KIHD, ARIC, and the European Lacidipine
Study on Atherosclerosis (ELSA).52,63,70 The asso-
ciation between IMT and smoking depends on life-
long smoking dose, with active smokers having
thicker walls compared with former smokers.71

Passive smoking is associated with increased IMT
values.70 Smoking correlates with the amount of
thickening and progression of IMT in these
patients.52,72 MARS showed that stopping tobacco
slows progression.73

● Diabetes: For diabetics, the highest IMT values are
associated with end-organ dysfunction (e.g.,
microvascular complications74 and microalbumin-
uria75). Diabetes-related IMT is linked to both dura-
tion of disease and quality of disease control.66,76

● Radiation: Radiotherapy for malignant diseases has
been shown to promote atherosclerosis. Significant
plaques and cardiovascular events usually develop
5 to 10 years after treatment. The acceleration in
atherosclerosis was recently shown in a prospec-
tive study in which it was demonstrated that neck
irradiation increased carotid IMT about 21 times
more than in matched control volunteers from
large epidemiologic studies.77

● Genetics: Current data do support the role of
genetics in the development of increased IMT. It
may exist, however, and operate through inflam-
matory mediators78 or through various suscepti-
bilities of certain genes to certain risk factors.79 A
study in 310 middle-aged women found that
certain polymorphisms of the paraoxonase gene
were an independent risk factor for increased IMT
in both the CCA (odds ratio [OR] = 2.75; 95%
confidence intervals [CI] 1.01 to 7.50) and carotid
bulb (OR = 2.40; 95% CI 1.00 to 5.90).80 Beilby
and colleagues81 have also shown that polymor-
phism of the apoE gene correlates with increased
LDL-C levels and plaque formation in men but not
with IMT in either sex.

Impact on Clinical Practice

A dynamic relationship between treatment of cardio-
vascular disease and IMT will likely develop; this can
be used to study IMT in childhood and its prevention
with diet and exercise modification. Its progression may
also be slowed or halted with medication treating the
underlying causes.82 It may also be used to selectively
screen patients with unknown atherosclerosis and stream-
line their evaluation. This has been endorsed by a recent
statement of an American Heart Association working
group on prevention of atherosclerosis. They state:

. . . The severity of carotid IMT is an independent pre-
dictor of transient cerebral ischemia, stroke, and coro-
nary events such as myocardial infarct (MI). Writing
Group III concluded that in asymptomatic persons younger
than 45 years old, carefully performed carotid ultrasound
examination with IMT measurement can add incremental
information to traditional risk factor assessment. In expe-
rienced laboratories, this test can now be considered
for further clarification of CHD risk assessment at the
request of a physician.83

The correlation between CVD risk factors and IMT
progression has led the Food and Drug Administration



(FDA) to accept B-mode ultrasound as a valid technique
in studying atherosclerosis.

Economics

The cost of CVD is consuming a major part of the health
care budget, with sales of the cholesterol-lowering group
of drugs, statins, reaching $12.5 billion in the United
States in 2002. Nationalized health programs have 
had to create stringent criteria to exclude payment for
medications that have been shown to benefit patients.84

Certain studies support the cost-effectiveness of IMT
measurement.85 Undoubtedly, prevention is preferred
to treatment and more effort is being made towards this
direction.

IMT as a Predictor of Peripheral
Vascular Disease

IMT has a strong association with peripheral vascular
disease (PVD). Three prospective studies showed that
an increased carotid IMT has been associated with a
higher risk of PVD.86 The Rotterdam study87 enrolled
7983 people aged 55 years or older to identify deter-
minants of PVD. The carotid IMT was measured and
correlated with ankle-brachial index (ABI). Multiple
linear regression was used adjusted for age, sex, and
other cardiovascular risk factors. An increase of 
0.1 mm in the CCA IMT was associated with a mean
reduction of the ABI of 0.026 (95% CI = 0.018 to
0.034). To assess the association between PVD and 
ABI a logistical regression analysis was also used. The
IMT values were divided in quintiles. PVD was
increased in patients with IMT values in the upper
quintiles (0.89 mm or greater; OR = 3.4; 95% CI = 2.2
to 5.2) when compared with values within the lower
four. Among patients with claudication (n = 12) the
IMT was 0.87 mm; it was 0.76 mm for those without
claudication. 

Three years later, the Edinburgh Artery Study88 reported
similar results. A cross-sectional survey was initially per-
formed in 1988 including 1592 patients. A 5-year follow-
up was later obtained including a new questionnaire,
ABI, and IMT measurements. These investigators used
the maximum IMT from both sides and not the mean,
arguing that a more realistic indicator of atherosclerosis
severity can thus be reached. Multiple regression analysis
was used for the relation between IMT and ABI, univari-
ately and after adjustment for age and sex. The study
subjects included male and female participants 55 to 74
years old from a population that was geographically and
socioeconomically spread across the city. Out of that
cohort, 1156 subjects attended the 5-year follow-up

examination; of those, 1106 had IMT readings recorded.
After adjusting for age, men had higher mean IMT
values in all age groups (p ≤ 0.01); but when stratified
for age groups, significance was reached in the 65 to 
69 year group (p ≤ 0.05). The age groups were stratified
in quartiles, and continuously higher IMT values with
increasing quartile in both sexes were found. Subjects
with ABI less than 0.9 had significantly higher IMT
readings than those without, even after adjusting for
age and sex (p ≤ 0.01).

The SMART (Secondary Manifestations of Arterial
Disease) study89 analyzed carotid IMT in 570 patients
with either high-risk factors or manifestations of CVD.
Baseline survey, blood chemistry, and ultrasonography
were performed. PVD was defined as ABI at rest of 0.9
or less; or ABI after treadmill testing decreasing 20% or
more in 1 or both legs. Three risk scores were used to
determine each patient’s cardiovascular risk: (1) the
authors developed a SMART risk score90 to assess their
vascular risk; (2) the Framingham score was used to
assess their coronary risk; and (3) the Epidemiological
Prevention study of Zoetermeer (EPOZ) score91 was
used to assess mortality risk. The association between
IMT and the risk scores was assessed using a linear
regression analysis. The risk scores increased nearly 
in a linear manner, with IMT increasing at a rate of 
1.37 standard deviations (95% CI = 1.15 to 1.6) per
each mm increase in IMT. Therefore, the predictive
value of IMT was not only demonstrated for general
populations but also for patients at risk or with
extensive cardiovascular disease.

IMT and Other Vascular
Territories

Carotid IMT and atherosclerosis have been evaluated in
other vascular territories such as the abdominal aorta.
The cardiovascular health study (CHS)92 evaluated CHD
and stroke in adults aged 65 years or older to identify
factors related to their onset and course. It enrolled
participants in each of four United States communities
sampled from Medicare lists. The prevalence of abdomi-
nal aortic aneurysms (AAA) for the entire cohort was
9.5% (451/4741). After adjusting for age, sex, smoking,
height, and weight, the presence of AAA was strongly
related to ICA IMT (p <0.0001) and an ABI of 0.9 or
less (p <0.0001). 

A literature search was performed to investigate the
correlation between IMT and visceral disease, and no
studies were found. It is well known, however, that pres-
ence of plaque in carotid arteries, CHD, and an abnormal
ABI are associated with visceral atherosclerotic disease.
It would appear therefore that carotid IMT has an asso-
ciation with visceral artery disease, although is not
studied yet.
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IMT as Predictor of CHD

Several cohort and prospective studies have shown a
strong association between CHD and increased IMT
(Table 14-2).12,14,27,28,93 This relationship remains strong
even after adjusting for age, sex, and other risk factors.
Often it was shown that a small increase in IMT signifi-
cantly elevated the risk for CHD. Furthermore, subjects
in the upper IMT quintile had the highest risk. Overall, the
chance for developing CHD was higher in men, but after
certain threshold it was significantly higher in women. 

IMT as a Predictor of Stroke

A relationship between brain infarction and higher IMT
readings has been shown using different methods such
as ultrasound, computed tomography, and MRI. Several
reports showed a clear relation of increasing IMT values
and higher relative risk of stroke (Table 14-3).12,14,27,94,101

In the CHS the occurrence of stroke was ascertained by
yearly visits, phone interviews every 6 months, Medicare
medical records, and reporting of events by subjects in
the study. IMT was measured in CCA and ICA and the
maximal value was used for analysis rather than the mean.
A composite value that combined the maximal IMT in
CCA and ICA was obtained by averaging both numbers
after standardization. These values were divided in
quintiles and they were also used as continuous variables.
With a median follow-up of 6.2 years, 284 new strokes
and 55 combined with MI were diagnosed. The relative
risk of stroke increased with higher IMT (p <0.001).
After adjustment, the relative risk of stroke for those
within the highest quintile was 3.9 times higher than the
lowest (95% CI = 2.7 to 5.5). Therefore, a clear asso-
ciation between IMT measurements and the incidence

of new stroke in patients aged more than 65 years
without a history of CVD was established.14

Cognitive function impairment was also shown to be
related to IMT, based on application of neuropsychological
testing in large populations with carotid atherosclerotic
disease.96

Carotid IMT may help to reliably identify different
subtypes of ischemic stroke patients.100 Carotid IMT and
atrial fibrillation were found to be the only independent
factors capable of discriminating between lacunar and
nonlacunar strokes in another study.101

IMT and the Femoral Artery

Limited information is produced by the use of ultra-
sound to assess atherosclerotic changes in the femoral
artery in relation to femoral or carotid IMT. The mean
femoral IMT was calculated in population-based
studies on healthy subjects between the ages of 20 and
60 years; it was found to be 0.562 ± 0.074 mm for
men and 0.543 ± 0.063 mm for women, with a growth
rate of 0.0031 and 0.0012 mm per year, respectively.86

Risk factors for its progression include cigarette
smoking, hypercholesterolemia, familial hypercholes-
terolemia, high levels of plasma homocysteine, and
fibrinogen.86,102

Suurkula and colleagues103 examined morphologic
changes in the common femoral artery wall and corre-
lated them to ABIs and to symptoms of lower-extremity
PVD. Their population was divided into two groups:

● A high-risk group (143) comprising hypertensive
men 50 to 72 years old (at randomization) with 1
or more of the following: serum cholesterol level
6.5 mmol/L or greater, tobacco smoking 1 cigarette
or moer per day, or diabetes mellitus
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TABLE 14-2. Correlation Between IMT and CHD

Study Number of Patients Results 

KIHD 199128 1224 0.1-mm increase in IMT had a 4.4% increase in MI

ARIC 199793 772 IMT >1 mm was associated with 5.07 (95% CI 3.08–8.36) ↑ in RR of CHD in
women and 1.85 (95% CI 1.28–2.69) in men

ERGO 199712 7983 MI risk ↑ 43% per SD increase in CIMT (OR = 1.43; 95% CI = 1.16–1.78)

BRHS 199927 7735 CHD increased with ↑ IMT; OR = 2.8 (95% CI = 1.1–6.6)

CHS 199914 4476 MI risk ↑ per SD increase in CCA-IMT (OR = 1.24; 95%CI = 1.12–1.36)
ICA-IMT (OR = 1.34; 95% CI = 1.2–1.5)
Combined (OR = 1.36; 95% CI = 1.23–1.52)

KIHD, Kuopio Ischemic Heart Disease Risk Factor Study; ARIC, Atherosclerosis Risk in Communities; ERGO Rotterdam, Association between the
intima-media thickness of the common carotid and subsequent cardiovascular events in subjects, 55 years and older, in the Rotterdam study;
BRHS, British Regional Heart Study; CHS, Cardiovascular Health Study.

RR, relative risk; IMT, intima-media thickness; CIMT, carotid intima-media thickness; CCA, common carotid artery; ICA, internal carotid artery;
OR, odds ratio; CI, confidence intervals; SD, standard deviation; MI, myocardial infarct.
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TABLE 14-3. IMT and the Risk of Stroke

Number of Measured
Study Patients Population Outcome Results Type of Study

Polak 5201 Older than 65 years Plaque morphology, Severity of ICA stenosis Prospective
199394 CIMT was associated with

↑ IMT (r = 0.37,
p < 0.0001) 

Bots 111 Cohort from CIMT, brain MRI Difference in IMT = Randomized
199395 Rotterdam 0.13 mm (95% CI

study87 65 to 0.04–0.21)
85 years old

Auperin 1279 59- to 71-year-old CIMT, MMSE, 7 Slight association of Cross-sectional
199696 people from the neuropsycho- ↑ CIMT and poor analysis

electoral rolls of logical tests cognitive scores in
Nantes (western men with plaques
France)

Chambless 12205 ARIC study subjects Questionnaire on OR for TIA/stroke were Cross-sectional
199697 symptoms of TIA significantly analysis

and stroke, CIMT ↑ (p ≤ 0.01) for ↑ IMT
(not in African
Americans)

Bots 7983 Cohort from CIMT images and Stroke risk increased Nested case-
199712 Rotterdam determination of with increasing IMT control study

study87 >55 years incident stroke OR per SD increase
old based on (0.163 mm) = 1.41

discharge records (95% CI = 1.25–1.82)

Yamakado 243 Normal and CIMT Higher CIMT in Cohort study
199898 asymptomatic asymptomatic brain

brain infarction infarction group

Kawamura 82 Diabetes >60 years CIMT Higher CIMT with age; Cohort study
199899 old in patients with

asymptomatic brain
infarction; (+)
correlation with
sVCAM-1

Ebrahim 800 Males from the CIMT Stroke risk with Cohort study
199927 BRHS cohort; increased IMT OR

females an age- 1.9 (95% CI =
matched random 0.4–10.2)
sample 

O’Leary 4476 >65 years old Cardiovascular Relative risk of stroke Prospective
199914 without CVD events (new MI increased with IMT multicenter

or stroke) and (p < 0.001) study
CIMT

Touboul 470 MRI-proven brain CIMT ↑ IMT was associated Cohort study
2000100 infarction with brain infarction

Cupini 292 Acute ischemic CIMT IMT and AF discriminate Cohort study
2002101 stroke independently stroke

subtypes; IMT was
significantly ↑ in
nonlacunar vs.
lacunar and controls

IMT, intima-media thickness; CIMT, carotid intima-media thickness; ICA, internal carotid stenosis; MRI, magnetic resonance imaging; 
sVCAM-1, vascular cell adhesion molecule-1; MMSE, Mini-Mental State Examination; ARIC, Atherosclerosis Risk in Communities Study; 
TIA, transient ischemic attack; OR, odds ratio; ICA, internal carotid artery; SD, standard deviation; AF, atrial fibrillation; CI, confidence intervals.



● An age-matched low-risk group (46) with the
following criteria: diastolic blood pressure lower
than 95 mmHg, no antihypertensive treatment, no
smoking during the last 3 years, serum cholesterol
6.5 mmol/L or less, normal fasting blood glucose,
and normal sinus rhythm on electrocardiogram

More and larger plaques were found in the high-risk
group than in the low-risk group (p <0.0001). Femoral
IMT increased in proportion with the occurrence and
severity of plaques in the common, superficial, or pro-
funda femoral arteries. Femoral artery plaques were found
in 28% of the patients in the low-risk group, indicating
a prevalence of subclinical atherosclerosis higher than
previously thought.

Veller and colleagues104 correlated carotid IMT and
atherosclerotic disease in the carotid and femoral bifur-
cations. They showed a mean IMT of 0.55 mm in subjects
without a plaque in the mentioned bifurcations (0.36 to
0.81), and 0.77 in those with a plaque (0.56 to 1.07) 
(p <0.001). If the mean IMT was less than 0.6 mm, a
plaque was found in 5% of subjects; if it was between
0.6 and 0.8 mm, a plaque was found in 53%; and
plaque was found in 96% if it was greater than 0.8 mm.
The IMT increased at a rate of 0.009 mm/yr (r = 0.65)
in subjects with a plaque in those locations, compared
with 0.005 mm/yr (r = 0.64) in subjects without a
plaque. The lifetime amount of smoking (0.003 mm/pack-
year smoked; r = 0.39; p <0.05) and the systolic blood
pressure (0.004 mm/kPa; r = 0.51; p <0.01). Sex,

diameter of the vessel, mean and diastolic blood pressures
did not have a significant effect on IMT.

Intravascular Ultrasound and IMT

IVUS has been extensively reported in clinical applica-
tions, mostly in relation to plaque morphology; its use
for IMT assessment has been scarce. Wakeyama and
colleagues105 studied the extent and nature of 100 radial
artery injuries after transradial approach for coronary
angiography or intervention using IVUS and IMT
measurements. The IMT values were higher in patients
after repeated transradial interventions (p <0.0001).
Petronio and colleagues46 used IVUS and IMT values to
assess gender differences in patients that were referred
for percutaneous coronary angioplasty. The left anterior
coronary artery was smaller in women after correcting
for body size, suggesting an intrinsic sex effect on the
coronary anatomic dimensions.

IMT Effect on Treatment

IMT have been extensively studied in a broad field of
applications including lipid-lowering agents, anti-
hypertensive drugs and others (Tables 14-4, 14-5, and
14-6).26,106–130
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TABLE 14-4. Impact of IMT Analysis on Treatment With Statins

Number of
Study Patients Population Treatment Outcome Results Study

Byington 919 Asymptomatic Lovastatin 3-year Among patients with Double-blind, 
1994106 with early 20–40 mg/d change no coumadin, IMT randomized 
(ACAPS carotid or placebo+ in CIMT ↓ significantly in clinical trial 
study) stenosis Coumadin statin group 

1 mg/d or 
placebo ±
aspirin 

De Groot 255 Symptomatic Pravastatin CIMT ↓ IMT progression Double-blind, 
1995107 CHD con- placebo-
(REGRESS firmed by controlled, 
study) angiography multicenter 

study 

Crouse 151 Men with CHD Pravastatin CIMT Statistically  Randomized 
1995108 significant 35% 
(PLAC-II ↓ IMT progression 
study) 

Salonen 447 Mostly Pravastatin CIMT ↓ IMT progression, Randomized
199526 asymptomatic (40 mg/d) ↑ effect if ↑ population-
(KAPS or placebo baseline IMT based trial
study) for 3 years values, smokers

and ↓ plasma
vitamin E levels

Continued
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TABLE 14-4. Impact of IMT Analysis on Treatment With Statins—cont’d

Number of
Study Patients Population Treatment Outcome Results Study

Mercuri 305 Asymptomatic Pravastatin CIMT Stops IMT Prospective, 
1996109 Mediterranean (40 mg/d) progression randomized, 
(CAIUS patients with or placebo placebo-
study) moderately for 3 years controlled 

↑ cholesterol study 

Hodis 188 CHD confirmed Lovastatin  CIMT ↓ IMT progression Randomized, 
1996110 by angiogra- double-blind, 
(MARS phy placebo-
study) controlled 

study 

MacMahon 522 History of MI or Low-fat diet CIMT IMT ↑ by 0.048-mm Randomized,
1998111 unstable +pravastatin in placebo; ↓ by double-blind,

angina 40 mg/d or 0.014-mm with placebo-
placebo treatment controlled

study 

Smilde 325 Familial Atorvastatin Lipoprotein, Atorvastatin ↓ mean Multicenter,
2001112 hypercholes- 80 mg/d vs. fibrino- IMT by 0.031mm randomized,
(ASAP terolemia simvastatin gen, IMT and simvastatin double-blind
study) 40 mg/d ↑ by 0.036mm clinical

(p < 0.0001)

Taylor 161 CHD Atorvastatin CIMT Atorvastatin ↓ IMT Single-center,
2002113 80 mg/d vs. while pravastatin randomized
(ARBITER pravastatin was related to clinical trial
study) 40 mg/d stable IMT (only

significant after
1 year) 

Youssef 25 Peripheral Atorvastatin CIMT Trend after 4 years Prospective,
2002114 arterial disease 20 mg/d for to regress; after randomized,

4 weeks 8 weeks significant blinded

de Sauvage 153 Familial Simvastatin CIMT, FIMT ↓Combined IMT in Prospective
Nolting hypercholes- 80 mg/d for 69.8%; with 
2003115 terolemia 2 years antihypertensives

± antihyper- more benefit 
tensive meds

ACAPS, Asymptomatic Carotid Artery Progression Study; REGRESS, Regression Growth Evaluation Statin Study; METEOR, Measuring Effects on Intima-
Media Thickness: an Evaluation of Rosuvastatin; PLAC, Pravastatin, Lipids, and Atherosclerosis in the Carotid Arteries; KAPS, Kuopio Atherosclerosis
Prevention Study; CAIUS, Carotid Atherosclerosis Italian Ultrasound Study; MARS, Monitored Atherosclerosis Regression Study; ASAP, Atorvastatin
vs. Simvastatin on Atherosclerosis Progression; ARBITER, Arterial Biology for the Investigation of the Treatment Effects of Reducing Cholesterol. 

MI, myocardial infarct; CHD, coronary heart disease; IMT, intima-media thickness; CIMT, carotid intima-media thickness; FIMT, femoral intima-
media thickness.

TABLE 14-5. Impact of IMT Analysis on Treatment With Antihypertensives

Number of Type of
Study Patients Population Treatment Outcome Result Study

Pitt 2000116 825 Angiographically Amlodipine CIMT, clinical IMT 0.033 mm Multicenter, 
(PREVENT documented 5 mg/d, events, ↑ with placebo; randomized,
trial) CHD increased angiographic 0.0126-mm placebo 

to 10 mg/d change in ↓ with amlodipine controlled, 
after mean minimal double 
2 weeks if diameter of masked 
tolerated segments trial 

with baseline
diameter 
stenosis of 
30% 



Chapter 14: Noninvasive Screening and Utility of Carotid Intima-Media Thickness 167

TABLE 14-5. Impact of IMT Analysis on Treatment With Antihypertensives—cont’d

Number of Type of 
Study Patients Population Treatment Outcome Results Study

Hedblad 793 Asymptomatic Metoprolol CIMT IMT progression at Randomized, 
2001117 subjects with 25 mg/d 18 and 36 months double-
(BCAPS carotid plaque for 1.5 to was ↓ by meto- blind, 
trial) 3 years + prolol (–0.058 mm/ placebo-

fluvastatin y; 95% CI, –0.094 controlled, 
40 mg/d to –0.023; p = single-
vs. placebo 0.004; and center 

–0.023 mm/y; trial 
95% CI, –0.044 to 
–0.003; p = 0.014,
respectively) 

Simon 439 Hypertensive Nifedipine CIMT IMT ↑ on HCTZ + Prospective,
2001118 patients 55- 30 mg or amiloride, not on randomized,

to 80-years- HCTZ + nifedipine placebo-
old, with ≥1 amiloride controlled
cardiovascular 25/2.5 mg trial
risk factor with 

titration 

Hoogerbrugge 80 Peripheral arte- Doxazosin, CIMT, FIMT, No differences after Randomized,
2002119 rial disease, HCTZ fasting lipid 3 years, but both double-
(DAPHNE hypercholes- profile ↓ significantly blind trial
study) terolemia 

Yamakado 20 HTN Candesartan* BP, CIMT, ARB ↓ IMT signifi- Prospective
2002120 vs. superoxide cantly. Effects 

diuretics dismutase through antioxi- 
activity, lipid dation not only 
peroxidase through BP control

Bozec 98 Untreated with Enalapril vs. CIMT, M235T ↑ IMT if homozygous Randomized,
2003121 essential celiprolol polymor- for the T allele double-

hypertension for phism for than MM patients; blind 
5 months angiotensino- IMT was more parallel 

gen gene significantly ↓ group 
with treatment in study 
TT than MM 

Terpstra 131 Newly diagnosed Nifedipine CIMT IMT inhibition, more Prospective, 
2003122 hypertension 30–60 mg benefit in open-label 

for pretreatment study with 
26 weeks ↑ IMT blinded 

end-point 
analysis 

Wiklund 129 Hypercholes- Metoprolol CIMT Metoprolol ↓ IMT at Randomized, 
2002123 terolemia 100 mg/d 1 (–0.08 vs double-
(ELVA trial) for 1.5– –0.01 mm; blind, 

3 years vs. p = 0.004) and placebo-
placebo + 3 years (–0.06 vs controlled, 
concomi- +0.03 mm; single-
tant statin p = 0.011) center trial  
therapy 

*Candesartan is a angiotensin receptor blocker (ARB).
PREVENT, Prospective Randomized Evaluation of the Vascular Effects of Norvasc Trial; BICAPS, Beta-Blocker Cholesterol-Lowering Asymptomatic

Plaque Study; ELVA, Effects of Long-Term Treatment of Metoprolol CR/XL on Surrogate Variables for Atherosclerotic Disease; 
DAPHNE, Doxazosin Atherosclerosis Progression Study in Hypertensives in the Netherlands. 

IMT, intima-media thickness; CIMT, carotid intima-media thickness; FIMT, femoral intima-media thickness; CHD, coronary heart disease; 
HCTZ, hydrochlorotiazide; CI: confidence intervals.



The subendothelial accumulation of inflammatory
products in the arterial wall increases the IMT in athero-
sclerosis. Several randomized, multicenter, placebo-
controlled trials showed conclusively that the use of statins
slows the progression of atherosclerosis and decreases
the IMT in several studies (see Table 14-4).26,106–115

Reported adverse outcomes included major cardiovas-
cular events (e.g., death, stroke, nonfatal heart attacks)
in both groups, significantly higher in the placebo
group (p = 0.04). 

Pitt and colleagues116 studied in a multicenter, ran-
domized, placebo-controlled trial the impact of amlodipine
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TABLE 14-6. Impact of IMT Analysis on Treatment

Number of
Study Patients Population Treatment Outcome Results Type of Study

Raal 15 Homozygous 1g/d vitamin E CIMT ↑ IMT rapidly with Prospective, blind 
1999124 familial for 2 years; vitamin E. With trial

hypercholes- then sim- statins mean ↓ of 
terolemia vastatin 28% in LDL 

started at cholesterol, no 
80–160 mg/d further IMT 
and subse- progression and 
quently regression 
atorvastatin 
80 mg/d 
+ diet 

Drueke 60 ESRD Iron AOPP, iron, ↑ IMT with ↑ AOPP, Prospective 
2002125 IMT and ↑ IMT with ↑ iron 

vessel and ferritin  
diameter 

Moreau 104 Healthy post- Sedentary vs. CIMT, FIMT No-HRT sedentaries Prospective 
2002126 menopausal active; HRT had ↑ FIMT than 

and no-HRT rest; no differences
within each for IMT; in >65, 
group IMT is ↓ in HRT 

compared with 
no-HRT 

Chironi 36 Human immun- Antiretroviral CIMT, lipid ↓ HDL may be Prospective 
2003127 odeficiency meds panel, involved in early controlled 

virus patients waist atherosclerosis in 
circum- HIV patients 
ference 

DCCT/EDIC 1229 IDDM and Conventional CIMT <IMT progression Observational 
2003128 control group (611) vs. with intensive follow-up 

intensive treatment 
treatment 
(618) 

Erenus 20 Postmenopausal Tibolone CIMT, RI Significant ↓ in CIMT Prospective 
2003129 healthy 2.5 mg/d CCA/ICA/

females for 12 weeks ECA/VA 

Salonen 440 Males, smokers 136 IU vitamin CIMT Significant ↓ com- Prospective  
2003130 and non- E and bined IMT in male 

smokers, and 250 mg and combined, 
post- vitamin C not in females 
menopausal BID 
females, 45–
69 years old 
and choles-
terol >193 

IMT, intima-media thickness; CIMT, carotid intima-media thickness; BP, blood pressure; ESRD, end-stage renal disease; AOPP, advanced oxidation
protein products; CIMT, carotid IMT; FIMT, femoral IMT; HRT, hormone-replacement therapy; HCTZ, hydrochlorothiazide; BID, twice a day; 
RI, resistivity index; CCA, common carotid artery; ECA, external carotid artery; ICA, internal carotid artery; VA, vertebral artery; IDDM, insulin-
dependent diabetes mellitus; DCCT, Diabetes Control and Complications Trial; EDIC, Epidemiology of Diabetes Interventions and
Complications.



in 825 patients with angiographic-documented CHD.
The primary goal was to determine if the drug would
reduce early atherosclerosis progression as measured by
a change in the mean minimal diameter using quantita-
tive coronary angiography. A secondary goal was to test
atherosclerosis progression through IMT estimation in
12 carotid segments (i.e., near and far walls of the
CCA, bifurcation, and ICA bilaterally). At 3 years the
average reduction in the mean minimal diameter was
almost identical for both groups. The IMT increased by
0.033 mm in the placebo group and decreased by 0.013
mm with amlodipine (p = 0.007). Similar conclusions
have been obtained in several other studies (see Table
14-5).116–123 The use of amlodipine reduced the rates of
combined nonfatal congestive heart failure and unstable
angina (p = 0.01) and the need for coronary revascu-
larization (p = 0.001).

Flow-Mediated Dilatation and IMT

Arteries of large caliber are capable to accommodate
bloodflow changes by increasing their internal diameter;
this is called flow-dependent dilatation (FMD), and it
represents another surrogate marker for vascular disease.
It opposes neurogenic and myogenic vasoconstriction,
increases conductance on exertion, and maintains shear
stress within physiologic range.131 Experiments in iso-
lated arteries or in animals suggest that FMD of conduit
arteries is mediated through the release of endothelium-
derived nitric oxide (NO) and/or prostacyclin.132 FMD
of large arteries in vivo has been used as an index of
endothelial function in humans and is impaired in
atherosclerosis.131 Human studies have shown that NO
is essential for FMD of human radial arteries in vivo.131

Few studies have addressed the relation between
FMD and IMT. Ravikumar and colleagues133 measured
FMD in the brachial artery and correlated it with the
carotid IMT in 50 diabetic and 50 age- and sex-matched
nondiabetic control subjects. Overall, FMD had a signifi-
cant inverse correlation with IMT (p = 0.001), and that
finding was also true within the nondiabetic group. Lower
FMD values were seen with an increase in quartiles of
IMT both in diabetics and nondiabetics. Diabetic subjects
had decreased FMD and increased arterial stiffness
compared with nondiabetics.133 Another study addressed
the influence of apolipoprotein E (apoE) polymorphism
on plasma lipoprotein levels and the development of
cardiovascular disease. A negative correlation between
brachial-FMD and carotid IMT was found in all subjects
(r = –0.21, p <0.05) being most clear in the E3E4
group (r = –0.53, p <0.02).134 A study of 122 patients
with clinically suspected CHD before coronary angio-
graphy was performed analyzing carotid IMT and
brachial FMD.135 A negative correlation was shown
between FMD and IMT (r = –0.317, p = 0.0004).

Receiver-operator characteristic curves showed that
FMD was a better predictor of CHD, and IMT had a
positive correlation with the extent of CHD.

Current Research and the Future

Other surrogate markers are being currently investigated.
They include high-sensitivity C-reactive protein, soluble
vascular cell adhesion molecule, soluble intercellular
adhesion molecule, endothelial selectin, homocysteine,
and von Willebrand factor (vWF).136 Cell adhesion mole-
cules are thought to have a key role in onset of athero-
sclerosis. They have been studied as possible predictive
markers of presence and severity of atherosclerotic
disease in patients with familial hypercholesterolemia,
known to develop early severe coronary artery disease.
Carotid IMT was also measured in this study. The use
of individual levels of these molecules was found to be
not predictive of atherosclerosis in this subgroup of
patients.137 Another paper that studied 42 subjects with
familial hypercholesterolemia showed that after multi-
variate analysis, only LDL cholesterol and the cholesterol-
years score were strong predictors of carotid IMT (multiple
r = 0.82; r2 = 0.68; p <0.001).138

The coagulation profile of individuals with PVD and
high IMT measurements was also studied. Cortellaro and
colleagues139 analyzed 64 patients with PVD. Some 24
patients had high IMT values, and the other 40 did not.
Their coagulation profiles were compared; elevated plasma
concentrations of factor VII and von Willebrand factor
correlated with increasing IMT, and they were thought
to possibly play a role in atherosclerosis progression.
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veillance claim that restenosis is benign in nature, and
therefore a large number of strokes may not be prevented
by this surveillance.5,6,8,9,12 Some of these studies have
reported restenoses of more than 50% in 12% to 36%
of the endarterectomized arteries.1 Despite the high rate
of restenosis, symptoms attributed to restenoses are rare;
therefore several authorities have suggested that routine
surveillance of patients after CEA is not efficacious.4–6,9

Mattos and colleagues6 described their experience
with postoperative carotid duplex surveillance and found
an equal stroke-free survival at 5 years between patients
with or without >50% restenosis. In addition, only
1 of 380 patients suffered a stroke in their study, sug-
gesting a benign clinical significance of recurrent carotid
artery stenosis. Based on these results, the authors
suggest an initial 6-month duplex examination and
subsequent yearly duplex surveillance examinations.
Mackey and colleagues claim a low rate of clinically
significant restenosis.5 Their retrospective series of 258
patients (348 arteries) show a potential 4% incidence
of late strokes, but this included all patients who under-
went repeat CEA for asymptomatic restenosis. They also
note that the majority of restenoses (53%) remained
asymptomatic and did not progress to occlusion through-
out follow-up. Of 10 documented late occlusions, 8 did
not result in stroke. Eight patients with operable resteno-
sis had transient ischemic attacks (TIAs) and under-
went reoperation. The authors found that even patients
with 75% to 99% restenosis most often remained

Introduction

Timing of Postoperative Carotid Duplex
Surveillance

Cost-Effectiveness of Postoperative Carotid
Duplex Surveillance

The Author’s Clinical Experience

Natural History of Carotid Artery Stenosis
Contralateral to CEA

Conclusions

Introduction

estenosis is a known entity that occurs after carotid
endarterectomy (CEA), but the frequency of restenosis
varies, depending on the diagnostic method used and
the frequency of follow-up examinations.1–12 Several
studies have reported on the value of postoperative
carotid duplex surveillance, but no consensus has been
reached.1–12 The advantages cited are detection of sig-
nificant restenosis befor the onset of neurologic events,
which aids in the prevention of potential strokes, and
follow-up on the contralateral carotid artery, to docu-
ment the development of surgically correctable stenosis.
Opponents of routine postoperative carotid duplex sur-



asymptomatic (37%) or had TIAs (32%). Only 2 of 19
patients (11%) with 75% to 99% restenosis had an
unheralded stroke. The authors feel that postoperative
carotid duplex surveillance is not justified because of
the low incidence of symptomatic restenosis.

In spite of these findings, investigators have been
reluctant to advise that postoperative carotid duplex
surveillance be abandoned because the cost-effectiveness
of this surveillance has not been formally investigated.
Others have reported that high-grade stenosis (>75%),
whether caused by myointimal hyperplasia of the CEA
site or by progressive atherosclerosis of the contralateral
carotid artery, is associated with an increased risk of
late stroke.12,13

Ouriel and Green reported an 11% incidence of
restenotic lesions greater than 80%. Although the inci-
dence of symptoms with restenotic lesions was low
(12%), the onset of symptoms at the time of occlusion
was significant.7 Some 42% of patients became symp-
tomatic at the time of occlusion, with 33% resulting
in a stroke. This led to the observation that critical
restenoses are precursors to stroke, even if asympto-
matic, and therefore the detection of greater than 80%
restenosis allows future stroke prevention if operative
intervention is undertaken.7 Mattos and colleagues also
described the outcome for greater than 80% restenosis.
In their group of three patients with greater than 80%
restenosis, one suffered a stroke, one had a TIA, and one
remained asymptomatic. This suggests a more serious
course once restenosis reaches greater than 80%.6,7

So far, a consensus has not yet been reached in the
surgical literature regarding the usefulness, cost-
effectiveness, or timing of postoperative carotid duplex
surveillance.

Timing of Postoperative Carotid
Duplex Surveillance

Several authors have recommended an initial surveil-
lance duplex on the operative carotid system within the
first 6 months3,6–8,12 to detect residual stenosis from the
operative procedure or early restenosis.7 For example,
Roth and colleagues recently recommended an initial
duplex ultrasound to ensure a technically successful
CEA, with subsequent postoperative carotid duplex
surveillance at 1 to 2 years as long as restenosis and
contralateral stenoses remain less than 50%. More
frequent follow-up (every 6 months) is warranted if
greater than 50% stenosis is noted, or with the onset of
symptomatic disease.12

Several studies have reported that the majority of
restenoses occur during the first 1 to 2 years after CEA.
Zierler and colleagues1 noted that 91% of restenoses
occur during the first year. Mattos and colleagues3

also noted that 70% of restenoses were detected

within 1 year after the CEA, and 96% developed within
15 months. Thomas and colleagues2 reported that 70%
of restenoses in their study occurred within 1 year of
the CEA. Similar observations were noted previously
by the author.10

Cost-Effectiveness of Postoperative
Carotid Duplex Surveillance

There have been reports that postoperative carotid
duplex surveillance is not cost-effective because there
is such a low incidence of symptomatic restenosis. Patel
and colleagues evaluated the cost-effectiveness of post-
operative carotid duplex surveillance11 and concluded
that postoperative carotid duplex surveillance after
CEA has an unfavorable cost-effectiveness ratio. In the
process of their analysis, they identified a subset of
patients in whom postoperative carotid duplex surveil-
lance may be cost-effective. These included patients in
whom the rate of progression to greater than 80%
stenosis exceeded 6% per year. In their analysis, they
felt that some groups of patients could potentially have
a rate of disease progression that approaches or exceeds
the level at which postoperative carotid duplex surveil-
lance becomes cost-effective. Some of these include
patients with multiple risk factors (e.g., smoking, hyper-
tension, hyperlipidemia, diabetes mellitus, coronary
artery disease, female gender, and a young age). In
addition, they concluded that with postoperative carotid
duplex surveillance, the rate of carotid artery occlu-
sion could be reduced by 15% per year. The author’s
evaluation of the cost of postoperative carotid duplex
surveillance agrees with these conclusions (see the
following).

The Author’s Clinical Experience

Three hundred and ninety-nine CEAs were randomized
into 135 with primary closure, 134 with polytetrafluo-
roethylene (PTFE) patch closures, and 130 with vein
patch closures; these patients were followed for a mean
of 47 months. Postoperative carotid duplex surveillance
was done at 1, 6, and 12 months, and every year there-
after (a mean of 4.0 studies/artery). A Kaplan-Meier
analysis was used to estimate the rate of 80% or greater
restenosis over time and the time frame of progression
from less than 50%, to 50% to 79%, and to 80% or
greater stenosis.

Restenoses of 80% or greater developed in 24 (21%)
with primary closure, and 9 (4%) with patching. A
Kaplan-Meier estimate of freedom from 50% to 79%
restenosis at 1, 2, 3, 4, and 5 years was 92%, 83%,
72%, 72%, and 63%, respectively, for primary closure,
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and 99%, 98%, 97%, 97%, and 97%, respectively, for
patching (Table 15-1 and Fig. 15-1). A Kaplan-Meier
estimate of freedom from 80% or greater restenosis
at 1, 2, 3, 4, and 5 years was 92%, 83%, 80%, 76%,
and 68%, respectively, for primary closure; and 100%,
99%, 98%, 98%, and 91%, respectively, for patching
(p <0.01; Table 15-2 and Fig. 15-2).

Out of 56 arteries with 20% to 50% restenosis, 2/28
patch closures and 10/28 primary closures progressed
to 50% to less than 80% restenosis (p = 0.02), and
0/28 patch closures and 6/28 primary closures pro-

gressed to 80% or greater restenosis (p = 0.03). In
primary closures, the median time to progression from
less than 50% to 50% to 79%, from less than 50% to
80% or greater, and from 50% to 79% to 80% or greater
was 42, 46, and 7 months, respectively. Of the 24 arter-
ies with 80% or greater restenosis in primary closures,
10 were symptomatic (Table 15-3). Thus assuming that
symptomatic restenosis would have undergone duplex
examinations anyway, there were 14 asymptomatic
arteries (12%) that could have been detected only by
postoperative carotid duplex surveillance (at an estimated
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TABLE 15-1. Lifetable Analysis of Time to 50% to 79% Restenosis
According to CEA Closure

Time Interval Number At Standard
(Months) Risk At Start Number Failed Cumulative (%) Error (%)

Patch

0 222 0 100 0

6 220 0 100 0

12 201 2 99.04 0.68

18 173 1 98.48 0.92

24 157 0 98.48 0.97

30 131 2 97.12 1.44

36 114 0 97.12 1.54

42 93 0 97.12 1.71

48 71 0 97.12 1.96

54 46 0 97.12 2.43

60 34 0 97.12 2.83

Primary

0 116 0 100 0

6 109 3 97.37 1.51

12 93 6 91.77 0.68

18 75 5 86.46 3.09

24 63 3 82.73 4.33

30 49 6 74.08 5.39

36 41 1 72.47 5.94

42 35 0 72.47 6.43

48 26 0 72.47 7.46

54 18 1 68.66 9.06

60 10 1 62.94 12.12



cost of $139,200) and would have been candidates for
redo CEA. Of the nine arteries with patch closures (three
PTFE and six vein patch closures) with 80% or greater
restenosis, six asymptomatic arteries (four vein patch
closure and two PTFE, or 3%) could have been detected
by postoperative carotid duplex surveillance. In patients
with a normal duplex at the first 6 months, only 4/222
(2%) patched arteries (two asymptomatic) developed
80% or greater restenosis versus 5/13 (38%) in patients
with abnormal duplex examinations (p <0.001).

Assuming a 5% stroke rate for the 14 repeat CEAs
for asymptomatic 80% or greater restenosis in the
primary closure group in our series,14 0.7 strokes would
be associated with the 14 repeat CEAs and approximately
4.7 strokes would have been prevented through surgical
intervention before occlusion (assuming a similar out-
come of 80% or greater restenosis as described by
Mattos and colleagues6). A net reduction of four strokes
in patients with primary closure would have an approx-
imate cost of $56,150 per stroke prevented.

Also, assuming a similar outcome of greater than
80% restenosis as described by Ouriel and Green,7 and
if one half of these greater than 80% restenoses would
progress to total occlusion (7 patients), and assuming
one third of patients with total occlusion would suffer
a stroke; then approximately 2.3 strokes would be
prevented by doing the 14 redo CEAs. Because 0.7
strokes would result from repeating 14 CEAs,14 the net

effect would be prevention of 1.6 strokes at a cost of
$224,600 (i.e., $140,250 per stroke prevented). This
analysis does not take into consideration the value of
duplex screening of the contralateral nonoperated side.

The justification for this cost is unclear without a
definite estimate of the economic burden of caring for
these stroke victims. Considering the low incidence of
greater than 80% restenosis in patients with patch
angioplasty closure, the cost-effectiveness of postoper-
ative carotid duplex surveillance appears to be unfavor-
able. and therefore should be limited to a single duplex
ultrasound to detect residual stenosis. Subsequent
follow-up should be dictated by the results found on
the initial scan and the onset of neurologic symptoms.

Natural History of Carotid Artery
Stenosis Contralateral to CEA

A few nonrandomized studies have reported on the
natural history of carotid artery stenosis contralateral
to CEA. Recently, the author analyzed the natural
history of carotid artery stenosis contralateral to CEA
from two randomized prospective trials.10,15

The contralateral carotid arteries of 534 patients
who participated in two randomized trials comparing
CEA with primary closure versus patching were followed
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Figure 15-1: Kaplan-Meier
estimate of time to 50% to 79%
restenosis according to closure.
(From AbuRahma AF, Robinson
PA, Hannay RS, et al: Frequency
of postoperative carotid duplex
surveillance and type of closure:
Results from a randomized trial.
J Vasc Surg 32:1043–1051,
2000.)



clinically and had duplex ultrasounds at 1 month and
every 6 months. Carotid artery stenoses were classified
into less than 50%, 50% to less than 80%, 80% to
99%, and occlusion. Late contralateral CEAs were done
for significant carotid artery stenoses. Progression of
carotid artery stenosis was defined as progress to a
higher category of stenosis. A Kaplan-Meier lifetable
analysis was used to estimate freedom from progres-
sion of carotid artery stenosis. The correlation of risk
factors and carotid artery stenosis progression was also
analyzed.

Out of 534 patients, 61 had initial contralateral CEAs
within 30 days of the ipsilateral CEA, and 53 had
contralateral occlusions. Overall, 109/420 (26%)
progressed at a mean follow-up of 41 months (range, 1
to 116 months). Progression of contralateral carotid
artery stenosis was noted in 5/162 (3%) patients who
had baseline normal carotids. Some 56/157 (36%)
patients with less than 50% carotid artery stenosis
progressed, vs. 45/95 (47%) patients with 50 to less
than 80% carotid artery stenosis (p = 0.003). The
median time for progression was 24 months for less
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TABLE 15-2. Lifetable Analysis of Time to 80% or Greater Restenosis
According to CEA Closure

Time Interval Number At Standard
(Months) Risk At Start Number Failed Cumulative (%) Error (%)

Patch

0 222 0 100 0

6 220 0 100 0

12 202 0 100 0

18 174 1 99.50 0.53

24 158 1 98.89 0.83

30 134 2 97.51 1.33

36 116 0 97.51 1.43

42 95 0 97.51 1.58

48 73 0 97.51 1.80

54 47 2 93.79 3.41

60 35 1 91.19 4.58

Primary

0 116 0 100 0

6 111 4 96.51 1.71

12 97 5 91.96 2.65

18 79 5 86.77 3.55

24 68 3 83.19 4.14

30 55 2 80.48 4.79

36 49 0 80.48 5.08

42 41 0 80.48 5.55

48 30 2 76.18 6.68

54 22 1 72.72 8.10

60 13 1 67.52 10.67



than 50% carotid artery stenosis and 12 months for 50%
to less than 80% carotid artery stenosis (p = 0.035).
Freedom from progression for patients with baseline
less than 50% and 50% to less than 80% carotid artery
stenosis at 1, 2, 3, 4, and 5 years was, respectively, 95%,
78%, 69%, 61%, and 48%, and 75%, 61%, 51%, 43%,
and 33% (p = 0.003). Freedom from progression in
patients with baseline normal carotid arteries at 1, 2, 3,
4, and 5 years was, respectively, 99%, 98%, 96%, 96%,

and 94%. Late neurologic events referable to the con-
tralateral carotid artery were infrequent in the whole
series (28/420, or 6.7%) and included 10 strokes (2.4%)
and 18 TIAs (4.3%) (28/258, or 10.9% in patients with
contralateral carotid artery stenosis); however, late
contralateral CEAs were done in 62 patients (62/420, or
15%; in the whole series, 62/258, or 24%). The sur-
vival rates were 96%, 92%, 90%, 87%, and 82% at
1, 2, 3, 4, and 5 years, respectively.
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Figure 15-2: Kaplan-Meier
estimate of time to 80% or
greater restenosis according
to closure. (From AbuRahma
AF, Robinson PA, Hannay RS, et
al: Frequency of postoperative
carotid duplex surveillance
and type of closure: Results
from a randomized trial. J
Vasc Surg 32:1043–1051,
2000.)

TABLE 15-3. Correlation Between 80% or Greater Restenosis
and Neurologic Events (TIA/Stroke)

Patients Without 80% Patients With 80% or
Neurologic Events or Greater Restenosis Greater Restenosis Total

Whole Series

No neurologic events 281 (92%) 20 (61%) 301 (89%)

Neurologic events 24 (8%)* 13 (39%)* 37 (11%)

Total 305 (100%) 33 (100%) 338 (100%)

Patients with Patch Closure

No neurologic events 198 (93%) 6 (67%) 204 (92%)

Neurologic events 15 (7%)† 3 (33%)† 18 (8%)

Total 213 (100%) 9 (100%) 222 (100%)

Patients with Primary Closure

No neurologic events 83 (90%) 14 (58%) 97 (84%)

Neurologic events 9 (10%)‡ 10 (42%)‡ 19 (16%)

Total 92 (100%) 24 (100%) 116 (100%)

*p < 0.0001; †p = 0.027; ‡p < 0.001.



Conclusions

Our randomized prospective studies confirm that carotid
restenosis is a known entity that follows a percentage
of patients who undergo carotid surgery. In the past,
the clinical significance of carotid restenosis has led
some investigators to conclude that postoperative carotid
duplex surveillance is not warranted. The author showed
that, based on the incidence of greater than 80% resteno-
sis, postoperative carotid duplex surveillance may be
beneficial in patients with primary closure, with exami-
nations at 6 months and at 1- to 2-year intervals for
several years. For patients with patching, a 6-month post-
operative duplex examination, if normal, is adequate.

The author also found that progression of contralateral
carotid artery stenosis was noted in a significant num-
ber of patients with baseline contralateral carotid artery
stenosis. Serial carotid duplex ultrasounds every 6 to
12 months for patients with 50% to less than 80%
carotid artery stenosis, and every 12 to 24 months for
50% or less carotid artery stenosis, is adequate.
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an overall stroke rate of 1.8% (1.3% for asymptomatic
patients) and a mortality rate of 0.5%, for a combined
stroke-mortality rate of 2.3%. Despite the proven efficacy
of CEA in the prevention of ischemic stroke, great interest
has been generated in carotid angioplasty/stenting (CAS)
as an alternative to surgical therapy.

Given the exemplary results of CEA, many vascular
surgeons have reserved angioplasty/stenting for patients
considered to be at high-risk for surgical therapy. Ouriel
and colleagues4 reviewed 3061 CEA procedures per-
formed over a 10-year period; patients were stratified
into high-risk and low-risk groups based on the presence
or absence of the following comorbid conditions:

1. Severe coronary artery disease

2. Chronic obstructive pulmonary disease

3. Renal disease

The composite end-point of stroke/myocardial infarc-
tion/death was 3.8% for the entire cohort. Among the
high-risk group, however, the result was 7.4%, significantly
higher than those without these comorbidities (2.9%,
p <0.005). The authors suggest that initial clinical evalua-
tion of CAS might best be performed in the group in whom
CEA carries significant risk. A list of other potentially
high-risk conditions are listed in Table 16-1. Table 16-2
lists limitations and contraindications to the technique.

Introduction

Carotid Angioplasty/Stenting

Restenosis Following Carotid
Angioplasty/Stenting

Carotid Duplex Ultrasound Following CAS

Conclusions

Introduction

urgical endarterectomy of high-grade carotid lesions,
both symptomatic and asymptomatic, has been identi-
fied as the treatment of choice for stroke prophylaxis in
most patients when compared with “best medical therapy”
(i.e., risk factor reduction and antiplatelet agents), as
shown in the NASCET and ACAS studies.1,2 Subsequently,
carotid endarterectomy (CEA) has been performed in
increasing numbers of patients, and now represents the
most common operation performed by vascular surgeons.
The results of this procedure have continued to improve,
as exemplified by a report from Hertzer and colleagues3

at the Cleveland Clinic Foundation. In a series of 2228
consecutive isolated CEA procedures, they documented
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Carotid Angioplasty/Stenting

An insight into the technique involved in CAS may be
useful to the clinician/sonographer caring for these
patients and may aid in the interpretation of follow-up
duplex ultrasound studies. As with any other surgical or
interventional technique, careful preprocedural evalua-
tion and planning is essential to success. All patients
should have a carotid duplex ultrasound from an accredited

vascular laboratory confirming both the presence of a
high-grade stenosis and its location with respect to the
carotid bifurcation. Careful attention should be paid to the
presence of mobile atheroma or thrombus that could
embolize during catheter/guidewire manipulation. Sub-
sequently, all patients should have an arch/carotid/
intracranial angiogram, either as a separate study before
the procedure or at the time of the proposed interven-
tion. Specific details to be gained from this complete
study (which may not be evident on the preprocedure
duplex ultrasound) include tortuosity of the brachio-
cephalic trunks (which impacts catheter/sheath access
to the target lesion); location; character and extent of
the stenosis; the presence of tandem common carotid/
internal carotid lesions; the presence or absence of
thrombus; and the presence of intracranial disease (e.g.,
occlusions, stenoses, or aneurysms). It is imperative to
document the status of the intracranial circulation
before intervention so that potential procedure-related
embolic lesions can be identified when compared with
the preangioplasty study.

At the time of the diagnostic study, measurements of
lesion length and diameter of the arteries proximal and
distal to the lesion can be made; this will aid in the selec-
tion of an appropriate stent and protection device. Poten-
tial candidates should have a thorough cardiopulmonary
evaluation. Informed consent regarding the risks and
potential benefits of the procedure, especially as they
relate to alternative therapies (e.g., medical therapy or
CEA) is imperative. Ideally, a team of physicians (e.g.,
surgeon, neurologist, and interventionist) should review
all case summaries and radiographic studies, and reach
a consensus regarding the most appropriate therapy for
the individual patient. All patients are pretreated with
aspirin and clopidogrel for several days before their
procedures. In addition, most study protocols require
both a pre- and postprocedural brain scan (computed
tomography [CT] or magnetic resonance imaging [MRI])
and a thorough, documented neurologic evaluation by
a certified neurologist.

Arterial access for carotid intervention is typically
gained through a retrograde femoral approach using local
anesthesia and mild intravenous sedation. A 7 Fr, 90-cm
sheath is advanced over a guidewire into the distal com-
mon carotid artery under fluoroscopic guidance. The
lesion is then crossed with a steerable guidewire (typically
0.014-inch) and a cerebral protection device (either a basket
filter or an occlusion balloon) is deployed. Predilation
of the carotid lesion is performed with a noncompliant
balloon to facilitate advancing the stent across the lesion.
The stent is deployed across the target lesion, and post-
dilation is performed with an appropriately sized balloon,
typically 5 mm in diameter. A completion angiogram is
then performed, and the procedure terminated. Following
a brief stay in a monitored setting, patients are returned
to a regular nursing floor. They are allowed to ambulate
according to the status of their access site, and are typi-
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TABLE 16-1. Indications for Carotid
Angioplasty in High-Risk Patients

Severe Cardiac Disease

Requiring coronary PTA or CABG

Congestive heart failure (estimated ejection fraction <30%)

Severe chronic obstructive pulmonary disease

Requiring home oxygen

FEV-1 <20% predicted

Severe Chronic Renal Insufficiency

Serum creatinine >3.0 mg%

Dialysis-dependent

Prior Carotid Endarterectomy (Restenosis)

Contralateral vocal cord paralysis

Surgically inaccessible lesions

Radiation-induced carotid stenosis

Prior ipsilateral radical neck dissection

TABLE 16-2. Limitations of and
Contraindications to Carotid
Angioplasty/Stenting

Inability to obtain femoral artery access

Unfavorable aortic arch anatomy

Severe tortuosity of the common carotid artery

Severely calcified/undilatable stenoses

Lesions containing fresh thrombus

Extensive stenoses (longer than 2 cm)

Critical (99+%) stenoses (“string sign”)

Lesions adjacent to carotid artery aneurysms



cally discharged the next morning following completion
of laboratory studies, carotid duplex ultrasound, and a
neurologic evaluation. Medical therapy includes aspirin
(81 mg) and clopidogrel (75 mg) daily for 1 month,
followed by lifetime aspirin. Follow-up duplex studies
are performed at 1 month, 3 months, 6 months, and every
6 to 12 months thereafter.

It is important to note the substantial differences
between CEA and CAS with respect to management of
carotid plaque; with CEA, the plaque is removed entirely,
and the vessel often enlarged by means of patch angio-
plasty. With CAS, the plaque is simply displaced (and
not compressed) and the adventitia stretched; the stent
serves as a “scaffold” to prevent elastic recoil following
angioplasty. Not infrequently, modest residual stenosis
remains following CAS. In addition, displacement of
plaque at the origin of the internal carotid artery (ICA)
may impinge on the origin of the external carotid artery

(ECA), causing iatrogenic ECA stenosis (which is typi-
cally of no clinical consequence) (Fig. 16-1). Several
studies have documented, on completion angiography,
residual in-stent stenosis of 4% to 20% immediately
following CAS.5,6 Berkefeld and colleagues,7 in a series
of 40 consecutive carotid stent procedures using the
Wallstent (Boston Scientific Corp), documented optimal
widening of the carotid lumen and complete apposition
of the stent to the vessel wall in only 28% of cases.
Residual stenosis (40%), free stent filaments not attached
to the vessel wall (53%), and stent-induced kinking of
the internal carotid artery (15%) were identified in sub-
stantial numbers of patients. These differences between
CEA and CAS have significant implications for the accu-
rate interpretation of subsequent duplex studies.

The majority of CAS procedures are currently per-
formed with the use of stents, all of which are metallic
and are easily identified on duplex ultrasound. Most opera-
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Figure 16-1. A, Residual narrowing of distal CCA following successful PTA/stent. B, Induced ECA stenosis caused by
compression of ECA origin from stent and displacement of ICA plaque.
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tors use either nitinol stents, which are self-expanding
and shorten minimally upon deployment; or Wallstents
(Boston Scientific Corporation), which are self-expanding
and can foreshorten considerably following deployment
in the carotid position. It is important, on follow-up duplex
studies, to document the position of the stent struts
with respect to the carotid bifurcation and the internal
carotid artery. Figure 16-2 shows an example where a

Wallstent shortened and extruded itself from the internal
carotid artery over a 3-month period. The stent can easily
be identified in the dilated common carotid artery, which
measures 8 to 10 mm in diameter. Balloon-expandable
stents were utilized early on for CAS, quite simply because
they were some of the only stents available for use in
medium-sized arteries. The use of these stents has
been abandoned, in part because of a small but definite
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Figure 16-2. A, Duplex ultrasound. Recurrent, high-grade
symptomatic right internal carotid stenosis following two prior
carotid endarterectomies. ICA:CCA ratio 13.4. B, Selective
carotid arteriogram identifies high-grade lesion. Note large
CCA and absence of ECA. C, Following PTA/stenting with
Wallstent. Note incomplete apposition of stent to internal
carotid artery.
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Figure 16-2, cont’d. D, Follow-up duplex 3 months following
index procedure. Metallic stent easily visualized; appears to
have migrated into CCA. Suspected restenosis, with ICA:CCA
ratio 6.77. E, Arteriogram confirms stent migration. Maximum
stenosis 50%.
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incidence of stent deformation or “crushing” in the carotid
position.8,9 When evaluating patients who may have
these types of stents, documentation of proper stent
expansion is mandatory. Confirmation of stent defor-
mation can then be confirmed by plain-film radiography
in multiplanar views. When performing a follow-up
duplex study, it is useful to identify which type of stent
was used for the intervention.

Restenosis Following Carotid
Angioplasty/Stenting

The rationale for routine surveillance following either
CEA or CAS is to identify asymptomatic patients who
have high-grade recurrent stenosis that, presumably, puts
them at risk of stroke. Although it is not the purpose of
this chapter to debate the pros and cons of this philosophy,
most vascular specialists closely follow their patients who
have had surgical or percutaneous carotid intervention.

Carotid endarterectomy has been proven both safe and
durable in the treatment of patients with carotid stenosis.
Although percutaneous therapy is certainly attractive, the
risk of periprocedural stroke and the rate of recurrence
currently exceed those of CEA for most patients. Table
16-3 highlights the risk of recurrent stenosis with CAS;
only studies that have appeared in peer-reviewed journals
within the last 5 years are included. Although the types
of stents and periods of follow-up are quite variable, most
authors report rates of significant restenosis between
5% and 15% at 6 to 12 months, with a range of 2% to
75% at 6 to 37 months follow-up. The vast majority of
these restenoses are secondary to intimal hyperplasia. 

Before the use of stents in conjunction with angioplasty
(percutaneous transluminal angioplasty [PTA]) was rou-
tine, Crawley and colleagues10 followed 12 patients with
symptomatic carotid stenosis treated with PTA alone.
The immediate angioplasty result decreased the mean
percent stenosis from 82% to 51%. Six of the 12 showed
further improvement in lumen diameter of more than
14% at 1 year, from a mean stenosis immediately post-
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TABLE 16-3. Incidence of Restenosis Following Carotid Angioplasty/Stenting

Author/Year Number of Patients (n) Follow-Up (Mos) Restenosis/Occlusion

Wholey 1998 2048 6 4.80 %

Teitelbaum 1998 26 6 14.3% 

Malek 2000 28 14 25% 

Shawl 2000 170 19 2% 

Cremonesi 2000 119 6-36 5.04% 

Ahmadi 2001 320 12 10% 

D’Audiffret 2001 83 16 7.2% 

Chakhtoura 2001 50 18 8% 

Leger 2001 8 20 75% 

Paniagua 2001 62 17 5.7% 

Dietz 2001 43 20 2.3% 

Baudier 2001 54 34 28% 

Pappada 2001 27 6-37 3.7% 

Criado 2002 135 16 3 % 

Bonaldi 2002 71 12 8% 

Willfort 2002 279 12 3 % 

Stankovic 2002 100 12 3.4% 

Shawl 2002 343 26 2.7% 

Gable 2003 31 28 6% 



PTA of 47% to 28% at follow-up angiography. Obviously,
there is substantial arterial remodeling that occurs follow-
ing carotid PTA.

Schillinger and colleagues,11 in a prospective study of
108 patients having CAS (with stenting), found restenosis
of more than 50% in 6 patients (14%). Elevated levels
of C-reactive protein (CRP) at 48 hours postinterven-
tion, indicative of a systemic inflammatory response,
correlate strongly with restenosis at 6 months (p = 0.01).
Both residual stenosis of 10% to 30% and restenosis

following prior stent implantation were independent
predictors of restenosis in this study.

Carotid Duplex Ultrasound
Following CAS

Due to the nature of CAS—the plaque is not removed,
simply displaced, as described previously—the duplex
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Figure 16-3. A, Successful PTA/stent of high-grade, symp-
tomatic right internal carotid stenosis. No residual stenosis on
completion angiogram. B, Postprocedure duplex ultrasound
suggests 40% residual stenosis.
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criteria used to follow patients post-CEA may not apply.
Figure 16-2 is an illustrative case in point. This particular
patient left the hospital before having a “baseline” duplex
the day following his CAS procedure. As such, a direct
correlation could not be made between the final angio-
graphic appearance and the duplex velocities. In short-
term follow-up, elevated velocities and a high ICA:CCA
ratio suggested an early restenosis. A large, patulous CCA
following two prior surgical repairs and an occluded ECA

likely falsely lowered the CCA velocities, compounding
the problem. Subsequent angiography confirmed modest
restenosis (50%) that did not require reintervention.

Robbin and colleagues,12 reporting on patients treated
at the University of Alabama at Birmingham by Yadav
and his colleagues, prospectively studied 170 stented
carotid arteries. Prospective duplex criteria for stenosis
included peak systolic velocity greater than 125 cm/sec,
ICA:CCA ratio greater than 3, and intrastent doubling
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Figure 16-4. A, Selective right carotid arteriogram following successful PTA/stent (nitinol stent). B, Two hours following pro-
cedure, patient has a right hemispheric transient ischemic attack (TIA) lasting 4 minutes. Duplex identifies high-grade stenosis
(PSV >400 cps); stent is lined with thrombus. C, Follow-up duplex following 8-hour infusion of abciximab, shows resolution of
thrombus and normalization of velocities.
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of velocity. Although very few stents showed signifi-
cant restenosis, duplex was able to accurately identify
restenosis, and correlated with angiographic findings at
1 year.

In a study that included blinded comparison of carotid
angiograms at completion of CAS and 24-hour duplex
ultrasound studies in 114 patients, Ringer and colleagues13

found little correlation between the two modalities.
Utilizing two standard criteria for high-grade stenosis
(A, peak in-stent velocity >125 cm/sec; B, ICA:CCA
ratio >3) and two customized criteria (C, peak in-stent
velocity >170 cm/sec; D, ICA:CCA ratio >2), they found
61 patients who met one of these criteria for high-grade
stenosis immediately following CAS. None of these 61
had more than 50% residual stenosis by angiography at
the completion of their procedure. Most strikingly, in
those patients found to have recurrent stenosis in follow-
up, in-stent peak systolic velocities and ICA:CCA ratios
had increased by more than 80% when compared with
their immediate postprocedure study. These authors con-
clude that strict velocity criteria for restenosis is less
reliable than are changes in velocity over time. Clearly,
based on this data, a baseline duplex following CAS,
which can be correlated with the completion angiogram
and followed over time, is imperative. This policy will
lead to fewer false-positive duplex studies (Fig. 16-3).

Lal and colleagues,14 from Hobson’s group in New
Jersey, found that, among several duplex criteria, post-
CAS peak systolic velocity correlated best with angiography
in 90 stented arteries. A mean residual angiographic
stenosis of 4.2% +/– 9.7% correlated with an internal
carotid peak systolic velocity of 123 +/– 30 cm/sec.
They concluded that a peak systolic velocity of 150 cm/
sec or less correlates with a normal lumen (0% to 19%
stenosis) follwing CAS. Contrast-enhanced color-coded
duplex ultrasound using an ultrasound contrast agent,
administered intravenously, that produces air-filled micro-
bubbles may be a promising technique on the horizon
for imaging post-CAS arteries, producing images com-
parable to contrast angiography.15

Carotid duplex ultrasound may also be a useful tool
in evaluating the rare patient with postprocedure neuro-
logic symptoms, as illustrated in Figure 16-4.

Conclusions

1. Duplex ultrasound follow-up of stented carotid
arteries is an important tool to identify patients
with restenosis. The current risk of restenosis is
5% to 15% at 6 to 12 months. Early restenosis is
typically secondary to myointimal hyperplasia.

2. Because follow-up duplex ultrasound studies may
be difficult to interpret based on traditional velocity

criteria, a baseline study is imperative; this must
be correlated with the degree of residual stenosis
at the completion of the CAS procedure. Subse-
quent studies are performed at 3, 6, and 12 months,
and at 6- to 12-month intervals thereafter.

3. Current evidence suggests that a peak systolic
velocity of 150 cm/sec or less in the internal carotid
artery correlates with a normal vessel (0% to 19%
stenosis). Elevation of the peak systolic velocity
and the ICA:CCA ratio (>80% increase) may be
even more important criteria in determining sig-
nificant restenosis following CAS. Identification
of high-grade restenosis typically warrants futher
evaluation with contrast angiography.
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vertebral artery arising from the subclavian artery to
the point at which it enters the C6 transverse process;
(2) V2, the segment of the artery buried deep within
the intertransverse muscle and the cervical transverse
processes of C6 to C2; (3) V3, the extracranial segment
between the transverse process of the C2 and the base
of the skull before it enters the foramen magnum; and
(4) V4, the intracranial portion beginning at the atlanto-
occipital membrane and terminating as the two vertebrals
converge to form the basilar artery.

Ischemia affecting the temporo-occipital areas of the
cerebral hemispheres or segments of the brain stem and
cerebellum characteristically produces bilateral symp-
toms. The classic symptoms of vertebrobasilar ischemia
are dizziness, vertigo, drop attacks, diplopia, perioral
numbness, alternating paresthesias, tinnitus, dysphasia,
dysarthria, and imbalance.

In general, the ischemic mechanisms can be broken
down into those that are hemodynamic and those that
are embolic. Hemodynamic symptoms occur as a result
of brain stem hypoperfusion and can be precipitated by
postural changes or transient reduction in cardiac output.
For hemodynamic symptoms to occur, pathology must
be present in both of the paired vertebral arteries and
compensatory contribution from the carotid circulation
must be incomplete. Alternatively, ischemic symptoms

Diagnosis

Surgical Reconstruction 

Results

rain stem ischemia, most often the result of disease
involving the vertebrobasilar arteries, remains poorly
understood, and misdiagnosis is common. In contrast to
the clear focal symptoms of anterior circulation ischemia,
the symptoms associated with brain stem ischemia can
be multiple, varied, and vague. There appears to be reluc-
tance on the part of clinicians to aggressively pursue
diagnosis or to recommend treatment for many of the
surgically correctable lesions that may be responsible
for these syndromes. In addition, there are a number of
other medical conditions that mimic vertebrobasilar
ischemia and that may confound proper diagnosis.

One reason the pathophysiology of vertebrobasilar
ischemia is less well understood than carotid/hemispheric
ischemia is that the peculiar anatomy of the vertebral
artery makes it less accessible to surgical reconstruction
and to postmortem examination. The surgical anatomy
of the paired vertebral arteries has traditionally been
divided into four segments: (1) V1, the origin of the



may follow proximal subclavian artery occlusion and the
syndrome of subclavian/vertebral artery steal. Ischemia
from hemodynamic mechanisms rarely results in infarc-
tion; rather, symptoms are short-lived, repetitive, and
more of a nuisance than a danger. 

Most infarctions in the vertebrobasilar distribution
(one third of vertebrobasilar ischemic syndromes) result
from embolization. Cerebellar, brain stem, and posterior
hemispheric strokes follow microembolization from the
heart and aortic arch or from the subclavian, vertebral,
and basilar arteries. Arterial to arterial emboli can arise
from atherosclerotic lesions; from intimal defects caused
by extrinsic compression or repetitive trauma; and, rarely,
from fibromuscular dysplasia, aneurysms (Fig. 17-1), or
dissections. Compared to hemodynamic mechanisms
of ischemia, emboli are more likely to cause fatal infarcts
or to leave patients with permanent and debilitating
strokes.

Diagnosis

A precise diagnosis of vertebrobasilar ischemia begins
with an accurate assessment of the presenting symptom
complex. This must be followed by efforts to exclude
other causes for patient symptoms. Certain prescription
medications can mimic vertebrobasilar ischemia; there-
fore, patient medications require thorough review. Inves-
tigation must be undertaken to exclude inner ear pathology
including rare cerebellar-pontine angle tumors. A cardiac
source may be the most common cause of brain stem
ischemia, especially in the elderly. Because patients often
present with a combination of cerebral hemispheric and
posterior symptoms, investigation of the carotid circu-
lation is usually warranted.

Duplex ultrasound is an excellent tool to detect
lesions at the carotid bifurcation. In addition, ultra-
sound imaging can diagnose great vessel pathology,
confirm subclavian steal, and detect reversed flow down
a vertebral. Duplex ultrasound is also becoming a use-
ful tool for identifying flow velocity changes and stenosis
in the vertebral artery. As such, duplex ultrasound has
become an invaluable screening tool for patients with
vertebrobasilar symptomatology (for technique, see
Chapter 9).

Recent developments in magnetic resonance imaging
(MRI) show great promise for safe, noninvasive, detailed
evaluation of both the extracranial and intracranial vas-
culature. New contrast-enhanced magnetic resonance
angiography techniques provide full imaging coverage
of the supra-aortic trunks and the carotid and vertebral
arteries (Fig. 17-2). In contrast to traditional computed
tomography (CT) scans, transaxial MRI can readily diag-
nose both acute and chronic posterior fossa infarcts.
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Figure 17-1. Angiograms showing aneurysms of the
vertebral artery.



Transaxial MRI should be obtained routinely in all
patients suspected to have suffered embolic infarction
in the distribution of the posterior circulation.

Selective subclavian and vertebral angiography remains
the gold standard for preoperative evaluation of patients
with vertebrobasilar ischemia. Some surgeons still con-
sider angiography mandatory before surgical reconstruc-
tion. The most common site of disease, the VA origin,
may not be well imaged with ultrasound or magnetic
resonance angiography (MRA) and, in fact, often can
only be displayed with oblique projections that are not
part of standard arch evaluation. Patients with VA com-
pression syndromes who suffer from positional symp-
toms should undergo dynamic angiography, which
incorporates provocative positioning. Delayed images
may demonstrate reconstitution of an occluded extra-
cranial vertebral artery through existing cervical con-
nections (Fig. 17-3).

Surgical Reconstruction

Accumulated experience has shown that, with appro-
priate surgical intervention, predictable resolution of
hemodynamic symptoms and cessation of embolic events
can occur. Furthermore, vertebral artery reconstruction
is attended by fewer ischemic complications and has
better long-term results than carotid surgery.

A number of operations have been described to treat
stenosing ostial lesions in V1. Transposition of the proxi-
mal vertebral artery onto the common carotid artery is
the most common reconstruction. Endarterectomy and
bypass are used less commonly.

The second segment of the VA, the portion that
ascends within the foramina of the cervical vertebrae,
is the site of a variety of pathology. Because this segment
is relatively inaccessible, elective surgical reconstruc-
tion of the intravertebral segment is rarely undertaken.
Disease in the first or second segments of the VA can
result in extracranial occlusion, whereas stenotic lesions
in the intraforaminal segment commonly give rise to
emboli. Patency of the distal extracranial segment is often
maintained via collaterals from the external carotid or
subclavian artery. This patent segment (V3) can be
exposed for bypass reconstruction.

Reconstruction of the distal vertebral artery is usu-
ally performed at the C1–C2 level. For more distal
pathology, the VA can also be accessed surgically above
the level of the transverse process of C1. The technique
most often used to reconstruct the distal vertebral artery
includes saphenous vein bypass from the common
carotid, subclavian, or proximal vertebral artery. Trans-
position of the external carotid or hypertrophied occipital
artery into the distal VA, as well as transposition of the
distal VA into the side of the internal carotid artery,
have also been described.
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Figure 17-2. Contrast-enhanced magnetic resonance angiogra-
phy showing the supra-aortic trunks and the carotid and
vertebral arteries.



Intraoperative completion imaging using digital
angiography is necessary for all types of VA reconstruc-
tion. A significant number of reparable technical flaws
may be identified, and repair can prevent reconstruction
failure.

Results

Results following both proximal and distal VA recon-
structions generally equal or exceed those reported in
series reviewing other forms of extracranial cerebrovas-
cular reconstruction. Reviews of VA reconstruction have
demonstrated combined stroke and death rates of 4%
or less, and long-term patency is excellent with greater
than 80% cured or significantly improved.1
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Figure 17-3. Delayed images showing reconstitution of an
occluded extracranial vertebral artery through existing
cervical connections.
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different diagnostic modalities can be used to confirm the
diagnosis and develop an appropriate treatment plan. 

Patient Presentation 

Patients with lower extremity occlusive disease typi-
cally seek consultation for symptoms that may be acute
or chronic in nature. Acute limb ischemia is generally a
surgical emergency and must be diagnosed correctly
and treated as quickly as possible to avoid limb loss.
Symptoms of chronic occlusive disease may have been
present for years or may worsen quickly over a subacute
interval. Although the signs and symptoms of chronic
occlusive disease may suggest a limb-threatening sce-
nario, management decisions usually do not need to be
made over a period of minutes to hours.1

The cornerstone of the physical examination in a
patient with suspected peripheral occlusive disease is
the pulse examination. Pulses should be palpated over the
femoral, popliteal, posterior tibial, and dorsalis pedis
arteries, and the quality of these pulses documented.
We grade pulses as either being absent, 1+ (diminished),
or 2+ (normal). The presence and quality of pulses at
a particular location should be corroborated with the

Introduction

Patient Presentation 

Vascular Diagnostic Studies

Introduction

he presence of lower extremity arterial occlusive
disease is usually suspected on the basis of a patient’s
risk factors for atherosclerotic disease and the history
of present illness. Evidence supporting the diagnosis of
peripheral occlusive disease is gathered on physical
examination and confirmed with the appropriate diag-
nostic tests. Management of peripheral vascular disease
may be noninvasive, consisting of risk factor and behav-
ioral modification or medical therapy. Alternatively, inva-
sive management via an endovascular or open operative
approach may also be required. The decision on whether
intervention is warranted is almost always based on
history and examination findings alone; however, diag-
nostic testing is usually required to decide on what
type of intervention is needed. This chapter provides
an overview on the initial evaluation of patients with
suspected lower extremity occlusive disease and how
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patient’s history regarding the location and severity of
symptoms. Bruits over the femoral artery in the groin
may signify a hemodynamically significant stenosis.

Acute lower extremity arterial occlusions may be
caused by embolization from a proximal source in the
arterial tree or the heart; or they may be caused by
thrombus at the site of pre-existing arterial stenoses.
Most emboli originate within the heart; in the past,
rheumatic heart disease and concomitant mitral valvular
stenosis was the most common cause of cardiac emboli.
Presently, atrial fibrillation is responsible for the majority
of symptomatic peripheral emboli. Alternative cardiac
sources of embolization include ventricular thrombus;
and prosthetic valves, which are more prone to produce
emboli when the patient is not properly anticoagulated.
Finally, cardiac tumors and vegetations associated with
endocarditis can also cause emboli. Other potential
sources of emboli include cancer that has invaded the
pulmonary veins; and “paradoxical” emboli, occurring
when a venous thrombus passes through a patent
foramen ovale in the heart into the arterial circulation.

Patients with acute lower extremity emboli usually
present with some or all of the so-called five Ps: pain,
pulselessness, palor, paralysis, and paresthesias. Typically,
the symptoms occur abruptly and cause pain that is
severe and unrelenting. Emboli tend to lodge at branch
points within the lower extremity vasculature including
the femoral and popliteal artery bifurcations. The pain
and the majority of symptoms occur in the muscle groups
distal to the level of obstruction. In addition to pain,
the involved extremity may appear cyanotic, be cool to
the touch, and develop neurologic changes including
diminished proprioception and motor function. Calf
tenderness upon palpation is a sign of advanced and
potentially irreversible ischemia.

In situ thrombosis occurs at the site of a chronically
diseased and stenotic artery. Rupture of a pre-existing
arterial plaque has been implicated as the cause of these
acute occlusive events. It is especially important to dis-
tinguish between acute embolic disease and acute arterial
thrombosis because appropriate treatments are signifi-
cantly different. Patients with acute embolic disease can
be treated by removing the offending emboli; however,
patients with acute arterial thrombosis superimposed
upon chronic occlusive disease typically require defini-
tive management via endarterectomy, patch angioplasty,
or bypass surgery. The history and physical examination
may be especially important in distinguishing between
these two entities. Patients with embolic disease may
have an obvious source of emboli such as atrial fibrilla-
tion or a recent myocardial infarction. Such patients may
not have had any prior symptoms of arterial occlusive
disease such as intermittent claudication or rest pain.
Contrarily, patients with in situ thrombosis may not
have an identifiable source of emboli and are more likely
to have experienced claudication or other sequelae of
chronic lower extremity occlusive disease in the past.

Physical findings more suggestive of embolic disease
include a normal contralateral pulse examination and
an obvious lack of pulses on the affected side. Patients
with chronic atherosclerotic disease tend to have similar
disease patterns in both extremities and may have an
abnormal pulse examination on the contralateral side as
well. Finally, patients with in situ thrombosis may have
a less pronounced presentation secondary to collateral
circulation that has developed in the face of chronic
disease.

Although the diagnosis of acute ischemia is largely
clinical and based on the patient’s known risk factors,
presentation, and physical examination, the appropriate
diagnostic work-up and management varies significantly
between embolic and thrombotic disease. Patients with
obvious acute embolic disease and normal contralateral
pulse examinations are often brought to the operating
room for surgical embolectomy without additional diag-
nostic testing. If readily available, the authors obtain a
duplex arterial scan of the involved extremity to help in
operative planning (Fig. 18-1). Emboli at the femoral
bifurcation without significant extension into the
superficial femoral artery are most easily managed via
a groin incision and femoral arteriotomy. More extensive
emboli or emboli originating in the popliteal or crural
vessels are managed by an infrapopliteal approach and
exposure of the popliteal, anterior and posterior tibial,
and peroneal arteries.

Patients with in situ thrombosis and chronic lower
extremity occlusive disease are usually subjected to an
imaging study in the preoperative period to help guide
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Figure 18-1. Duplex study of a patient with atrial fibrillation
who experienced the acute onset of a painful, cool hand. The
examination revealed thrombus within the brachial artery
(arrows) that ends at the brachial bifurcation.



the operative procedure. In these cases, embolectomy
alone may be unsuccessful and represents a prelude to
the definitive procedure rather than the definitive pro-
cedure itself. In these cases, an imaging study capable
of revealing distal vasculature suitable for potential
bypass surgery is necessary. In addition, visualization
of the contralateral lower extremity vasculature is often
helpful in predicting which vessels and what pattern of
disease might be present in the involved extremity.
Angiography has typically been the most useful study
in this regard; however, alternative imaging modalities
such as magnetic resonance angiography (MRA), com-
puted tomography (CT) angiography, and duplex map-
ping are assuming an increasingly important role.

Chronic occlusive disease represents a longstanding
process that manifests itself clinically over weeks, months,
and years rather than minutes to hours. Patients with
chronic lower extremity occlusive disease have the typical
risk factors for systemic atherosclerosis including ciga-
rette smoking, hypertension, diabetes, and increased cho-
lesterol. Similar to atherosclerotic coronary artery disease,
lower extremity occlusive disease is usually present for
years before becoming clinically significant. Many patients
can have considerable lower extremity occlusive disease
yet remain asymptomatic. Symptomatic patients present
with intermittent claudication, rest pain, or tissue loss
characterized by ulceration and/or gangrene. 

The management of patients with chronic occlusive
disease depends primarily on the severity of the symp-
toms and the findings on physical examination supple-
mented by the appropriate diagnostic testing. Patients
with asymptomatic disease discovered on the basis of
an abnormal pulse examination or via a diagnostic study
performed to seek an alternative diagnosis do not require
vascular reconstruction. Instead, medication and risk
factor and behavioral modification constitute the corner-
stone of their care. Counseling regarding the appropri-
ateness of stopping cigarette smoking, maintaining a
low-fat diet, keeping the blood pressure under control, and
maintaining an exercise regimen should be stressed. 

The earliest manifestation of lower extremity occlusive
disease is often intermittent claudication. Claudication
is a pain that occurs in a muscle group receiving inade-
quate blood supply when the increased metabolic
demands of exercise are placed on it. Patients with
claudication commonly describe pain in a particular
muscle group that occurs exclusively when ambulating
a certain distance. The pain is described either as a
cramping sensation or as tiredness. The pain reliably
disappears when the physical exertion is halted and is
reproducible insofar as it returns when walking the
exact same distance again. Careful patient questioning
should be able to support a diagnosis of intermittent
claudication fairly readily. Patients whose predominant
disease is in the aortoiliac distribution will commonly
describe pain in the buttocks and thighs when ambu-
lating. Contrarily, patients with combined aortoiliac and

infrainguinal disease or patients with predominantly
infrainguinal disease typically have calf claudication. 

Most patients with intermittent claudication do not
develop limb-threatening symptoms or ultimately require
amputation. Less than 10% of patients will ultimately
experience complications related to lower extremity
ischemia. In fact, those who do have complications
most commonly include cigarette smokers who do not
stop smoking and patients with diabetes. The risks of
treating claudicants with lower extremity revasculariza-
tion or balloon angioplasty must be carefully weighed
against the patient’s medical comorbidities and his or
her lifestyle expectations. In general, the authors pursue
lower extremity revascularization if the claudication is
lifestyle limiting. Patients with severe cardiac or other
major comorbidities or whose lifestyle is not limited by
the claudication are managed medically.

Patients with intermittent claudication who are at
acceptable surgical risk for revascularization require
further diagnostic studies to decide what type of inter-
vention will be required. Duplex arterial mapping, CT,
MRA, and conventional contrast arteriography have all
been used in this regard.

Rest pain is the next level of disease severity in
patients with lower extremity occlusive disease. Rest
pain occurs when resting metabolic requirements are not
met by the blood reaching a muscle group secondary to
proximal occlusive disease; it therefore characteristically
occurs in the forefoot and toes. Patients with rest pain
describe a constant pain affecting the involved region.
Dependent rubor as well as cyanosis may be present,
and the involved extremity may be cool. On physical
examination, pulses are missing at one or more levels.
The pulses that are present often indicate the anatomic
level of disease and predict what type of treatment will
be required. For example, patients with no femoral or
distal pulses harbor aortoiliac occlusive disease. Patients
with femoral and popliteal pulses but no pedal pulses
have crural disease. 

Rest pain is typically considered a limb-threatening
condition and demands prompt attention in all but the
sickest of patients. Diagnostic confirmation of a depressed
circulatory status is mandatory, and imaging studies
are required to help plan the most appropriate manage-
ment. Patients who have severe medical comorbidities
or unreconstructible disease on the basis of preopera-
tive studies may be offered an amputation for pain control.
Similarly, patients who have ischemic ulceration or
gangrene are also considered to have threatened limbs
and require imaging studies and prompt intervention. 

Vascular Diagnostic Studies

A multitude of studies are available to the surgeon or
interventionalist treating patients with lower extremity
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occlusive disease. Physiologic and anatomic information
regarding the location and severity of a patient’s disease
may be obtained and imaging can occur via invasive or
noninvasive means. The mainstay of the vascular non-
invasive laboratory is the pulse volume recording (PVR).
This noninvasive test is quickly performed, has reason-
able reproducibility, and is inexpensive. PVRs are most
often used to corroborate findings on physical exami-
nation and the patient’s history. Information regarding
the level and severity of disease may be gleaned as well.
However, deciding what type of intervention is most
appropriate requires additional imaging modalities such
as contrast, MR and CT arteriography, and duplex arterial
mapping.

Over the past 30 years, contrast arteriography has
been the mainstay of vascular diagnostic imaging. The
advantages of conventional arteriography include the
ability to image the relevant vascular tree in its entirety,
to readily delineate the site of arterial stenoses and occlu-
sions, and to plan what type of intervention is most
appropriate for the patient. Arteriography provides a
view of the circulatory tree that is easily interpreted by
the surgeon familiar with this format (Fig. 18-2). In
addition to providing valuable anatomic information,
pressure measurements across arterial stenoses can be
used to gauge the homodynamic severity of a lesion, and
intervention can be undertaken via concurrent balloon
angioplasty and/or stenting. The disadvantages of arte-
riography are well documented and include procedure-
related complications, patient discomfort, and high costs.
Periprocedural complications can include hematoma,
pseudoaneurysm or arteriovenous fistula formation,
embolization, and dissection, to name a few. In addition,
patients may experience temporary or permanent renal
failure caused by the contrast infusion. Arteriography is
uncomfortable for patients and requires them to undergo
preprocedural bloodwork and to spend the better part
of a day in the interventional suite. Finally, arteriography
is an expensive undertaking that will be increasingly
frowned upon by third-party payers as pressure increases
to curtail skyrocketing medical care costs.

Technologic improvements in the 1980s through
today have made possible noninvasive techniques for
imaging the vascular tree. Several such modalities exist
and will increasingly compete with contrast arteriogra-
phy as the vascular diagnostic imaging study of choice.
To date, duplex arterial mapping, MR, and CT angiogra-
phy have proven capable of imaging the vascular
system. 

Duplex arterial mapping holds significant promise
for replacing contrast arteriography before peripheral
interventions. The major advantage of duplex ultrasound
scanning is that it is a noninvasive study that is very
well tolerated by patients and can be repeated as neces-
sary without incurring the additional risk, cost, and
inconvenience of angiography. In addition, it is signifi-
cantly less expensive than contrast arteriography.

Duplex mapping can provide important not only
anatomic information but physiologic information as
well. In the past, duplex ultrasound scanning has been
employed more as a screening modality in patients
with vascular disease than as a diagnostic study to help
plan the necessary intervention. However, patients with
vascular disease such as carotid artery lesions are now
being safely treated using duplex scanning results alone
without undergoing preoperative carotid angiograms.2

Similarly, duplex scanning has also been applied to the
evaluation of the lower extremity vasculature. Numerous
studies have shown that duplex scanning can reliably
distinguish between normal, disease-free vasculature;
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Figure 18-2. A conventional contrast arteriogram demon-
strating patency of the aortoiliac segment and considerable
bilateral superficial femoral artery disease.



mild (less than 50%) stenoses; severe (greater than
50%) stenoses; and arterial occlusions3 (Fig. 18-3). The
final step in duplex mapping’s ascendancy as a rival to
angiography has been a demonstration that lower
extremity bypass procedures can safely be performed
based on the results of this study alone. Findings from
studies in the authors’ laboratory, as well as those of
others, have confirmed that lower extremity revascu-
larization can safely be performed based on the results.

In order to evaluate whether duplex arterial mapping
could replace angiography before lower extremity revas-
cularization, the authors studied whether bypasses could
be performed based on duplex ultrasound studies alone
without relying on preoperative contrast arteriography.
In the study, 41 patients who required lower extremity
bypasses for claudication, rest pain, and foot lesions
underwent preoperative contrast arteriography as well
as duplex arterial mapping. An observer blinded to the
results of the operation performed predicted what type
of lower extremity bypass would be necessary based on
each of the studies performed. In addition, the observer
predicted where the anastomotic sites would be placed
given the contrast study findings and the duplex findings.
Finally, the predictions made by the blinded observer
were compared to the actual procedure and anastomotic
sites chosen by the operating surgeon. 

The results indicated that duplex arterial mapping
could decide whether a femoral-popliteal vs. a distal
bypass graft was required in 90% of the patients studied.
Both the proximal and distal anastomotic sites were
correctly predicted in 90% of the patients who underwent
femoral popliteal bypass grafts and in only 24% of the
patients who had infrapopliteal revascularizations. Based

on the results, the authors concluded that duplex arterial
mapping was a reliable study to predict whether a patient
required femoral popliteal or distal bypasses. Moreover,
when a patient required a femoral popliteal bypass, the
actual locations of the anastomotic sites could be
predicted as well.4 When a patient was found to require
an infrapopliteal bypass, duplex arterial mapping was
not sensitive enough to decide on the anastomotic sites.
The primary problem with duplex mapping in this regard
was that the technologist was unable to distinguish
between the qualities of multiple patent, yet highly
diseased, vessels. Other groups have met with more
success by utilizing schemes whereby the operating
surgeon’s preference vessel of choice is evaluated for
patency. If this vessel is patent it receives the terminus
of the bypass graft. However, alternative vessels that
are patent are not evaluated to see whether they might
represent a preferable bypass target.5,6

Disadvantages of duplex arterial mapping include
difficulty imaging patients with morbid obesity, circum-
ferential and diffuse vascular calcification, and open
wounds obscuring visualization of the underlying vas-
culature. In addition, some of the infragenicular vascu-
lature (e.g., the terminal branches of the peroneal artery
or the segment of anterior tibial artery that traverses
the interosseous membrane) may be difficult to image.
Moreover, there is no agreed-upon standard for grading
the severity of stenoses within the lower extremity vas-
culature, and there is considerable subjectivity involved
with duplex mapping such that interobserver repro-
ducibility may be lacking. Finally, duplex arterial map-
ping is labor- and time-intensive, and the results may vary
significantly depending on the technician performing
the scanning and his or her level of training. Certainly,
one must have confidence in the technician performing
the study before proceeding with lower extremity revas-
cularization based on duplex results alone. Physician
comfort with contrast arteriography has centered on
the ease with which the images can be interpreted.
Until surgeons are comfortable with duplex technology
and their own vascular technicians, the results of these
studies might not be received with confidence or the
study might not be requested at all.

Other alternatives for imaging the lower extremity
vascular tree include magnetic resonance angiography
and CT angiography.7,8 Magnetic resonance angiography,
unlike conventional arteriography, is a noninvasive study
that does not require the administration of iodinated
intravenous contrast. Therefore the potential for com-
plications is negated. Numerous studies have been per-
formed demonstrating the high sensitivity of MRA for
adequately visualizing the infrainguinal vasculature in
a complimentary fashion to contrast arteriography. In
addition, there have been several studies documenting
the ability of MRA to supplant contrast arteriography in
planning infrainguinal revascularizations. Similar to
duplex ultrasonography, the technique is operator depen-
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Figure 18-3. A duplex arteriogram of an anterior tibial artery.
The artery is noted to be calcified, yet widely patent with
uniform color flow in the lumen. This vessel could therefore
serve as the terminus of a distal bypass graft in this patient
with limb-threatening ischemia.



dant, and there appears to be a significant learning curve.
In addition, there is variability among equipment in
different institutions that may alter the usefulness of
the procedure in a particular location. The authors have
seen MRAs of the central and peripheral vasculature that
have better resolution than conventional angiograms
(Figs. 18-4 and 18-5) and MRs of such poor qualtity
that identification of the imaged vessels is not possible. 

Another potential disadvantage of magnetic resonance
imaging is that only anatomic information is provided:
There is no physiologic means to grade the degree of
stenosis or the significance of a lesion, once discovered.
Finally, MRA does not possess widespread applicability
to all patient populations. Patients who have indwelling
cardiac pacemakers, metallic clips from cerebral aneurysm
surgery, or other metallic objects implanted in their
bodies cannot be placed in the scanner. In addition, many
patients may not be able to tolerate the claustrophobic
conditions and the time required for MRA scanning.
Critically ill patients with ventilator support, or those
who require hemodynamic monitoring may be denied
access to this study. 

CT angiography is an alternative imaging study that
is also undergoing considerable investigation as an alter-
native to contrast arteriography. In the past, CT scans
were much better at imaging the central vasculature
(e.g., the aorta and iliac arteries) than the infrainguinal

vessels. However, technologic improvements are allow-
ing the peripheral vessels to be imaged in an improved
fashion. Similar to MRA, CT angiography is dependant
on the software and the technician performing the
studies for optimal image acquisition and interpre-
tation. In addition, anatomic information regarding the
location of stenosis may be obtained; however, the
hemodynamic significance of these lesions is difficult
to quantify. Improvements in software design and
imaging technology should continue to improve the
quality and the ease of acquisition of MRA and CT
angiographic studies and to increase their applicability
in the future.
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Figure 18-4. MRA of the aorta and iliac arteries in a patient
with severe bilateral claudication. The study reveals a long
segment occlusion of the right common iliac artery and a
high-grade stenosis of the left common iliac artery. Note that
the quality of the study is equivalent to a conventional
angiogram. (From Dr. Joseph Divito, Assistant Professor of
Radiology, Weiler Hospital of the Albert Einstein Hospital.)

Figure 18-5. MRA of the femoropopliteal vessels in the same
patient seen in Figure 18-4 demonstrates an occlusion of the
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(From Dr. Joseph Divito, Assistant Professor of Radiology,
Weiler Hospital of the Albert Einstein Hospital.)



5. Wain RA, Lyon RT, Veith FJ, et al: Accuracy of duplex ultrasound
in evaluating carotid artery anatomy before endarterectomy. J Vasc
Surg 27:235–244, 1998.

6. Gambria RP, Kaufman JA, L’Italien GJ, et al: Magnetic resonance
angiography in the management of lower extremity arterial occlu-
sive disease: A prospective study. J Vasc Surg 25(2):380–389, 
1997.

7. Koelemay MJ, Lijmer J, Stoker J, et al: Magnetic resonance
angiography for the evaluation of lower extremity arterial disease:
A Meta-analysis. JAMA 285(10):1338–1345, 2001.

8. Stoffers H, Kester A, Kaiser V, et al: The diagnostic value of signs
and symptoms associated with peripheral arterial occlusive disease
in general practice. A multivariate approach. Med Decis Making
17:61–70, 1997.

Chapter 18: Vascular Diagnosis of Lower Extremity Occlusive Disease: An Overview 205



C

Evaluation of Claudication
PAUL J. NORDNESS • SAMUEL R. MONEY

207

Lower extremity claudication and other manifestations
of PAOD in the lower extremities are typically related to
atherosclerosis and the progressive narrowing of large and
intermediate size arteries. Narrowed vessels have a reduced
capacity to deliver oxygenated blood and a reduced ability
to compensate for increased oxygen demand in the
extremity. During times of increased work (exercise) in
an affected limb, the metabolic demands exceed the
maximum oxygen delivery capacity. Muscular fatigue
and cramping pain develop in the temporarily ischemic
muscles, until the limb is rested and the pain resolves. 

Claudication may also be used to describe ischemic
fatigue of the upper extremities, though this is less com-
mon. Upper extremity claudication accounts for a small
percentage of patients with symptomatic PAOD. However,
claudication of the upper extremities may be a more
complex diagnostic dilemma because of the higher
frequency of nonatherosclerotic diseases (e.g., Beurger’s
disease and thoracic outlet syndrome).

As the vascular disease progresses, and the arteries
become highly stenotic or occluded, the signs and symp-
toms of PAOD become more apparent and more severe
(Table 19-1). The claudication can become lifestyle
limiting, making the person unable to work or to easily
undertake the activities of daily life. At some point the
baseline metabolic needs of the muscle may exceed the
maximum oxygen supply through the diseased arteries.
The depressed cardiac output as seen with sleep, coupled
with postural changes that deprive the limb of gravity’s
influence, may lead to “rest pain.” Rest pain typically
awakens the patient with cramping pains across the foot.
These pains are relieved as the patient increases his or

Claudication as a Manifestation of Peripheral
Arterial Disease

Prevalence

Risk Factors

Natural History of Claudication

Concurrent Vascular Disease

Undiagnosed Disease

Clinical Evaluation

Ankle-Brachial Index

Toe Systolic Pressure Index

Treadmill Testing

Further Evaluation

Routine Tests During Initial Evaluation 
of Claudication

Claudication as a Manifestation 
of Peripheral Arterial Disease

laudication may be the first recognizable symptom
of peripheral arterial occlusive disease (PAOD). The term
is derived from the Latin verb claudico meaning “to
limp.” The terms claudication or intermittent claudication
(IC) are used almost exclusively to describe ischemic
muscular pain induced by exercise and relieved by rest.
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her cardiac output and augments the perfusion pressure
by lowering the limb. Eventually the vascular disease
may limit perfusion to such an extent that even the base-
line metabolic needs cannot be met. At this point the
generalized atrophy of the skin and muscles progresses,
leading to ulceration and tissue necrosis.

The classic presentation of IC involves the calf mus-
cles with cramping pain that is rapidly relieved by brief
periods of rest; however, this is found in a distinct
minority of patients with identifiable PAOD.1,2 Atypical
claudication may still be related to PAOD, but symptoms
may present in other muscle groups such as the upper
extremity, thigh, or gluteal regions. Claudication in the
foot is uncommon but may suggest involvement of
smaller vessels as a result of thromboangiitis obliterans
(Beurger’s disease), which is a form of vascular disease
distinct from atherosclerotic arterial disease.

It is important, however, to emphasize that the absence
of claudication does not preclude the existence of PAOD.
Patients, especially the elderly, may not be active enough
to induce claudication during their daily routine. Their
sedentary lifestyle may or may not be caused by their
compromised vascular supply. Coexisting arthritis, cog-
nitive impairment, coronary heart disease, depression,
previous strokes, visual problems, or other medical or
social problems may severely affect the lifestyle of many
elderly persons. Despite progressive PAOD these patients
may not be identified unless the clinician is attentive
and thorough in the history and examination. Approxi-
mately 25% to 50% of patients with PAOD will present
with claudication.

Prevalence

Vascular disease is common in Western societies.
Peripheral vascular disease may affect up to 12% of the

population over age 65,3 and studies suggest that primary
care physicians could identify PAOD in approximately
20% of their patients over 55 years old.2

Intermittent claudication is strongly related to age. A
consensus study recently reviewed seven large studies
on the prevalence of IC4 (Table 19-2). The weighted mean
prevalence of IC was roughly 2% among those 50 to 54
years old, 3% among those 60 to 64 years old, and over
7% in those over 70 years old. Therefore, as the life
expectancy and median age of Western countries increase
over the foreseeable future, clinicians can expect that
PAOD and IC will be increasingly common within their
practices. In addition, claudication will be of even further
importance as the baby boomer generation has expec-
tations for increased activity and independence in their
later years.

Using slightly different diagnostic criteria, two studies,
one by Meijer and colleagues from Rotterdam5 and one
by Criqui and colleagues from San Diego,6 studied the
prevalence of PAOD. These population studies demon-
strate a clear association between PAOD and age, with
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TABLE 19-1. Classification of PAOD:
Rutherford Categories

Grade Category Clinical Description 

0 0 Asymptomatic

1 Mild claudication 

I 2 Moderate claudication

3 Severe claudication

II 4 Ischemic rest pain 

III 5 Minor tissue loss

6 Major tissue loss 

Adapted from Rutherford RB, Baker JD, Ernst C, et al: Recommended
standards for reports dealing with lower extremity ischemia:
Revised version. J Vasc Surg 26:517–538, 1997.

TABLE 19-2. Prevalence of Intermittent
Claudication by Age

Population 
Study Size Age (yrs) Prevalence (%)

Hughson 1716 45–69 2.2
(1978)

De Backer 8252 40–49 0.8
(1979) 

50–59 2.9 

Reunanen 5738 30–39 0.6
(1982) 

40–49 1.9

50–59 4.6  

Fowkes 1592 55–74 4.5 
(1991)

Stoffers 3654 45–54 0.6 
(1991)

55–64 2.5

65–74 8.8  

Smith 10,042 40–59 1.1  
(1991) 

Novo 1558 40–49 4.7
(1992)

50–59 9.2 

Adapted from Dormandy JA, Rutherford RB: Management of peripheral
arterial disease (PAD). TASC Working Group. J Vasc Surg 31(1 pt
2):S1–S296, 2000.



noninvasive diagnostic studies identifying PAOD in
2.5% of people 40 to 59 years old but in 18.8% of
subjects 70 to 79 years old.4 The prevalence of PAOD is
also higher in men than women (1.4:1.0), and this
becomes more prominent when severe disease is con-
sidered.4,6 Recent data suggest that as the rate of smoking
increases among women, the difference in prevalence
between the genders may be reduced.

Risk Factors

Risk factors for IC are similar to those noted for PAOD
and for other atherosclerotic diseases, with the notable
exception that a family history of the disease has not
been clearly identified as a risk factor for PAOD or IC
(although it has been noted for coronary artery disease
[CAD] and stroke).4 Beyond age and gender, four risk
factors are implicated in the development of IC:
diabetes mellitus, tobacco use, hypertension, and
hematologic disorders4 (Fig. 19-1).

Of great significance, diabetes mellitus is a risk factor
associated with accelerated atherosclerosis and claudi-
cation.7 Indeed, claudication appears to be two to four
times as common in diabetics compared with nondiabetic
controls.4 Much of the association between diabetes and
atherosclerosis is related to the “metabolic syndrome”
(i.e., concurrent obesity, type 2 diabetes, hyperinsu-
linemia, hyperlipidemia, hyperuricemia, and hyperten-
sion) that is just recently being appreciated as having a
close association with PAOD and IC.8

Tobacco use is another well-known risk factor for
IC5,7,9,10–12 and may play a more dramatic role among

males.11 Depending on the severity of the habit, the
odds ratio for developing IC may be between 1 and 4.4

Although tobacco cessation has been central to vascular
therapeutic programs for many years, at this time it is
controversial to speculate as to how long a person must
quit smoking before he or she reverses the effects of
prolonged tobacco use.12–14

The causative relationship between hypertension and
IC is less clear than that for IC and diabetes or tobacco use.
Hypertension is thought to be both a cause and a symp-
tom of atherosclerosis, and therefore its association with
PAOD and IC is complex. Nevertheless, hypertension is a
risk factor for IC,7,9 and this is more apparent in women.15

Hematologic factors thought to be associated with IC
include elevated cholesterol, elevated plasma fibrinogen,
hyperhomocysteinemia, and any functional hypercoagua-
bility. Elevated cholesterol has been the most thoroughly
studied. Although not consistently shown to be an inde-
pendent risk factor, an elevated total cholesterol (or an
elevated ratio of total lipids to high density lipids) seems
to be associated with IC.16 In addition, pharmacotherapy
can lower cholesterol levels and reduce the incidence
of IC.17 Other hematologic factors (e.g.,  fibrinogen,18

homocysteine,19–21 and hypercoaguability22) have not
been as rigorously studied, although some association
with PAOD and IC likely exists.

Natural History of Claudication

Among patients with IC, progression to a more severe
state of PAOD (i.e., rest pain or tissue loss) is uncom-
mon. By far the most common outcome of untreated IC
is that the disease and the disability associated with the
disease will remain stable. Based on studies that used
objective means to evaluate vascular occlusions in
patients with IC, over 50% to 70% of patients will have
stable disease.23–26 These studies demonstrate that pro-
gressive occlusion is noted in 22% to 60% of these
patients over a period of 2.5 to 8 years. Of clinical impor-
tance, roughly 20% to 30% will require an intervention
during this same period,27 but less than 12% of patients
with IC will require amputation in the next 10 years.28

Although the diagnosis of PAOD and IC has been
associated with early death, this is primarily because of
their association with concurrent coronary and carotid
artery occlusions.

Concurrent Vascular Disease

Given that atherosclerotic vascular disease plays a central
role in coronary, carotid, and peripheral disease, it is
not surprising that patients presenting with symptoms
of PAOD are at greater risk of also having cardiac or

Chapter 19: Evaluation of Claudication 209

Figure 19-1. Range of odds ratios for developing IC.
(Adapted from Dormandy JA, Rutherford RB: Management of
peripheral arterial disease (PAD). TASC Working Group. J Vasc
Surg 31(1 pt 2):S1–S296, 2000.)
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cerebral vascular disease (CVD). Peripheral symptoms
have been associated with a markedly increased risk of
CAD, including both symptomatic and asymptomatic
heart disease. When compared with other patients, it can
be expected that patients presenting with PAOD will
have a three- or fourfold increase in their incidence of
CAD.29 The true prevalence of CAD among patients pre-
senting with PAOD is dependent on the diagnostic
technique used and the definitions applied to those
studies. Using routine coronary angiography in patients
with claudication, CAD was identified in 90% of patients
and severe CAD was identified in 28% of patients.30

However, such routine evaluation by coronary arteriogra-
phy cannot be justified for patients without cardiac symp-
toms. In contrast, using only clinical history and electro-
cardiograms (ECGs) may identify CAD in up to 62% of
PAOD patients, which is not markedly different from the
number found by treadmill or dipyridamole-thallium
stress evaluations.31 At present, appropriate indications
and techniques for selective cardiac evaluation in patients
presenting with IC have not been standardized.

The importance of identifying CAD in a patient with
claudication revolves around the profound impact heart
disease has on that patient’s health. The Framingham
Study highlighted the impact of CAD on patients with
IC. In this study, CAD accounted for 50% of all deaths
among patients with IC, whereas deaths caused by
progressive PAOD were much less common.16,32

Similarly, patients with symptomatic PAOD are at
high risk for having clinically important carotid artery
disease. This can be identified by clinical history alone
(15%) or by duplex examination in about 25% of patients
with claudication, rest pain, or tissue loss.31 In addition,
the Framingham Study demonstrated a 10% risk of fatal
stroke in patients with claudication,16,32 and patients
with PAOD have a 25% to 30% 5-year mortality rate
from cardiac and cerebrovascular events.

Undiagnosed Disease

Despite the high prevalence of PAOD in our aging society,
and the expanding range of therapies now available for
patients with all forms of vascular disease, there is an
increasing suspicion that both patients and clinicians
often overlook PAOD and claudication. In contrast to
CAD or CVD, the public remains largely unaware of the
symptoms of progressive limb ischemia. Primary care
providers may not routinely screen patients for claudi-
cation symptoms or recognize claudication when the
symptoms are atypical. Hirsch and colleagues1 studied
nearly 7000 high-risk individuals and found that, among
patients with previously documented peripheral artery
occlusions, less than half of their physicians had recog-
nized or documented this diagnosis. Failure to recognize
this diagnosis could mean clinicians are overlooking

clues to asymptomatic coronary or cerebral disease. It
would also delay the implementation of therapies (e.g.,
exercise, glucose control, tobacco cessation, antiplatelet
drugs, phosphodiesterase inhibitors, or beta-adrenergic
blockade) that could benefit the patient by slowing the
progression of PAOD, CAD, and CVD.

Clinical Evaluation

Though classic claudication symptoms may not be obvi-
ous, a thorough history can usually discriminate between
peripheral arterial disease and other nonvascular diag-
noses. Special attention should be given to cardiac and
cerebrovascular symptoms; or a history of diabetes,
tobacco use, and other atherosclerosis risk factors. When
given a complaint suggestive of IC the clinician must
allow the patient to fully describe the symptoms. The
character and location of the pain are important. Calf pain
is often reported with infrainguinal disease, whereas
gluteal or thigh claudication may result from lesions in
the aortoiliac region. Foot claudication is rare but can
be seen with severe infrapopliteal disease. 

Claudication is not strongly suggested by joint pain
or pain that is inconsistent in its presentation. With further
questioning, the patient can usually describe a specific
walking distance or activity level required to bring about
the cramping pain. Claudication is not relieved by anti-
inflammatory medications but improves after brief periods
of inactivity. The clinician must also assess whether a
patient is active and is developing limitations that strongly
affect his or her work (lifestyle), or whether a patient
is primarily sedentary and minimally troubled by this
pain. 

Further inquiry into the presence of ischemic rest
pain should be explored, even if not initially noted by
the patient. Especially in the relatively inactive patient,
claudication can present as a late symptom, with the
patient already having signs and symptoms of severe
limb-threatening ischemia (e.g., rest pain or nonhealing
skin lesions) in the extremity.

The initial history and physical examination should
go a long way toward suggesting vascular claudication
or suggesting one of many nonischemic limb pain syn-
dromes, generally referred to as “pseudoclaudication”
(Table 19-3). Herniated spinal disks with nerve root
compression may masquerade as IC; however, the pain
is more commonly sharp and radiates down the posterior
or lateral leg. The pain may occur while at rest or soon
after initiating activities. Neurospinal root compression
is another neurologic symptom that may be mistaken for
ischemic claudication. These symptoms are most severe
in the buttocks or thigh, and weakness is often more
prominent than pain. With neurospinal root compression,
symptoms may develop during periods of inactivity
and resolve reliably with any flexing of the spine.
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Pseudoclaudication may also have arthritic etiologies
affecting the hip or foot. This pain is usually associated
with one or many joints and may be worse after periods
of inactivity. Often the pain is relieved by over-the-counter
anti-inflammatory medications. Patients will often empha-
size the variability in the severity of the pain, which
contrasts with the typically uniform pain seen with IC.

Venous pseudoclaudication may be differentiated
from arterial claudication by the history of deep venous
thrombosis (or by a history placing the patient at risk
for venous thrombosis). This pain is less localized and
may involve the whole extremity with a painful sensa-
tion that is relieved by elevation of the affected limb.

After taking a thorough history, the patient should be
examined completely, paying particular attention to car-
diac auscultation, abdominal auscultation, and palpation
of peripheral pulses. Pulses that are difficult to palpate
should not be ignored or attributed to obesity or edema.
In these situations, a handheld Doppler ultrasound device
is an invaluable aid in identifying and characterizing
peripheral bloodflow. Of note, aplasia of the anterior tibial
artery results in a congenital absence of the dorsalis pedis
pulse in about 10% of humans without specific clinical
significance, whereas the posterior tibial artery is con-
genitally absent in up to 5% of the population.33

Upon initial examination, arterial bruits should be
identified. In the neck these may be suggestive of carotid
or cardiac disease, whereas abdominal bruits are usually
related to aortic or renal artery lesions. Pulsatile masses
along the arterial system can result from aneurysms or
pseudoaneurysms that compress or obstruct flow to an
extremity.

Examining the skin along the affected extremity is
also critically important. Hairless legs with cool, scaly,
and fragile skin may suggest ischemia. The skin may also
demonstrate pallor on elevation, dependent rubor, or
delayed (greater than 3 seconds) capillary refill. Neu-
ropathy, either ischemic or diabetic, should be noted and
the entire extremity should be evaluated for ulceration
and subclinical infections (bacterial or fungal). The
examination of a patient with claudication (and all
diabetic patients) must also look for evidence of poor
foot hygiene (e.g., long nails, ingrown nails, or abra-
sions from ill-fitting shoes) because these problems
may rapidly develop into nonhealing lesions in the
presence of ischemia.

Ankle-Brachial Index

During the initial evaluation of a patient with claudica-
tion, the ankle-brachial index (ABI) should be obtained
in order to aid in the diagnosis of IC and to serve as an
objective measurement that can be followed on subse-
quent examinations. Recent clinical studies have demon-
strated a strong and independent association between
lower ABI and poor lower extremity function as measured
by 6-minute walking distance, balance, 4-meter walking
velocity, and physical activity assessment.34 In addition,
a low ABI is a strong independent predictor of increased
cardiovascular morbidity and mortality.35,36

This technique may be performed in a medical office
and requires only a blood pressure cuff and a handheld

TABLE 19-3. Differential Diagnosis of Intermittent Claudication

Effect of Effect of Effect of Body Other 
Location Character Exercise Rest Position Characteristics

Intermittent Calf, thigh, Cramp Predictable Rapid relief None Reproducible
claudication gluteal 

Chronic Calf Tightness After prolonged Slow relief Elevation helps Athletes
compartment exercise
syndrome 

Venous Entire leg Tightness Less predictable Slow relief Elevation helps History of venous 
claudication disease

Nerve root Radiates Sharp pain Rapid onset May present Back position History of back 
compression posteriorly at rest affects pain pain/injury  

Hip arthritis Hip, thigh Aching Variable May present Relief with Highly variable 
at rest sitting 

Spinal cord Dermatomal Weakness Predictable Variable, Relief with History of back 
compression based on lumbar problems

back flexion 
position 

Adapted from Dormandy JA, Rutherford RB: Management of peripheral arterial disease (PAD). TASC Working Group. J Vasc Surg 31(1 pt 2):S1–S296,
2000.



Doppler. Bilateral supine upper extremity systolic blood
pressures are determined using the Doppler device for
detection of vascular flow. The higher of the two measure-
ments is used to calculate the ABI (eliminating possible
error because of subclinical arterial stenosis in either
extremity). Similarly, the systolic pressures in both ankle
arteries are determined using the Doppler. ABI is calcu-
lated as the highest ankle Doppler pressure divided by
the highest brachial Doppler pressure (Fig. 19-2).

Persons without vascular disease will typically have
an ABI between 1.05 and 1.15. An ABI greater than 1.30
must be questioned because it is likely an aberrant value
caused by medial calcification of the lower extremity
vasculature from longstanding diabetes. PAOD is sus-
pected when the ABI is below 0.90. The mean ABI of a
patient presenting with claudication has been shown to be
0.59 (standard deviation 0.15), whereas those presenting
with rest pain or tissue loss have mean ABIs even lower
at 0.26 +/– 0.13 and 0.05 +/– 0.08, respectively.37

Toe Systolic Pressure Index

As noted above, ABI measurement in patients with
heavily calcified vessels will be falsely elevated. Given
the prevalence of IC among diabetics this is a significant
limitation of the ABI examination. For these patients,
special cuffs may be applied to the great toes to obtain
a toe systolic measurement, and then a toe-brachial index
(TBI) can be calculated. The small arteries of the toes
are not heavily involved by medial calcification and
therefore are less susceptible to this artifact. A normal
TBI is greater than 0.60 and some degree of PAOD may
be inferred from any value below 0.50. The toe’s systolic
pressure is often used to assess the likelihood that a
diabetic foot ulcer will heal because ulcers associated
with a systolic pressures less than 30 mmHg are unlikely
to heal without intervention.38

Treadmill Testing

Despite the high sensitivity (95%) and specificity (99%)
of ABI when combined with an appropriate clinical his-
tory,33 some patients with claudication could be over-
looked with ABI alone. Challenging the painful extremity
with exercise may, however, increase the sensitivity of
the ABI. Though this test usually requires a vascular
laboratory, the clinician should be aware of the prin-
ciples behind performing post-treadmill ABIs. In standard
treadmill testing, the patient walks at a constant rate of
2 miles per hour on a 12% grade. The walking continues
until the point of claudication (maximum walking dis-
tance) or 5 minutes. The patient is then immediately
placed in a supine position and ankle pressures are

obtained every minute until they return to baseline. The
resting arm pressure is used when calculating the post-
treadmill ABI.

With exercise, the peripheral vasculature is maximally
dilated for increased bloodflow; however, proximal lesions
limit the effect of distal arterial dilation, and blood is
therefore shunted to other dilated arterial regions. As a
result, the ABI will be lower after the affected limb is
stressed than it was in the resting state. A test is con-
sidered abnormal if the value drops by 20% and remains
low for longer than 3 minutes. In practice, patients with
true ischemic claudication will often have ankle pressures
that fall dramatically and may be difficult to measure for
several minutes. Also, if the post-treadmill ABI returns
to baseline within 5 minutes, then a single lesion is sug-
gested, whereas delays over 10 minutes suggest multi-
level disease. In contrast, after this modest activity level,
a healthy person should see an ABI value very close to
normal or have rapid normalization of any modestly
decreased ABI. Recently, many vascular laboratories
have been substituting toe raises (up to 50 repetitions)
for treadmill walking with good results, and this can
even be performed in the office setting.

Further Evaluation

As discussed in full detail in subsequent chapters, a
variety of tests may be performed in the vascular labo-
ratory to more accurately assess vascular insufficiency
and provide some insight into the anatomic location of
the significant lesions. Segmental limb pressures (SLPs),
segmental pulse volume recordings (PVRs), and Doppler
velocity waveform analysis (VWF) are all noninvasive
tests used during the initial evaluation of claudication.
These are particularly useful for patients with signifi-
cantly disabling claudication. The decision to proceed
with invasive diagnostic tests and possible intervention,
or to continue with conservative management (e.g.,
pharmacotherapies, smoking cessation, and a formal
exercise regimen) can be influenced by these noninvasive
tests. Tests suggesting aortoiliac disease with preserved
vasculature below the inguinal ligament may, in appro-
priate patients, be referred for arteriography in hopes
that other minimally invasive endovascular angioplasty
and stenting techniques or surgery may provide relief.
On the other hand, a patient with similar disability but
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Figure 19-2. Calculation of ankle brachial index.
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with noninvasive tests suggesting multilevel disease or
significant infrageniculate disease may tolerate further
conservative therapy before opting to undergo diagnostic
arteriography and open bypass procedure.

Routine Tests During Initial
Evaluation of Claudication

Several laboratory tests may provide valuable informa-
tion to help evaluate claudication or coexisting disease.
Recently, an American and European consensus con-
ference4 has provided the following recommendations
regarding initial routine laboratory testing. Physicians
should consider ordering these tests on a patient with
new claudication symptoms if they have not been recently
studied. These recommended tests are: ECG, complete
blood count (CBC), diabetic screening, renal function
screening, and a lipid profile. An ECG is an accurate
and inexpensive means to evaluate for silent myocardial
ischemia. A CBC may identify polycythemia or anemia,
either of which can induce claudication. A screening
evaluation for glucose intolerance (e.g., urine glucose
test, fasting blood glucose level, or hemoglobin A1c)
should be obtained because of the close association
between PAOD and glucose intolerance. Renal function
can be tested with a serum creatinine level and urine
protein measurement. Finally, as discussed earlier, a
fasting lipid profile should be considered to help identify
cholesterol disorders that are associated with CAD as
well as PAOD. Further testing may be considered by the
clinician to address specific concerns regarding an
individual patient. In general, hypercoaguability studies
and homocysteine levels are not routinely indicated,

although they may be helpful in selected patients
where family or personal medical history is suggestive
(Table 19-4).
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TABLE 19-4. Suggested Tests for Evaluation of Patient With New Claudication Symptoms

Test When Used

Ankle-brachial index (ABI)

ABI with toe raises or treadmill Indicated when clinical suspicion exists with normal ABI

Toe brachial pressure index (TBI) Indicated when ABI falsely elevated

Further anatomic or physiologic studies Ordered only when indicated

Electrocardiography

Complete blood count 

Diabetic screening test 

Serum creatinine

Fasting lipid profile 

Hypercoagulability studies or homocysteine levels Ordered only when indicated
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Systolic pressures and Doppler/plethysmographic
waveform recordings can indicate when PAOD has caused
a detectable loss in flow energy through a segment of
narrowed artery and/or any collateral channels. These
energy losses are identified from significant changes in
the pulse or blood velocity waveforms and from abnor-
mally large reductions in systolic pressures along a par-
ticular arterial segment. Plethysmographic waveforms
represent the changes in limb volume throughout the
cardiac cycle (i.e., the difference between the arterial flow
into a limb segment and its venous outflow). These wave-
forms are a combination of the pulsatility of all the vas-
culature under the sensing cuff, whereas Doppler wave-
forms are recorded from specific blood vessels.

At rest, arterial pulse waveforms in a normal lower
extremity are characterized by a rapid upstroke during
systole followed by a transient net reversal of flow at
the end of systole/beginning of diastole. Forward flow
resumes throughout the remainder of diastole, although
this may not be obvious if the extremity is cold or the

Plethysmography

Doppler

Systolic Pressures

Stress Testing

hysiologic modalities for the noninvasive detection
and assessment of peripheral arterial occlusive disease
(PAOD) are indirect, nonimaging modalities that use
plethysmography and Doppler ultrasound. These modali-
ties do not generate images of the arteries; therefore, the
status of the arterial circulation must be inferred from
systolic pressure gradients, pressure indices, and pulse
waveforms. Despite this limitation, plethysmographic
and Doppler-based modalities are well established and
remain appropriate for the initial assessment of persons
with signs and symptoms of PAOD, in addition to the
follow-up of those patients on medical therapy.

Chapter 20



patient is vasoconstricted. Hemodynamically significant
narrowing in an artery will alter the waveform, and it
is these changes that are used to indicate the presence
and the severity of the disease. 

Digit pressures can be measured using photoplethys-
mography (PPG); however, systolic pressures at other
levels in an extremity most commonly are measured with
Doppler, followed by air and, rarely, straingauge plethys-
mography. The same normal/abnormal systolic pres-
sure criteria are used whatever modality is employed.
Some volume plethysmographs use only one large cuff
above the knee, whereas two cuffs are used most com-
monly with Doppler.

As stated, plethysmographs are integrating instru-
ments, so they indicate only the highest pressure at the
level of the cuff and not the pressure from a specific
artery. Doppler systolic pressures are measured from
individual arteries and, as such, these techniques demand
more from the operator than when using plethysmogra-
phy. A limitation of measuring ankle systolic pressures
occurs when an arterial wall becomes calcified or stiffened
to the point where a blood pressure cuff cannot compress
it—even when inflated to 300 mmHg. This situation is
commonly encountered with patients having long-term
diabetes or those with renal failures. This should be sus-
pected if an ABI is greater than 1.4 or if the measured
ankle pressures exceed the higher brachial pressure by
more than 60 mmHg. Pulse volume recordings are par-
ticularly valuable when this is the case, especially when
they are combined with pressures measured from the toes.

Plethysmographic waveforms, at any level in an
extremity, are less affected by calcification than are
Doppler signals because extremity Doppler systolic pres-
sures are measured from moderate- to small-sized arteries,
whereas plethysmography includes perfusion through

smaller (but less affected) vessels. Measurements of digit
pressure are valuable when proximal pressures are arti-
factually elevated because digit arteries are less affected
by stiffening of their walls. In these cases, the plethys-
mographic waveform provides diagnostic information
about the presence of PAOD superior to that provided
by Doppler. Digit pressures are more valid than ankle
pressures in this situation because the walls of digital
arteries are affected less by calcification than are those
of larger vessels. That being the case, toe pressures
should be measured routinely when testing a diabetic
patient, and a case can be made for measuring these
pressures on all patients.

It should be remembered that an apparently normal
resting systolic pressure gradient of less than 20 mmHg
can exist across a segment with PAOD when a lesion in
a more proximal artery has already reduced significantly
the pressure energy entering that segment. Under these
circumstances, it is unreliable to use only systolic pressure
gradients to detect the presence/site/severity of PAOD;
they should be combined with information from the
pulse waveform.

Plethysmography

Waveforms

Volume plethysmography (VP) and PPG are common
plethysmographic modalities for recording arterial
pulse waveforms. Although PPG is regarded as
experimental by federal agencies, it is used widely to
record digit waveforms and systolic pressures. VP can
be used also to record digit pulse waveforms, in
addition to all other limb segments.
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Figure 20-1. Photoplethys-
mography transducer applied
to digit for recording pulse
waveforms.



PPG transducers are applied with double-sided tape
(Fig. 20-1). This helps to prevent it moving during cuff
inflation when measuring digit pressures, making it
unnecessary to apply the cuff firmly (which can cause
blanching of the skin). VP waveforms are reproducible,
provided that the sensing cuffs are wrapped around the
limb segment at a moderate tension and are inflated to
50 to 60 mmHg (Fig. 20-2). Because VP and PPG wave-
forms do not indicate flow direction, neither modality
will exhibit the flow reversal at the end of systole (as seen
in normal arterial Doppler signals). However, a normal
plethysmographic waveform will have a notching in its
dicrotic portion; this corresponds to the flow reversal
(Figs. 20-3 and 20-4). Hemodynamically significant
PAOD proximal to the limb segment being examined
will cause first a loss of the dicrotic notch (see Fig.
20-4, B) in mild/moderate disease. More severe PAOD
results in a dampened flow pulsality, causing waveform
amplitude to be reduced and prolongation of the
upstroke (Fig. 20-5; see Fig. 20-4, C).

Systolic Pressures

Using plethysmography, segmental systolic pressures are
measured using a sensing cuff (inflated to 50 to 60 mmHg)
distal to the inflation cuff. Waveforms are recorded from
the sensing cuff during deflation of the proximal pressure
cuff from a superior systolic pressure, the systolic pres-
sure at the level of the pressure cuff being the pressure
at which the pulses reappear (Fig. 20-6).

Doppler

Waveforms

Directional Doppler instruments are able to demon-
strate the transient reversal of flow occurring at the end
of systole and the beginning of diastole in normal lower
extremity arteries (Fig. 20-4, D). PAOD changes the
normal triphasic waveform to biphasic signals in mild/
moderate disease (Fig. 20-4, E), which progresses to
monophasic signals where PAOD is severe (Fig. 20-4, F).
Severe proximal PAOD can cause Doppler signals distally
to be continuous or absent. The greater the degree of
PAOD, the more similar the plethysmographic and
Doppler waveforms become. Blood velocity waveforms
from the common femoral artery can characterize
significant PAOD proximal or distal to the probe. When
PAOD is at more than one level in a lower extremity,
the comparison of waveforms from adjacent segments
can indicate the areas of greatest disease.

Systolic Pressures

Ankle-Brachial Systolic Pressure 
Indices (ABIs)

A well-established method for assessing the status of
peripheral arteries in the lower extremity is to compare
systolic pressures at ankle level with that in the arms
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Figure 20-2. Volume plethys-
mography cuffs applied on a
lower extremity.
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Figure 20-4. Normal/abnormal
plethysmographic and Doppler
arterial waveforms.

Figure 20-3. Segmental VP
recordings from a normal
lower extremity.



while the patient is supine. Pressures are measured from
the posterior tibial and anterior tibial/dorsalis pedis
arteries. Although arterial collateralization in the presence
of significant PAOD may maintain systolic pressures to
be normal at rest, functional impairment can be assessed
from measurements of postexercise pressures. Although
nonimaging, measurements of ankle-brachial indices
are an important complement to duplex ultrasound
imaging for assessing lower extremity arteries.

ABIs are calculated by dividing the highest systolic
pressure at ankle level (from the anterior tibial, poste-
rior tibial, or dorsalis pedis arteries) by the higher of
the two brachial systolic pressures. Systolic pressures
from the dorsalis pedis artery can be measured when

signals from the anterior tibial artery are absent or
difficult to hear.

Highest pressure at ankle level
Ankle-brachial index = ———————————————

(ABI) Higher brachial pressure

Using a 10- or 12-cm wide cuff at the ankle, a normal
ABI is 0.92 or greater (Table 20-1). When the ABI is in
the abnormal range, pressures should be measured
more proximally to localize where the pressure drop
is occurring; these are called segmental pressure
measurements.

Segmental Systolic Pressures

It is normal for some pressure energy to be lost as blood
moves along an artery; a small amount of flow energy
is converted into heat, which is conducted through the
artery wall into the surrounding tissue. However, any
drop in systolic pressures between adjacent segments of
the extremity (e.g., from upper thigh to above knee, from
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Figure 20-5. Segmental volume pressure
recordings from an extremity with peripheral
arterial occlusive disease affecting inflow
to both lower extremities plus disease more
distally in the left lower extremity.

Figure 20-6. Systolic pressures measured using plethys-
mography. The systolic pressure is where the pulse reappears
during deflation of a cuff from a super systolic pressure 
(120 mmHg in this example).

TABLE 20-1. Ankle-Brachial Indices 
and Category of Peripheral Arterial
Occlusive Disease 

ABI PAOD category  

0.92–1.4 Normal 

0.75–0.91 Mild 

0.50–0.74 Moderate 

0.35–0.49 Severe 

< 0.35 Ischemic

ABI, ankle-brachial index; PAOD, peripheral arterial occlusive disease.



above knee to below knee level, or below knee to ankle)
should be small and should not exceed 20 to 30 mmHg.
A pressure gradient of more than 30 mmHg between
adjacent segments indicates an abnormal loss in pres-
sure energy; this is compatible with the presence of
hemodynamically significant PAOD proximal to the
level of measurement. (Assuming that the reduced pres-
sure has not been caused by an atrioventricular [AV]
fistula).

Segmental pressures are measured with either one or
two cuffs at above knee levels. To avoid a pressure
measurement artifact, blood pressure cuffs should be at
least 50% wider than the diameter of the underlying limb.
Cuffs narrower than this exert a lower pressure on the
underlying tissue than do wider cuffs, requiring them
to be inflated to a higher pressure to have the same
compressive effect. This results in an artifactually ele-
vated pressure measurement. The single thigh cuff
method uses one large cuff (17 to 21 × 60 cm) (Fig. 20-7),
allowing artifact-free pressure measurements but limiting
the pressure measurements to one position above the
knee. A narrower cuff must be inflated 30 to 40 mmHg
higher than a single wider cuff (17 to 21 × 60 cm; see
Fig. 20-2) to exert the same pressure on the underlying
tissue. This requires different normal/abnormal reporting
criteria to be used for each method.

The use of volume plethysmography to detect and
assess PAOD produces a shorter learning curve than does
Doppler. PVR waveforms will be recorded, provided that
pulses are present and that the VP cuffs are applied at the
appropriate tension and are inflated to 50 to 60 mmHg.
This is easier than recording good quality Doppler wave-
forms, which requires positioning the correctly angled
probe directly over the artery without probe pressure
sufficient to compress the vessel (Fig. 20-8). The Doppler
technique requires knowledge of arterial anatomy and
some dexterity to optimize the signals.

Stress Testing

At rest, some patients with mild (or more severe, but
well collateralized) PAOD can have ABIs in the normal
range (Table 20-2). Although collateral vessels are able
to supply adequate flow at rest, usually they are unable
to meet the increased demand that results from exer-
cise. In these situations, exercise will cause “normal”
resting ABIs to drop into the abnormal range and to
remain abnormal for several minutes after the exercise
stops (Table 20-3).

For patients with a history of intermittent claudication,
but who have normal or near-normal values of ABIs at
rest, a stressing of the peripheral musculature can
determine whether or not the symptoms are caused by
ischemia.

In the most common form of stress testing, a patient
with intermittent claudication is walked at his or her
own pace either on a treadmill or in the vascular lab or
along an adjacent corridor. Measurements of ABI are
recorded during the postexercise phase, measuring the
amount of any drop and the time taken to return to the
resting values. ABIs that return to pre-exercise levels
within 5 minutes suggest single-level PAOD, whereas
multilevel disease usually requires more than 10 minutes.
Examining postexercise Doppler pulse waveforms to
assess the presence of PAOD is less reliable than pos-
texercise measurements of ABI.

It must be remembered that a patient with significant
arterial occlusive disease affecting the lower extremity may
have concurrent cardiac disease. The laboratory medical
director should establish appropriate contraindications
to any form of imposed stress (e.g., walking a patient
in the vascular lab or in an adjacent corridor, or using
a treadmill). This is particularly the case for treadmill
exercise because the workload is being imposed on the
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Figure 20-7. Thigh pressures can be
measured using a single, wide cuff (17 to
19 cm) or two 10- to 12-cm cuffs.



patient. Another decision to be made is whether or not
to monitor the ECG of the patient during stress.
Suggested contraindications to stress testing for PAOD
include the following:

● Angina
● Severe arrhythmias
● Shortness of breath
● Unsteadiness
● Brachial systolic pressure greater than 220 mmHg

Alternatives to treadmill or walking exercise are reac-
tive hyperemia, heel raising, ergometry with adjustable
load, or using pharmacologic vasodilatation. Each of
these methods can produce a drop in the ABI, but none
are as physiologic as walking. Reactive hyperemia (i.e.,
elevated flows following deflation of a proximal cuff
that has been maintained at a super-systolic pressure
for 3 to 5 minutes) can be employed, but this should be
used cautiously (if at all) when testing an extremity
with a functioning graft.

The magnitude of any drop in ABI following exercise
is related to the degree of obstruction to inflow. The time
taken to recover to the pre-exercise level is a function
of the site/severity of the PAOD and the duration of the
exercise. The tendency is for proximal PAOD to require
a recovery time longer than is necessary for distal PAOD,
with multilevel PAOD producing the most sustained
drop in extremity systolic pressure.

The learning curve for plethysmography is shorter
than that for Doppler, and this testing modality is useful
when a large number of patients with diabetes are seen.
It is more convenient than Doppler for recording digit
waveforms/systolic pressures, and it is particularly useful
in the presence of stiffened arterial walls. However,
plethysmography does not provide information specific
to a particular artery in an extremity. Doppler waveforms
contain more information than plethysmographic wave-
forms but can be subject to artifacts being introduced
unless the audio signals are analyzed with FFT circuitry.
Therefore, the choice of whether to use volume plethys-
mography or Doppler ultrasound (or both) to evaluate
extremity arterial occlusive disease depends on the
types of patients tested, where they are tested, and on
the experience of the staff and their opportunities to
maintain competency.

Normal Criteria

Lower extremity:
Greater than 20 mmHg difference between brachial
systolic pressures
Ankle-brachial index equals 0.92 to 1.4.
Ankle systolic pressure greater than 60 mmHg above
higher brachial
High thigh systolic pressure (2 thigh cuff) 30 mmHg or
more above higher brachial systolic pressure
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Figure 20-8. Segmental pressures being measured using two
12-cm cuffs on the thigh.

TABLE 20-2. Resting Ankle-Brachial Indices
and Arteriographic Categories of
Peripheral Arterial Occlusive Disease

Resting 30% to
ABI Normal <30% 60% <60% Occluded

> 0.1 29 5 4 4 3

0.9–1.0 5 6 6 7 5

0.7–0.89

0.5–0.69

0.3–0.49

< 0.3

ABI, ankle-brachial index.

TABLE 20-3. Postexercise Ankle-Brachial
Indices and Arteriographic Categories 
of Peripheral Arterial Occlusive Disease

Postex-  
ercise 30% to 
ABI Normal <30% 60% <60% Occluded

> 1.0 24 — — — —

0.9–1.0 10 4 — — —

0.7–0.89 — 7 9 2 1

0.5–0.69 — — 1 15 22

0.3–0.49 — — — 6 9

< 0.3 — — — — 14  

ABI, ankle-brachial index.



Thigh systolic pressure (single thigh cuff) equals brachial
systolic pressure or higher
Maximum difference in systolic pressure between adja-
cent segments equals 20 mmHg

● 20 to 30 mmHg is regarded as borderline abnormal
● Greater than 30 mm Hg is predictive of significant

proximal PAOD

Toe-brachial index equals 0.7 or higher (0.6 to 0.7 is
borderline)

Lower extremity waveforms should exhibit a dicrotic
notch or Doppler signal should demonstrate a reverse
flow component

Immediate postexercise ABIs should be unchanged
from rest, or any drop should be transient
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Introduction

issue ischemia caused by acute arterial insufficiency
is a dramatic event. Limited information has been
published about the incidence of acute limb ischemia
in the general population, but this has been generally
reported to be 13 to 17 per 100,000.1,2 Despite advances
in surgical technique and perioperative care, the mor-
bidity and mortality associated with surgical interven-
tion is still high,3 and those risks are proportional to the
degree of ischemia.4 Without prompt and accurate man-
agement, ischemia inexorably and rapidly progresses to
irreversible stages. Only timely diagnosis and interven-
tion can improve the 37% amputation rate and the 26%
mortality rate associated with this vascular emergency.5

Pathophysiology

The deleterious effects of arterial insufficiency are a
consequence of two phenomena: (1) tissue ischemia
and (2) reperfusion. Tissue ischemia occurs when an
imbalance between blood supply and tissue demands
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is present. This balance is influenced by many factors.
First, different tissues can tolerate ischemia in different
degrees. For example, brain cells show signs of irreversible
cell damage after only 4 to 6 minutes of total ischemia.
Peripheral nerves demonstrate signs of prolonged func-
tional deficits after 3 hours of ischemia. Skeletal muscle
is relatively tolerant, with histologic changes occurring
after 4 to 6 hours of ischemia. Second, even within the
same tissue, the temperature and the metabolic activity
of the cells determine their tolerance of decreased flow
states. Kidneys can only tolerate less than an hour of
warm ischemia; however, if stored at low temperatures
and flushed with iced solutions, they can tolerate
ischemic times up to hours. Third, the time over which
the arterial occlusion develops may allow for the
formation of collateral channels that will continue to
perfuse the tissues even when the main arterial source
is occluded. Even more, there is evidence that
chronically ischemic tissue is more tolerant to total
ischemia than is normally perfused tissue.

Reperfusion

An acutely ischemic limb needs to be revascularized in
order to avoid limb loss and to preserve as much limb
function as possible. Revascularization, when performed
in the inappropriate patient or at an inappropriate time,
can be harmful. Following revascularization, oxygenated
blood reaches the ischemic area. The bloodflow to the
ischemic extremity is much higher than in a normal con-
dition because there is significant vasodilatation caused

by ischemia (Fig. 21-1). The complement system is
activated and adhesion molecules are expressed on the
endothelial surface, recruiting neutrophils. With oxygen
now available, neutrophils produce oxygen radicals that
cause membrane lipid peroxidation and tissue damage.6

This entity is known as reperfusion syndrome and it
comprises a local and a systemic response.7 The local
response is caused by an increased permeability in the
damaged capillaries, leading to significant swelling (most
often in the anterior compartment). The intramuscular
pressure is usually less than 8 mmHg. When the pres-
sure is elevated to greater than 30 mmHg, it is higher
than the perfusion pressure and results in compartment
syndrome by compromising the intramuscular flow
(Fig. 21-2).8 It can lead to tissue necrosis, infection, and
sepsis if not treated in a timely fashion.9 The systemic
response occurs as a consequence of leakage of metabolic
products from damaged cells, causing acidosis and
hyperkalemia. Cardiac arrhythmias and myoglobinemia
may follow; these can result in acute tubular necrosis,
multiple organ failure, and death. Acute respiratory
distress syndrome and bowel edema with associated
increased vascular permeability may occur, leading to
endotoxic shock.7 If the ischemic process involves the
bulk of the lower extremity, amputation rather than revas-
cularization may be the procedure of choice to avoid
the entrance of toxic products from the damaged limb
into the systemic circulation.7 Although the development
of the compartment syndrome after reperfusion is most
common in the calf, it can also occur in the foot, thigh,
gluteal muscles, and upper extremity.

Etiology

Total flow arrest in an artery can be the result of three
things: (1) an embolism; (2) local thrombosis; and (3)
traumatic transection. This last cause will not be included
in this discussion.

Embolism

Embolic phenomena are the most common cause of acute
arterial ischemia, accounting for approximately 80% of
the cases seen in clinical practice. Sources of embolism
include the heart; aortoiliac, femoral, and popliteal
aneurysms; and proximally located lesions responsible
for artery-to-artery emboli (e.g., carotid bifurcation athero-
sclerotic lesions causing stroke). Of all these, the heart
is the most common source. Cardiac thrombi more com-
monly form after anterior myocardial transmural infarcts,
but also occur because of ventricular aneurysms, valvular
lesions, and arrhythmias. In 75% of patients with lower
extremity embolic occlusion, a history of acute myocar-
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Figure 21-1. High flow in the anterior tibial artery in a
patient with acute thrombosis of the popliteal artery. The
anterior tibial fills through the recurrent anterior tibial artery.
There is absence of reverse flow and a very high end-diastolic
velocity indicating the drop in the peripheral resistance from
the vasodilatation of the ischemic tissues beyond the level of
occlusion.



dial infarction or atrial fibrillation is present during the
preceding weeks. Emboli originating in the heart lodge
in the lower extremities in 60% to 70% of patients, in
the cerebral circulation in 20% of patients, in the upper
extremities in 14% of patients, and in the visceral cir-
culation in 7% to 10% of patients.9 These emboli tend
to locate at bifurcation points. In the mesenteric circu-
lation, they lodge beyond the first few branches of the
superior mesenteric artery. In the legs, they locate at
the bifurcation of the common femoral artery or at the
popliteal trifurcation.

Abdominal Aortic Aneurysms

Regarding artery-to-artery embolism, almost every artery
has been found to be the source of emboli, but the
abdominal aorta is the most common source. Both
atherosclerotic disease and aneurysms are known to
cause embolization of distal arteries (Fig. 21-3). It is of
interest that neither large abdominal aneurysms nor

iliac artery aneurysms are common sources of emboli.
Instead, abdominal aortic aneurysms (AAAs) smaller
than 5.0 cm are associated with embolism (see Fig.
21-3).10 Data from Northwestern University have shown
that 5% (15/302) of patients there presented with
distal emboli. This resulted in critical limb ischemia in
3 patients, digital in 11, and necrosis of calf muscles in
1. All but 1 of these patients had a CT scan; it showed
luminal thrombus within the AAA and a size of less
than 5 cm in 12 patients.10

Iliac Artery Aneurysms

An isolated iliac aneurysm is an uncommon entity with
a relative incidence of 0.9 (compared with 4.7% for
abdominal aortic aneurysms); however, these aneurysms
have a rupture rate of 37.5%, higher than that reported
for abdominal aortic aneurysms.11 Almost half of iliac
artery aneurysms are bilateral.12 These patients most
commonly present with rupture or local compression
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Figure 21-2. A, Very resistant intramuscular flow in a
patient with compartment syndrome. The reversed flow is
negligible and there is absence of forward flow in the end-
diastole. B, The soleus muscle is swollen and almost twice the
size of the soleus muscle in the contralateral normal limb at
the same anatomic level (C). 



of neighboring structures (e.g., ureter, bowel, or iliac
veins).13–16 Iliac artery aneurysm can be associated with
acute limb ischemia after spontaneous dissection because
of cystic medial necrosis17 or fibromuscular dysplasia.18

Popliteal Artery Aneurysms

Popliteal artery aneurysms represent over 70% of
peripheral aneurysms. This can be a life-threatening con-
dition because of constant embolization to the distal
arterial tree, and have been associated with subacute
ischemia in 20% to 40% of patients following throm-
botic occlusion. Approximately half of patients with
these aneurysms will need extremity amputation as an
emergency treatment because of distal artery occlusion
not suitable to surgical thrombectomy.19 Therefore, sur-

gical repair is indicated for all symptomatic or compli-
cated cases, with some clinicians recommending surgery
also for asymptomatic aneurysms, except in high-risk
patients.

Paradoxical Embolism

Paradoxical embolism of a venous thrombosis through
a right-to-left shunt is an important cause of acute limb
ischemia. This commonly occurs through a patent fora-
men ovale,20 which has a prevalence thought to be as
high as 35% in the general population.21 Given that the
presence of deep vein thrombosis or pulmonary embolus
may be clinically silent, a high degree of suspicion for
paradoxical embolism is needed in cases of unexplained
arterial occlusion.
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Figure 21-3. A, Large abdominal aortic aneurysm with thrombus. This aneurysm was repaired because of its large size. 
B, Small abdominal aortic aneurysm containing thrombus. Aneurysms like this are more prone to distal embolization. When
distal embolization occurs they are fixed regardless of their size. C, Shaggy aorta with a large mobile atheroma on the
suprarenal segment. The patient had many emboli in three extremities and a larger embolus in the right popliteal artery (D).
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Artery-to-Artery Embolism

Another kind of arterial occlusion arises when dislodged
emboli from a proximal source are trapped distally at
an arterial bifurcation. Sites of predilection for emboli
are acutely angled branching points of arteries (prima-
rily in the lower extremities).22 The most common site
of embolism in the lower extremity is the common
femoral and popliteal arteries; in the upper extremity, it
is the brachial and ulnar arteries. The most common
source is cardiac; atrial fibrillation accounts for about
70% of patients, followed by myocardial infarcts in about
20%.23 Noncardiac sources include aortic24 and peripheral
aneurysms; persistent sciatic artery25; arterial dissection,
either spontaneous or iatrogenic26; foreign bodies27; tumor
cells28; aortoiliac stent placement29; primary aortic mural
thrombus30,31; hematologic conditions32; thoracic outlet
syndrome33; and, in about 10% of cases, the source
remains unidentified.9

Hematologic conditions deserve a separate mention
as an etiologic factor: these include deficiencies of natural
anticoagulants, fibrinolytic system disorders, presence
of antiphospholipid antibody, and platelet abnormalities.
Vascular reconstructions may have catastrophic results
in in patients with unrecognized and untreated hyper-
coagulable states. The most effective screening tool is a
meticulous history related to thrombosis. If a positive
history is found, determination of platelet count,
antithrombin III, protein C, free protein S and total
protein S levels, along with platelet aggregometry, is
imperative.34 Factor V Leiden mutation, present in 4%
of whites, is one of the leading abnormalities resulting
in an increased risk for deep leg vein thrombosis.35

Arterial thromboembolism caused by factor V Leiden
mutation is rare and, to date, it has only been described
in the supraaortic, coronary, and upper extremity circu-
lation.36 Other disorders include protein S deficiency;
protein C deficiency; proteins C and S deficiency; and
hyperaggregable platelet conditions (e.g., inherited
thrombophilia with a G20210A prothrombin gene
mutation).34,36

Thrombosis

Local thrombosis of an artery is the consequence of one
or a combination of several predisposing factors (e.g.,
atherosclerotic stenosis, hypercoagulable conditions, low
flow states, and outflow venous occlusion).

Acute limb ischemia secondary to peripheral arterial
thrombosis is an ominous event, although the clinical
course associated with thrombosis is less dramatic than
that associated with embolic episodes. In the large arteries
of the legs, stenosis of greater than 70% diameter is
needed to impair normal exercise capacity; it can be

assumed that even substantial vascular changes may
be present in an asymptomatic patient.37 Select inherited
and acquired hypercoagulable states appear to contribute
to an initial arterial thrombosis and, more importantly,
recurrent thrombotic events.38 Popliteal artery entrapment
syndrome causes repeated arterial compression and
trauma to its wall, leading to localized atherosclerosis.
It is a progressive disease, with arterial thrombosis occur-
ring in some as part of its natural history.39 Persistent
sciatic artery can present as a pulsatile mass in the but-
tocks, caused by aneurismal dilatation; or as chronic or
acute limb ischemia.40 Thrombosis can also occur on
an atherosclerotic plaque or as a complication of sur-
gical reconstructions. The latter can derive from the
occlusion of a previously placed arterial bypass graft41

or as a complication related to an endovascularly placed
device.42

The risk of emergent interventions for acute throm-
bosis is thought to be usually less than that associated
with embolectomy, although limb preservation is often
less satisfactory.43

A detailed history and a careful physical examination
performed by an experienced practitioner will provide
clues to the etiology. Claudication is a symptom often
lacking with acute embolic episode, and examination
of the contralateral limb does not reveal any evidence
of atherosclerotic changes. Patients with background
occlusive disease have a better-developed collateral
system, and therefore the level of temperature change
in the affected limb is not as well demarcated as in
embolic cases.9 A detailed cardiac history and a careful
cardiac evaluation should be performed in order to identify
possible embolic sources. Aortic pathology can be sug-
gested as a cause of both emboli and thrombosis, espe-
cially in patients with Marfanoid body habitus and/or
a history of hypertension.9 Blue-toe syndrome causes
acute digital ischemia by microembolization from a
proximal source via a patent arterial tree in an otherwise
well-perfused foot. The prompt delineation of the embolic
source is paramount to prevent further deterioration
through continuous embolization.24

Catastrophic events in the venous system (e.g.,
phlegmasia cerulea dolens, neurologic entities, and low
output states) can also be missed or confused with
acute arterial occlusion.9

Clinical Presentation

Acute ischemia in the extremities is classically described
with the six “Ps”: pallor, pain, poikilothermia, pulseless-
ness, paresthesias, and paralysis. In general, acute
ischemia caused by embolism presents in a more dra-
matic form: the onset is acute, and because no time for
the development of collateral circulation has elapsed,
the ischemic symptoms are severe. In cases of throm-
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botic ischemia, the presence of an underlying arterial
lesion has allowed for the formation of collaterals. This
may make the presentation more insidious and the symp-
toms less pronounced. This is not always true, however,
and the differentiation between an embolic and a throm-
botic event on the basis of clinical presentation may be
difficult. In any case, one cannot overemphasize the value
of a conscientious yet expeditious history and physical
examination. Special attention should always be paid
to the neurologic status of the limb. Any sensory or motor
deficit should be clearly documented; this will alert the
practitioner about the imminent threat of permanent
sequelae and limb loss.

Pain is the most common symptom and is typically
located in the foremost part of the arterial tree. It is
commonly of sudden onset, with or without preceding
claudication symptoms depending on the etiology.44 It
is also severe and constant, and often at the level of the
major muscle group below the occlusion level. The pain
may be masked by sensory disturbances that result
from nerve ischemia.9 A careful pulse examination can
often lead to the clinical diagnosis of the level of occlu-
sion. This examination must be done with the aid of a
Doppler device for an accurate analysis.44 A sudden loss
of a previously palpable pulse is a key clue in the dif-
ferential diagnosis. The pulse quality is also helpful.
The augmentation of the pulse at the site of the occlusion
represents the pulse waves encountering the thrombus.9

Coolness, often associated with pallor in the affected
extremity, is an important finding, and is more so if rela-
tive to the contralateral unaffected limb. The capillary
refill time and the presence of venous return must be
addressed as well. Sensory deficits can involve pares-
thesias or numbness. Those symptoms can be confounded
by the neuropathy of diabetic patients. With more
pronounced ischemia, motor deficits are evident.44

Noninvasive Evaluation

Unidirectional Doppler

Insonation of the arteries is performed to determine the
following: presence or absence of flow; characteristics of
the flow signal (e.g., monophasic, biphasic, or triphasic);
and determination of ankle-brachial indexes (ABIs).
The combination of physical examination findings and
bedside, handheld, Doppler insonation of the distal
arteries provides the necessary information to determine
the severity of ischemia and to formulate an initial
plan. The Society for Vascular Surgery/International
Society for Cardiovascular Surgery (SVS/ISCVS) revised
reporting standards45 stratify acute limb ischemia into
four classes:

● Class I: Doppler signals clearly audible; no motor
or sensory deficits

● Class IIa: No Doppler signal audible; paresthesias
and limited (toes) sensory loss

● Class IIb: Persisting pain, greater sensory loss, any
motor deficit

● Class III Early: Complete anesthesia and paralysis

● Late: Muscle rigor, marbling of the skin; no
detectable venous flow, even with compressive
maneuvers

This classification has important prognostic and thera-
peutic value. Class I and IIa limbs are viable or only
marginally threatened. Further diagnostic studies can be
pursued. Class IIb and early Class III limbs are imme-
diately threatened and require immediate revasculariza-
tion in the operating room. Late Class III limbs are
nonsalvageable.

Duplex Ultrasound

In patients with acutely ischemic but viable limbs
(Class I, Class IIa) the use of duplex ultrasound (DUS)
can provide valuable information about the cause of
the ischemia. It can determine the distribution and
extent of thrombosis, and the source of emboli from
artery-to-artery embolism, by detecting aneurysms or
plaques proximal to affected arteries. Aneurysms in the
abdominal aorta containing thrombus (see Fig. 21-3),
or aneurysms in the femoral (Fig. 21-4) and popliteal
arteries (see Fig. 21-4) are common findings. Complete
thrombosis of the aneurysm can be determined as
well (see Fig. 21-4). Thrombosis of an artery at an
atherosclerotic lesion may be also seen (Fig. 21-5).
Patients with both acute arterial and venous symptoms
may be accurately diagnosed (Fig. 21-6). DUS is often
used to determine the absence or presence of flow in
bypass grafts thought to be thrombosed (Fig. 21-7). In
most instances, the whole graft is occluded unless
there is an in situ graft being patent through a fistula or
partial thrombosis near the anastomosis (see Fig. 21-7).
An acutely thrombosed arterial segment is charac-
terized by DUS in the absence of atherosclerotic disease
from the smooth interface of the arterial wall and the
thrombus. In this scenario, no significant collateral
vessels are seen. The outer layer of the thrombus
appears bright because it contains fibrin (Fig. 21-8).
In the presence of atherosclerotic plaque, arterial
segments not affected by it appear as described above
except that collateral vessels are often found. Throm-
bosis over an atherosclerotic plaque can be recognized
by the segmental calcification of the arterial wall. If the
plaque is echogenic, material that is brighter than the
thrombus is seen (see Fig. 21-5). The flow character-
istics before, at, and after the occlusion are seen in
Figure 21-9. The severity of the occlusion and the levels
of pre-existing disease determine the patterns of the
Doppler waveforms
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Figure 21-4. A, Large common femoral artery aneurysm
with thrombus. The patient had occlusion of his superficial
femoral artery, but it is not known if the aneurysm was the
cause because it was diagnosed later. B, Popliteal artery
aneurysm containing thrombus. The aneurysm had occluded
two of the runoff vessels and was repaired. C, Complete
thrombosis of a popliteal artery aneurysm in a patient who
presented with acute ischemia. 

Figure 21-6. Significant compression of the popliteal vein
(blue) from a popliteal artery aneurysm containing thrombus.
The patient had swelling and was sent to the vascular lab to rule
out venous thrombosis. He had a previous documented episode
of deep vein thrombosis and pulmonary embolism; however, during
the clinical examination, the affected limb was colder. The
aneurysm had embolized to segments of all three runoff vessels.
The compression of the vein by the aneurysm can explain the
swelling. The aneurysm was repaired and the patient did well. 

Figure 21-5. Acute thrombosis of the superficial femoral
artery over an atherosclerotic plaque. The patient presented
with stable limb ischemia and no other reason was found for
the thrombosis during the work-up other than the local
plaque. The calcification with the acoustic shadow is seen over
the thromboses segment. No flow or Doppler signal was
detected. The popliteal artery was filled through the deep
femoral artery branches. 



Echocardiography to Determine
the Source of Embolism

Once an embolic etiology is determined, investigation
about the source of the emboli is indicated. The role of
transesophageal echocardiography (TEE) in patients
with or suspected to have peripheral arterial emboli has
not been determined. It is well known that the heart is
the most common source of emboli. These are of variable
sizes, and include the emboli that usually occlude larger
arteries. A few studies have shown that the prevalence

Figure 21-7. A, Acute thrombosis of a femoropopliteal bypass
graft with an externally supported polytetrafluoroethylene
(PTFE) graft as shown by the acoustic shadows created by the
rings. There is no Doppler signal, and thrombus is seen within
the graft. The patient presented with acute ischemia and no
apparent reason was found for the graft thrombosis. B, Acute
partial thrombosis of a common femoral artery to superficial
femoral artery PTFE graft. The patient had a small drop in the
ankle brachial index from 0.9 to 0.8 and was placed on
heparin. A week later the thrombus resolved and there was no
other complication.

of embolization from the heart is estimated to be 80%
to 90%; however, these studies had a small sample size
and did not evaluate patients with multiplanar TEE, which
can image better pathology in the thoracic aorta.46 It
has been recommended by the American College of
Cardiology and the American Heart Association that
TEE should be used in patients with major peripheral
or visceral vessel acute occlusions.47

Because heart and peripheral vascular disease often
coexist it is difficult to differentiate embolism from
thrombosis. TEE has the best resolution for imaging
pathologies of the heart and the aorta and therefore

Figure 21-8. A, Acute thrombosis of the popliteal artery
after aortocoronary bypass graft. The patient presented with
a cool extremity, absence of pedal pulses, and nonthreatening
limb ischemia. Echogenic material can be seen within the arterial
lumen. The arterial wall is free of plaque and has a smooth
interface with the thrombus. The outer layer of the thrombus
appears bright because it contains fibrin. B, Acute thrombosis
of the anterior tibial artery in a patient with atrial fibrillation
and no peripheral arterial disease. There is absence of color
filling within the artery despite the pulse repetition frequency
being at 1000 Hz and the color gain at 78%. The arterial wall
has no irregularities or calcification. 
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provides a greater yield in defining cardiovascular
emboli (Fig. 21-10).48 Transthoracic echo is often used,
but it has a low sensitivity in identifying a cardiac
source of emboli, and its use is limited. When trans-
thoracic echo is positive, no further testing is required;
when it is negative, either TEE or MRI is usually
performed.49,50

Invasive Evaluation

Arteriography

An arteriogram offers several advantages in the evalua-
tion of an acutely ischemic limb. Besides helping to
determine the cause of thrombosis, it provides informa-
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Figure 21-9. Very resistive low amplitude flow in the
external iliac artery (A) of a patient with acute thrombosis of
the common femoral artery and (B) after cardiac catheteri-
zation. The characteristic “blue cup” is seen at the site of the
occlusion (C). Very low amplitude flow with monophasic
waveform in the common femoral artery of a patient with
acute iliac artery thrombosis. The first patient had a strong
femoral pulse, whereas the pulse was absent in the second
patient. D, Very low flow with venous-like signal in the
dorsalis pedis artery of a patient with multiple levels of acute
thrombosis from a cardiac source. E, No Doppler signal and
absence of color flow in the deep femoral artery of a patient
who presented with acute onset of thigh pain. The source of
emboli was never identified. 



tion regarding the circulation proximal and distal to the
obstruction that will be vital in planning the revascu-
larization procedure. Also, it allows for the use of catheter-
directed thrombolysis, which is especially useful in cases
of graft failure and thrombosed popliteal aneurysms.
Today most centers possess high-quality angiographic
capabilities in the operating room. This eliminates any
potential delays that could increase the revasculariza-
tion time and allows for the prompt performance of an
angiogram even in acutely threatened limbs that require
immediate intervention.

Management

The primary goal in the management of an ischemic limb
is prompt revascularization. Other objectives are the deter-

mination of the causes of the ischemic event; the pre-
vention of recurrent ischemic episodes; and the manage-
ment of sequelae caused by the ischemic insult (e.g.,
fasciotomy for compartment syndrome, acute renal failure
for myoglobinuria, or management of hyperkalemia).

An algorithm on the evaluation and management of
acute limb ischemia is shown in Figure 21-11. Detailed
history and physical examination are performed as pre-
viously described. As soon as the diagnosis is suspected,
full systemic anticoagulation with intravenous heparin
should be administered to prevent further thrombi for-
mation. The adequacy of anticoagulation must be moni-
tored using the activated partial thromboplastin time
(aPTT). This is a common practice, although a ran-
domized study advised against preoperative and early
postoperative anticoagulation: researchers found that
these efforts failed to improve the short-term results of
thrombectomy and increased bleeding complications.51
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Figure 21-10. Cardiac source of peripheral embolization imaged by transesophageal echocardiography. A, Thrombus on the
left atrial appendage. B, Thrombus in both atria. C, Large thrombus in the left ventricle. D, Thrombus in the left atrium and the
left ventricle. (A and C courtesy of Dr. Marcia Barbosa, Belo Horizonte, Brasil; B and D courtesy of Dr. Salomon Israel do Amaral,
Rio De Janeiro, Brasil.)
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Figure 21-11. Algorithm for the management of acute limb ischemia.
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The next step is to classify the patient into one of the
four SVS/ISCVS clinical classes to direct therapy. Inter-
vention is tailored to the particular patient as described
previously.

With a viable limb, there is enough time to obtain
further diagnostic testing or to consider thrombolytic
therapy if there are no contraindications for its use. It
has been shown that high-risk patients do worse when
revascularization is performed emergently.5 The viable
limb has to be diagnosed as such and remain in the
same category under close scrutiny. On the other hand,
better results are obtained when stabilization and revas-
cularization are performed as soon as possible. Judgment
and common sense are mainstay elements of this algo-
rithm.52 When time permits, catheter-directed throm-
bolysis is the treatment of choice. It can restore perfusion,
may allow identification of an underlying lesion respon-
sible for the occlusion, and often allows an endovas-
cular intervention to be performed with therapeutic
purposes.3

Three clinical trials addressed the comparison between
thrombolysis and surgery for acute limb ischemia. The
Rochester study compared urokinase to surgery, analyzing
114 patients with class IIb limbs and a mean symptom
duration of about 2 days. Both the patients receiving
urokinas and those undergoing surgery achieved iden-
tical limb salvage rates after a follow-up of 1 year, but the
mortality of the surgical group was significantly higher
than the thrombolysis group, mainly because of peri-
operative cardiopulmonary complications. 

The TOPAS (Thrombolysis or Peripheral Arterial
Surgery) trial also studied 544 patients in two groups:
urokinase or surgery. Amputation-free survival rates in
the thrombolysis group were 71.8% at 6 months and
65.0% at 1 year, as compared with 74.8% and 69.9%,
respectively, for the surgery group. Significantly more
bleeding complications were noted in the urokinase
group.53 Even though no improvement in survival or
limb salvage with thrombolysis was demonstrated, the
success was comparable to surgery.3

The STILE (Surgery or Thrombolysis for the Ischemic
Lower Extremity) trial54 randomized 393 patients to
three groups: urokinase, recombinant tissue plasminogen
activator (rt-PA), or surgery. When surgery was compared
with the combined data obtained from the thrombolysis
arm, similar rates of amputation and mortality were
observed. The benefit of thrombolysis was higher in
patients with graft occlusions as opposed to native
occluded arteries. It was found that patients with acute
ischemia (0 to 14 days) in the thrombolysis group had
better amputation-free survival rates and shorter hospital
stays; those with ischemia time of longer than 14 days
experienced a higher benefit from surgical intervention.

For profoundly ischemic limbs (category IIb or early
class III), immediate treatment should be instituted in the
operating room. Surgical interventions include thrombec-
tomy, embolectomy, or bypass grafting. Intraoperative

thrombolysis is often used as an adjunctive measure by
direct injection. Surgery is also needed when contraindi-
cations to thrombolysis (Table 21-1) are found.4

Early decompression with fasciotomy may avoid
ischemic complications, permanent disability, or ampu-
tation. Fasciotomy is associated with an increased risk
of minor wound morbidity, but limb loss and death result
from persistent ischemia and underlying systemic
processes, not from fasciotomy wound complications.
Owen described the double-incision technique for lower
extremity fasciotomy, which is the technique most com-
monly used.55 In the upper extremity, the curvilinear
volar and volar-ulnar techniques are used. The curved
incision allows better exposure to nerves and vessels
and is preferred.56

Limbs classified in late class III groups generally
have permanent neuromuscular damage; they result in
poor outcomes regardless of the promptness or nature
of therapy. Primary amputation is the treatment of
choice.
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TABLE 21-1. Contraindications 
to Thrombolysis 

Absolute   

Active or recent bleeding

Recent stroke

Recent intracranial or spinal interventions or trauma 

Relative

Recent major or eye surgery, trauma, or cardiopulmonary
resuscitation

Uncontrolled hypertension 

Recent puncture of uncompressible vessel like the
subclavian artery 

Intracranial tumor

Mitral valve disease and intracardiac thrombus

Intracranial aneurysm or vascular malformation

Minor

Renal or liver failure (especially if coagulopathy is present)

Bacterial endocarditis 

Pregnancy 

Diabetic hemorrhagic retinopathy

Antiplatelet therapy  

Modified from Costantini V, Lenti M: Treatment of acute occlusion of
peripheral arteries. Thromb Res 106:V285–V294, 2002. 
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Introduction

any years of experience with duplex ultrasound (US)
as the primary imaging modality before infrainguinal
revascularization have been well-described.1–9 Bypass
surgeries based on US imaging were performed not only
to the popliteal artery but also to the infrapopliteal, para-
malleolar, and foot arteries.5,7 This chapter describes
basic protocols emphasizing the advantages and limi-
tations of the US method. Additional standby and/or
complementary intraoperative techniques are also men-
tioned. Knowledge of US-based protocols, however, is
not enough to gain the confidence necessary to shift away
from the traditional protocol based on preoperative x-ray
arteriography (XRA). Therefore, various approaches
have been investigated to document the feasibility of
preoperative US mapping of the arteries feeding the
lower extremity.

US images of arterial segments have been compared to
XRA and to magnetic resonance arteriography (MRA).3,10–31

Aortoiliac XRA can be avoided based on US findings.15

Decision-making studies compared virtual bypasses that
would be implanted based on US and XRA images.8,32–36
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Decision to revascularize the lower extremity has been
made based on US.1,5–8,37–41 Intraoperative XRA has been
performed for two reasons: (1) as part of preprocedure
to confirm US findings28,29; or (2) post-bypass to demon-
strate a viable revascularization. Successful revasculariza-
tions have been accomplished based on US despite failure
of XRA to demonstrate viable target vessels.42 Intra-
operative iliofemoral pressure measurements have
been performed to complement US findings after a
bypass graft implantation.1,5–8

The Maimonides Medical Center experience includes
several of the issues mentioned above; it has shown
that the majority of infrainguinal revascularizations
can be performed based on preoperative US mapping
and intraoperative completion US arteriography with-
out the need for preoperative XRA or other imaging
modality. This experience can be subdivided in four
phases: (1) training of an US/vascular surgery expert
team; (2) virtual decision making focused on XRA
acceptance/rejection of US selected bypasses; (3) US
proposed bypass surgery with complementary intra-
operative pressure measurements and post-bypass
completion XRA; and (4) replacement of XRA for US
completion arteriography.

This chapter summarizes these topics and includes
a brief literature review of investigations related to
US diagnosis, preoperative mapping, and decision
making leading to US-based infrainguinal revascular-
izations.

Duplex Ultrasound Arterial
Mapping (DUAM)

This section describes and expands on the four phases
of the Maimonides Medical Center experience. Long
and short US protocols for arterial mapping are sum-
marized (phase 1 and subsequent modifications). US
advantages and limitations are listed. A section on
avoiding pitfalls emphasizes the lessons learned during
this continuing education process. Results of the virtual
decision-making comparison based on the first 55 cases
are briefly reported (phase 2). Complementary tech-
niques employed in the operating room are also briefly
described (phases 3 and 4). Finally, the results obtained
are summarized.

Long DUAM Protocol

The primary objective of US protocols before an infrain-
guinal bypass is to select arterial segments for placement
of proximal and distal anastomoses. Such locations should
be marked on the patient’s skin to facilitate the surgical
approach. Ideally, such anastomotic sites are nondiseased

arteries without calcifications (clearly, above and below
the segments that need to be bypassed) consistent with
available length of a venous or prosthetic conduit and
easily assessed during surgery. In the process of selecting
anastomotic sites, clinical suspicion of arterial obstruc-
tion, location, extent of occlusions, and stenoses are
confirmed and quantitated.

Long US protocol includes imaging of the aorta, iliac,
common femoral, superficial femoral, deep femoral,
popliteal, crural, and pedal arteries. This protocol may
last from 40 to 90 minutes and was initially designed to
mimic XRA. Nowadays it is rarely performed because
detailed imaging of all arterial segments is not always
necessary and it is time-consuming.

The US scan is performed with patient in supine
position with legs slightly dependent to fill the venous
side of the circulation. Imaging concomitant veins may
help in the identification of chronic occluded or barely
opened main arterial trunks.

Patient Preparation

Aortoiliac imaging requires patient preparation to avoid
artifacts caused by bowel interposition in the abdomen
and pelvis. Ideally, the test is performed in the morning
after 10 hours of abstinence from food, drinks, and smok-
ing. Antigas medication helps and should be adminis-
tered if not contraindicated.

Imaging of distal arteries requires a comfortable (warm)
room temperature. Maneuvers to vasodilate the peripheral
arteries and veins facilitate US imaging.

US Technology

Color-flow US scans facilitate identification of arteries
and concomitant veins. Power Doppler imaging
improves sensitivity in low-flow conditions. Color-flow
gain, scale, sensitivity, persistence, and other adjustable
parameters improve visualization under abnormal
conditions. B-mode colorization may increase contrast
and facilitate identification of vessel walls and obstruct-
ing plaques.

Doppler spectrum analysis is used to confirm occlu-
sion or to grade stenosis. Hemodynamically significant
stenosis greater than 50% usually doubles the peak-
systolic velocity in comparison with velocities adjacent
to the obstruction. A severe (greater than 70%) stenosis
triples the peak-systolic velocity. A critical stenosis may
be associated with low velocities.

A triphasic Doppler waveform with an acceleration
time less than 100 ms usually rules out a significant proxi-
mal stenosis. A monophasic waveform is associated with
occlusion or high-grade stenosis proximal to the site of
measurement (Fig. 22-1). Analysis of a biphasic wave-
form is not very specific. Cardiac function and stenosis
proximal or distal to the site of recording stenosis may
alter spectral waveform.
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Aortoiliac US Imaging

The US scan is performed with a 3- to 5-MHz trans-
ducer for adequate penetration to permit imaging of
deep vessels. A higher frequency probe may be used to
scan thinner patients. Anterior and anterolateral
approaches are used to visualize the aorta. Various angles
of insonation and varying degrees of probe pressure are
employed according to the shape of the patient’s body.
Arteries are imaged in transverse and longitudinal sec-
tions. The iliac veins and the inferior vena cava may
serve as landmarks, particularly in the presence of occlu-
sions. A complete scan includes the observation of
several flow waveforms at the suprarenal and infrarenal
aorta and proximal, mid-, and distal common and external
iliac arteries.

The use of reactive hyperemia may be considered to
challenge and evaluate a mild-to-moderate iliac stenosis.

Femorodistal US Imaging

The US scan is performed with a 5- to 10-MHz trans-
ducer. On occasion, a sector probe with a wide angle and
lower frequencies is employed to improve visualization
of deeper vessels. Such probes may facilitate identifi-
cation of the superficial femoral artery at the adductor
canal, the tibioperoneal trunk, and the proximal anterior
tibial artery. Extremity rotation and repositioning often
help improve imaging of femoral, popliteal, and tibial
arteries. Leg dependence may help in imaging of diseased
or occluded arteries by filling the adjacent veins. The
traditional imaging approaches are anteromedial for the
superficial femoral, posterior for the popliteal, medial for
the posterior tibial, lateral for the anterior tibial, and
posterolateral for the peroneal artery. The ultrasono-
grapher should be adept in identifying collaterals or
anomalous anatomy. Enlarged collaterals are often detected
proximal to severe stenosis or occlusion. Collaterals
that reconstitute a main arterial trunk are landmarks to

determine extent of occlusions. The anterior and poste-
rior terminal branches of the peroneal artery may be
identified in connection with reconstitution of the distal
tibial arteries. Anatomic variances of the dorsal, pedal,
and tarsal arteries; and the common and lateral plantar
arteries need to be recognized in cases when pedal
bypasses are planned.

Knowledge of surgeon’s preferences is fundamental
for infrainguinal DUAM. Besides a preference for a tibial
or a peroneal bypass, the surgeon may elect to perform
a distal anastomosis over the most distal stenosis, with
concomitant endarterectomy. This alternative may
increase flow significantly in both directions of the
anastomosis.

Saphenous and/or arm vein mapping may be required
to finalize the preoperative mapping protocol.

Short DUAM Protocol

Short protocols may vary according to the objective of
treatment. Such procedures may be different for limb
salvage, claudication, or emergency situations. A simple
protocol includes five items:

1. Evaluation of the common femoral artery wave-
form to exclude significant aortoiliac disease

2. Scanning distally from the common femoral down
until the origin of a superficial femoral artery
occlusion or severe stenosis

3. Imaging of the proximal deep femoral artery

4. Imaging of the popliteal artery

5. Scanning from the pedal arteries up the tibial and
peroneal arteries until the location of the distal
end of respective occlusions or severe stenosis

With this approach, time is saved by avoiding evalua-
tion of aortoiliac segments that are evaluated intra-
operatively, diseased or occluded superficial femoral at
the adductor canal, and/or scanning of diseased tibioper-
oneal arteries in the upper calf. If a distal bypass is not
being considered, initial scanning could be limited to
the femoropopliteal segment.

US Advantages

US is often contemplated to avoid the risks and compli-
cations of XRA. US is noninvasive, can be repeated at will,
and has significant cost advantages. Once experience is
acquired with US mapping, several other benefits become
evident. US combines lumen and arterial wall imaging
(Fig. 22-2). Flow can be detected distal to small or long
occlusions. Blood movement can be forced and detected
in arteries with minimal or no flow (Fig. 22-3). Imaging
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Figure 22-1. This common femoral artery has a monophasic
waveform because of common iliac artery occlusion.



of concomitant veins may avoid misinterpretation of
main trunk or collateral arteries. Flow velocities and run-
off viability may be estimated quantitatively. Diameters
are accurately measured. Nonvascular anatomic land-
marks are noticeable as needed.

Another major benefit is the evaluation of the arte-
rial wall at the site of the intended anastomosis. Wall
thickness can be observed and measured. Calcification
can be ruled out and quantitated. A skin mark at the
site of anastomosis facilitates and minimizes surgical
dissection.

US Limitations

Deep vessels must be imaged with low-frequency
transducers. The tradeoff to accomplish penetration is

deterioration of image resolution. Gas and edema
produce US imaging artifacts. Arterial wall calcifica-
tions create acoustic shadows. Potential stenosis or
occlusion may be masked within this shadow.

Transmission of information is impaired by the small
field of view inherent to US. The ultrasonographer draws
an arterial map to rely the information that is obtained
segment by segment (Fig. 22-4). This process creates a
significant dependency on who performs the test. The
possibility of a second, independent opinion of the data
collected is limited.

Patient lack of cooperation has hampered a few US
studies. Some patients cannot adapt to the positioning
required for appropriate insonation. Others are not patient
enough if the US test is prolonged. US cannot be per-
formed over casts and bandages. It may be performed
over ulcers and wounds with a protecting sheet.
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Figure 22-2. A thrombosed large popliteal aneurysm (3.4 cm)
that was missed by contrast arteriography.

Figure 22-3. Very low flow (peak systolic velocity 2.3 cm/sec)
registered by duplex in the dorsalis pedis artery (appeared
occluded on contrast arteriogram).

Figure 22-4. An arterial map of a patient with multiple
failed PTFE bypasses.
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Avoiding Pitfalls

Several potential problems facing US mapping can be
avoided or minimized. This section includes a discussion
of pitfalls related to velocity measurements, color-flow,
B-mode imaging, and specific training.

Velocity criteria used for a single, isolated stenosis may
not be applied to serial stenoses. The energy lost in the
first major stenosis affects velocity increases in distal
stenoses. Modern US, using B-mode and color-flow imag-
ing besides velocity criteria, however, allows for high
predictive values in assessing normalcy, significant
stenoses, and occlusions.43 A meta-analysis of papers
published between 1984 and 1994 demonstrated the
superiority of color-flow, duplex ultrasound imaging over
duplex scanning alone.44 Color-flow shortens imaging
time by readily identifying patent arteries, the location
of stenosis, or the collaterals that feed the reconstituted
channels of the main infrainguinal occluded arteries.

Lack of sensitivity to low flow states may be addressed
with echo-enhancing agents.45,46 US contrast agents
improve sensitivity of medium-quality US scanners and
speed up examinations performed with high-quality scan-
ners. Because flow detection increases, collateral flow
is also significantly enhanced. A pitfall to avoid is in
the distinction between main arterial trunks and their
collaterals. Identification of the main veins can help in
this differentiation.

Interobserver variation exists in the measurement of
velocities and in the estimation of stenosis or occlusion.47

This variability increases from popliteal to pedal arteries.
Uniform training and interaction with the surgical team
is a requirement for large vascular laboratories employ-
ing many sonographers. With appropriate training, US
interobserver agreement can become similar to that of
XRA.48

The specialist performing US of the peripheral arteries
must have knowledge not only of vascular diseases but
also about the preferences of the vascular surgeon treat-
ing the patient. Vascular surgeons have performed US
mapping, and fast, short protocols have been described.49

Ultrasound training of vascular surgeons has been
recommended.50

Virtual Decision Making

Although valuable to document proficiency and increase
reliance on the noninvasive method, comparison between
US and XRA is a secondary objective. The main purpose
of US preoperative arterial mapping is not to mimic XRA
but to provide information for successful revasculariza-
tion. XRA is not essential for this primary goal. Therefore,
the authors’ learning curve focused not on a comparison
with arteriography segment by segment, but on

decision making analyzing virtual bypass grafts
selected based on US imaging.

Furthermore, the authors were aware of potential
variability or inconsistency associated with treatment
selection by surgeons. Kohler and colleagues provided
evidence indicating that treatment variability was larger
than differences between the imaging methods.51 There-
fore, direct comparison of bypasses based on US vs. XRA
was avoided. The method selected was acceptance/
rejection of US-selected bypasses based on the reading
of arteriographic films by an independent observer.8 A
series of 55 studies were included in this virtual decision-
making phase. This process revealed a learning curve
of 15 cases with an acceptance ratio of 60%. In the last
40 cases, the acceptance ratio increased to 88%. The
five rejections highlighted potential pitfalls in iliac
imaging, alternative surgical philosophies, and
misidentification of distal vessels in uncooperative
patients with edema and/or obesity. The example
illustrating surgical decision was a case of selecting a
popliteal-distal bypass and balloon angioplasty of a
superficial femoral stenosis vs. performing a proximal
superficial femoral-distal bypass. These observations
confirmed the need for intraoperative pressure
measurements, further training of the ultrasonographer
in the surgical preferences of the surgeon, and specific
description of segments poorly visualized by US.

Intraoperative Pressure
Measurements

Intraoperative pressure measurements complement
and confirm US findings regarding aortoiliac disease. At
first, inflow pressures were measured before and after
infrainguinal bypass revascularization. If a gradient
between inflow and radial pressures was found, then
intraoperative arteriography was performed with intent
to dilate potential stenosis. Lately, pressure measurements
have been performed after revascularization. The increased
iliac flow caused by improved outflow exacerbates the
hemodynamic effects of a potentially significant iliac
stenosis.

Intraoperative Arteriography

Initially, completion XRA was performed to demonstrate
adequacy of the distal anastomosis and run-off. As the
surgical team gained experience with intraoperative US
imaging, XRA has been replaced by US completion
arteriography. US permits visualization of vessel walls,
flaps, displaced plaques, vein webs, graft torsions, graft
constrictions, and other anomalies not necessarily
detected by XRA lumenography (Fig. 22-5).
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Surgical Experience

The authors have reported experience with 485 lower
extremity revascularizations performed between January
1998 and May 2001.1,5 Revascularizations caused by acute
arterial occlusions or bypass graft thrombosis totaled
87. It is estimated that over 700 revascularizations have
been performed based on preoperative DUAM thus far.
Indications for surgery were severe claudication (about
20%); tissue loss (about 40%); rest pain (about 20%);
and other conditions (e.g., acute ischemia, popliteal
aneurysm, and failing grafts) (about 20%). The average
age of patients was 72 years. Cardiovascular risk factors
such as diabetes, hypertension, smoking, coronary artery
disease, and end-stage renal disease were noted in 45%,
45%, 44%, 44%, and 13% of the patients, respectively.
The ratio of infrapopliteal to popliteal bypasses was
approximately 3 to 2. Overall, 6-, 12-, and 24-month
secondary patency rates were 86%, 80%, and 66%,
respectively.

Literature Review

Several reviewed articles concluded that DUAM was fea-
sible, avoided XRA complications, was competitive with
XRA in diagnosis, could help select patients for a bypass
or an endovascular procedure, was a reasonable replace-
ment for preoperative arteriography if intraoperative arte-
riography was performed, or was good enough to limit
the role of arteriography to interventional procedures.9, 52–55

This section presents several study approaches used in
the investigation of potential applications for US arterial
mapping.

US-XRA Imaging Comparison

Jager and colleagues,10 working with DE Strandness Jr.
group at the University of Washington, reported in 1985
that noninvasive duplex ultrasonography was not only
suitable for clinical use but was as good as arteriography
in defining the location and extent of iliac, femoral,
and/or popliteal arterial disease. Different results have
been reported regarding diagnostic or preoperative map-
ping role for US mapping.11–13 Moneta and colleagues11

reported that sensitivity to detect stenosis was better in
the aortoiliac than in the femoropopliteal segment
(89% vs. 67%), with occlusion successfully
distinguished from stenosis in 98% of the cases.
Koelemay’s meta-analysis12 reported specificity of 97%
and 96% and sensitivity of 86% and 80% in the
aortoiliac and femoropopliteal tracts, respectively.

In 1986, Sherman and colleagues14 showed that the
level of a leg bypass could be predicted correctly in 88%
of the cases by using clinical and Doppler US data.
Schneider and Ogawa15 suggested that short accelera-
tion time of the common femoral velocity waveform
(less than 140 ms) and normal duplex US studies were
sufficient to limit arteriography to the infrainguinal arteries
without the need for an aortoiliac angiogram.

Comparisons between US and XRA imaging findings
in the infrapopliteal arteries have also produced mixed
results. Katsamouris and colleagues16 reported that US
diagnostic agreement and decision making was excel-
lent at the femoropopliteal level, good at the aortoiliac
segment, and moderate for infrapopliteal arteries. In their
study, US detected tibial arteries and above-the-knee
popliteal stenosis not opacified or perceived by XRA.
Alexander and colleagues17 reported an accuracy of 96%
for US-XRA comparison of femoral, popliteal, and tibial
arteries. In contrast, Bostrom Ardin and colleagues18

reported retrospectively that US could correctly select a
superficial femoral, popliteal, or crural artery in 85%,
66%, and 32% of cases, respectively. US contrast may sig-
nificantly improve assessment of infrapopliteal arteries.46

Imaging of tibial arteries has been more successful
than peroneal artery imaging. In patients with
femoropopliteal obstructions, Larch and colleagues19

reported similar judgments between US and XRA to select
the dominant infrapopliteal artery; but despite good sen-
sitivity to detect severe stenosis or occlusion, agreement
between US and XRA findings was poor, particularly
for the peroneal artery. Accuracy of 80% for detection of
tibioperoneal trunk, crural, and pedal artery obstructions
has been reported,20 with poor specificity for detection
of normal or minimally diseased peroneal arteries. US
selection of patients for transluminal angioplasty has been
inferior in the popliteal and crural arteries as compared
with the femoral segment.21

Incomplete infrapopliteal imaging was more common
with XRA (36%) than with the expanded field of view
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Figure 22-5. Intraoperative image of a “frozen” valve in the
femoral-popliteal bypass with reversed greater saphenous
vein missed on the completion contrast arteriogram.



US technique (15%), and it was more common during
imaging of the peroneal artery.22,23 Although agreement
was high among studies with complete images (92%),
comparison could only be performed in about two thirds
of the infrapopliteal arteries.

Multiple lesions may lead to inadequate predictions
of stenosis based on Doppler spectra.24,25 Sensitivity may
drop in low-flow segments distal to total occlusions in
patients with severe iliac and distal femoropopliteal
lesions.26 Better results can be achieved if all facets of
color-flow US duplex imaging are employed.27,30

US Comparison With Intraoperative XRA

Significant differences may be observed if the standard
of comparison shifts from preoperative to intraopera-
tive arteriography. Lujan and colleagues28 showed that
US correlated with preoperative arteriography diverging
only in 6% of 52 cases. Decisions based on the two pre-
operative imaging techniques, however, were modified
after intraoperative arteriography in about 20% of the
cases. McCarthy and colleagues29 demonstrated that
color-flow and dependent Doppler US could predict very
well an optimal cruropedal run-off (kappa = 1.0), the site
of distal anastomosis (kappa = 0.85), and the patency
of the pedal arch and the predominant feeding artery
(kappa = 1.0).

Comparison With Final Surgical Decision

Most modern-day surgical decisions in infrainguinal
reconstruction rely on a complex set of data. Surgeons,
in most cases, rely on data confirmed by more than one
source of information. However, in exceptional cases,
such decision must favor one source over another. For
example, Aly and colleagues30 determined that US had
positive and negative predictive values of 91% and 100%
in comparison with XRA. Length of the XRA arterial
lesion was also predicted correctly by US in more than
90% of the cases. However, the accuracy of both tech-
niques, when compared with the final decision, was infe-
rior, being 84% and 85% for US and XRA, respectively.
This work emphasized that neither US nor XRA imaging
per se completely influences surgical decisions.

Validation of Arterial Mapping

Comparisons of decisions to perform virtual bypasses
based on US and XRA face a double source of variability:
(1) differences in imaging information and (2) alter-
native preferences by different surgeons. Even the same
surgeon may be inconsistent in treatment selection,
given similar information.51 These observations played
an important role in the modified design of the authors’
own virtual decision-making study described above and

should be taken into consideration in the analysis of
data with variable results.

Wain and colleagues32 demonstrated that preoperative
US mapping could select patients for a femoropopliteal
or infrapopliteal bypass and show a 90% agreement
with arteriography. Agreement in selection of the actual
anastomotic site for infrapopliteal grafts, however, was
poor at 24%. Koelemay and colleagues33 reported similar
results, with agreement in 79% of femoropopliteal and
41% in crural bypasses. These data emphasize the incon-
sistencies of infrapopliteal imaging. Although XRA may
be traditionally favored in comparison with US, inade-
quacies of infrapopliteal XRA have been documented.16,22,23

Avenarius and colleagues reported that about 10% of
112 limbs could not be properly analyzed, and that US
and XRA offered the same strategy in 90% of the remain-
der.34 These authors observed that if severe calcifi-
cation prevented visualization of crural vessels, or if no
patent anterior or posterior tibial artery were noted by
US, then XRA should be performed.

In a comparison with intraoperative clinical findings
and completion flow studies/arteriograms, for a sample
of 44 consecutive femorocrural reconstructions, dependent
Doppler, XRA, and US correctly predicted a suitable run-
off in 21 (48%), 32 (73%), and 44 (100%) limbs, respec-
tively.35 The proportion of correctly assessed run-offs was
significantly higher with US than with XRA (p < 0.001).

A recent report from Dartmouth Medical Center vali-
dated selection of tibial or peroneal distal anastomotic
sites by US and XRA.36 The study was performed on a
blinded fashion, and actual bypasses performed served
as the standard of comparison. US-predicted artery
sites were actually used in 88% of the cases, XRA were
used in 93%, and agreement between the two selections
occurred in 85%. Arteries used for bypass grafting had
higher peak-systolic and end-diastolic velocities and larger
diameters. The authors concluded that if US identifies
a target artery and visualizes the peroneal artery well,
then US-based decision making should rarely be altered
by XRA findings.

In a specific study of pedal artery imaging, Hofmann
and colleagues31 reported moderate agreement accom-
plished between two radiologists interpreting XRA and
MRA (respective Kappa scores of 0.63 and 0.60). US
and MRA were superior to XRA in predicting distal
outflow. This study underscores the inadequacy of relying
solely on XRA as a comparison standard.

Actual Decision Making

The Maimonides Medical Center experience has been
described above. Others have examined imaging methods
available for planning leg revascularization. Walsh and
LaBombard37 pointed out deficiencies of XRA in iliac
and infrainguinal arterial occlusive disease. They noted
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that US can be performed successfully and can con-
tribute in a variety of situations. Isolated stenosis or short
occlusions can be identified by US, and percutaneous
endovascular treatment can be performed. Patients with
severe disease can be taken to the operating room, where
inflow can be evaluated with pressure measurements.
For the outflow, if US fails to demonstrate a distal site
for bypass, XRA should be performed as a preoperative
or intraoperative study before considering amputation.
Pemberton and London38 concluded that arteriography
should no longer be the standard of imaging peripheral
arteries, and that future studies should concentrate on
the efficacy of US in guiding clinical decisions.

Intraoperative X-ray Arteriography

Decision to operate has been performed based on US.
Patients have been taken to the operating room without
preoperative arteriography. US findings have been cor-
roborated by intraoperative arteriography. Bostrom and
colleagues39 have performed close to half of their inter-
ventions without preoperative arteriography. In cases
of femoral endarterectomy, US correctly diagnosed the
extent of stenosis and the status of the deep femoral
artery in all but one patient. The US selection of a distal
anastomosis for an infrainguinal bypass was confirmed
by intraoperative arteriography in 98% of the cases,
and agreement of run-off status was 90%. In 1996,
Pemberton and colleagues40 reported 29 cases of infra-
genicular reconstruction based on preoperative US find-
ings. With one exception, the US information was con-
firmed by prereconstruction intraoperative arteriography.

No X-ray Arteriography

Most surgeons who have performed infrainguinal revas-
cularizations based on US imaging focused their initial
experience in the femoropopliteal level. Pemberton and
colleagues40 described a wide range of femoropopliteal
revascularizations performed with color Doppler alone.
Schneider and colleagues evaluated prospectively 24
femoropopliteal bypasses and femoral endarterectomies
performed based on US mapping.41 This selected group
represented 15% of their revascularizations. Assisted
primary patency was 100% at 18 months.

US: Intraoperative

As an extension of intraoperative carotid endarterec-
tomy evaluation, B-mode imaging was employed as a
complement or replacement for preoperative arteriography
to define placement of an anastomosis or to guide in
the design of additional reconstruction.56

US: Completion Arteriography

Several authors employed either B-mode or color-flow
duplex US to perform completion arteriography in the

operating room.56,57 Sawaqed and colleagues57 corre-
lated duplex scanning to cut-film angiography and real-
time fluoroscopy as techniques for intraoperative bypass
graft assessment. Duplex scanning obtained a 100%
correlation with XRA findings, was performed in about
half of the time (10 minutes vs. 22 and 17 minutes for
cut-film and fluoro, respectively), and for half of the
cost ($350 vs. $650).

Conclusions

Significant evidence was gathered to justify infrainguinal
arterial revascularization based primarily on duplex ultra-
sound arterial mapping. US can be the technique of choice
for prereconstruction mapping and for intraoperative
postimplantation completion angiography. Implemen-
tation of such a program requires special training of an
ultrasound/surgery team with focus on arterial US map-
ping and surgical preferences. Inadequate US studies
must be clearly identified. US findings should be com-
plemented by intraoperative manometry. Intraoperative
arteriography should be available for special circum-
stances. A single imaging modality, either US, XRA, or
MRA, may not be the basis for leg amputation. Routine,
standard bypass graft is recommended.
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progressed to such severity that the survival of the affected
limb is in question. Critical limb ischemia (CLI) is the
term commonly used to describe this condition.

Patients with CLI present with skin lesions, rest pain,
or both. In any case, physiologic arterial examination of
the leg (i.e., segmental arterial pressures and plethys-
mography or Doppler waveforms) should be done imme-
diately to document the presence of PAD. A shortcoming
of these tests, however, is that the pressure measure-
ments may be falsely elevated. McDermott and colleagues
reported that the ankle-brachial index (ABI) was unable
to gauge arterial perfusion accurately in 136 of 460
(29.5%) patients with PAD.2

Skin is the tissue most seriously affected in CLI.
Although the pathophysiology of CLI is not well under-
stood, there is a consensus that it causes alterations to
the microcirculation in skin and other tissues. These

Critical Limb Ischemia

Skin Perfusion Pressures

Methodology and Limitations of SPP

Transcutaneous Oxygen Partial Pressures

Methodology and Limitations of TcPO2

Conclusions

ndividuals with peripheral arterial disease (PAD)
comprise a wide spectrum of patients whose clinical man-
agement varies considerably.1 Many of these patients
have widespread arterial disease and may eventually
require treatment for conditions other than PAD. For a
substantial proportion of PAD patients, the disease has
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should not be understood simplistically as events
secondary to the macrocirculatory occlusions in PAD,
even though PAD may be the underlying cause. In fact,
current treatments are often focused on the correction
of microcirculatory deficiencies, particularly in patients
for whom revascularization is not an option.

For CLI patients, it is imperative that appropriate diag-
nostic testing be performed to provide data for clinical
decision making. In addition to conventional vascular
diagnostic testing of the arteries, CLI requires an
evaluation of microcirculatory conditions.

Various types of investigations proposed for this pur-
pose include skin perfusion pressure (SPP),3–6 radionu-
clide perfusion scans,7 transcutaneous oxygen partial
pressure (TcPO2),8–10 laser Doppler flowmetry (LDF),6,11–12

and capillary microscopy.13 Two of these measurement
types, SPP and TcPO2, afford a relatively simple and
inexpensive noninvasive test method that measures the
effect of microcirculatory lesions of PAD on the micro-
circulation. This chapter reviews the methodology,
principles, relative advantages, and limitations of SPP
and TcPO2 testing, and provides criteria that can be
helpful in choosing the method best suited to particular
patients and clinical decisions.

Critical Limb Ischemia

The TransAtlantic Inter-Society Consensus Working Group
(TASC) has defined the term CLI to include patients with
chronic ischemic rest pain, ulcers, or gangrene attrib-
utable to proven PAD.1 Inherent in this definition is the
assumption that arterial occlusive disease is not acute
and is at least partly responsible for the symptoms and
findings in the limbs of CLI patients. Also implied by
the definition is that the absence of PAD, as determined
by conventional vascular testing (e.g., segmental arterial
pressures, plethysmography, and Doppler waveforms),
should be used as evidence to exclude a diagnosis of
CLI.

The clinical decision-making process varies consider-
ably from one situation to the next, especially if arterial
reconstruction is not possible. For example, in one case
a decision may be made concerning the optimum level
of amputation. In a patient with a diabetic foot ulcer, it
may be whether hyperbaric oxygen (HBO) therapy should
be attempted or if a reconstructive surgery procedure
should be performed. In yet another case it may be
whether to try systemic treatments, perform debridement
with local wound care, or proceed to amputation. Some-
times the decision is summarized as being a choice
between conservative therapy and surgical intervention.

It is helpful, in light of the above, to determine as
precisely as possible the question being asked of the
physiologic investigation. If the goal is to make a positive
diagnosis of CLI, for example, it would not be prudent

to apply a test which only does well at excluding the
presence of the condition. If one is looking for arterial
blockage or other macrovascular abnormalities, an arterial
examination is indicated; but if there is evidence of
vessel calcification, or if one is looking for more localized
microvascular abnormalities, a test assessing the skin
microcirculation should be employed. When the ques-
tion relates to a particular therapeutic decision (e.g.,
whether a patient will benefit from HBO therapy), then
the choice of test should be consistent with the type of
physiologic changes that are expected. 

In statistical terms, the ideal test of CLI is both sen-
sitive and specific, and also has both a strong positive
predictive value (PPV) and a strong negative predictive
value (NPV). These terms can be explained using the test
result (i.e., either normal vs. abnormal, or predicting
healing vs. failure in the case of a lesion) and the actual
patient condition or outcome. 

If a positive test indicates that the outcome will be
failure to heal (i.e., CLI), for example, then let:

● a = % of patients with healing failure, for which
the test predicted failure (i.e., true positives)

● b = % of patients healed, for which the test pre-
dicted failure (i.e., false positives)

● c = % of patients with healing failure, for which
the test predicted healing (i.e., false negatives)

● d = % of patients healed, for which the test pre-
dicted healing (i.e., true negatives) 

The definitions pertinent to our discussion are as
follows14: 

Sensitivity = a / (a + c)
Specificity = d / (d + b)

PPV = a / (a + b)
NPV = d / (d + c)

Clearly it is preferable to have all four of these
parameters as close to 1.00 as possible for the test
method in use and with respect to the clinical question
to be resolved. To accomplish this, it is necessary to
minimize the occurrence of false positives and false
negatives (i.e., b and c above).

In patients with symptoms of CLI, it is unfortunately
quite common to perform arterial testing without follow-
up microvascular investigations, and where microvas-
cular tests are actually done, they may not provide rele-
vant information. This can result in misguided clinical
decision making. 

For example, conventional arterial testing usually
includes segmental systolic pressures, or at least an ankle
systolic pressure (ASP). This testing is not considered
sensitive when it is used to detect the presence of CLI
because of the high number of false-negative test results.
This can be a result of falsely elevated systolic pressure
measurements caused by arterial calcification,15 by the
absence of disease in just one of the infrageniculate
arteries,16 or even by the aging process.17 The PPV is
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much better for ASP because there are few false-positive
test results. However, because the NPV is poor, the
measurement of ankle pressure does not conclusively
rule out CLI.18 Conventional testing should therefore be
followed by appropriate microvascular testing when it
is necessary to rule out CLI because accurate measure-
ment of the perfusion of the microcirculation is not
affected by incompressible arteries at the macrocircula-
tory level.

A corollary problem often occurs when TcPO2 tests
are performed to determine if CLI is present. This testing
is considered relatively sensitive when it is used to diag-
nose the presence of CLI (i.e., yielding few false-nega-
tive test results). However, as will be discussed later,
TcPO2 results are not very specific for CLI because they
can be falsely lowered when skin bloodflow is depressed,17

resulting in an unacceptable number of false-positive
tests. The NPV is quite high, but the PPV and specificity
are both poor. The reporting of normal TcPO2 values is
more or less conclusive for demonstrating the absence
of CLI, but an abnormal TcPO2 value is not a reliable
indicator of its presence, and should be followed by a
more specific test.

It should be emphasized that there is no single test
that is optimal for all situations; however, as the pre-
ceding demonstrates, the correct choice of physiologic
test, and its proper interpretation, is vitally important.

Skin Perfusion Pressures

SPP is defined as the external pressure threshold required
for skin blanching. Ordinarily the skin perfusion is
measured at the location of applied pressure using a
microcirculatory sensing technique. The pressure is first
elevated to a level sufficient to completely arrest the skin
bloodflow, and then is slowly decreased. The definition
of SPP then translates into the external pressure at which
the sensor registers the first reappearance of perfusion.

In this respect the SPP measurement is performed
much like arterial pressure measurements, in which the
external pressure (usually applied with a cuff encircling
the limb or digit) is first elevated and then slowly
decreased. The appearance of bloodflow is registered
with a sensor distal to the cuff, and the systolic pressure
is taken as that external cuff pressure at which the first
indication of bloodflow occurs. For SPP measurements,
the appearance of flow is sensed directly beneath the
externally applied pressure cuff (Fig. 23-1).

SPP investigations were reported as early as 1973 by
Nielsen and colleagues19 and Holstein,20 using a photo-
electric surface probe as the perfusion sensor. Subse-
quently, Holstein and colleagues,21 Faris and Duncan,5 and
Dwars and colleagues22 substituted the use of radioiso-
tope washout in place of the photoelectric probe to
improve the sensitivity of the bloodflow detection.

The radioisotope washout method (RI-SPP) improved
the reproducibility of the technique such that it could
reliably predict clinical outcomes in ischemic limbs. Its
use nevertheless did not become popular because it
required the involvement of nuclear medicine, was cum-
bersome to perform, and was uncomfortable for patients
because of the length of time of cuff inflation required
for measurement of SPP using washout of the isotope.

A later development reported by Malvezzi and
colleagues23 was the substitution of laser Doppler (LD)
sensing in place of the radioisotope washout technique.
With the LD sensor placed inside the cuff used to apply
external pressure, this new method correlated very well
with RI-SPP (Fig. 23-2). Because the LD sensor is real-
time and exceptionally sensitive, SPP testing could be done
much faster and with less discomfort to the patient.

Recent studies have been reported in which SPP, using
a LD sensor, is used to identify patients with CLI who
require vascular reconstruction or surgical intervention,6

and also to predict amputation wound healing.24 The
critical SPP level in these studies, below which wound
healing is unlikely to occur with conservative therapy,
is consistent with previously reported values.
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Figure 23-1. The fenestrated cuff used to measure skin
perfusion pressure.

Figure 23-2. A good correlation has been shown between the
radioisotope method of skin perfusion pressure determination
and the laser Doppler method of measuring skin perfusion
pressure.

100

40

20

80

60

0

0 80604020 100

Isotope mm Hg

Correlation Between Laser Doppler 
and Isotope Measurements

La
se

r 
m

m
 H

g

r=.991



Table 23-1 sets forth a summary of the clinical findings
on the use of SPP in amputation wound healing in
critical limb ischemia. With reference to the preceding
remarks, it should be noted that the clinical question asked
of SPP investigation should be whether a patient’s skin
circulation is insufficient for healing. SPP testing (as
well as other physiologic testing) does not evaluate other
noncirculatory causes of healing failure (e.g., infection).
Therefore, the sufficiency of perfusion does not, by itself,
predict healing, unless noncirculatory pathology can be
fully ruled out. On the other hand, a low SPP does, by
itself, predict healing failure, whether or not other
pathology is present, because there is not enough per-
fusion to support healing. In light of this, a “positive”
test outcome in Table 23-1 is a low SPP indicative of the
presence of CLI and predictive of healing failure.

The comparison of SPP and toe systolic pressure values
is of interest because both measurements are made in
the distal circulation. Tsai and colleagues25 have reported
a good correlation between SPP measurements at the
foot dorsum and toe systolic pressures on both healthy
and diseased patients, with toe pressure values approxi-
mately 20% higher than foot SPP (Fig. 23-3).

Toe pressure measurements are recommended when
CLI is suspected,1,26–28 especially for diabetic patients
whose ankle pressures may be falsely elevated. Values
of 30 to 40 mmHg are considered to be positive indi-
cations for this diagnosis. The measurement of toe
pressure is sometimes problematic, as when the large
toe is missing or ulcerated, when the pulsatile signals
(PPG or Doppler) are very faint, or when the toes are
disfigured. In those cases the measurement of SPP at the
dorsum of the foot is a good substitute. An abnormal
SPP in a limb with a normal ABI is certain evidence of
the spurious nature of the ankle systolic pressure.

Methodology and Limitations 
of SPP

In current practice, SPP measurements are performed
much the same way as are arterial segmental pressure
measurements in the lower extremities. The patient first

should be acclimatized, and the limb of interest should
be kept as warm as possible. The patient should be
supine, as with any lower extremity vascular test.

A specialized blood pressure cuff that incorporates a
LD sensing device inside the pressurized bladder is
wrapped around the limb, foot, or digit. A cuff size is
chosen to fit the anatomic dimensions. The cuff should
not be tightly applied because capillary blanching may
result.

The use of a perfusion sensing device external and
underneath the cuff is not recommended because the
sensor will create a high pressure point, and the actual
counterpressure on the skin at that location will be
higher than the air pressure in the bladder. As a result,
the SPP measurement will be falsely lowered.

The cuff is then inflated to a pressure sufficient to
arrest capillary perfusion. On patients with suspected
CLI, a pressure of 50 mmHg is probably high enough,
whereas a pressure in excess of 120 mmHg may be
necessary for patients with normal SPP. The disappear-
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Figure 23-3. In patients in whom toe pressures cannot be
measured, SPP measured on the dorsum of the foot is a good
substitute measurement and has been shown to correlate well
with pressure measurements in the great toe using either
photoplethysmograhy or strain gauge techniques.

TABLE 23-1. SPP Predictions of Nonhealing of Foot Lesions and Lower Extremity
Amputations (Excluding Toes)

Author Criteria Sensitivity (%) Specificity (%) PPV (%) NPV (%)

Faris5 40 mmHg 80 97 94 90

Dwars22 20 mmHg 89 99 89 99

Adera24 30 mmHg 100 97 83 100

Castronuovo6 30 mmHg 85 73 75 85  

PPV, positive predictive value; NPV, negative predictive value.



ance of capillary flow, as detected by the LD sensor, does
not occur immediately because the blood is gradually
eliminated by the cuff counterpressure, which may take
30 to 45 seconds or more. However, it is imperative that
the perfusion indication of the LD sensor be allowed to
reach a 0 or low baseline condition, or else it will not
clearly indicate the restarting of perfusion when the
cuff pressure reaches the SPP level (Fig. 23-4).

The deflation of the cuff pressure may proceed either
in a stepwise or continuous fashion, provided that the
rate is not too rapid. Above cuff pressures of 50 mmHg,
the deflation rate should be about 2 mmHg per second.
Below 50 mmHg, the optimum deflation rate has been
found to be 5 mmHg per 15 seconds.25 This slower cuff
deflation allows for the fact that capillary refilling is a
slower process than arterial reflow.

The resumption of capillary perfusion is reported
graphically on a display that shows the perfusion mag-
nitude as a function of cuff pressure. It is easy to deter-
mine the SPP from this graph, and a paper report can
be generated for record keeping (Fig. 23-5).

SPP measurements do not require the technologist
to locate an artery or identify a pulse, making them easier
to perform than arterial pressures on patients with faint
pulses. The test is also somewhat more comfortable for
the patient, in view of the lower maximum cuff pressure
that must be applied. Most significantly, SPP values are

not falsely elevated on patients with medial calcification
because this process does not affect the microvessels in
the skin. Another advantage is that SPP measurements
can be done on the foot, where the bone structure
precludes arterial measurements.
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Figure 23-4. Simultaneous
toe pressure measurement
(bottom tracing) with a photo-
ptheysmograph and SPP mea-
surement (top tracing). Note
the initiation of a pulsatile
waveform occurs at the same
pressure as the pressure at
which initiation of capillary
bloodflow in the skin causes
the LD sensor in the SPP cuff to
register flux. The baseline LD
flux level is well above 0 even
at high inflation pressure (left
side of top tracing). Neverthe-
less, an SPP measurement is
possible because of the distinct
increase in LD flux that occurs
as cuff pressure is lowered to
40 mmHg. Reasons for inter-
individual variation in baseline
LD flux values include skin
pigmentation and the sensi-
tivity of the LD instrument.
Minimizing the baseline value
will make the detection of the
initiation of capillary flow,
which is essential to SPP
measurement, easier; this can
be accomplished by elevating
the leg before the application
of the SPP cuff and inflation to
suprasystolic levels.
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SPP investigations are inhibited by motion artifacts
on patients who cannot remain still for the duration of
the test. The presence of edema does not cause a problem
with SPP measurements, and the authors’ experience
has demonstrated that nearly all patients with suspected
CLI can be reliably evaluated with this test.24

Transcutaneous Oxygen 
Partial Pressures

The availability of oxygen in tissues is important for
nutritional needs and wound healing. Although oxygen
levels in the blood may be sufficiently high, skin tissue
may still suffer if perfusion rates are not high enough
to deliver the needed oxygen. Therefore, TcPO2 is often
measured in patients with suspected CLI to determine
whether this is the case. TcPO2 is defined as the partial
pressure of oxygen gas at the skin surface, and is
usually reported in units of mmHg or kPa.

Devices for TcPO2 measurements incorporate a modi-
fied Clark-type oxygen electrode, which has a silver
anode and a platinum cathode. When the electrode is
exposed to oxygen, an electrochemical reaction occurs,
causing the flow of electric current proportional to the
oxygen pressure. This current is measured and reported
as the local TcPO2 value.

Other device components include a disposable per-
meable membrane covering the electrode, a means of
sealing the electrode to eliminate room air, and a heating
coil that maintains an elevated skin temperature (typi-
cally 42 to 44 ºC) to maximize blood perfusion in the
capillaries. The last feature is essential particularly in
ischemic skin, because 0 readings are likely when the
skin is not vasodilated.18

This technique was first described by Huch and col-
leagues,28 who found it useful for pulmonary function
monitoring in neonates. Their relatively thin skin enables
the TcPO2 to accurately reflect the arterial oxygenation
level. Others later investigated its use in adults with
PAD.9,29–31 Although TcPO2 was not found to be reliable
for separation of PAD patients from individuals with
normal calculations, it has commonly been used in CLI
patients to evaluate skin viability.

Franzeck and collegues9 and Byrne colleagues10

demonstrated that TcPO2 levels decreased as peripheral
arterial flow was lowered, and also that patients with
ischemic rest pain tended to have low TcPO2 measure-
ments. Byrne and colleagues10 showed that TcPO2 levels
in claudicants decreased during exercise. Increases in
TcPO2 following revascularization procedures have also
been documented,30–32 suggesting that an improvement
in cellular oxygenation may be related to an increase in
arterial inflow. These studies lend support for the idea
that limb viability and wound healing may be correlated
with TcPO2 in patients with CLI.

A prospective study of lower extremity amputations
by Malone and colleagues33 found that a TcPO2 measure-
ment greater than 20 mmHg was predictive of healing.
Wutschert and Bounameaux34 more recently reported
primary healing in 80% of cases with a value greater
than 20 mmHg. Burgess and colleagues35 found that
TcPO2 measurements above 40 mmHg always predicted
stump healing in below-knee amputations, but measure-
ments from 0 to 40 mmHg were not predictive. Ray and
colleagues36 studied a series of patients undergoing vas-
cular reconstruction, and found that TcPO2 measurements
above 33.5 mmHg were predictive of symptomatic
improvement, whereas measurements below 19 mmHg
were predictive of a lack of improvement or the need
for a subsequent amputation. Ubbink and colleagues37

reported that CLI patients with TcPO2 measurements at
or below 10 mmHg would require an amputation within
18 months.

The prediction of healing outcome with TcPO2 values
ranging from 10 to 40 mmHg suffers from the same
limitations as healing prediction with SPP. Some of the
discrepancy is caused by differing sensitivity and cali-
bration of the instruments from various manufacturers,
but the wide range of values is also related to the way
the clinical question is analyzed: a prediction of healing
is different than a prediction of nonhealing. As will be
discussed in the following, TcPO2 measurements tend to
be reliable when they are in the normal range but are
not reliable when they are low. High TcPO2 levels may
reliably predict healing success, but low readings are
not predictive.38

Therefore, TcPO2 as a test of CLI appears to generate
an unacceptable number of false-positive test results
(i.e., TcPO2 falsely indicates the presence of CLI).
Numerous attempts to improve the predictive value of
this test have been made. For example, studies have
shown that patients with low TcPO2 measurements (less
than 10 mmHg) at the level of amputation would never-
theless heal provided that the TcPO2 value would increase
by at least 10 mmHg after oxygen inhalation.39–41 A
study by McCollum and colleagues42 showed that the
rate of change of TcPO2 during oxygen inhalation was
more predictive, and that at least 9 mmHg/min was
needed for healing to occur. The use of an oxygen
challenge in some form may be beneficial for improving
the diagnostic accuracy of TcPO2 for CLI.

Another method proposed to improve the usefulness
of TcPO2 measurements is to perform testing with dif-
fering elevations of the patient’s leg. Supine, sitting, and
leg elevated positions have been recommended.43–45

Unfortunately, these maneuvers require serial testing
with instrument and patient stabilization for each position,
which further extends the time required for testing.

The measurement of TcPO2 to select patients for HBO
therapy is commonly done. TcPO2 is particularly well
suited to determine whether HBO therapy will increase
oxygenation of the affected extremity. Patients with CLI
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are not usually good candidates for HBO therapy. TcPO2

should be measured after breathing oxygen for the patient
in the HBO chamber in order to confirm that elevating
arterial PO2 will result in greater oxygen delivery to the
skin.38

In spite of numerous clinical studies on TcPO2 there
remains skepticism about whether it is reliable as a test
of perfusion in the diagnosis of CLI. A recent study to
compare the relative reproducibility of TcPO2 vs. blood
pressure measurements concluded that it is only moder-
ately reproducible, in contrast to blood pressure measure-
ments, which were found to be well reproducible.43 In
a review of the clinical literature, Fronek39 found it
“difficult to explain the relatively wide range of critical
TcPO2 values.”

Methodology and Limitations 
of TcPO2

Measurement of TcPO2 with commercially available
instruments requires first the setup of a calibration
device, which may include a gas cylinder to provide a
known concentration of oxygen (room air is commonly
used instead). The sensor, with its heater, must be
allowed to reach the desired operating temperature
(typically 42 to 44 ºC), after which it is placed in the
calibration device for a few minutes. Calibration adjust-
ments are then made to the system as needed.

The skin site must be cleaned and degreased, and also
shaved if necessary to ensure an airtight seal between
the sensor and the skin. A small amount of contact gel
is applied to the sensor face, and then adhesive tape is
attached; this acts to seal out room air and fix the sensor
to the skin. Once the sensor is in place and the heater
is turned on, the instrument takes about 30 minutes 
to give a measurement. This is the time required for 
the heater to elevate the skin temperature and then for
the oxygen diffusion to reach a steady-state condition
(Fig. 23-6).

A membrane and electrolyte fluid, which cover the
Clark-type electrode, must also be replaced every 1 to
3 days, depending on usage.

The skin site selection is very important because of
the requirement for good capillary bloodflow and also
for an airtight seal around the sensor. Bony promi-
nences, fatty tissue, areas with edema, hairy skin, and
callused or thickened skin must all be avoided. Toe
measurements are generally not feasible because the
sensor needs a larger flat surface to achieve an airtight
seal. Measurements of TcPO2 are typically done where
the skin thickness is minimal (e.g., the foot dorsum
and the lateral or medial aspects of the lower leg). A
reference measurement on the chest area is often
taken; this allows for the calculation of an index.

Conclusions

Both SPP and TcPO2 measurements have been suggested
for diagnostic testing of the microcirculation of patients
with CLI. Neither is a substitute for conventional vascular
examinations to identify occlusive arterial disease, but
if such investigations indicate the possibility of CLI,
then these methods can be employed to provide addi-
tional needed information for determining the best
clinical treatment.

SPP investigations are easy to perform and interpret
and can be used to determine if segmental systolic pres-
sures measured with noninvasive conventional lower
extremity arterial examination are falsely elevated.
Reported studies show good agreement regarding the
measurement threshold below which CLI is likely to be
present. The sensitivity and specificity for determining
the presence of CLI are both very high. These tests can
be beneficially performed on all types of patients
regardless of their skin conditions, provided some area
of intact skin is available at the area of interest. Further,
SPP can be used to test the reliability of standard non-
invasive arterial examination in patients with diabetes
and suspected arterial calcification.

TcPO2 tests are also easy to interpret, but performance
of the test is often problematic. Patients with abnormal
skin conditions, which are very common among the
CLI population, generally cannot be measured reliably
because of the effects of low perfusion levels and the
oxygen diffusion impairment in thickened and edemic
skin. Published reports show a wide range of TcPO2 values
in CLI, and as a result the specificity and predictive
value are decreased. Most errors with this method cause
an underestimation of the actual TcPO2 level.

The utility of TcPO2 measurements is better for evalu-
ating patients who could benefit from HBO treatment.

Chapter 23: Laser Doppler and Transutaneous Oxygen Measurement 253

Figure 23-6. The TcPO2 electrode in some instruments con-
sists of a sensor in a heated probe that is placed in a contact
gel solution. Other TcPO2 instruments do not require a holder
for the probe to contain a gel solution and are easier to apply
to skin sites.



Patients with normal TcPO2 levels, or who demonstrate
a response to an oxygen challenge, are more likely to
respond to HBO treatment. Low TcPO2 levels after O2

challenge, while not predictive of CLI, may neverthe-
less be predictive of a failure to benefit from HBO
therapy.

When microcirculatory investigations are required
for clinical treatment decisions, the predictive value of
the method should be considered. For determining
whether the presence of CLI will cause wound healing
failure in chronic ulcers or at an amputation site, SPP
measurements give more specific and reliable informa-
tion. If the TcPO2 is high, CLI can probably be ruled out,
but low TcPO2 readings are not predictive. SPP can also
be used to identify unreliable ankle systolic pressures.
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The management of vascular injuries since the time
of the Korean War has taught that not all arterial injuries
require operative intervention. Diagnostic emphasis has
shifted from identification of all arterial injuries, no matter
how minor, to identifying only those injuries that are
clinically significant and require therapeutic intervention.
The goal is to design a diagnostic algorithm for arterial
trauma with maximum sensitivity and specificity while
minimizing the use of invasive and costly angiography.
Achievement of this goal requires a thorough under-
standing of the strengths and limitations of each of the
diagnostic modalities and acceptance of the premise
that some small, nonocclusive arterial injuries (“minimal
injuries”) will heal without intervention and therefore
need not be identified and treated.

Doppler Indices

Two studies performed at the authors’ institution have
addressed these concerns. The first was performed to
determine the diagnostic and therapeutic yield of arte-
riography when routinely performed for proximity alone,
as well as for other signs more directly suggestive of
arterial injury.1 Over an 18-month period, 373 patients
with a unilateral penetrating injury to an upper or lower
extremity were studied prospectively. Patients with a
penetrating injury distal to the deltopectoral groove or
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Introduction

s with all areas of vascular disease, the diagnosis of
peripheral vascular trauma has undergone significant
evolution as the technology for noninvasive imaging has
improved. A minority of patients with arterial trauma
present with classic findings such as hemorrhage or frank
limb ischemia, and in these patients the diagnosis is
obvious. However, the identification of occult arterial
injuries is more challenging, and it is for this group that
the diagnostic algorithm has changed most significantly.
Because of the low yield of routine operative explo-
ration and of routine arteriography for the evaluation of
penetrating wounds in proximity to major vessels, many
authors now recommend the selective application of
diagnostic imaging techniques based on the results of
clinical examination and noninvasive pressure determi-
nations. This chapter will review the authors’ approach
to the diagnosis of peripheral arterial injuries.
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inguinal ligament underwent arteriography if a distal
pulse deficit, neurologic deficit, hematoma, history of
hemorrhage or hypotension, bruit, fracture, major soft-
tissue injury, or delayed capillary refill was present.
Arteriography was also performed in the absence of
these findings if the path of the penetrating object was
judged by the admitting surgeon to be in proximity to
a major neurovascular bundle. Patients with bilateral
penetrating injuries, injuries outside the defined anatomic
boundaries, or arterial injuries that required immediate
operation because of severe limb ischemia or active hem-
orrhage were excluded from study. Before arteriography,
the wounding agent (e.g., stab wound, gunshot wound,
or shotgun wound) was noted. Physical findings including
bruit; pulse deficit; hematoma; associated fracture; major
soft-tissue destruction; neurologic deficit (e.g., sensory,
motor, combined, or glove distribution); or decreased
capillary refill were assessed in all patients. In 210 of
the 373 patients, the posterior tibial/dorsalis pedis or
radial/ulnar Doppler pressures of the injured and con-
tralateral uninjured extremity were obtained and indexed
using the brachial Doppler pressure of an uninjured
arm as a reference (ankle-arm/brachial index [ABI]).
The minimum ABI (MABI), defined as the lower of the
two ABIs at the ankle or wrist, was recorded. 

Arteriograms were interpreted as “normal” or
“injured.” If an injury was seen, the affected arterial
segment was identified. All arterial injuries were then
classified as “major” or “minor.” Major injuries were
injuries to arterial segments that, if interrupted, would
likely result in clinically significant limb ischemia (e.g.,
the superficial femoral artery). All other arterial injuries
were termed minor. The arterial injuries were further
classified as an intimal defect, intimal flap, pseudo-
aneurysm, arteriovenous fistula, stenosis, or occlusion.
Therapy was based on the clinical and arteriographic
findings and included observation, arteriographic
embolization, arterial ligation, or repair.

Of the 373 patients enrolled in this study, 216 pre-
sented with one or more of the abnormal physical findings
listed above. Arterial injuries were identified arterio-
graphically in 65 (30%) of these 216 patients. Proximity
alone was the indication for arteriography in the remaining
157 patients, with arterial injuries identified in 17 (11%).
Data analysis revealed that a pulse deficit or neurologic
deficit noted on physical examination and injury with
a shotgun correlated significantly (p <0.05) with arte-
riographic evidence of arterial injury, major or minor.
The presence of one or more of these variables identified
a high-risk group of 104 patients with 40 injuries (38%).
Of those 40 injuries, 15 required repair or embolization
and 25 were observed. An intermediate-risk group was
identified with a 20% (33/165) incidence of arterial
injury. The intermediate-risk group consisted of those
patients with an MABI less than 1.00 or with “soft” signs
of arterial injury (e.g., fracture, hematoma, bruit, decreased
capillary refill, history of hemorrhage, hypotension, or

soft-tissue injury). Five of 33 injuries in the intermediate-
risk group required intervention. A low-risk group of
104 patients with none of the above findings remained.
Nine injuries (9%) were identified in this low-risk group,
none of which required intervention.

A policy of performing arteriography exclusively for
intermediate- and high-risk groups and eliminating
proximity alone as an indication would have identified
89% of all injuries in this study and 100% of injuries
that required intervention. Nearly one third of the arte-
riograms performed in this study could have been
eliminated without significant risk to a single patient.
This study confirmed that by relying on a careful clinical
examination and readily available, simple, noninvasive
ABI testing, arteriography for the evaluation of pene-
trating extremity trauma could be more precisely
applied.

To confirm the reliability of this risk classification
scheme and to further investigate the role of the Doppler
index in detecting clinically occult arterial injuries, a
subsequent prospective study was performed with another
consecutive cohort of patients with unilateral, isolated.
penetrating extremity trauma.2 Arteriography was
performed for all patients in the previously identified
high-risk group (i.e., with pulse deficit, neurologic
deficit, or shotgun injury) and in the intermediate-risk
group (i.e., one or more “soft” signs or an MABI <1.00).
Arteriography was not performed for those patients in
the low-risk group (no “hard” or “soft” signs with an
MABI (1.00). Low-risk patients were observed in the
hospital for 24 hours and then were monitored as
outpatients.

Some 514 consecutive patients were initially assessed.
Excluded from this analysis were 22 (4%) patients with
obvious limb-threatening ischemia who required imme-
diate operation and 23 (4%) patients who refused arte-
riography. Of the remaining 469 patients, 276 (59%)
had lower extremity injuries and 193 (41%) had upper
extremity injuries. Some 213 patients (45%) were deter-
mined to be at low risk, 151 (32%) at intermediate risk,
and 105 (23%) at high risk for arterial injury.

No clinical findings indicative of arterial injury devel-
oped in any of the patients in the low-risk group during
the 24-hour observation period. In addition, no clinical
signs were apparent during follow-up visits in 78 (37%)
of these patients from 1 to 8 weeks (median 2.5 weeks)
after discharge. Arteriography identified injuries in 39
of 151 patients (26%)  in the intermediate-risk group
and 38 of 105 patients (36%) in the high-risk group. A
total of 24 major and 53 minor injuries were found.
Multivariate analysis showed that only pulse deficit
and an MABI less than 1.00 were found to significantly
(p <0.05) correlate with all (major and minor) injuries
and with major injuries alone. All major injuries except
one had an MABI less than 1.00 (sensitivity 23 of 24 or
96%). Five major injuries that required therapeutic inter-
vention (i.e., surgical repair or transcatheter embolization)
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had an MABI of 0.90 or greater. For the identification of
major injuries, an MABI less than 1.00 had a sensitivity
of 96%, specificity of 30%, positive predictive value of
12%, negative predictive value of 99%, and overall accu-
racy of 36%. Compared to lower cutoff values, an MABI
less than 1.00 was the most sensitive indicator of injury
with the highest negative predictive value; however, it
was also the least specific as a result of a large number
of false-positive readings. Because it is critical to iden-
tify these injuries, which may cause significant morbidity,
the authors feel it is best to select the cutoff value with
the highest sensitivity and tacitly accept the trade-off in
specificity.

The findings of this second study further strengthened
the argument that a careful physical examination and the
judicious use of Doppler indices can accurately select
those patients with penetrating extremity trauma who
should be subjected to arteriography. On the basis of
these findings, the following diagnostic algorithm can
be constructed. Patients with penetrating extremity
injuries who have a normal pulse examination and an
MABI of 1.00 or greater do not require diagnostic arte-
riography. A brief period of observation is all that is
necessary. Because all significant, clinically occult arterial
injuries are found in extremities that have a distal pulse
deficit, an MABI less than 1.00, or both, it is in this group
of patients that diagnostic arteriography is indicated
and will have its greatest yield.

These indications for arteriography for penetrating
trauma are equally applicable to blunt extremity trauma.
Another prospective study from the authors’ institution
analyzed the results of arteriography in 53 patients with
unilateral blunt lower extremity trauma.3 Thirty-one
patients presented with physical findings suggestive of
arterial injury; in 22 patients, the presence of a fracture,
knee dislocation, or significant soft-tissue injury without
other suggestive findings was the indication for arte-
riography. Arterial injuries were demonstrated in 15
patients. A pulse deficit or decreased capillary refill was
shown to significantly correlate (p <0.05) with arterio-
graphic evidence of injury. Arterial injuries were found
in 12 of 31 patients (39%) with one or both of these
findings; 4 of those injuries required repair. In the 22
patients with neither a pulse deficit nor decreased capil-
lary refill, 3 minor injuries were found, none of which
required repair. ABIs were determined in 27 of the 53
patients. An ABI less than 1.00 identified arterial injuries
with a sensitivity of 100% and a specificity of 26% in
this series.

Similar evidence for the reliability of the clinical
examination combined with noninvasive pressure deter-
mination has been provided by other authors. Johansen
and colleagues reported a series of 100 limbs that had
sustained blunt or penetrating trauma.4,5 All patients
underwent ABI determination and arteriography. Arterial
injuries requiring intervention were discovered in 14
cases. An ABI less than 0.90 predicted arteriographic

evidence of injury with 87% sensitivity and 97%
specificity.

Minimal Injuries

Although careful physical examination and pressure
measurements will appropriately select which patients
have a higher likelihood of significant arterial injury and
should therefore undergo further diagnostic testing (usually
with arteriography), there are some minor injuries that
will be missed by adhering to such a policy of selective
arteriography. Injuries that may be missed are generally
not clinically important and include injuries to minor
branch vessels and some nonocclusive injuries of major
vessels. Many of these nonocclusive injuries will heal
without specific intervention. The healing power of these
minimal, nonocclusive injuries has been likened to that
of the puncture site for percutaneous vascular catheteri-
zation and to the extensive intimal disruption that occurs
with balloon angioplasty. In the authors’ experience, the
following “minimal” injuries may be safely observed,
provided that the wounding agent is low velocity, the
distal circulation is intact, and no active hemorrhage is
present: intimal defects or pseudoaneurysms of less than
5 mm, and intimal flaps that are adherent or protrude
downstream.

The authors’ initial experience with selective man-
agement of 50 patients with 61 minimal injuries has
been previously reported.6 Included in that report were
44 injuries of major arteries: 12 in the cerebrovascular
system, 11 in the upper extremities, and 20 in the lower
extremities. Some 17 injuries occurred in minor arteries.
All patients were initially managed nonoperatively. Repeat
arteriography was performed from 1 to 3 weeks after the
injury in 40 patients; 21 patients were observed clini-
cally without repeat study. Percutaneous transcatheter
embolization of noncritical branch arteries was performed
at the time of repeat arteriography for the treatment of
5 pseudoaneurysms and 5 arteriovenous fistulae. Of the
24 injuries to major arteries that were evaluated with
serial arteriography, 21 (88%) had healed or were stable
and asymptomatic and 3 had progressed. Those that pro-
gressed were all small pseudoaneurysms that enlarged
and were then treated. None of these injuries resulted in
delayed hemorrhage or thrombosis. Although this study
documented that the majority of “minimal” injuries will
heal on their own, careful follow-up with repeat clinical
examination, arteriography, and/or color-flow duplex
scanning is essential. Nonoperative management is a rea-
sonable option only in carefully selected patients. During
the past 10 years, the authors have continued a policy
of nonoperative management of minimal injuries with-
out any evidence of delayed complications. Similar results
for the nonoperative management of “minimal” injuries
have been reported by Frykberg and colleagues.7,8

Chapter 24: Vascular Trauma: The Role of Noninvasive Testing 259



Color-Flow Duplex

Color-flow duplex ultrasonography (CFD) has been
evaluated as a potential alternative to arteriography for
the diagnosis of occult arterial trauma. There are several
potential advantages of CFD: It is noninvasive; the patient
morbidity rate is virtually 0%; the necessary equipment
is portable and can be brought to the bedside, emer-
gency room, or operating room; it is easily repeatable;
and it is relatively inexpensive. However, there is some
controversy regarding the ability of CFD to detect all
arterial injuries. Bynoe and colleagues reported a sensi-
tivity of 95%, specificity of 99%, and accuracy of 98%
for CFD when used to evaluate blunt and penetrating
injuries of the neck or extremities.9 However, because
confirmatory arteriography was not performed in this
study when results of CFD were normal, false-negative
results of CFD may have been underestimated and the
sensitivity may have been overestimated. A report by Fry
and colleagues reporting 100% sensitivity and 97.3%
specificity of CFD suffered from a similar flaw; arteriog-
raphy for confirmation of CFD results was performed
for only 50 of 200 patients with 225 extremity injuries.10

Bergstein and colleagues published a series of 67 patients
with 75 penetrating injuries to the extremities without
obvious arterial injury.11 All patients underwent both
CFD and arteriography. Compared with arteriography,
there were 2 false-negative and 1 false-positive results
of CFD, resulting in a sensitivity of 50% and specificity
of 99%. The authors of that report stated that CFD is
most likely to be of value in the evaluation of injuries
to the thigh and arm, followed by the forearm and then
the calf. The accuracy of CFD in the thoracic outlet, axilla,
and calf was considered questionable. Gagne and col-
leagues published a small series of 37 patients with
proximity injuries in 43 extremities.12 Arteriography
identified 3 injuries, 1 each in the profunda femoris,
superficial femoral, and posterior tibial arteries. None
of these 3 injuries was identified with CFD. CFD did
detect an intimal flap in the superficial femoral artery
that was not identified with arteriography. Hence, in
that study, CFD and arteriography were complementary
in their ability to detect arterial injuries. Interestingly,
in this last study, 22% of extremities were found to
have isolated occult venous injuries that would not be
detected arteriographically. Despite some uncertainty
regarding the ability of CFD to detect all vascular injuries,
it seems that nearly all major injuries that require thera-
peutic intervention can be identified, and this modality
continues to be advocated by a number of authors for the
evaluation of potential peripheral vascular injuries.13,14

Perhaps the least controversial application of CFD to
the management of vascular trauma is the use of this
modality for the serial examination of “minimal” injuries
that do not require immediate intervention but do require
repeat imaging to document healing. The authors’ expe-

rience with CFD in the evaluation of extremity trauma
is that this is a highly operator-dependent examination
that requires the immediate availability of both expe-
rienced technologists and experienced interpreters to
be reliable.15 Because trauma commonly occurs outside
of the hours of the usual business day, these personnel
are not always present, and CFD has not been widely
adopted as a primary modality for the diagnosis of
vascular injury.

Conclusions

In summary, the evaluation of occult extremity arterial
trauma has evolved from routine operative exploration
to the selective use of ancillary diagnostic testing based
on risk stratification criteria. The criteria that are most
useful at present are an abnormal pulse examination
and reduction of the Doppler-derived pressure index.
Patients with either of these findings are most reliably
evaluated with arteriography, although noninvasive
color-flow duplex scanning has proven reliable enough
in centers experienced with this technique to supplant
arteriography.
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of the reflected wave, whereas their motion away will
decrease it. When the angle of incidence is known, these
changes in frequency can then be used to calculate
bloodflow velocity.

Continuous-wave Doppler ultrasound provides hemo-
dynamic information by simultaneously transmitting
and detecting sound waves and then generating an audio
waveform from the data. This method provides an aver-
age measurement of all fluid motion within the path of
the sound waves. Thus rather than processing data
from specific regions within a given vessel, it provides
a single velocity reading for the entire cross-section
being scanned. Conversely, pulsed Doppler alternately
transmits and detects sound waves. By varying trans-
mission and detection times, a sample area can be defined.
This method permits more definite localization within
the scanned region, thereby providing more detailed
information (e.g., bloodflow pattern within the vessel)
that can be examined by spectral waveform analysis.

Normal arterial Doppler waveforms are pulsatile with
a triphasic flow pattern. The initial forward-flow com-
ponent is of greatest magnitude and represents systolic
flow. The ensuing reverse-flow component occurs during
diastole, and the final forward-flow component represents
bloodflow secondary to arterial resistance. Proximal to
a stenotic lesion, a pattern of high-resistance flow is

Background

Validation Studies

Benefits

Limitations

What Information Does It Give You?

How Does This Information Influence Your
Treatment?

Conclusions

Background

-mode ultrasonography is a noninvasive diagnostic
tool that generates images from differential tissue reflec-
tion of high-frequency sound waves (2 to 10 MHz). In
addition to anatomic representations, hemodynamic
images can be derived using the principle of Doppler
shift. This principle mathematically describes the change
in the detected frequency of a sound wave originating
from a moving source. In the case of bloodflow, red blood
cells act as a reflective interface for sound waves. Cells
moving towards a detector will increase the frequency
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illustrated by an increase in the reverse-flow component.
Distal to a region of stenosis the spectral waveform is
dampened, with reduced amplitude, delayed peaks, and
attenuated reverse-flow. Regions with biphasic flow are
considered normal unless proximal patterns were already
characterized as triphasic. If monophasic waveforms
are seen, some proximal occlusive disease should be
suspected.

The continuity equation for steady one-dimensional
flow states that with a constant volume flow through a
vessel, any reduction in the cross-sectional area would
result in a compensatory increase in fluid velocity after
the point of constriction. Thus stenotic lesions may be
identified by a relative velocity increase across the site
in question. In order to determine the percent stenosis,
peak systolic flow velocity is recorded at the nearest
proximal point of normal bloodflow and at that of maxi-
mal velocity; the ratio of peak systolic velocity (PSV)
between these two readings, in turn, correlates with a
percent vessel stenosis. 

PSV Ratio = Intrastenotic PSV / Prestenotic PSV

Ratios of 2.0 and 4.0 are interpreted as at least 50%
or 75% reduction in lumen diameter, respectively.1–5

Typically, a ratio of 2.5 indicates a hemodynamically
significant stenosis of at least 50%.6

Doppler spectral waveforms are limited in that the
reading alone does not provide any information appli-
cable to plaque characterization. Furthermore, sampling
volumes cannot be targeted to specific regions within
the vessel without anatomic visual guidance. Duplex
scanning overcomes this limitation by combining pulsed
Doppler detection with B-mode ultrasonography. The
B-mode image may be used to identify anatomic varia-
tions, plaque structure, and vessel wall thickening or
calcification. Furthermore, the gray scale image can be
used to localize a Doppler sample volume within the
target vessel, whereas the local flow pattern is assessed
by spectral waveform analysis.

Color-coded scanning may be used in place of spec-
tral waveform analysis to obtain qualitative flow infor-
mation. This system, rather than presenting velocity
data as a waveform, generates a pictorial representa-
tion of flow velocity and direction within the gray scale
B-mode image. Flow toward the scanning head may be
denoted with red, whereas flow away may be indicated
with blue. The velocity magnitude is signified by changes
in hue; high-flow and low-flow areas are shaded more
lightly and darkly, respectively. Thus color-velocity
hemodynamic information is superimposed in real-
time on stationary gray scale B-mode images of lesions
and vessels (Figs. 25-1 through 25-7). This visual inter-
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Figure 25-1. Color-flow duplex of a normal common femoral artery with triphasic Doppler signal and normal peak systolic
velocity (PSV) for this segment.
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Figure 25-2. Color-flow duplex of a normal common femoral artery showing the bifurcation with origins of the superficial and
profunda femoral artery (PFA).

Figure 25-3. Color-flow image of some dampening of flow in proximal superficial femoral artery.
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Figure 25-4. Color-flow image of a femoral bifurcartion showing complete occlusion of the superficial femoral artery (SFA) with
no color within the artery, and normal flow in the profunda.

Figure 25-5. Image of occluded superficial femoral artery (SFA) in mid-thigh.
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Figure 25-6. Monophasic flow with low velocity (peak systolic velocity = 12 cm/sec) provide a clue to distal superficial femoral
artery (SFA) occlusion just beyond the segment being imaged. Compare normal SFA flow in Figure 25-2.

Figure 25-7. This color-flow image shows complete superficial femoral artery (SFA) occlusion proximally with reconstitution of
the distal SFA via a patent collateral.



pretation permits more rapid localization of normal
arterial flow, thus reducing examination time. However,
because of the limitations of semiquantitative visual
representation, more accurate flow data are provided
by waveform analysis.7,8

Validation Studies

Traditionally, the gold standard of arterial diagnostic
examination has been contrast angiography; however,
good correlations have been reported between angiog-
raphy and duplex scanning. Jager and colleagues com-
pared spectral waveform analysis and angiographic data
from 338 arterial segments. Sensitivity and specificity
for detecting a 50% or greater diameter reduction for
duplex scanning were 77% and 98%, respectively,
whereas the rates for arteriography were 87% and 94%,
respectively.9 Koelemay and colleagues performed a
meta-analysis of 71 studies and found that the sensitivity
and specificity of duplex scanning has been excellent.

Scanning of aortoiliac segments revealed a sensitivity
of 86% and specificity of 97%, respectively; that of
femoropopliteal tracts resulted in a sensitivity of 80% and
specificity of 96%, respectively; and that of infrapopliteal
segments had a sensitivity of 83% and specificity of 84%,
respectively. Other studies have revealed sensitivities
and specificities for infrainguinal vessels as a whole
ranging from 83% to 100% and 89% to 99%, respec-
tively.10–13 Agreement between duplex scan and angiog-
raphy findings in infrainguinal arterial segments have
kappa values ranging from 0.59 to 0.943–5,7,14,15 (Table 25-1).
Kohler and colleagues further examined these correla-
tions by calculating the agreement between surgeons
planning lower extremity intervention. A very high
intraobserver agreement was found between decisions
based on angiogram versus those based on duplex scan
(kappa = 0.70), and a significantly smaller interobserver
agreement was found (kappa = 0.56). These results
concur with previous findings; furthermore, they suggest
that variations in operative planning are the consequence
of individual decision-making processes rather than
differences in duplex or angiogram interpretation.16
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TABLE 25-1. Summary of Duplex Ultrasound Performance

Author Year Modality n Sensitivity Specificity PPV NPV Accuracy Kappa 

Overall

‡Löfberg and 2001 Duplex vs. 486 86 84 87 86 86 N/A
colleagues11 Angio 

Ramaswami and 1999 Duplex vs. 216 91 98 80 99 97 0.92 
colleagues17 Angio 

‡Lai and colleagues55 1996 Duplex vs. 38 75 90 77 89 N/A 0.57 
Angio 

‡Bergamini and 1995 Duplex vs. 80 80 95 88 92 91 N/A 
colleagues39 Angio 

‡Allard and 1994 Duplex vs. 110 74 96 N/A N/A 93 N/A 
colleagues40 Angio 

Aortoiliac 

‡Katsamouris and 2001 Duplex vs. 80 86 90 88 90 88 0.69  
colleagues14 Angio 

*Schneider and 1998 Duplex vs. 85 100 76 78 100 87 N/A 
colleagues56 Angio 

*Aly and colleagues13 1998 Duplex vs. 177 89 99 92 99 N/A 0.81  
Angio 

‡Sensier and 1996 Duplex vs. 148 65 96 0.59
colleagues2 Angio 

Common Iliac

‡Lai and colleagues55 1996 Duplex vs. 49 79 80 61 90 N/A 0.46 
Angio 

Continued
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TABLE 25-1. Summary of Duplex Ultrasound Performance—cont’d

Author Year Modality n Sensitivity Specificity PPV NPV Accuracy Kappa 

‡Allard and 1994 Duplex vs. 110 84 97 N/A N/A 93 N/A
colleagues40 Angio 

External Iliac

‡Lai and colleagues55 1996 Duplex vs. 49 71 83 63 88 N/A 0.48 
Angio 

‡Allard and 1994 Duplex vs. 110 60 96 N/A N/A 92 N/A
colleagues40 Angio 

Femoropopliteal 

�Boström Ardin and 2002 Duplex vs. 952 83 92 94 78 89 N/A 
colleagues10 Angio 

‡Katsamouris and 2001 Duplex vs. 80 99 94 97 99 96 0.89 
colleagues14 Angio 

‡Aly and colleagues13 1998 Duplex vs. 177 95 99 94 99 N/A 0.92  
Angio 

�Lai and colleagues52 1995 Duplex vs. 86 61 88 61 86 N/A N/A  
Angio 

‡Sensier and 1996 Duplex vs. 148 86 97 N/A N/A N/A 0.80
colleagues2 Angio 

Common Femoral 

‡Mazzariol and 2000 Duplex vs. 214 100 93 100 100 N/A N/A  
colleagues12 Angio 

‡Lai and colleagues55 1996 Duplex vs. 89 61 99 92 91 N/A 0.50 
Angio 

‡Bergamini and 1995 Duplex vs. 80 86 96 67 99 95 N/A 
colleagues39 Angio 

‡Karacagil and 1994 Duplex vs. 68 100 98 80 100 99 N/A
colleagues19 Angio 

Superficial Femoral

‡Löfberg and 2001 Duplex vs. 162 80 94 88 90 90 N/A 
colleagues11 Angio 

‡Allard and 1994 Duplex vs. 110 92 96 N/A N/A 94 N/A 
colleagues40 Angio 

‡Karacagil and 1994 Duplex vs. 68 97 91 92 97 94 N/A 
colleagues19 Angio 

‡Moneta and 1993 Duplex vs. 151 95 100 100 92 N/A N/A 
colleagues57 IAPM 

*Hatsukami and 1992 Duplex vs. 58 85 97 94 92 N/A N/A 
colleagues18 Angio 

†Hatsukami and 1992 Duplex vs. 58 97 100 100 99 N/A N/A
colleagues18 Angio 

Deep Femoral

‡Allard and 1994 Duplex vs. 110 92 44 N/A N/A 97 N/A
colleagues40 Angio 

Continued



Duplex scanning provides accurate information for
both the aortoiliac and femoropopliteal arterial segments
and has been shown to diagnose effectively arterial
disease in 80% to 100% of patients.17–23 Some authors
feel that duplex scanning is more accurate than angiog-
raphy in predicting hemodynamically significant

lesions.23 Because the accuracy of color duplex
scanning stems from its presentation of physiologic
data in relation to anatomic structures, and contrast
angiography provides only 2-dimensional information
about vessel diameter in a single plane, numerous authors
have suggested replacing percutaneous contrast angiogra-
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TABLE 25-1. Summary of Duplex Ultrasound Performance—cont’d

Author Year Modality n Sensitivity Specificity PPV NPV Accuracy Kappa 

Popliteal 

‡Löfberg and 2001 Duplex vs. 162 49 97 83 85 85 N/A 
colleagues11 Angio 

‡Allard and 1994 Duplex vs. 110 37 92 N/A N/A 88 N/A 
colleagues40 Angio 

‡Karacagil and 1994 Duplex vs. 66 89 77 38 98 79 N/A 
colleagues19 Angio 

‡Moneta and 1993 Duplex vs. 151 78 99 98 86 N/A N/A 
colleagues57 IAPM

*Hatsukami and 1992 Duplex vs. 58 100 92 80 100 N/A N/A 
colleagues18 Angio

†Hatsukami and 1992 Duplex vs. 58 100 93 70 100 N/A N/A
colleagues18 Angio 

Tibioperoneal

‡Katsamouris and 2001 Duplex vs. 80 80 91 80 89 83 0.59 
colleagues14 Angio 

‡Löfberg and 2001 Duplex vs. 486 38 95 35 96 91 N/A 
colleagues11 Angio

‡Karacagil and 1996 Duplex vs. 40 83 77 79 81 80 N/A 
colleagues20 Angio

‡Bergamini and 1995 Duplex vs. 80 25 100 100 83 84 N/A 
colleagues39 Angio 

‡Karacagil and 1994 Duplex vs. 66 82 67 33 95 70 N/A 
colleagues19 Angio

Anterior Tibial 

*Hatsukami and 1992 Duplex vs. 58 86 96 92 92 N/A N/A 
colleagues17 Angio

†Hatsukami and 1992 Duplex vs. 58 83 100 100 93 N/A N/A
colleagues17 Angio

Posterior Tibial

*Hatsukami and 1992 Duplex vs. 58 79 96 92 92 N/A N/A 
colleagues17 Angio

†Hatsukami and 1992 Duplex vs. 58 83 100 100 88 N/A N/A 
colleagues17 Angio

*Stenosis 50%; †Occlusion; ‡Stenosis 50% or Occlusion; �Suitability for PTA; n = number of limbs; PPV = positive predictive value; 
NPV = negative predictive value; IAPM = intra-arterial pressure measurement.



phy as a screening tool with duplex ultrasonography in
selected patients.13,15,22–29

Benefits

Arterial mapping with color-duplex ultrasonography has
numerous advantages. First, by using duplex scanning
as a screening tool, diagnostic and therapeutic proce-
dures may be combined, thus eliminating multiple
angiograms. Second, revascularization strategies can
be made in advance. With a roadmap of the diseased
arterial segments, puncture site selection and catheteri-
zation route can be chosen in advance of intraoperative
arteriography. Third, by targeting only diseased seg-
ments, both angiography time and contrast use can be
reduced.28

Color-coded duplex scanning has established itself
as a major clinical diagnostic tool because of its accu-
racy, low risk of complication, ease of repeatability, high
patient acceptance, and cost-effectiveness. In contrast
to angiography, duplex ultrasonography is risk-free. In
one study the major complication rate of arteriography
was calculated at 7% (with significant variations based
on transaxillary or transfemoral approaches).29 Most
commonly, angiography results in problems such as
hematoma, bleeding, adverse reactions to contrast, con-
trast extravasation, local neurovascular injury, pseudo-
aneurysm formation, thromboemboli, catheter and
guidewire complications, and renal failure.29–32

Though avoidance of complications is desirable in
all patients, candidates for endovascular procedures in
particular may be considered in a separate category for
risk aversion. First, those patients selected for percuta-
neous transluminal angioplasty (PTA) generally suffer
from intermittent claudication rather than critical limb
ischemia. Thus their lower risk of limb loss warrants a
lower-risk diagnostic procedure. Second, the subset of
high-risk PTA patients who cannot undergo open revas-
cularization should be further shielded from any addi-
tional risks imposed by angiography.33

An approximately tenfold difference in cost may be
found between angiography and duplex scanning.
Excluding ancillary services and indirect costs, at the
authors’ institution an arterial duplex scan of the lower
extremity is billed at $455; the charge for a lower extremity
angiogram is $1800. Levy and colleagues analyzed the
total hospital costs, with regard to arteriography versus
duplex scanning and magnetic resonance arteriography
(at another institution in 1998).33 The savings of using
noninvasive modalities was significant; the cost differ-
ence between duplex ultrasonography and preoperative
angiography was calculated at $551 to $695 per case.33

Accordingly, some authors suggest that duplex scanning
replace angiography as a screening tool for lower
extremity arterial disease (Table 25-2).11,13,22,28,33–37

Limitations

Some of the limitations of color-flow scanning are linked
to the intrinsic shortfalls of ultrasonography. Because the
depth of sound-wave tissue penetration varies inversely
with wave frequency, and because higher frequencies
produce higher resolution images, image quality degrades
when deeper structures are scanned. In addition, severe
vessel calcification limits sound wave penetration such
that images cannot be obtained from these arterial seg-
ments. Ramaswami and colleagues described a failure
to visualize the iliac arteries in 20% of patients because
of various reasons including obesity, bowel gas, abdominal
tenderness, chronic obstructive airway disease, and the
use of higher resolution transducers (4.5/3.5 MHz).17

These variables, along with technician skill, have been
cited as contributors to reduced diagnostic sensitivity
and specificity.

Several authors have reported on the performance of
duplex scanning in the presence of multisegment arterial
disease, and the results have been varied. An early study
by Jager and colleagues stated that the sensitivity, speci-
ficity, and accuracy of duplex scanning were unaffected
by multiple lesions.9 Furthermore, Sensier and colleagues
analyzed the effect of multisegment disease by examining
the concordance between arteriography and duplex scan-
ning in arterial segments adjacent to an area of 50% or
greater stenosis. Their results produced kappa values of
0.78 and 0.63 for segments adjacent and nonadjacent
to severe stenoses, respectively. They concluded that
duplex assessment was not adversely affected by adja-
cent disease.38 However, other findings have revealed
that low-flow velocities distal to lesions of greater than
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TABLE 25-2. Benefits of Color 
Duplex Scanning

Avoids diagnostic angiography 

Permits preoperative planning of catheterization 

Reduces angiography time

Reduces contrast use

Provides accurate diagnosis 

Noninvasive 

Risk-free

Easily repeated 

Performance unaffected by multisegment disease

Has high patient acceptance

Cost-effective  



50% stenosis (including total occlusions) reduce the
performance of duplex scanning.1,19,39 Allard and col-
leagues demonstrated that the sensitivity and specificity
of duplex scanning in arterial segments without any
adjacent lesions of 50% or greater lumen diameter were
calculated at 80% and 98%, respectively; with the pres-
ence of a severe adjacent stenosis, sensitivity and speci-
ficity rates dropped to 66% and 94%, respectively.40

Given the contrasting viewpoints regarding the effect of
multiple lesions on the ability of duplex scanning to
detect hemodynamically significant lesions, further
investigation is warranted.

Several factors necessitate the continued use of peri-
operative angiography. In addition to those aforemen-
tioned issues (e.g., obesity, vessel calcification, and
multiple stenoses), the location of the arterial segment
in question has a significant impact on scanning per-
formance. Numerous studies have indicated that duplex
scanning alone is not sufficient for evaluation of the
crural arteries (Table 25-3).17,20,21,24,26,41 Moneta and col-
leagues demonstrated that 17% of the peroneal artery
segments seen by angiography could not be seen with
duplex scanning.21 Larch and colleagues hypothesized
that the deep location of the peroneal artery, as well as
the multiple fascial layers that surround the vessels,
may contribute to the imaging difficulties.42 Several
authors suggest that if patency of the tibial or peroneal
arteries is questionable after duplex scanning, diagnostic
angiography should be performed.20,43,44 Alternatively,
magnetic resonance imaging has been suggested as a
preoperative modality to detect lesions below the
popliteal artery trifurcation.45,46

What Information Does It Give You?

Once lower extremity arterial occlusive disease is sus-
pected, the entire vascular tree from the iliac arteries to
the tibioperoneal trunk can be assessed for plaque
characterization, lumen diameter, and hemodynamic
changes. Nonoccluding stenoses are demonstrated by a
pathologic Doppler spectrum with high intrastenotic flow

velocities and spectral broadening; waveform analysis
of flow patterns reveals prestenotic increased reverse-
flow components and poststenotic dampened flow
patterns.47

In addition to stenosis information, occlusion length
can also be derived from duplex scanning.48 Total occlu-
sions are recognizable by an absence of color-flow signals
within the vessel lumen, whereas distal runoff vessels
would display a resumption of arterial filling. The segment
without flow data thus may be used to approximate
occlusion length. This ability proves to be another strength
in an area of weakness for angiography. Several studies
have found that arteriography inadequately estimates
lesion length: both over- and underestimations have
been found.3,49,50 In addition, angiography often fails to
visualize arterial segments both proximal and distal to
total occlusions. These failures have been ascribed to poor
timing, incorrect injection site, hemodynamic variables,
and inadequate use of multiplane views.3,17

Screening for PTA using duplex scanning alone has
been examined in several studies.10,11,22,49,51,52 Various
authors have found that the indication for PTA in patients
with lower extremity arterial disease was correct in 84%
to 94% of cases screened.22,28,53 Böstrom-Ardin and
colleagues further examined the role of duplex scan-
ning in categorizing lesions as suitable or unsuitable
for PTA, and revealed varying levels of accuracy based
on the arterial segment. Superficial femoral lesions were
correctly selected for PTA in 85% of cases, popliteal
lesions in 66%, and crural lesions in 32%.10 Thus
duplex scanning can be used as a screening tool in the
lower extremities; however, clinical judgment must still
be applied to these findings.

How Does This Information
Influence Your Treatment?

The duplex scan may be used to determine whether the
patient is a candidate for endovascular intervention.
The selection between PTA and surgical reconstruction
is based on the location, severity, and length of the lesion
in question. A special writing group of The American
Heart Association has described morphologic charac-
teristics of those lesions most amenable to angioplasty,
and listed them as Category 1 (PTA alone is the pro-
cedure of choice); Category 2 (lesions well suited for
PTA); Category 3 (lesions treatable with PTA, although
a lower chance of initial technical success or long-term
benefit is likely); or Category 4 (extensive vascular
disease, for which PTA has a very limited role).54 These
categories are summarized in Table 25-4. By utilizing
the morphologic, hemodynamic, and topographic infor-
mation from color-flow duplex scanning to preopera-
tively determine occlusion length and stenosis, one
may determine patient candidacy.
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TABLE 25-3. Limitations of Color 
Duplex Scanning

Poor visualization of deep structures 

Unable to image calcified vessels 

Image quality related to patient habitus, bowel preparation

Operator dependent 

Reduced performance with multisegment disease 

Reduced performance in infragenicular segments 
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TABLE 25-4. The American Heart Association Guidelines for Percutaneous Transluminal
Angioplasty of the Abdominal Aorta and Lower Extremity Vessels

Segment Category 1* Category 2† Category 3‡ Category 4�

Aorta (infrarenal) Stenosis < 2 cm, with Stenosis from 2 to 4 cm, 1. Stenosis > 4 cm 1. Occlusion, or 
minimal with mild atherosclerotic 2. Stenosis with 2. Stenosis 
atherosclerotic disease of the aorta atheroembolic associated with 
disease of the otherwise disease, or abdominal aortic 
aorta otherwise 3. Stenosis 2 to 4 cm aneurysm 

of the infrarenal 
aorta with 
moderate to 
severe athero-
sclerotic disease 
of the aorta 
otherwise 

Iliac Stenosis < 3 cm, Stenosis 1. Stenosis 5 to 1. Stenosis >10 cm 
concentric, and 1. 3 to 5 cm, or 10 cm, or 2. Occlusion > 5 cm 
noncalcified 2. < 3 cm, calcified or 2. Occlusion < 5 cm after thrombolytic

eccentric after thrombolytic therapy 
therapy 3. Extensive bilateral

aortoiliac 
atherosclerotic 
disease is 
present, or 

4. Stenosis 
associated with 
abdominal aortic 
aneurysm 

Femoro-popliteal 1. Stenosis 5 cm, 1. Stenosis 5–10 cm, not 1. Single occlusion 3 1. Common or 
and not at the involving the distal to 10 cm superficial 
superficial popliteal 2. Multiple lesions, femoral artery 
femoral origin or 2. Occlusion 3–10 cm, each 3 to 5 cm occlusion
distal popliteal, not involving the distal 3. Stenosis or 2. Popliteal and 
or popliteal occlusion > 10 cm proximal 

2. Single occlusion 3. Heavily calcified trifurcation 
3 cm, not stenosis 5 cm occlusion, or 

involving the 4. Multiple lesions, either 3. Multiple lesions 
superficial stenoses or occlusions, without 
femoral origin or each < 3 cm, or intervening 
distal popliteal. 5. Single or multiple normal segments 

lesions without 
continuous tibial 
runoff  

Infrapopliteal Stenosis 1cm of the 1. Multiple focal stenoses, 1. Stenosis 1 to 4 cm 1. Occlusion > 2 cm 
tibial or peroneal each 1 cm, of the or occlusion 1 to of tibial or 
vessels tibial or peroneal 2 cm of tibial or peroneal arteries 

vessels peroneal arteries, 2. Diffusely diseased
2. One or two focal or tibial or peroneal 

stenoses, 1 cm, of 2. Stenosis of tibial arteries 
the tibial trifurcation, trifurcation
or 

3. Tibial or peroneal 
stenosis dilated in 
combination with 
femoral popliteal 
bypass

*PTA alone is the procedure of choice; †Lesions well suited for PTA; ‡Lesions treatable with PTA, with a lower chance of initial technical success
or long-term benefit; �Extensive vascular disease, for which PTA has a very limited role.



Once the lesions have been deemed suitable, duplex
information may be used to plan sites for percutaneous
transluminal angioplasty access. For example, with normal
aortoiliac segments and infrainguinal disease, a direct
antegrade femoral puncture should be used. Conversely,
in the case of iliac artery disease, a contralateral retro-
grade puncture should be employed. Thus, as recom-
mended by Elsman and colleagues, unilateral symptoms
should be followed up with duplex scanning of both
the affected limb and the contralateral aortoiliac segment
for the purpose of ruling out asymptomatic disease that
could potentially complicate any endovascular
intervention.28

Conclusions

Duplex scanning is an accurate and noninvasive modality
for the assessment of iliac, femoral, and popliteal arterial
occlusive disease. In color-flow scanning, morphologic,
topographic, and physiologic data are presented in a
semiquantitative visual format, and more quantitative
hemodynamic data may be interpreted by spectral wave
analysis. Thus it is both an effective screening and
planning tool for candidates of percutaneous translu-
minal angioplasty. However, despite this depth of infor-
mation, intraoperative angiography is still necessary. 
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reconstructive procedures and requires utilization of
multiple techniques to ensure that each of these essen-
tial components is accomplished. Invasive imaging
modalities (e.g., preoperative contrast venography and
intraoperative angioscopy to evaluate suitability of vein
conduit) and intraoperative and postoperative contrast
arteriography to detect graft-threatening lesions have
all been of some clinical utility and are still of occa-
sional benefit. However, there has been a significant
trend toward completion of the necessary pre-, intra-,
and postoperative evaluation of infrainguinal bypass
grafts with noninvasive imaging techniques such as
duplex ultrasound and impedance analysis. Although
the various invasive and noninvasive studies generally
provide useful anatomic data, noninvasive modalities
offer the major advantages of allowing serial evaluations
and providing important hemodynamic information of
clinical and prognostic significance. 

Introduction

Preoperative Vein Graft Evaluation

Intraoperative Vein Graft Evaluation

Postoperative Vein Graft Evaluation

Conclusions

Introduction

horough preoperative assessment, meticulous opera-
tive technique, intraoperative evaluation of the com-
pleted arterial reconstruction, and detailed long-term
follow-up are essential components of vascular recon-
structive surgery. Infrainguinal revascularization,
however, is perhaps the most demanding of all vascular
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Preoperative Vein Graft Evaluation

Autogenous vein is the optimal infrainguinal bypass
conduit. Vein availability and quality are of paramount
importance when planning such a bypass and may
become critical issues in patients undergoing reopera-
tive lower extremity bypass or in those requiring 
lower extremity bypass who have had the greater
saphenous vein stripped or harvested for coronary
bypass. Ipsilateral greater saphenous vein is inade-
quate or absent in as many as 30% to 40% of patients
needing lower extremity revascularization.1–3 In
relatively thin patients with minimal body fat, a rea-
sonable estimation of available vein length and quality
can often be made on physical examination. When
performing a physical examination of a potential 
leg bypass candidate, special attention should be paid
to the presence and location of previous extremity
incisions and scars as well as signs of prior venipunc-
ture over sites of potentially usable vein conduit. 
The course and continuity of the greater saphenous
vein as well as the cephalic vein can sometimes be
evaluated with the limb dependent or following the
application of a light tourniquet. The transmission 
of a wave centrally along the course of the vein
following percussion suggests continuity. Although 
all patients should undergo a thorough clinical inspec-
tion of potential vein conduits before infrainguinal
bypass, the utility of clinical examination alone is often
compromised by body habitus, limb edema, lack of
visibility, and uncertainties regarding course and
quality. 

Physical examination is not usually sufficient to deter-
mine availability of venous conduit and is also often
inadequate in the estimation of vein quality. Vein quality
is a complex and incompletely defined entity but encom-
passes consideration of factors such as caliber, patency,
wall thickness, compressibility or distensibility, and the
presence or absence of intrinsic defects (e.g., calcifi-
cation, valve leaflet or luminal sclerosis, postphlebitic
occlusion with or without recanalization, and major
varicosities). The patency and caliber of potential venous
conduit are the two most salient matters, but the pres-
ence and extent of the other factors mentioned may
mandate rejection of the entire conduit or, if the defect
is focal, excision of the inadequate segment with vein
splicing to create a conduit of sufficient length to perform
the proposed reconstruction. In experienced hands,
such conduit decisions can often be made at the time
of operation; however, many vascular surgeons now
routinely perform additional preoperative evaluation of
potential vein conduit. Such anatomic information
helps to formulate an operative plan with an algorithm
of options should a longer bypass than planned be
required or should initially harvested vein fall short of
expectations.

Venography

Various techniques have been described to assess the
availability and suitability of vein conduit for infrain-
guinal bypass. Sapala and Szilagyi4 were among the first
to propose the use of preoperative contrast venography
to establish the availability and adequacy of vein conduit.
However, venography is invasive, relatively expensive,
associated with the potential of local and systemic
contrast-induced toxicity, and may well yield an inaccu-
rate estimation of conduit diameter. Veith and colleagues5

observed that the saphenous vein at the time of opera-
tion dilated to a diameter 73% greater than that deter-
mined by venography. Shah and colleagues6 reported
that, in 80% of cases, preoperative venography under-
estimated saphenous vein diameter by an average of
1.1 mm compared with the final arterialized lumen
measured at operation. It is clear that the preoperative
venographic measurement of vein graft diameter is
problematic. Venography allows estimation of luminal
diameter but cannot be used to assess wall thickness.
Several authors have also postulated that the injection of
contrast material may adversely compromise the quality
of the vein by damaging the endothelium and triggering
a sclerotic reaction. For all these reasons, preoperative
contrast venography is no longer widely utilized. 

Duplex Scanning

Duplex scanning and cutaneous vein mapping before
lower extremity revascularization provide useful infor-
mation regarding aberrant venous anatomy (e.g., double
or parallel venous systems or varicosities), caliber, and
the presence of sclerotic or occluded segments. Such
anatomic variations and anomalies can be found in up
to 45% of patients.5,6 This information, in conjunction
with scanning data on vein depth and course, permits
the surgeon to strategically place incisions and avoid
extensive, subcutaneous, undermining dissection that
might result in ischemic flaps with resultant wound com-
plications. Preoperative vein mapping may also identify
unsuitable vein unworthy of exploration. Panetta and
colleagues7 correlated preoperative duplex findings with
operative evaluation of the saphenous vein in 21 patients
and reported that duplex ultrasound had a sensitivity of
62% for identifying unsuspected intrinsic vein abnor-
malities and a prevalence rate of 12% for these condi-
tions. One should generally avoid exploration of small-
caliber, thick-walled, sclerotic, occluded, recanalized,
calcified, or excessively varicose segments. 

Among the various characteristics evaluated by duplex
ultrasound, conduit diameter has been the most exten-
sively studied. Numerous investigators have demonstrated
that small-caliber grafts are at substantially increased
risk for the development of graft stenosis or occlusion.8–11

Wengerter and colleagues8 demonstrated a pattern of
progressively decreasing patency rates with vein graft
diameters ranging from 4.0 mm down to 3.0 mm on
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duplex ultrasound. Particularly noteworthy was the obser-
vation that veins with a distended external diameter of
less than 3 mm, when used for infrapopliteal bypasses,
had a distinctly inferior 1-year patency rate (31%)
compared with larger caliber veins (62%). Idu and
colleagues10 concluded that the only factor significantly
affecting the development of vein graft stenoses was a
minimum graft diameter less than 3.5 mm on duplex
ultrasound. Darling and colleagues12 reported higher
revision rates at 25 months in vein grafts constructed
with diameters less than 3.5 mm compared with grafts
greater than 3.5 mm (12% vs. 8%). It has also been
suggested that small-caliber grafts are more vulnerable
to intraoperative damage during harvesting than are
larger vein grafts, particularly during valve lysis required
by the in situ technique. Injury may trigger a local myoin-
timal hyperplastic response, resulting in subsequent
stenosis.

Small-caliber veins may also be the result of previous
episodes of phlebitis or other pre-existing pathology
that can compromise overall conduit quality. These and
other data suggest that search for and utilization of
vein conduits of at least 3.5 to 4.0 mm is an important
principle in the performance of infrainguinal bypass.
Unfortunately, preoperative duplex measurements do
not always precisely correlate with those obtained at
operation following gentle distention or arterialization
of the vein or with intraoperative angiography.13,14 By
necessity, evaluation of venous diameter at operation
follows some dissection and tissue trauma. This results
in medial smooth muscle contraction and subsequent
decrease in intraluminal diameter. Furthermore, intra-
operative assessment of vein by calipers or by com-
parison with catheters of known sizes determines the
external diameter only. This may or may not correlate
with luminal diameter, which is the real determinant of
vein utilization. Therefore duplex ultrasound may well
be more accurate than intraoperative evaluation in assess-
ing vein diameter. In addition, it has been increasingly
recognized that the vascular endothelium is a living
organ in which the metabolism and synthetic activities
of vasoactive factors regulating luminal diameter are
altered in response to biochemical forces generated by
bloodflow.15–17 Fillinger and colleagues17 demonstrated
that conduit diameter following vein graft implantation
is regulated by shear stress; in normally adapting vein
conduit, small-caliber veins (high shear stress) will
enlarge or dilate over time, and large-caliber veins (low
shear stress) will constrict or thicken in order to nor-
malize shear stress. This may explain the finding in one
study that vein grafts less than 3 mm have excellent
patency rates when used in situ.18 Despite these caveats,
bigger is better, and vein segments of at least 3.5 to 
4.0 mm should be utilized whenever possible. 

Although duplex ultrasound has become the pre-
ferred modality for preoperative vein mapping, the best
technique for evaluating potential venous conduits has

yet to be determined. The multiple vein scanning tech-
niques previously reported in the literature lack prospec-
tive validation. The optimal position in which the patient
should be examined and the utility of examination with
a proximal tourniquet in place remain poorly defined
and are not standardized. Clinical investigators have
attempted to increase venous distention to maximize
venous diameter by placing the patient in a progressively
more upright position. Blebea and colleagues19 reported
a prospective, preoperative evaluation of the effects of
patient position on the measurement of vein diameter.
All subjects were examined in the supine position in
bed; in the 20-degree, reversed Trendelenburg position;
sitting on the edge of the bed; standing; and in the supine
position with a high-thigh, low-pressure tourniquet. The
authors concluded that the optimal position for venous
mapping is with the patient supine, and further suggested
repeat examination with tourniquet application when
the vein diameter is below a minimal threshold of 2 mm.
In the vascular unit at the University of Arizona, preopera-
tive duplex vein mapping is routinely conducted with
the patient supine. A 5- to 7-MHz linear probe is used
to sequentially measure the internal diameter of the
proposed vein conduit at multiple sites along its course.
During examination of the greater saphenous vein, the
technician specifically notes the vein diameter at six
specific sites: just inferior to the saphenofemoral junc-
tion, midthigh, above the knee, below the knee, midcalf,
and superior to the medial malleolus. Each measurement
is taken with the patient supine, the hip externally rotated,
and the knee slightly flexed. If this nondistended vein
diameter falls beneath an acceptable minimal caliber 
(2 mm at the authors’ institution), a narrow, high-thigh
tourniquet is applied at a venous occlusion pressure of
approximately 50 to 65 mmHg. If the venous diameter
is still less than 2 to 2.5 mm, the authors would generally
choose not to explore it and would search for alternate
vein conduits such as the lesser saphenous, cephalic, or
basilic vein. The authors routinely perform preoperative
vein mapping in all patients before infrainguinal bypass;
however, it is of greatest utility in the evaluation of
reoperative patients and of those patients requiring the
use of alternate vein conduits. In addition to marking
the course of the main branch of the underlying vein
on the skin surface and performing multiple diameter
measurements, technicians at the authors’ institution also
evaluate compressibility, wall thickness, and note areas
of sclerosis, calcification, and significant varicosity.

Intraoperative Vein 
Graft Evaluation

Early (les than 30 days) graft failure is most commonly
attributed to technical and judgmental errors (e.g.,
inappropriate patient selection, failure to appreciate the
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significance of an inflow or outflow lesion, or inappro-
priate conduit selection). However, progression of an
occult, pre-existing conduit abnormality; or subtle, anas-
tomotic defect, unrecognized or unappreciated at the
initial operation, may account for a significant number
of intermediate bypass failures that occur from 1 to 18
months postoperatively. Depending on the intra-
operative technique used to identify them, the incidence
of residual anatomic defects after infrainguinal bypass
ranges from 15% to 30%.20,21 To ensure optimal graft
function, intraoperative imaging to assess morphologic
graft integrity is important; however, no diagnostic
method has gained universal acceptance. Intraoperative
completion arteriography, angioscopy, and duplex scan-
ning have been the most commonly employed tech-
niques to verify the absence of potential problems such
as intimal flap, plaque dissection, anastomotic stricture,
intrinsic graft defect, intraluminal thrombus, or platelet
aggregation. Additionally, several reports have suggested
that intraoperative determination of outflow resistance
may have a high predictive value for graft failure but
these reports are incompletely substantiated.22–24

Completion Arteriography

Arteriography, despite its imperfections, remains the gold
standard for intraoperative infrainguinal bypass assess-
ment. Mills and colleagues,25 in a prospective study of
the value of routine completion angiography, evaluated
214 consecutive infrainguinal bypass grafts and detected
significant technical problems requiring immediate
revision in 8%. The yield was significantly greater for
femorotibial compared with femoropopliteal reconstruc-
tions. The 30-day primary patency rates were 99% for
femoropopliteal grafts and 93% for femorodistal grafts. 

Intraoperative angiography allows detection of gross
anatomic and technical defects (e.g., anastomotic stenoses)
and graft kinks and twists. It also offers the important
advantage of permitting detailed evaluation of the arterial
runoff. However, it does not always detect residual arte-
riovenous fistulae after in situ saphenous vein bypass
grafting, and it may also be insufficiently sensitive to
detect more subtle findings (e.g., valve leaflet-
associated abnormalities in reversed grafts, incomplete
valve lysis in in situ conduits, and sites of platelet
aggregation). Another major shortfall of angiography,
like angioscopy, is that neither method provides
hemodynamic information. 

Angioscopy

Although prospective controlled data are lacking to
support the proposition that routine intraoperative
angioscopy improves long-term graft patency, there is
no question that it allows the identification of vein con-
duit defects of potential significance.26–29 This is espe-
cially true when utilizing arm vein conduits.27–29 Arm

vein conduits may harbor stenoses; synechiae; webs;
or other intrinsic, intraluminal abnormalities in 50% to
75% of patients. In contrast, such abnormalities have
been identified in only 12% of saphenous veins.7 These
lesions are identifiable and sometimes correctable with
angioscopy, allowing the surgeon to upgrade conduit
quality.27,30 Angioscopy may also be utilized as an adjunct
to performing valve lysis during in situ bypass. However,
angioscopy is somewhat cumbersome, may be difficult
and potentially injurious with smaller diameter conduits,
and is not especially useful in assessment of runoff.31 It
also provides no hemodynamic information. Excepting
its use in centers performing a high volume of arm vein
grafts, and by some surgeons who use it as an adjunct
to valve lysis during in situ bypass, angioscopy is not
widely employed.

Duplex Scanning

Intraoperative duplex scanning provides not only an
anatomic assessment of the vein bypass and inflow and
outflow vessels, it also provides hemodynamic informa-
tion that may be useful in planning the rational appli-
cation of adjunctive procedures to increase graft flow,
postoperative anticoagulation, and graft surveillance.
Disadvantages of intraoperative duplex scanning include
the expense and availability of the scanner, increase in
operative time, and the need for acquisition of the neces-
sary skills and expertise to correctly perform and inter-
pret the duplex study. Papanicolaou and colleagues32

reported a series of 81 vein grafts in which they compared
the use of color-flow duplex with peak systolic velocity
(PSV) measurements to angiography for completion
study of infrainguinal bypass. Among 49 intraoperative
studies, duplex scan abnormalities were identified in
17 patients (34.7%), 9 (18.4%) of which were imme-
diately revised. Specific criteria for revision included a
focal PSV greater than 200 cm/sec or a low graft flow
velocity less than 45 cm/sec. Unrepaired duplex-detected
defects were followed to determine their contribution
to the need for early or late graft revision. All of the
grafts with unrepaired abnormalities required revision
in the postoperative period. None of the grafts with
normal intraoperative scans developed lesions requiring
revision during a mean follow-up interval of 16.1 months.
Bandyk and colleagues,33 in a prospective study of 275
infrainguinal vein graft bypasses undergoing intraopera-
tive color-duplex evaluation, identified abnormalities
requiring immediate operative intervention in 16% of
grafts. Criteria for intraoperative graft revision were a
focal PSV greater than 180 cm/sec associated with a Vr
greater than 2.5. Reversed vein grafts exhibited the
lowest scan abnormality and revision requirement rates
(7%), whereas translocated, in situ, and arm vein grafts
harbored significant duplex-detectable flow abnormali-
ties in 15% to 23% of patients. A normal intraoperative
scan was associated with a 90-day thrombosis rate of
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0.4%. In contrast, grafts with residual or unrepaired
duplex abnormalities were associated with a thrombosis
rate of 40%. These data suggest that a normal intra-
operative duplex is predictive of early and intermediate
graft patency; that intraoperative duplex scanning has
a higher yield when applied to translocated, in situ, or
arm vein conduits; and that significant unrepaired
defects compromise subsequent graft patency.

Johnson and colleagues34 proposed that vein grafts
with low intraoperative PSV (less than 30 to 40 cm/sec)
and high outflow resistance (absent diastolic flow) should
undergo adjunctive procedures to augment flow (e.g.,
distal arteriovenous fistulae or sequential bypass graft-
ing). If adjunctive procedures could not be performed,
antithrombotic therapy was initiated. They used intra-
operative color-duplex scanning to assess vein graft
patency and hemodynamics in 626 infrainguinal vein
bypass grafts. Criteria for intraoperative repair were PSV
of more than 180 cm/sec with spectral broadening and
velocity ratio greater than 3. Duplex scanning prompted
revision of 104 lesions in 96 (15%) bypass grafts. A
normal intraoperative scan on initial imaging or after
revision was associated with a 30-day thrombosis rate
of 0.2% and a revision rate of only 0.8%. In contrast,
29% of the grafts with residual or unrepaired stenoses
or low flow required a subsequent corrective procedure
for graft thrombosis or stenosis. 

Intravascular ultrasound (IVUS) is another emerging
method of possible utility in the intraoperative anatomic
evaluation of lower extremity vein grafts.35 IVUS may
permit detection of luminal and anastomotic irregulari-
ties, vessel wall abnormalities, and inflow and outflow
lesions; however, it is relatively expensive, is associated
with a risk of catheter-induced injury, and provides no
hemodynamic information. 

Hydraulic Impedance

Bloodflow measurements have long been proposed as
an effective means of confirming bypass patency and of
documenting hemodynamic improvement at the com-
pletion of infrainguinal bypass procedures. Early studies
focused on the measurement of bloodflow using electro-
magnetic flow monitoring; results suggested that grafts
with adequate levels of bloodflow exhibited superior
patency rates at 1 year.36,37 More recent efforts have raised
the concept of functional runoff assessment through
determination of resistance.22–24 The method for
measuring outflow resistance was first described in the
1980s.38,39 The vein graft is cannulated proximally with
a 20-gauge intravenous catheter which is connected to
an arteriographic injector. A 23-gauge needle is intro-
duced into the hood of the distal anastomosis and is
pressure transduced to a monitor. Pressure measurements
are obtained from the hood of the distal anastomosis to
confirm that no hemodynamically significant lesions
exist in the graft or inflow source. Outflow resistance is

obtained by clamping the proximal graft, infusing normal
saline solution at a rate of 60 mL/min through the
proximal cannula, and measuring the resultant pressure
generated at the distal anastomosis. The distal pressures
typically reach an initial peak followed by a slightly
lower plateau pressure. All measurements are done after
the administration of 30 mg papaverine into the outflow
bed via the vein graft to correct for differing amounts
of vasospasm among patients. Applying Ohm’s law,
plateau pressure is used to calculate the outflow
resistance:

Outflow resistance = plateau pressure
(mmHg)/infusion rate (mL/min)

Peterkin and colleagues40 have shown correlation
between this outflow resistance and preoperative
angiographic findings. 

Although many investigators have found that intra-
operative measurements of bloodflow, flow waveform
contour, flow velocity, and resistance correlate with graft
patency to some degree, the most physiologic parameter
may be the impedance, which describes the total oppo-
sition to flow presented by a system. Schwartz and
colleagues41 reported that determination of longitudinal
impedance is of greater prognostic significance than are
calculations of bloodflow and resistance. Longitudinal
impedance can be calculated using a complex Fourier
transformation. In a series of 73 autologous infrainguinal
bypass grafts, the study authors demonstrated that
intraoperative longitudinal impedance in infrainguinal
vein grafts was independent of outflow conditions and
hence described the resistive properties of the conduit
only. In addition, these preliminary data suggest that
longitudinal impedance is predictive of short-term primary
patency and may be a better predictor of graft patency
than are other currently available methods. This tech-
nique, although of some interest, is unlikely to be widely
adopted in the clinical setting.

Vein Biopsy

Preimplant vein morphology has been implicated as a
risk factor for graft stenosis.7,42–44 The aforementioned
evidence that shear stress is the primary determinant of
luminal diameter also implies that vein grafts fail when
the vein does not adapt properly. Thus intrinsic vein
disease may be even more important than vein diameter
in determining ultimate graft patency. LoGerfo and
colleagues42 in 1977 reported that vein quality was asso-
ciated with a significant reduction in graft patency,
although no objective criteria were defined to categorize
a vein as poor quality. Marin and colleagues44 studied
remnant vein specimens taken at the time of surgery
and concluded that microscopic intimal thickening and
increased cellularity were strongly associated with failed
or failing vein grafts. They advocated random saphenous
vein biopsy to detect vein at risk for subsequent graft
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failure. However, James and colleagues45 found that
preimplant vein intimal thickness, determined from a
random vein biopsy at the time of primary leg bypass
in a macroscopically normal preimplant vein, was not
predictive of the subsequent development of vein graft
stenosis. Further investigation is needed to resolve this
issue. 

Postoperative Vein 
Graft Evaluation

Serial vein graft attrition remains the most significant
obstacle to long-term clinical success. Five years after
implantation, in the absence of reintervention, only
50% to 70% of infrainguinal vein grafts will be patent,
and only 40% to 50% will be primarily patent after the
first decade.46 The ultimate goal of infrainguinal vein graft
surveillance is to prevent graft occlusion by accurate
identification and timely repair of graft-threatening lesions.
Vigilant surveillance and strategic surgical revision will
avert the persistent threat of graft failure caused by
anastomotic and conduit defects, myointimal hyperplasia,
and progressive atherosclerosis and improves long-term
graft patency and limb salvage rates. An improvement
in 1-year patency rate of approximately 15% has been
reported in patients who were prospectively followed
by duplex scanning.47,48 However, many concerns have
been raised, including the efficacy of performing graft
revision procedures on asymptomatic patients, the eco-
nomic costs of surveillance, and the vascular laboratory
manpower requirements. Nevertheless, graft occlusion
is technically demanding for the vascular surgeon, poten-
tially disastrous for the patient, and incurs significant
healthcare costs. Most surgeons, therefore, feel that
graft surveillance in some form is both necessary and
justifiable. 

Rationale for Surveillance

Failing infrainguinal autogenous venous conduits are often
heralded by the development of intrinsic graft stenoses.
Certain intrinsic lesions may progress to hemodynamic
significance, reduce graft flow below the thrombotic
threshold velocity, and culminate in graft thrombosis.
In Szilagyi and colleagues49 classic, serial angiographic
study of 377 reversed lower extremity vein grafts, 33%
of grafts developed stenosis within 5 years of implanta-
tion. More recent studies utilizing duplex surveillance
have confirmed that 20% to 35% of grafts develop
stenoses within the graft or in the native arterial inflow
or outflow vessels within 2 years.48,50–54 Numerous reports
confirm that 60% to 80% of graft-threatening lesions
are focal, identifiable, and potentially correctable.
Donaldson and colleagues55 reported a detailed analysis
of the causes of graft failure in a consecutive series of

440 in situ vein grafts: Over 63% of failures were caused
by intrinsic defects within the vein conduit itself or its
anastomoses. Mills and colleagues56 identified intrinsic
graft lesions as the cause of failed or failing grafts in
60% of cases in a prospective duplex study of 227
consecutive reversed vein grafts. Intrinsic graft stenosis
is thus the most common cause of both in situ and
reversed vein graft failure following implantation. 

The incidence of stenotic lesions in vein grafts differs
between series depending on the diagnostic criteria for
graft stenosis, the screening technique employed, and the
duration of follow-up. In patients monitored by clinical
means alone, with perhaps the addition of simple ankle-
brachial index (ABI) measurement, the incidence ranges
from 5% to 21%. Duplex scanning is much more sensi-
tive and detects lesions in 20% to 37% of grafts.48,56,57

Clinical examination can only detect the presence or
absence of a pulse in a graft or run-off vessel and gives
no indication of the potential likelihood of thrombosis.
Pulses may be enhanced by reflected waves from a very
high-resistance peripheral bed, and pulses may be diffi-
cult to palpate in obese or edematous patients. Pulse
palpation has serious limitations because the graft may
be located in a deep anatomic compartment and may be
inaccessible to direct palpation. Bandyk and colleagues58

demonstrated that 68% of patients with preocclusive
vein graft stenoses had no clinical symptoms. ABI is like-
wise a poor predictor of graft function. Recent studies
have shown that up to 40% of grafts fail without a
premonitory drop in ABI. Recurrence of symptoms and
decreases in ABI are more likely the result of a failed
graft unsuitable for surgical or endovascular interven-
tion, rather than an indicator of a failing, potentially
readily salvageable graft. Idu and colleagues48 reported
that clinical symptoms identified only 33% of stenotic
grafts. A significant drop in ABI (greater than 0.15) was
observed in only 38% of grafts with significant duplex-
detected stenoses. The ABI can be a useful prognosti-
cator, however, when used in conjunction with duplex
graft surveillance data. Green and colleagues59 found that
grafts harboring duplex surveillance-detected stenoses
associated with an ABI decrease of 10% or greater had
a 66% incidence of thrombosis within 3 months; if the
ABI was normal, but the duplex scan was abnormal, the
corresponding risk of failure within 3 months was only 4%;
no graft thrombosed if both scan and ABI were normal. 

The function of autogenous vein grafts implanted
into the arterial circulation is best monitored by serial
duplex surveillance. Impedance analysis has been sug-
gested as an alternative method to detect graft-related
stenoses; however, its utility has yet to be proven.60,61

Graft impedance can only be accurately measured during
operation and is not widely performed. 

Duplex graft surveillance is noninvasive, sensitive,
accurate, reproducible, and economical. At least 80%
of graft lesions develop within the first 2 postoperative
years, with the highest risk incurred during the first 6
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months. There are several studies indicating a high inci-
dence of duplex-detected flow abnormalities in both in
situ and reversed vein grafts studied within 30 days of
implantation despite normal completion arteriograms.
Such data suggest that maximizing the utility of graft sur-
veillance would require increased surveillance intensity
during this early period of particular graft vulnerability.

Vein graft stenoses developing during the first 3 to 6
postoperative months may behave in a particularly aggres-
sive manner. Several investigators have suggested that
these lesions are more prone to rapid progression and vein
graft thrombosis than are later, more slow-to-develop
lesions.52,62–64 Early and late-appearing graft lesions
may therefore exhibit different biologic behaviors. It has
been hypothesized that early flow disturbances could
be associated with platelet aggregation at sites of tech-
nical imperfection, areas of intimal injury, or at valve
leaflet defects. During the period of adaptation to the
arterial circulation, these early flow disturbances may
be subjected to a different milieu of growth factors and
cytokines compared with later lesions. Nielsen64 reported
that patients who developed stenoses within 3 months
of surgery had a higher risk of graft thrombosis than
did patients who developed stenoses at a later stage 
(12 month patency 40% vs. 83%, p = 0.01). They pro-
posed that early stenoses exceeding specific velocity
parameters (Vr >2.5) should be revised even in the
absence of ankle-brachial index reduction. Ihnat and
colleagues65 observed that grafts with early postopera-
tive flow disturbances detected by means of duplex
scanning were associated with a nearly threefold increase
in subsequent development of graft-threatening stenosis
and requirement for revision when compared with
grafts with normal early scans.

Vein grafts with serial normal duplex studies exhibit
an extremely low rate of graft occlusion during long-
term follow-up. In contrast, the natural history of grafts
harboring high-grade intrinsic stenoses, particularly those
detected in the first 3 to 6 months after surgery, is sudden
occlusion. Unrevised vein grafts with critical stenoses
have a short-term rate of subsequent occlusion that is
as high as 80%.66 Prophylactic intervention for such
high-grade lesions is justified because prophylactic
revision of stenotic grafts is durable and the outcome of
treatment for graft occlusion is poor. Robinson and
colleagues67 found that vein grafts requiring thrombec-
tomy within 30 days of surgery had a twofold risk of
developing stenosis as well as reduced secondary patency
rates. Vein grafts that occlude in the intermediate and
late postoperative periods also fare poorly. Numerous
reports have confirmed dismal long-term patency rates
(ranging from 19% to 28%) for grafts following throm-
bectomy and thrombolysis.68–72 On the other hand, sur-
gical correction of a failing vein graft before thrombosis
occurs yields 5-year assisted patency rates (80% to 85%)
comparable to those for nonstenotic grafts, effectively
restoring the life-table curve to normal.73,74

Method of Graft Surveillance

The purpose of a graft surveillance program is to maxi-
mize the detection of graft-threatening lesions before
the occurrence of graft thrombosis. The protocol design
must take into account both the progression and natural
history of vein graft stenosis. Nearly 80% of graft stenoses
develop within 12 months of graft implantation; the
majority of these are detectable within the first 6 post-
operative months. Early graft lesions (less than 3 months)
tend to progress more rapidly and are more threatening
than are lesions developing at later intervals. Mills and
colleagues75 prospectively performed duplex surveillance,
beginning in the intra- and early postoperative period,
to determine the origin of vein graft lesions and delin-
eate their propensity for progression. They found that
significant stenoses appeared to develop at sites of pre-
existing or early-appearing conduit abnormalities or
unrepaired technical defects; only 2% of stenoses devel-
oped de novo in graft segments that were entirely normal
at the time of graft implantation. Of 42 grafts (32% of
series) with abnormal scans within the first 3 months,
18 (43%) subsequently developed high-grade stenoses.
In addition, 27 grafts (22% of series) demonstrated sus-
picious areas on the 1-week scan, and 8 of these (30%)
subsequently developed hemodynamically significant
stenoses requiring revision. 

The authors recommend early postoperative scanning
(one scan within 4 weeks of reconstruction, two scans
within 3 months) because it allows the surgeon to stratify
grafts into high, intermediate, and low-risk categories
for thrombosis. The criteria we utilize consist of low-
flow and high-velocity thresholds and are outlined in
Table 26-1. Grafts with early flow disturbances require
more intensive surveillance. Although the risk of develop-
ing a graft stenosis falls off significantly after 1 to 2 years,
there persists an annual 2% to 4% incidence of late-
appearing graft stenosis and a 5% to 10% lifetime risk
of inflow/outflow disease progression requiring inter-
vention.65 Reifsnyder and colleagues76 have demonstrated
that venous conduits commonly develop significant
lesions beyond 5 years. Landry and colleagues74 reported
that although most vein bypass revisions were required
in the first year, 34% of revisions were performed between
the first and fifth year, and 11% after 5 years. Long-term
follow-up, albeit of diminished intensity, is therefore
worthwhile.

We recommend a surveillance paradigm that incor-
porates available natural history and disease progression
data (Fig. 26-1). The first postoperative scan is obtained
before discharge from the hospital or at the time of the
first postoperative clinic visit (within 4 weeks of graft
implantation). A repeat study is performed 3 months
after graft implantation. If these two studies are normal
(about two thirds of grafts), the surveillance visits are
extended to every 6 months until 2 years after surgery.
After 2 years, annual studies are performed for the life-
time of the patient. If lesions are detected during inter-
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mediate or late follow-up, scanning frequency is increased
to identify grafts with progressive lesions. Low and
intermediate-grade lesions are followed for progression.
Duplex scanning is performed every 6 to 8 weeks until
the lesion resolves or until it becomes high-grade.
High-grade lesions mandate revision.

Graft surveillance consists of physical examination
(pulse palpation); ABI determination; and complete
color-duplex interrogation of the adjacent inflow and
outflow arteries, both proximal and distal anastomoses,
and the entire venous conduit. If there is a significant
drop in ABI, or a low-flow graft is identified but duplex
surveillance fails to detect a responsible lesion, further
evaluation with conventional arteriography or MRA is
indicated.

The most important component of graft surveillance
is thorough duplex interrogation of the graft. Surveillance
is simplified if the graft has been tunneled subcutaneously
and when color-flow imaging is utilized. Doppler imaging
with either a 5.0- or 7.5-MHz linear-array probe is ini-
tiated in the native artery proximal to the origin of the
reconstruction. Velocity spectra measurements should
be made at a Doppler angle less than or equal to 60
degrees. Arterial waveforms and velocities are recorded
from the inflow artery, proximal anastomosis, the proximal
graft, the midgraft, the distal graft, the distal anastomosis,

and the outflow artery. Findings suggestive of a possible
inflow artery stenosis include a rounded upstroke on
the waveform tracing and a clearly prolonged upstroke
acceleration time. 

If a focal, mosaic color-flow disturbance is identified,
the peak systolic velocity (PSV) is measured and compared
with a normal caliber, turbulence-free site in the graft
proximal to the flow disturbance. The ratio of the stenosis
PSV (V2) to normal proximal PSV (V1) is termed the
velocity ratio (Vr). The advantage of employing a ratio
is that changes in graft flow caused by alterations in
peripheral resistance or cardiac output are annulled.
The use of Vr allows accurate measurement and com-
parison of stenosis progression between visits. PSV and
Vr determinations are the most useful duplex-derived
surveillance measurements, but Vr is the single most
accurate criterion for the determination of the presence
and degree of graft stenosis. 

The mean PSV in a normal infrainguinal vein graft is
generally 60 to 80 cm/sec. A stenosis is defined as a
PSV greaer than 180 cm/sec with a Vr greater than 1.5.
A focal vein graft PSV greater than 300 cm/sec and a Vr
greater than 3.5 indicate a high-grade stenosis. Measure-
ments of end-diastolic velocity (EDV) can also be readily
performed (Fig. 26-2). Although the EDV is less sensitive
than PSV and Vr, an EDV exceeding 75 to 100 cm/sec
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TABLE 26-1. Stratification of Risk of Graft Thrombosis Based on Surveillance Data

Category High Velocity Criteria Low Velocity Criteria Drop in ABI

I (Highest Risk) PSV > 300 cm/s or Vr > 3.5 and GSV < 45 cm/s or >0.15

II (High Risk) PSV > 300 cm/s or Vr > 3.5 and GSV > 45 cm/s and <0.15

III (Intermediate Risk) 180 < PSV > 300 cm/s or Vr > 2.0 and GSV > 45 cm/s and <0.15

IV (Low Risk) PSV < 180 cm/s and Vr < 2.0 and GSV > 45 cm/s and <0.15

PSV = Duplex-derived peak systolic velocity at site of flow disturbance; GFV = graft flow velocity (global or distal); Vr = velocity ratio of stenosis
to more proximal graft segment of same caliber; ABI = Doppler-derived ankle-brachial index.

Duplex scan at 
<4 weeks and at 3 mos

Abnormal

6 months

Repair

Normal schedule

2–4%
per year

Q 12 mos
after

2 years

Q 6–8 weeks

Return to time 0Resolution

Q 6 mos until 2 years
Normal

NormalAbnormal

Progression PSV >300 cm/sec
Vr  >3.5

Figure 26-1. Surveillance algo-
rithm detailing recommended
timing of postoperative graft
surveillance. 



at the site of flow disturbance is a very specific finding
for a stenosis exceeding 75% diameter reduction.77 As
outlined in Table 26-1, the authors utilize both high- and
low-flow/velocity criteria to guide intervention. High-
velocity criteria include a PSV greater than 300 cm/sec
at the site of stenosis and/or Vr greater than 3.5. Peak
systolic graft flow velocity generally should exceed
45 cm/sec in a normal caliber infrainguinal vein graft.
If the graft flow velocity falls below this critical threshold,
the graft is more prone to thrombosis. The authors 
also perform ABI determinations at each surveillance
visit. Low-velocity criteria include a global graft PSV
less than 45 cm/sec as well as a decrease in ABI greater
than 0.15.

Flow characteristics of a vein graft are influenced
primarily by the outflow resistance and graft diameter.
Belkin and colleagues78,79 have suggested that vessel

diameter be taken into account in the determination of
abnormal PSV measurements. They noted a significant
inverse correlation between PSV and diameter for tibial
and popliteal grafts but not for inframalleolar level grafts.
Fillinger and colleagues17 suggest that it may be useful
to calculate shear stress during graft surveillance because
it is determined by both velocity and diameter. This
may help eliminate the problem of detecting abnormalities
caused by native vessel diameter rather than by focal
stenosis (Fig. 26-4). Despite these limitations, it should
be understood that no single threshold for PSV is accu-
rate in identifying all grafts at risk for failure. Serial
measurements should be used to detect deterioration in
graft function.

Four categories of thrombotic risk are defined according
to four hemodynamic parameters: PSV, Vr, GFV (distal
or global flow velocity), and ABI (see Table 26-1). The
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Figure 26-2. A, Selective arteriogram demonstrates a severe proximal graft stenosis. B, Previous duplex examination revealed
a focal stenosis associated with a peak systolic velocity of 520 cm/sec, Vr = 5, and reduced ABI = 0.75. C, Arteriogram after 6 mm
PTA of vein graft stenosis. D, Duplex examination documents a reduction of peak systolic velocity to 155 cm/sec after PTA,
restoration of triphasic waveform, and improved ABI = 0.93.



highest risk category includes grafts with PSV greater
than 300 cm/sec, Vr greater than 3.5, and a reduction
in ABI. These graft lesions are unlikely to regress and
mandate revision to prevent graft thrombosis. Lesions of
intermediate hemodynamic significance (PSV greater

than 180 cm/sec and Vr greater than 1.5) should be
monitored by duplex every 4 to 6 weeks until resolu-
tion or progression to threshold for intervention occurs.
Normal graft surveillance studies are associated with a
very low risk of graft thrombosis. Sladen and colleagues80
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Figure 26-3. A, Duplex exami-
nation of common femoral artery
in a patient who underwent a
femoral popliteal bypass with
saphenous vein 7 years ago.
There is a normal triphasic wave-
form. B, Duplex examination of
midvein graft with low flow (peak
systolic velocity = 15 cm/sec) and
monophasic waveform. C, Selec-
tive arteriogram demonstrating
the absence of significant vein
graft lesions. D, Selective arterio-
gram demonstrating a high-
grade outflow popliteal artery
stenosis. This patient had an ABI
= 0.66.



described nearly identical criteria. There are minor
variations in the literature concerning the definition of
high-grade stenosis. In general, a PSV greater than 250
to 300 cm/sec or a Vr greater than 3 to 4 is felt by most
clinicians to mandate either arteriography or intervention.

The surveillance program is most intense during the
first 1 to 18 months, which is the period of greatest risk
for graft stenosis and occlusion. Surveillance is con-
tinued for the lifetime of the patient to capture hemo-

dynamically significant atherosclerotic deteriorations in
outflow and inflow arteries and late development of
lesions within the graft conduit itself.

There have been minor inconsistencies in published
reports with respect to the magnitude of stenosis man-
dating revision. Some understanding of the natural history
of vein graft stenosis is critically important before recom-
mending graft revision. Idu and colleagues48 described
the impact of a color-flow duplex surveillance program
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Figure 26-4. The patient in
Figure 26-3 underwent outflow
popliteal artery PTA. A, Subse-
quent duplex examination indi-
cates return of a triphasic wave-
form in the midgraft. B, Selective
arteriogram demonstrating the
absence of significant vein graft
lesions. C, Selective arteriogram
after popliteal PTA (magnified
view) demonstrating successful
resolution of the popliteal artery
stenosis with an increase in ABI
to 0.96.



on infrainguinal vein graft patency. Two patient groups
were followed for a median of 21 months: 160 bypass
grafts were monitored with clinical assessment as well
as duplex scanning, whereas 41 bypass grafts were
followed by clinical assessment alone. Stenoses greater
than 30% were identified in 29% of all vein grafts (32%
in the surveillance group vs. 7% in clinical assessment
only group, p = 0.005). None of the grafts with stenoses
between 30% and 49% diameter-reduction failed during
follow-up. Occlusion occurred in 57% of the nonrevised,
vs. only 9% of the revised grafts (p = 0.047) harboring
stenoses in the 50% to 69% category. Stenoses with
greater than 70% diameter-reduction were associated
with graft failure in 100% of nonrevised bypasses, vs.
10% of revised grafts (p= 0.004). Mills and colleagues66

reported that 7 of 9 grafts with unrepaired critical
stenoses (PSV greater than 300 cm/sec, or Vr greater
than 4) thrombosed within 4 months.

Identification of subgroups of patients who may benefit
from more intensive surveillance has been the subject
of a number of clinical studies. However, clinical and
technical variables appear to offer little prognostic value
as to the risk of graft stenosis. The presence of severe
comorbid illnesses (e.g., coronary artery disease, diabetes
mellitus, and end-stage nephropathy) does not appear
to significantly influence the development of graft stenosis.
Operative technique, most specifically the controversy
between reversed and in situ conduit configurations,
has received considerable attention, but there has been
no convincing evidence that either technique offers a
significant patency advantage.54,81,82 Tobacco smoking
increases the risk of graft stenosis.54 There are conflicting
results as to whether female gender is a risk factor for
graft stenosis.83.84 Alternative venous grafts (e.g., arm,
lesser saphenous, or spliced) are associated with an
increased incidence of graft stenosis as well as poorer
patencies, factors that mandate more aggressive surveil-
lance.65,85,86 Ihnat and colleagues65 reported a 30-month
assisted-primary patency rate of alternate vein conduits
of 73%, compared with 93% for greater saphenous
grafts. Interestingly, it also has been demonstrated that
low graft flow is a predictor of graft stenosis after
infrainguinal bypass.87,88 Ihlberg and colleagues87 sug-
gested that it would be beneficial to devise flow criteria
for risk group stratification for future surveillance
programs.

Graft Revision

The rate of graft revision reported in the literature
varies with the criteria used to determine the need for
revision and the duration of follow-up. Natural history
data support the efficacy of vein graft surveillance and
prophylactic revision of grafts with high-grade stenosis.
Mattos and colleagues89 reported that when grafts with
stenoses detected by duplex were left untreated, the
patency rate at 1 year was 66% compared with 96% in

revised grafts. Ihnat and colleagues65 found that 34% of
grafts followed for a mean period of 35 months required
revision procedures; operative revision was durable. 

Not all stenoses progress to occlusion, and the criteria
for bypass revision remain in evaluation. Patients with
early stenoses, most often caused by myointimal hyper-
plasia, appear to benefit from revision even in the absence
of ABI reduction.64,65 Stenoses reaching the threshold
criteria in the early postoperative period represent rapidly
progressing lesions, whereas stenoses identified later
may represent more slowly developing lesions. Recent
reports have questioned the necessity of correcting proxi-
mal inflow lesions in the absence of clinical symptoms.
Some investigators have reported that these lesions do
not have a negative impact on graft patency and thus
surveillance of these areas may be unnecessary.90 Moreover,
regression may occur.91

Preoperative arteriography before graft revision has
been a contentious issue. Landry and colleagues50 observed
that arteriography significantly contributed to operative
planning in 42% of revision cases. Duplex surveillance
criteria for arteriography suggested by these authors
include a PSV greater than 200 cm/sec, Vr greater than
3.0, presence of a midgraft velocity less than 45 cm/sec,
interval drop in ABI 0.2, and/or change in clinical status.
Arteriography was critical for identifying significant lesions
when the proximal anastomosis was to the profunda
femoris artery or in the presence of tandem graft lesions.
The authors repaired lesions with greater than 50%
angiographically confirmed stenosis, which led to a 5-
year–assisted primary patency rate of 91%. They con-
cluded that preoperative arteriography was mandatory
before revision of failing vein grafts. Idu and colleagues92

recently published the results of a multicenter Dutch study
assessing the role of angiography before graft revision.
A standardized postoperative vein graft surveillance pro-
tocol was performed in 300 patients, of whom 84 (28%)
subsequently underwent vein graft revision. These authors
found a Vr greater than 3 to have a high correlation
with greater than 70% angiographic stenosis. According
to their proposed algorithm, patients with a Vr less than
2.5 underwent conservative treatment without angiogra-
phy or revision, patients with a Vr greater than 4 under-
went revision on the basis of duplex scan findings alone
without angiography, and patients with a Vr between
2.5 and 4.0 underwent angiography before revision.
This policy of selective arteriography resulted in a 5-year
assisted-primary patency of 74%. Mills and colleagues66

suggested that intermediate graft stenoses (PSV less
than 300 cm/sec, Vr less than 4) could be safely followed
with close serial duplex surveillance, and that high-
grade lesions (Vr greater than 4, PSV greater than 300)
could be repaired based on duplex-findings alone.

The type of graft revision procedure is dependent on
the location of the stenosis. It is generally accepted that
vein patch angioplasty is appropriate for focal graft
body lesions, whereas interposition grafting is indicated
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for more diffuse disease. Jump grafts are favored for distal
anastomotic stenoses. Successful revision normalizes
graft hemodynamics.

The anatomic distribution of stenotic vein graft lesions
has been reported by several authors. Interestingly, the
location of the lesion may be dependent on the grafting
technique. Mills and colleagues56 prospectively studied
227 infrainguinal reversed vein grafts over a 5-year period
and found 33 intrinsic graft stenoses in 29 grafts, of
which the majority (53%) were juxta-anastomotic and
only 29% of the lesions were in the middle of the graft.
Similarly, Berkowitz and colleagues93 reported anatomic
data in a series of reversed saphenous vein graft stenoses
in which the majority of lesions (40%) were just distal
to the proximal anastomosis hood and 29% were juxta-
anastomotic. In contradistinction, Donaldson and col-
leagues94 detailed the causes of primary failure of 85 in
situ bypass grafts and found that 63% of graft throm-
boses were caused by intrinsic graft lesions, with the
majority being in the midgraft, whereas only 27% were
juxta-anastomotic lesions. Some authors have suggested
that proximal lesions are more common in reversed
grafts and distal lesions more common in in situ grafts
(Table 26-2), but the available data do not fully support
this assertion.

A patent graft does not necessarily guarantee limb
preservation. Most authors have suggested that graft
surveillance improves both graft patency and limb salvage
rates.48,89,95,96 The only prospective randomized study
in favor of an intensive surveillance program found an
improvement of 25% in assisted-primary patency rate
compared with routine clinical follow-up in patients with
autogenous infrainguinal bypass grafts. The authors
did not report limb salvage rates.97 A meta-analysis of
graft surveillance by Golledge and colleagues96 con-
cluded that although the patency of infrainguinal vein
grafts was improved by surveillance, no improvement

could be demonstrated with respect to limb salvage rates.
The lack of level I evidence and differing interpretations
of available duplex surveillance data resulted in the
initiation of a prospective, randomized trial in the United
Kingdom to determine the efficacy of duplex ultrasound
graft surveillance.98 The study is under way, but the
trial is incomplete and results are not yet available.

Economics of Graft Surveillance

Two studies, one in North America and one in western
Europe, have carefully evaluated the economics of vein
graft surveillance. Wixon and colleagues99 analyzed 155
consecutive autogenous infrainguinal bypass grafts
performed in 141 patients. Graft revision for duplex-
detected stenosis, in comparison with revision after
thrombosis, improved 1-year patency, resulted in fewer
amputations, and generated fewer expenses at 12 months
($17,688 vs. $45,252). Visser and colleagues100 also
concluded that duplex surveillance was cost-effective
in both claudicants and in those with critical limb ischemia,
and that it reduced the risk of major limb amputation.
Both studies suggest that the prevention of a small to
moderate number of vein graft occlusions by judicious
use of a duplex surveillance protocol makes clinical
sense and yields substantial economic benefit.

Conclusions

The ultimate fate of an infrainguinal vein bypass depends
in part on the philosophy and aggressiveness of the
vascular surgeon. Adoption of a nihilistic approach to
graft surveillance results in an unacceptable incidence
of unexpected graft thrombosis. Every effort must be
made to detect the failing vein graft before thrombosis
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TABLE 26-2. Incidence and Location of Graft-Threatening Stenoses Detected by Duplex
Surveillance

Number of 
Stenoses / 

Graft Number of Proximal Distal Outflow 
Author Year Type Grafts (%) Inflow Anastomosis Midgraft Anastomosis

Bandyk58 1991 In situ 83/372 (22%) 9 10 40 9 15 

Buth77 1991 In situ 43/116 (37%) - 17 23 3 - 

Donaldson94 1992 In situ 85/455 (19%) 3 14 37 14 16

Mills56 1993 Reversed 38/227 (18%) 3 10 6 8 2 

Mattos89 1993 Mixed 62/170 (36%) 2 10 40 7 3

Erickson53 1996 In situ 169/556 (30%) 13 6 61 9 11  



occurs. The best available evidence supports a surveil-
lance protocol utilizing duplex scanning for all patients
undergoing infrainguinal bypass with autologous vein.
There are no data suggesting that duplex surveillance
of prosthetic grafts is worthwhile.65,97,101,102
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times in hopes of improving patient acceptance and
increasing overall efficiency. 

A number of different LE-CEMRA contrast-injection
and acquisition schemes have been created in an attempt
to eliminate the guesswork involved in imaging lower
extremity vessels by measuring exact contrast arrival
times to the pelvis, thighs, and calves.5,6 Standardized
protocols now consistently produce high-quality images
and have allowed an almost complete elimination of DSA
as the preoperative diagnostic test of choice at the authors’
institution. 

Hybrid MRA Technique

Between July and December 2001, 60 consecutive patients
were imaged with a standard technique using 3-D
FLASH gradient echo pulse sequences and a dedicated
peripheral vascular coil. Two independent timing
measurements were performed, one for the pelvis at
the level of the aortic bifurcation and one at the calves
at the level of the tibial trifurcation. Timing runs were
performed with a flow-insensitive, T1-weighted gradient-
echo sequence with an automated image-subtraction
algorithm.5

Introduction

Hybrid MRA Technique

Results

Discussion

Conclusions

Key Points

Introduction

ower extremity contrast-enhanced three-dimensional
(3-D) magnetic resonance angiography (LE-CEMRA) is
a valuable diagnostic tool in peripheral vascular occlu-
sive disease,1–4 although its acceptance as an alternative
to digital subtraction angiography (DSA) clearly is not
universal.2–4 In fact, the use of DSA as a primary preopera-
tive imaging modality continues to be the rule rather
than the exception. In an attempt to supplant invasive
imaging from this primary role, a number of different
approaches have been applied to improve the quality
and reproducibility of LE-CEMRA. Simultaneously, steps
have been taken to decrease LE-CEMRA examination
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After the precontrast mask acquisitions were obtained
in the calves/feet, distal LE-CEMRA acquisitions were
performed based on the calf timing run. All patients were
asked to actively plantar flex the foot so that the pedal
vessels were within the imaging volume. Using the
measured contrast arrival time, a 20-mL contrast bolus
administered at 2 mL per second was performed. Two
consecutive 3-D acquisitions were then obtained. 

Once calf imaging was complete, mask acquisitions
for the pelvis and thigh stations were obtained. Pelvis
and thigh stepping-table LE-CEMRA was performed with
a second infusion of 30 to 35 mL of gadolinium contrast.
The start of the pelvic acquisition was determined from
the pelvic timing run in a manner similar to a single
injection bolus chase technique. Imaging parameters at
each station were optimized to permit rapid scanning
while maximizing in-plane and through-plane resolution.
Average total acquisition time was 33 seconds for the
pelvis and thighs and 25 seconds for the calves. Total
magnetic resonance (MR) examination time averaged
45 minutes (Fig. 27I-1). 

Results

Compared to angiographic correlates as gold standards,
the overall sensitivity, specificity, and accuracy of LE-
CEMRA were 99%, 97%, and 98%, respectively. Sensi-
tivity and specificity for the calf stations alone were
100% and 91% using this standardized technique. In
addition, venous contamination was marginally reduced
in the proximal stations and was virtually eliminated 
(p <0.01) in the calf station. 

The renal vessels were visualized in 44 (73%) of the
60 patients. In 96 of 118 patient limbs (81%), the ankle
posterior tibial and the dorsalis pedis arteries were
visualized or could be clearly diagnosed as occluded. In
seven magnetic resonance arteriography (MRA) studies,
the acquisition data identified patent target vessels in the
foot that DSA labeled as occluded (Fig. 27I-2). Con-
versely, DSA identified patent vessels eight times when
MRA missed them. MRA missed the patent foot vessels
because of poor positioning, not because of contrast
mistiming, in three of the eight. Metallic suspectibility
artifacts from arterial stents, knee prostheses, or hip pros-
theses degraded images in 7 of the 60 examinations. 

The authors successfully formulated a sound treatment
plan, without further diagnostic imaging, based on the
data set provided by MR imaging alone, in 58 patients
(97%). A preoperative diagnostic angiogram was required
to formulate a treatment plan in only 2 (3%) of the 60
study patients. 

Figure 27I-1. Typical contrast-enhanced MRA using dual-
timing dual-injection schemes on a standard automated
stepping-table.
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Discussion 

Early MR angiograms using contrast enhancement and
signal reception from surface coils were completed by
moving a phased array coil from station to station for
separate acquisitions of the calves, thighs, and pelvis.
These techniques, devised for stationary MR tables,
required separate paramagnetic contrast injections for
each of the three imaging stations, the calf being 
the last. Progressive accumulation of contrast in the
soft tissues hampered optimal visualization of calf
vessels.6–9

The development of an automated stepping-table1,10–12

and newer dedicated peripheral array coils13 has greatly
improved the speed and image quality by capitalizing
on bolus-chase contrast infusion. The implementation of
simple single-injection bolus-chase techniques extended
the quality of the images to all three regions (i.e., pelvis,
thighs, and calves). Chasing the arterial bolus all the
way to the calves and feet before venous contamination
occurs remained challenging, however.1 Although many

techniques (e.g., cardiac gating,14 fluoroscopic real-time
bolus monitoring,1 elliptical centric k-space acquisition,15

projection reconstruction, and k-space undersampling)
have improved LE-CEMRA, no single technique has
been universally accepted.16,17 Despite significant
improvements, the quality of standard single-injection
bolus-chase techniques remains inconsistent.18,19

Alternative MRA techniques (e.g., 2-D time-of-flight
acquisitions) that are based on thin axial slices and use
no contrast are very sensitive to slow flow, and when
performed properly can identify patent tibial and pedal
runoff vessels more accurately than conventional
DSA.20,21 Unacceptably long acquisition times limit the
clinical practicality of time-of-flight techniques,
however.22–25

Digital subtraction angiography has its own limita-
tions: it involves an arterial puncture, radiation exposure,
and nephrotoxic iodinated contrast. Contrast angiography
uses x-ray projection techniques, which are known to
over- or underestimate nonconcentric stenoses unless
multiple projections are used. Also, as seen with bolus-
chase LE-CEMRA, timing differences exist between legs,
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Figure 27I-2. Contrast-enhanced
calf MRA clearly demonstrates
patent tibial and pedal vessels prior
to reconstruction. A, Calf MRA; 
B, calf angiogram.
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and this can lead to poor imaging of distal segments
with catheter angiography when mistiming occurs. In
fact, when compared to certain MR techniques, DSA
may provide inferior pedal vessel images unless a
concerted effort is made to image with vasodilators.
Similarly, CT angiography (CTA) is limited by the
requirements for ionizing radiation and nephrotoxic
iodinated contrast.

Hybrid dual-contrast injection and dual-acquisition
LE-CEMRA schemes were developed to try to limit the
variability involved in imaging the vessels of the lower
extremities with MR. This newer technique eliminates
venous contamination in the calf while enabling near-
isotropic resolution where identification of distal bypass
targets is critical. These techniques preserve both in-
plane and through-plane spatial resolution in the pelvis
and thighs to allow retrospective image reconstruc-
tion in an infinite number of projections. This is
information that could be derived only from additional
contrast-boluses and additional projections if DSA were
used. When tibial contrast arrival times are discrepant,
as seen in patients with asymmetric occlusive disease
or in patients with a unilateral bypass graft, a separate
timing run to the calves allows operators to tailor the
MRA to allow optimal imaging of both extremities.
Also, because of reduction in venous signal and tissue
enhancement, pedal vessel visualization is better than
with a single run bolus-chase technique. The authors
have found that pedal vessel visualization can be
improved significantly by stressing the importance of
maintaining plantar flexion throughout the calf/foot
acquisition. 

This MRI protocol has allowed the successful replace-
ment of invasive angiography in most cases. From clinical
experience, the authors recommend that, when reviewing
any LE-CEMRA examination that utilizes image-mask
subtraction, the contrast-enhanced original partitions
should always be viewed to avoid erroneous conclusions
caused by misregistration artifacts that could be translated
onto the subtracted data sets. Following this protocol,
only 3% of the authors’ study patients who went on to an
intervention required any further diagnostic imaging.
Such diagnostic confidence in MR echoes that described
by prior authors.2,4,19

Although significantly safer than other accepted
imaging modalities, there are a few well-recognized
contraindications to MR imaging. Patients with pace-
makers, ocular metallic foreign bodies, or ferromag-
netic intracranial aneurysm clips should not be imaged.
MR imaging may also suffer from artifacts around
intravascular stents and near joint prostheses, limiting
visualization in the vicinity of these ferromagnetic
objects. Large doses of gadolinium have also been
found to cause renal failure in patients with a prior
history of chronic renal insufficiency, so caution must
be exercised.

Conclusions

Hybrid LE-CEMRA is robust, accurate, and reproducible
in clinical practice. This technique consistently pro-
vides high-quality images that satisfy the rigorous
preoperative demands of vascular surgeons and inter-
ventional radiologists by providing data sufficient to
formulate sound treatment plans, in most cases rendering
conventional DSA unnecessary.

KEY POINTS

■ Contrast-enhanced lower extremity magnetic resonance
angiography is a valuable preoperative planning tool
that will likely replace angiography.

■ Techniques continue to be refined constantly, but it is
important to standardize protocols so that institutional
results are consistent.

■ The authors’ standardized protocol is presented as
one option that has allowed imaging of inflow and target
vessels with precision. As such, it has virtually elimi-
nated invasive conventional angiography in the authors’
practice.
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Complications are rare but include contrast-related
nephrotoxicity, arterial injury with hemorrhage, throm-
bosis, allergic reaction, and distal embolization. Because
of this, there has been impetus for the development of
noninvasive imaging techniques such as magnetic reso-
nance arteriography (MRA). Magnetic resonance imaging
(MRI) utilizes a magentic field to create differential atomic
signals in soft tissues to obtain information about the
morphology of the arterial system and functional assess-
ment of its bloodflow.

Magnetic resonance arteriography has many advan-
tages over traditional contrast arteriography. At the
authors’ institution, MRA costs nearly $800 less than a
contrast arteriogram. More importantly, MRA is safer
for many patients. This technique is noninvasive, thus
avoiding arterial catheterization. Exposure to radiation
is not required, and the use of high-volume ionic contrast
agents is unnecessary. This is especially important for
diabetic patients with peripheral vascular disease and
pre-existing renal insufficiency, who are at especially
high risk for contrast-induced nephrotoxicity. Various
imaging techniques may be necessary to get the best
anatomic and functional information for proper treat-
ment. This chapter summarizes commonly used imaging
techniques and clinical applications of MRI in the

Imaging Techniques

Use of MRA for Lower Extremity Arterial
Occlusive Disease

Use of MRA to Detect Restenosis Following
Lower Extremity Grafting

Limitations of MRA

Future of MRA

Conclusions

maging of the vascular system is an essential com-
ponent in the preoperative and postoperative management
of patients with peripheral vascular disease of the lower
extremities. Traditionally, contrast angiography, espe-
cially digital subtraction angiography, has been the gold
standard for imaging of the arterial system. Digital
subtraction angiography (DSA) has many advantages
and provides excellent visualization of the inflow and
outflow vessels in most cases. Disadvantages of contrast
angiography are that it is interventional, costly, and not
completely safe. 
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diagnosis and management of lower extremity arterial
disease. 

Imaging Techniques

The most common techniques used to evaluate the
peripheral arterial system are two-dimensional (2-D) and
three-dimensional (3-D) contrast enhanced MRA (3-D
CE-MRA). Two-dimensional time of flight (TOF) is a
gradient-recalled echo technique that uses radio fre-
quency pulses to suppress signals from surrounding
soft tissue.1 Thin cross-sections of soft tissue (1.5-mm
thick) are repeatedly exposed to radio frequency pulses;
this causes the soft tissues to become saturated and
appear dark, whereas unsaturated protons in flowing
blood, not exposed to repeated radio frequency pulses,
appear bright (high signal) in comparison. Because of
this phenomenon, known as flow-related enhancement,
blood flowing rapidly through the volume slice gives
the best (high signal, or brightest) vascular images.
Slow-flowing blood is pulsed many times as it passes
through the slice, causing it to lose signal intensity. The
advantages of 2-D TOF include minimum saturation
effects for normal flow velocities, short acquisition
time, and increased sensitivity to the presence of low
flow states in the circulation.2

3-D CE-MRA uses much thicker tissue volume slabs
(i.e., 3- to 8-mm thick) than does 2-D TOF. Very thin (less
than 1-mm thick) partitions are reconstructed from these
tissue volume slabs, thus increasing spatial resolution.
The addition of paramagnetic contrast agents along with
3-D MRA imaging has greatly improved the accuracy
and clinical utility of MRA by eliminating in-plane flow
artifacts and flow void secondary to intervoxel dehasing.
Gadolinium, a heavy metal analog that is chelated with
diethylenetriamine pentaacetic acid (DTPA), is used for
contrast enhancement; it is excreted by glomerular filtra-
tion and is not known to be nephrotoxic. Gadolinium is
a potent T1-relaxing agent and improves image reso-
lution by increasing the contrast between blood and
surrounding soft tissue. A dose-timing curve is deter-
mined so that proper timing of arterial scanning can be
calculated for the particular arterial bed to be examined.
Using gadolinium with 3-D TOF technique results in
significant imaging time reduction, reduced flow void
of artifacts, elimination of in-plane flow defects, and
improved spatial resolution.3

In addition to TOF imaging, phase contrast angiography
(PCA) is often performed to confirm the presence of
stenotic lesions in areas of complex geometric flow.
PCA takes advantage of the fact that protons undergo a
change in the phase of their rotation as they move
through a magnetic field.1 The magnitude of the phase
change is proportional to the velocity of the moving
protons in the blood. Background suppression is greater

for phase contrast than for TOF because only moving
protons can generate a signal, thus making PCA even more
sensitive to slow flow. In PCA technique, the sequences
are programmed to assign a specific MR signal phase to
each velocity of bloodflow. Faster moving protons in
blood accumulate greater phase shifts relative to slowly
flowing blood. Thus this technique can be used to
measure bloodflow velocities. 

Use of MRA for Lower Extremity
Arterial Occlusive Disease

MRA plays an increasingly important role in the diag-
nosis and management of lower extremity arterial occlu-
sive disease. Because of its noninvasive nature, safety,
cost savings, and accuracy, MRA has become the imaging
modality of choice at the authors’ institution for patients
being considered for arterial revascularization proce-
dures. MRA is extremely accurate for localization of
disease, detection of hemodynamically significant stenoses,
and for distinguishing focal from long-segment occlu-
sive disease. MRA is well suited for the evaluation of
the lower extremity vessels because these are usually
oriented perpendicular to the axial plane of the limbs.
This results in minimal in-plane flow signal loss and
stronger signal intensity in the blood flowing perpen-
dicular to the volume slices in 2-D TOF examinations.

The authors have found that MRA is particularly
advantageous for evaluating diabetic patients with
complex distal occlusive disease and for the evaluation
of patients with chronic renal insufficiency. In patients
with arterial occlusive disease by physical examination
and noninvasive studies, MRA is used to confirm the
diagnosis. to determine localization of disease, and to
distinguish focal from long-segment stenosis or occlu-
sion. Patients found to have short-segment stenoses
can be treated with percutaneous balloon angioplasty
and/or stenting (Fig. 27II-1). The ability of MRA to
define the pattern of disease helps with planning arterial
access sites (i.e., retrograde or antegrade) and makes
possible a more focused examination using less ionized
contrast media. Patients with diffuse disease and limb-
threatening ischemia may require hybridized procedures
using percutaneous angioplasty and/or stenting for
treatment of concomitant focal iliac lesions at the time
of distal bypass (Fig. 27II-2). In patients with previous
arteriography and poorly defined distal target vessels,
MRA has proven very useful in detecting occult runoff
channels, which can be used for distal bypass. 

Several reports have been published demonstrating
the utility of MRA in the preoperative planning for lower
extremity revascularization3,4 (Table 27II-1). Owen and
colleagues studied 25 extremities with both contrast
arteriography and MRA. Discrepancies were found in 18
of the 25 limbs, with superior detection of runoff vessels
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Figure 27II-1. A, MRA in a diabetic
patient with left nonhealing foot ulcer
demonstrating areas of focal stenosis in
the popliteal and proximal tibial arteries.
The patient was at high cardiac risk for
open surgical revascularization and was
treated with percutaneous angioplasty.
B, Arteriogram done at the time of PTA
confirms the focal lesions seen on MRA. 

A

B



by MRA. Unlike contrast arteriography, MRA correctly
identified all vessels found to be patent at surgery.5 The
use of MRA in these patients avoided the need for blind
exploration of runoff vessels and led to limb salvage pro-
cedures that had not been previously regarded as pos-
sible, based on the preoperative contrast arteriogram.
In a study by Hoch and colleagues, 50 ischemic lower
limbs in 45 patients were examined with both conven-
tional contrast DSA and 2-D TOF MRA. Interpretation of
MRA and DSA studies correlated exactly in 315 (89.5%)
of 352 arterial segments. The MRA and DSA interpreta-

tions disagreed in 28 (13.8%) of 203 infrageniculate
arteries compared with only 8 (5.6%) disagreements in
the suprageniculate arterial segments. MRA predicted
the level of arterial reconstruction in all 23 limbs that
required arterial bypass and in 18 of 19 (94.7%) limbs
treated with percutaneous angioplasty. Importantly, they
also noted a 31% ($756) cost savings with MRA compared
with DSA angiography.6 Because of problems with timing
and low flow states in the distal infrageniculate arteries,
DSA angiography may fail to identify a suitable distal
target vessel, especially if the injection of contrast is
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Figure 27II-2. A, MRA demonstrates a focal left iliac stenosis
(arrow) treated intraoperatively with balloon angioplasty at
the time of femoral popliteal bypass. B, Intraoperative arte-
riogram before (top) and after (bottom) angioplasty of this
iliac lesion. 



made at the aortic level. Because of its ability to detect
low flow states, MRA can be very useful in evaluating
these difficult cases. In the authors’ experience, distal
runoff vessels not visualized by MRA are not suitable
target vessels for surgical bypass (Fig. 27II-3).  

Use of MRA to Detect Restenosis
Following Lower Extremity
Grafting

At the authors’ institution, patients undergo routine pulse
volume recording and duplex surveillance following
lower extremity arterial bypass or percutaneous inter-
vention. When noninvasive tests suggest impending
graft failure, MRA is used to identify the location and
severity of the occlusive lesions threatening graft func-
tion. Stenotic lesions caused by intimal hyperplasia at
the anastomotic sites or within autogenous grafts can
be identified and distinguished from disease progression
in host vessels proximal or distal to the graft (Fig. 27II-4).
Surgical revision is usually required for anastomotic or
midautogenous graft stenoses, whereas focal stenoses
secondary to progressive disease can often be treated
with percutaneous angioplasty and/or stenting. 

In 1990, Turnipseed and colleagues evaluated a series
of failing bypass grafts identified by color-flow Doppler
scanning using 2-D TOF MRA and digital subtraction

angiography. MRA showed an exact correlation with
DSA in 75% of patients. There were four false-positive
MRA scans and one false-negative.7 Interpretation errors
in this study were most often caused by metallic clips
and would likely be prevented by the use of 3-D TOF and
the addition of gadolinium contrast. In a more recent
report by Bendib and colleagues, gadolinium-enhanced
MRA was found to be 91% sensitive and 97% specific
for detecting graft stenosis.8

Limitations of MRA

Although the 2-D TOF techniques have been shown to
be accurate for the assessment of infrainguinal disease,
these methods have a few limitations.1 Disadvantages
include sensitivity to flow traveling in the same plane
as the magnetic field, creating an imaging void9 (Fig.
27II-5). Motion can severely degrade image quality and
spatial resolution, resulting in overestimation of disease
severity. Areas of turbulent arterial flow within a vessel
can also result in signal loss, or a flow void, because of
intervoxel dephasing. Most of these limitations have
been overcome by the use of 3-D TOF and the addition
of gadolinium contrast. Still, because of signal loss at or
distal to a stenotic vascular lesion, there is a tendency
to overestimate the degree of stenosis. In a report by
Winterer and colleagues, no false-negative results were
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TABLE 27II-1. MRA Compared With Contrast Angiography

Number of Patients (n) Sensitivity Specificity Technique Vascular Bed  

Prince 43 74% 98% 3-D contrast Aortoiliac  

Snidow 32 100% 98% 3-D contrast Aortoiliac  

Hany 39 93% to 96% 96% to 100% 3-D contrast Aortoiliac  

Ho 38 93% 98% 3-D contrast All 

Winchester 22 90% 98% 2-D contrast All 

Meaney 20 95% 98% 3-D contrast All 

Bendib 23 91% 92% 3-D contrast Bypass grafts 

Turnipseed 20 95% 80% 2-D TOF Bypass grafts

Baum 155 85% 81% 2-D TOF Infrageniculate  

From: Prince MR: Gadolinium-enhanced MR angiography. Radiology 191:155–164, 1994. Snidow J, Aison A, Harris V, et al: Iliac artery MR
angiography comparison of 3-D gadolinium-enhanced and 2-D time of flight techniques. Radiology 196:371–378, 1995; Hany TF, Debatin JF,
Leung DA, Pfammatter T: Evaluation of the aortoiliac and renal arteries: Comparison of breath-hold, contrast-enhanced, three-dimensional MR
angiography with conventional catheter angiography. Radiology 204:357–362, 1997. Ho K, Leiner T, DeHaan M, et al: Peripheral vascular tree
stenosis: Evaluation with moving-bed infusion-tracking MR angiography. Radiology 206:683–692, 1998; Winchester PA, Lee HM, Khilnan NM,
et al: Comparison of 2-D MR digital subtraction angiography of the lower extremities with x-ray angiography. J Vasc Intervent Radiology
9:891–899, 1998; Meaney JF, Ridgway JP, Chakrquerty S: Stepping-table gadolinium-enhanced digital subtraction MR angiography of the aorta
and lower extremity arteries: Preliminary experience. Radiology 211:59–67, 1999; Bendib K, Berthezene Y, Croisille P, et al: Assessment of
complicated arterial bypass grafts: Value of contrast-enhanced subtraction magnetic resonance angiography. J Vasc Surg 26:1036–1042, 1997;
Turnipseed WD, Sproat IA: A preliminary experience with use of magnetic resonance angiography in assessment of failing lower extremity
bypass grafts. Surgery 112:664–669, 1992. Baum RA, Rutter CM, Sunshine JH, et al: Multicenter trial to evaluate vascular magnetic resonance
angiography of the lower extremity. American College of Radiology Rapid Technology Assessment Group. JAMA 274:875–880, 1995.



found when comparing MRA to DSA in the iliac and
femoropopliteal areas. MRA proved to be rather sensi-
tive, however, with rates of 10% to 16% overgrading of
the amount of stenosis.10

Unfortunately, not all patients are good candidates
for MRA. Absolute contraindications to MRA include
cardiac pacemakers, automatic cardiac defibrillator devices,
cerebral aneurysm clips, and metal within the eyes (e.g.,
old shrapnel injuries). Although many patients have
problems with claustrophobia, this is usually overcome
with mild sedation.1 With the equipment available at the
authors’ institution, patients larger than 380 pounds
are unable to undergo MRA. Magnetic resonance imaging
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Figure 27II-3. Patent distal runoff vessels were detected by
MRA in this patient with limb threatening ischemia. Contrast
arteriogram failed to detect an appropriate target for bypass.

Figure 27II-4. MRA demonstrates a stenosis at the distal
anastamosis of a femoral popliteal graft.

Figure 27II-5. Two-dimensional time of flight MRA demon-
strating a flow void at the origin of the anterior tibial artery.
Blood moving in the same plane as the magnetic field may
appear as an area of stenosis.



is adversely affected by movement during the radio
frequency pulse sequences. Problems with swallowing,
respiratory motion, and intestinal peristalsis decrease
the image quality. When imaging the arterial system of
the lower extremities, it is important to have a cooperative
patient because physical movements greatly affect the
image quality. Patients with severe respiratory disease
may have problems lying flat for the examination. It is
important to choose patients who are cooperative and
able to follow instructions.1

Metallic stents such as the Palmaz stent, vena cava
filters, ferromagnetic clips, and prosthetic joints cause
significant artifacts and severely limit the ability to image
the arterial system in that area. Artifacts are caused by
the susceptibility effects of the metal, which causes signal
dropout in the region of the metal. A metal artifact can
be identified because of the signal void that has a charac-
teristic build-up of signal on one side of the void.8 A
simple soft-tissue plain film can screen for metallic
devices. Artifacts can be minimized but not completely
eliminated using short TE sequences of 3-D contrast
MRA.11 Endovascular surgeons should use nitinol stents
when possible, which are totally nonmagnetic. 

Future of MRA

MRA currently provides a noninvasive, accurate, and
sensitive method to image the vascular system. The
spatial resolution of contrast-enhanced MRA has been
improved but still does not equal that of contrast-
enhanced DSA angiography. Current MRA techniques
require a trade-off between spatial resolution and length
of the examination. As the MR scanner hardware and
software become more efficient, it will become possible
to reconstruct high-resolution images relatively inde-
pendent of the acquisition time. Unlike contrast-
enhanced DSA, MRA often demonstrates signal loss at
or distal to a stenosis because of complex flow in the
area. This has led to problems with overestimation of
the extent of disease. This is why noninvasive testing
with duplex and pulse volume recording becomes
important in MRA interpretation. Research in MRA
techniques has been directed at shortening the short
echo time (TE) to reduce this signal loss and improve
image quality. Advances in postprocessing techniques
may also further reduce the problems with overesti-
mation of stenoses. Improvements in MRA software
have allowed for the measurement of flow volumes and
velocities, which will give vascular surgeons even more
information about the functional significance of a
particular vascular lesion. 

The addition of gadolinium contrast has greatly
improved the quality of MRA images. Research is also
being done in the area of the development of improved
contrast agents. Agents are being developed with higher

relativity, which produces greater T1 shortening and
results in improved signal-to-noise ratio. Other contrast
agents are being produced that remain in the intravas-
cular space for prolonged periods, thus allowing sub-
stantially higher resolution imaging.12

Currently, MRA is used for diagnostic road mapping
and in the planning of therapy for lower extremity vas-
cular occlusive disease. The relatively slow image recon-
struction techniques for MRA have so far made it not
suitable for real-time imaging. In the authors’ practice,
patients requiring an endovascular intervention must
undergo contrast DSA at the time of the procedure.
Research is currently being done to allow MR-guided
interventions by combining MRA with fluoroscopic
imaging to guide catheter manipulation. MRA-guided
interventional procedures will eventually be possible
when coupled with real-time reconstruction and
display of MRA images.12

Conclusions

The addition of MRA imaging has greatly improved the
vascular surgeon’s ability to diagnose and properly treat
lower extremity vascular disease. MRA has proven to
be a noninvasive, safe, and accurate imaging modality
when compared with traditional contrast DSA. Unlike
DSA, MRA can provide not only anatomic information
but physiologic information as well. Combinations of 2-D
TOF and 3-D CE-MRA provide enough diagnostic infor-
mation to plan for surgical or percutaneous interven-
tion in the majority of patients. The limitations of MRA
are gradually being overcome by improvements in coil
design and software technology and by the addition of
new contrast agents. Research in MRA-guided endovas-
cular interventions will eventually make this modality
even more useful. 
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peripheral arterial occlusive disease (i.e., segmental limb
pressures and plethysmography, velocity wave form
analysis, and Duplex scanning).1 A number of considera-
tions govern how these diagnostic methods can or should
be applied to greatest advantage. First, one needs to
understand the hemodynamic characteristics of the arte-
riovenous fistula (AVF) in order to apply and interpret
the various tests properly. Second, the diagnostic capa-
bilities and limitations of the available tests differ and
must be understood in applying them. Physiologic tests
simply gauge the pressure, volume, or velocity changes
associated with the arteriovenous fistula, and do not
visualize the AVF as can ultrasonic and magnetic reso-
nance imaging. Most of these tests are qualitative and
not quantitative, and most can only be applied to peripheral
or extremity AVFs, as will be evident in this chapter.
Third, congenital and acquired AVFs differ from each
other significantly in terms of their anatomic localiza-
tions. Congenital AVFs characteristically are much more
diffuse, and as a result are often not as well localized
by the so-called physiologic tests or are not completely
visualized by Doppler ultrasonography. These differences
deserve some preliminary comments. Fourth, the diag-
nostic goals may vary considerably in different clinical
settings, and this significantly affects the application of
the tests. The simplest diagnostic goal may be to deter-
mine the presence or absence of an AVF, but as often
as not, the presence of an AVF is obvious and it is the
relative magnitude of its peripheral hemodynamic effects

Introduction

Hemodynamic Considerations

Segmental Limb Pressures

Segmental Plethysmography

Velocity Waveform Analysis

Evaluation for Arteriovenous Fistulas Using
These Three Physiologic Tests in Combination

Duplex Scanning

Radionuclide AV Shunt Quantification

Magnetic Resonance Imaging and Computed
Tomography Scanning

Arteriovenous Fistulas for Hemodialysis:
Diagnostic Considerations

Introduction

General Considerations

he vascular diagnostic laboratory (VDL) can provide
much useful clinical decision-making information
regarding peripheral arteriovenous fistulas, using much
of the same instrumentation employed in diagnosing
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that needs to be gauged (e.g., the presence of a distal
steal and the severity of the associated ischemia). 

The main focus of this chapter will be on diagnostic
approaches that are available in most VDLs. The basic
diagnostic methods and the instrumentation behind each
of them is covered elsewhere in this book, and will not
be described at length here; but the utility of these
methods in this setting will be discussed, so that after
each diagnostic method has been introduced (i.e., the
instrumentation used and the interpretation or analysis
of its output), its appropriate clinical applications as
well as its limitations will be discussed.

Congenital AVFs

Congenital arteriovenous malformations (AVMs) are
less common than congenital venous malformations.
Nevertheless they make up over one third (vs. one half) of
all congenital vascular defects and constitute the majority
of those presenting clinically. Although much is made
of the diagnostic triad of birthmark, varicose veins, and
limb enlargement, a bare majority of patients presenting
with congenital AVFs present with the complete triad,
and those with purely venous malformations and no AVFs
(e.g., the Klippel-Trenaunay syndrome) may present with
the same triad. The vascular diagnostic techniques
described in the following text can be valuable in ruling
in or out the presence of AVFs in patients presenting
with atypical (in location or age of onset) varicose veins
and a birthmark, with or without limb enlargement.2

Depending on their location and localization, the same
simple physiologic tests used in diagnosing peripheral
arterial occlusive disease can be employed in diagnosing
congenital AVFs or AVMs. They also can do so quickly
and inexpensively, avoiding the need for angiography,
which is particularly important because many of the
presenting patients are young children. Although quali-
tative in nature, the degree of abnormality associated
with congenital AVFs on these tests gives the clinician a
rough impression of their relative magnitude. Increasingly,
the duplex scan, the current workhorse of the VDL, has
found useful application in evaluating AVFs.

These noninvasive tests have been underutilized in
the past in this clinical setting because many if not most
physicians presented with these patients have persisted
with a primary reliance on angiography. Unfortunately,
this misguided “AGA” (always get an angiogram) approach
is still prevalent today because many clinicians do not
realize that angiography is only required if the need for
therapeutic intervention for congenital arteriovenous
fistulas has been determined and will be undertaken
soon. They also don’t realize that the presence or absence
of congenital arteriovenous fistulas (and their relative
severity) can be determined by noninvasive methods in
most cases. This allows management decisions to be

made on the basis of these tests alone, without angiogra-
phy and its attendant discomfort and associated risks,
which is a major consideration in infants and young
children. 

Although this “addiction” to contrast angiography
deserves opposition, there are a number of noninvasive
or minimally invasive imaging approaches that have
emerged in recent years that deserve discussion in that
they offer significant additional perspectives over that
achieved by VDL diagnostic methods, particularly in the
evaluation of congenital AVFs. These diagnostic modali-
ties (e.g., radionuclide quantification of AV shunting,
computed tomography, and magnetic resonance imaging)
will also be discussed in detail in this chapter. A knowl-
edge of their capabilities and clinical applications is
important because these modalities provide additional
diagnostic options that must be considered in this setting.
On the other hand, these new imaging methods are
considerably more expensive and time-consuming so that,
if the dimension they add is not required for decision
making, their use may be inappropriate in spite of the
additional perspective they offer.

Acquired AVFs

The basic diagnostic methods described here also have
application to acquired AVFs (whether caused by iatro-
genic or other penetrating trauma) in detecting and
localizing them and assessing their hemodynamic signifi-
cance. As will become apparent, they also have specialized
applications in the management of those acquired AVFs
created by direct anastomosis or interposed shunts for
hemodialysis access. Traditionally, most acquired arte-
riovenous fistulas have been traumatic in origin. Currently
the most common traumatic form results as a compli-
cation of invasive catheter techniques, particularly those
using a transfemoral artery approach. The standard
Seldinger technique actually involves puncture of the pos-
terior wall of the artery, and depending on the anatomic
location (particularly in the groin), may enter the vein
as well. It is not surprising then that AVFs can be
inadvertently created iatrogenically, although pseudo-
aneurysms more commonly result. These arteriovenous
fistulas can be readily visualize by duplex scanning, and
duplex scanning can even aid in monitoring attempts at
closure by compression and/or injection of thrombogenic
material. There is little need for using noninvasive
physiologic testing for acquired AVFs, with one major
exception: monitoring hemodialysis AVFs and shunts.
As will be seen, they have specialized applications in
the management of those AVFs created by surgeons as
direct anastomoses or interposed shunts for hemodialysis
access. These have now become the most common
acquired arteriovenous fistula, and this application will
be separately discussed.
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Hemodynamic Considerations

From a hemodynamic perspective, arteriovenous
fistulas can be considered a “short-circuit” between the
high-pressure arterial system and the low-pressure
venous system. If the AVF (or, in the case of congenital
disease, the AVFs) is significant enough hemody-
namically, it will result in an arterial pressure drop; a
significant diversion of flow into the venous system
rather than through the microcirculation; and an
increase in velocity, often with turbulence. These
hemodynamic changes often increase with time. The
mean arterial blood pressure distal to an arteriovenous
fistula is always reduced to some degree: this is the
result of blood being shunted away from the peripheral
vascular bed into the low-resistance pathway offered
by the arteriovenous communication.3 The reduction in
pressure is particularly severe when the fistula is large
and the arterial collaterals are small. Even when
collaterals are well developed, reversal of flow in the
artery distal to the fistula(s) further decreases
peripheral arterial pressure because much of the
collateral flow is diverted back into the fistulous circuit
and never reaches the periphery. On the other hand,
when the fistula is small and the collaterals are large,
there may be little or no perceptible effect on the
peripheral pressure. Thus the magnitude of the
pressure drop across a fistula, or the limb segment
containing the fistula, can provide the surgeon with an
objective assessment of its hemodynamic consequences.
If the pressure drop is severe enough, there may be
distal ischemia. If fistula flow is great enough, there
will be associated venous hypertension. These two are
responsible for the major peripheral manifestation and
symptoms. 

It should be pointed out that normal resting extremity
circulation is characterized by low flow and high resist-
ance, shifting to high flow and low resistance with exer-
cise. The pattern of an arteriovenous fistula is similar to
that of exercise and gives very different velocity patterns
than those observed in the normal resting limb. Other
conditions that can increase extremity flow include
external heat, infection, certain vasodilating drugs, and
sympathectomy. Fortunately, these conditions are rarely
present in patients referred to a VDL, but the clinician
must be aware of them as an occasional source of 
error. 

The pressure, flow volume, and velocity changes asso-
ciated with AVFs in an extremity can be readily detected,
and their relative magnitude roughly assessed, by non-
invasive physiologic tests, particularly when compared
to the normal contralateral extremity. These noninvasive
physiologic tests are the same as those used for close
to four decades in the diagnosis of peripheral arterial
occlusive disease and will be described in the following
section.

Segmental Limb Pressures

Segmental limb pressure measurements are standard
techniques described elsewhere in this book. Non-
invasive methods of measuring systolic blood pressure
are reasonably accurate and reproducible and are
painless, rapid, and simple in application. A pneumatic
cuff is placed around the limb segment at the required
site and inflated to above systolic pressure. As the cuff
is deflated, the point at which bloodflow returns distal
to the cuff is noted on an aneroid or mercury manometer.
Return of flow can be detected with a Doppler flow
meter, a mercury-in-Silastic strain gauge, a photo-
plethysmograph, or a pulse volume recorder. In the
upper extremity, pressure measurements can be made
at the upper arm, forearm, wrist, or finger levels; in the
lower extremity, pressure measurements can be made
at the thigh, calf, ankle, foot, or toe. Cuffs should be
applied bilaterally to allow comparison with the
normal contralateral limb. 

A hemodynamically significant AVF will reduce
mean pressure in the limb or in the arterial tree close
to the fistula. It must be remembered, however, that
these cuffs measure systolic pressure, and even though
mean pressure is reduced in the arterial tree as one
approaches an arteriovenous fistula, the pressure
swings between systolic and diastolic (i.e., the pulse
pressure) may be increased, so that systolic pressure is
likely to be elevated proximal to a fistula. The systolic
pressure can be recognized as elevated by comparing it
with that of the opposite limb at the same level.4

Systolic pressure in that limb will also be found to be
elevated if the pressure cuff has been placed directly
over the site of the fistula or its afferent tributaries. In
general, however, compared with the contralateral
extremity, cuffs at or above a hemodynamically signifi-
cant fistula or group of fistulas will usually a record a
higher systolic pressure, whereas those below the
fistula will record a normal or lower systolic pressure,
depending on the magnitude of the fistula. Major
fistulas are associated with a detectable degree of distal
steal. 

Limitations

Finding a normal peripheral arterial pressure does not
rule out the presence of a congenital arteriovenous
fistula or fistulas in the limb. Small fistulas (e.g., those
transmitting less than 5% of total extremity flow) may
not produce a detectable pressure effect. Furthermore,
there is normally a pressure drop from cuff to cuff as
one moves down the extremity; this has to be taken
into account. A smaller fistula may simply produce less
of a pressure drop than would normally be expected at
the same anatomic level, but this subtlety may not be
recognized. 
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Segmental Plethysmography

Segmental plethysmography is also a standard technology
described elsewhere in this text; it employs cuffs of
precise dimensions applied at various levels/locations
along an extremity, much the same as when measuring
segmental limb pressures. Air-filled cuffs are normally
used. The resulting tracing contour is generally assessed
in terms of magnitude in shape. When the pulse-sensing
device is placed over the fistula or proximal to it, the
pulse volume may actually be increased.4,5 This is com-
monly seen in limbs with congenital AVMs, the increased
pulsation being almost diagnostic in itself (Fig. 28-1).
Although the pulse contour may be normal (or nearly
so) in a limb distal to an arteriovenous fistula, its volume
is often reduced, particularly in the presence of a steal
(Fig. 28-2).6 As in the case of segmental limb pressure
measurements, the reduction in pulse volume depends
on the size of the fistula and the adequacy of the col-
lateral arteries. Therefore, very much as previously
described for segmental limb pressures, plethysmography
tracings are increased in magnitude above or at the
level of an AV fistula or group of AV fistulas. Depending
on the degree of distal steal, the tracings below the fistula

Figure 28-1. Plethysmographic pulses obtained with a
mercury-in-Silastic strain-gauge at thigh, calf, and toe levels
in a 4-year-old girl with a congenital arteriovenous fistula of
the left pelvic region. The pulses measured: right thigh, 0.02%
DV; left thigh, 0.04% DV; right calf, 0.03% DV; and left calf,
0.11% DV. Increased pulses on the left side suggest the
presence of further arteriovenous malformations at multiple
levels in the leg. DV, difference in velocity.

Figure 28-2. Relationship between symptoms and hemody-
namic measurements in the index fingers of patients with
side-to-side radial artery-cephalic vein fistulas. Blood pressure
was measured at the proximal phalanx, and bloodflow was
measured in the distal phalanx. Note that pressure
measurements correlate well with the patient’s symptoms,
whereas flow measurements do not. (From Rutherford RB [ed]:
Vascular Surgery, 5th ed. Philadelphia: WB Saunders, 2000.)
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will be reduced or, at best, normal in magnitude. A study
of the tracings compared with the contralateral extremity
will often allow the general location or level of a signifi-
cant arteriovenous fistula to be identified. 

Velocity Waveform Analysis

Velocity tracings can be recorded over any extremity
artery by a Doppler probe connected to the DC recorder
and strip chart, or by the velocity readout of a Duplex
scan. In evaluating for arteriovenous fistulas, the
recording is taken over the major inflow artery (e.g.,
femoral or axillary). For many if not most clinical
purposes, a qualitative estimate of flow velocity and the
contour of the analog velocity tracings or “waveforms”
obtained with a directional Doppler velocity detector
provide sufficient information for clinical diagnosis.
Finding a high-velocity flow pattern in an artery leading
to a suspicious lesion is good evidence that the lesion
is an arteriovenous fistula.7,8

The velocity tracings of a resting normal extremity
are characterized by end-systolic reversal at the end 
of peak systolic flow; this is followed by low flow in
early diastole and negligible flow in late diastole. Such
a low-flow high-resistance pattern is most pronounced
in the lower extremity. In the upper extremity there
may be little end-systolic reversal. In contrast, high-
flow low-resistance arterial velocity patterns are seen
in many major organ artery beds (e.g., renal, carotid,
and celiac arteries). In the extremities, high-flow
patterns are seen after exercise and, importantly, in
association with AVFs. In these settings, peak systolic
velocity is not only high but there is continuous flow
throughout diastole, and the drop between systole and
diastole does not approach the 0 velocity baseline, let



alone show an end-systolic reversal as it does in the
normal resting extremity. The characteristic arterial
pattern associated with AVFs, shown in Figure 28-3,
thus consists of an elimination of end-systolic reversal
and a marked increase in diastolic velocity that
“elevates” the entire tracing above the 0 velocity base-
line. The degree of elevation in end-diastolic velocity
correlates directly with the flow increase caused by 
the AVF.4,5 By using these characteristic Doppler
velocity signals as a guide, the clinician can detect and
localize congenital or traumatic arteriovenous commu-
nications that otherwise might escape detection.9,10

Peripheral arteriovenous fistulas constituting 5% to 8%
of extremity flow can be readily detected by this
means. 

Care must be taken to compare the signal from one
limb with that from the other at the same anatomic loca-
tion. Also, the clinician must appreciate the fact that
hyperemic tissues can produce similar signals. Therefore,
false positives can occur in other hyperemic settings
(e.g., inflammation associated with superficial throm-
bophlebitis, lymphangitis, bacterial infection, and thermal
or mechanical trauma). Inflammation of the limb is
usually evident on clinical examination. Hyperdynamic
flow associated with conditions such as beriberi or
thyrotoxicosis is generalized and therefore should
cause no confusion. Other causes of hyperemia isolated
to an individual vessel or limb (e.g., exercise or
reactive hyperemia following a period of ischemia) are
transient, lasting only a few minutes. Externally
applied heat, local infection (e.g., cellulitis or abscess),
or sympathetic blockade can also increase flow. None
of these creates any significant confusion in the usual
patient referred to the VDL for evaluation of congenital
or acquired AVFs. 

Evaluation for Arteriovenous
Fistulas Using These Three
Physiologic Tests in Combination

Advantages

These three tests are inexpensive, quickly applied, and
require little operator or interpretive skill. The instru-
mentation is simple and used on an everyday basis in
most vascular diagnostic laboratories.

Limitations

These tests give qualitative rather than quantitative
information and can be applied only to arteriovenous
fistulas located in the extremity proper (at or below the
highest cuff).

Primary Clinical Applications

1. Screening for congenital AVFs in patients pre-
senting with suggestive signs (e.g., a birthmark,
atypical varicose veins, and limb enlargement).
Because this triad may be present not only in
patients with congenital AVFs (e.g., Parks-Weber
syndrome) but also in those with purely venous
congenital malformations (e.g., Klippel-Trenaunay
syndrome), simple noninvasive tests that can rule
in or rule out AVFs have considerable clinical
value. 

2. Detecting, roughly localizing, and assessing the
relative magnitude of congenital AVMs and trau-
matic AVFs. With anatomically localized lesions,
these tests, with or without duplex scanning
suffice for most clinical decision-making. 

3. Evaluating patients with hemodialysis fistulas or
shunts with hand complaints or digital lesions
for arterial steal with distal ischemia. As will be
seen later, this application is of practical value but
is generally underutilized by the many specialists
involved in hemodialysis access.

Duplex Scanning

The basic duplex scanner combines an ultrasound image
with a focused directional Doppler probe. In modern
instruments the velocity signal is color-coded so that
red represents arterial flow and blue represents venous
flow (going in opposite directions). The velocity signal
is also displayed on the screen as needed for specific
applications.

Because the duplex scanner provides velocity infor-
mation, it can serve as a means of doing velocity wave-
form analysis. As previously described for a simple
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Figure 28-3. Bloodflow in the common femoral arteries of a
4-year-old girl with a left iliofemoral arteriovenous fistula. The
Doppler probe was held at a 45-degree angle to the underlying
vessel. The right common femoral artery measured 0.45 cm
in diameter and the left one measured 0.55 cm. Mean flow
velocity (dashed line) was 5 cm/sec on the right and 28 cm/sec
on the left. Total flow was estimated to be 48 mL/min on the
right and 397 mL/min on the left. Contrast the reversal of
flow on the right during diastole with the high velocty of the
flow throughout diastole on the left. (From Rutherford RB [ed]:
Vascular Surgery, 5th ed. Philadelphia: WB Saunders, 2000.)



Doppler probe connected to a DC recorder, the pattern
serves as a simple yet sensitive means of diagnosing an
AVF. Because of the additional information obtainable,
the former has replaced the latter for this purpose in
most VDLs. For example, the high peak mean velocity
readings recorded over the main inflow artery of the
involved extremity, compared with those at the same
location of the contralateral normal extremity, will more
accurately confirm the presence of an arteriovenous fis-
tula in that limb. The software of some of today’s duplex
scanners also allows a rough estimation of volume flow,
with diameter being used to estimate cross-sectional area
and the velocity signals and the angle of incidence of
the probe allowing the Doppler equation to be applied:

Flow = Velocity (frequency shift) × Cosine theta
(angle of incidence of the ultrasound beam) × Cross-

sectional area, divided by C (velocity of sound in
tissue, a constant) 

Turbulence is a major problem in using the duplex
scan to interrogate AVFs directly to obtain velocity or
flow measurements. On the other hand, a Doppler scan
placed directly over an AVF will show flashes of yellow,
representing turbulent fistula flow, and register high
velocities. Traumatic arteriovenous fistulas, particularly
the iatrogenic variety produced by the percutaneous intro-
duction of catheters via the femoral vessels, are readily
seen as multicolored, orange to white “flashes” between
the red and blue artery and vein. The nearby tissues trans-
mitting the thrill will appear to light up with each cardiac
cycle because of a motion artifact. Congenital arteriove-
nous fistulas are more complex, but their high-flow
patterns are readily recognized and the nature and extent
of the more localized superficial lesions can be well
characterized. This in itself can be diagnostic, and is
particularly useful when applied to mass lesions, often
presenting as a cluster of varicosities, the superficial
evidence of an underlying congenital vascular malfor-
mation. The diagnostic dilemma, that these varicosities
may either be part of a congenital venous malformation
or be associated with an underlying arteriovenous mal-
formation, can be resolved by this approach. The detec-
tion of high velocities or flashes of turbulence when
viewed by a duplex scanner will often quickly identify
the type of malformation with which one is dealing.
Thus, the duplex scan can be valuable in detecting and
localizing an acquired fistula or a localized AVM.
Although it is not able to directly measure fistula flow,
the duplex scan can do so indirectly by velocity
readings over the major inflow artery, comparing the
involved limb with the contralateral normal extremity
at the same level. 

Advantages

Duplex scanners are in everyday use in today’s vascular
diagnostic laboratories, so the instrumentation and the

operator skills are there. It is rather versatile in evaluating
AVFs and can be used to interrogate either a penetrating
wound or groin hematoma following a catheterization
procedure, or a mass lesion suspected of harboring con-
genital AVFs in a young patient. It may directly visualize
and interrogate the AVF; provide velocity evidence of
its existence (e.g., high flow in the artery leading to a
suspected fistula area): or, as separately described in
the section “Arteriovenous Fistulas for Hemodialysis:
Diagnostic Considerations,” be used in monitoring
hemodialysis access fistulas or shunts.

Limitations

In the case of congenital arteriovenous malformations
where the AV fistulas may be diffuse, the duplex scanner
may not be able to directly visualize the fistulas, although
it can supply direct information by interrogating the
velocity characteristics of the inflow artery. Like the
previously described physiologic tests, it can be applied
to extremity lesions but not to central lesions in the
trunk or pelvis. Much of its application is qualitative
not quantitative, although flow estimates are possible.

Primary Clinical Applications

Detecting, localizing, and guiding thrombotic or embolic
therapy in both traumatic and congenital AVFs, when
superficially located, are the primary applications of
the duplex scanner. 

Radionuclide AV Shunt
Quantification

Radionuclide-labeled albumen microspheres can be used
to diagnose and quantitate arteriovenous shunting. The
basic principle behind the study is simple: radionuclide-
labeled albumen microspheres too large to pass through
capillaries are injected into the inflow artery proximal
to the suspected AVF. Those passing through arteriove-
nous communications are trapped in the next vascular
bed in the lung, and may be quantified by counting over
the lungs, or by a rectilinear scintillation scanner main-
tained in a fixed position over a limited pulmonary
field.5,11 The fraction of microspheres reaching the
lungs is determined by comparing these counts with
the lung counts following another injection of micros-
pheres placed into any peripheral vein, 100% of which
should lodge in the lungs. The agent usually used
consists of a suspension of 35-μ human albumin
microspheres labeled with technetium-99m (similar to
that commonly used in lung scans). To ensure similar
counting efficiencies, the suspension injected into the
vein contains only one fourth to one third of the
activity of that injected into the artery, approximately
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1.0 mCi vs. 4 mCi. The relative radioactivity of the
microsphere suspensions injected is measured by scin-
tillation counting of the syringes before and after the
microspheres have been administered. 

The formula used to estimate the percentage of
arteriovenous shunting is as follows: 

Pa – Bg/Pv – Pa × Ia1 – Ia2/Iv1 – Iv2 × 100

where Bg is background pulmonary counts per unit
time, Pa is pulmonary counts per unit time after arterial
injection, Pv is pulmonary counts per unit time after
venous injection, Ivi is counts per unit time of venous
syringe before injection, Ivr is residual counts per unit
time of venous syringe after injection, Iai is counts per
unit time of arterial syringe before injection, and Iar is
residual counts per unit time of arterial syringe after
injection.11 For example, if the pulmonary radioactivity
following the arterial injection (Pa – Bg) was half that
measured following the venous injection (Pv – Pa), and
the ratio of the activity of the venous injectate (Ivi – Ivr)
to that of the arterial injectate (Iai – Iar) was one fourth,
the estimated shunt volume would be 12.5% of the
total flow to the extremity, or

(1/2)(1/4)(100) = 12.5%

Advantages

The study is minimally invasive, relatively simple to per-
form, causes little discomfort, and carries a negligible
risk. It quantifies the degree of AV shunting, something
none of the other tests do. Because shunt flow can be
quantified, the results have prognostic value.4,5 One
can estimate the hemodynamic significance of an AVF
or congenital AVM and thus be better able to predict
the need for intervention.

Limitations

Although naturally occurring arteriovenous shunts are
present in normal human extremities, less than 3% of
the total bloodflow (and usually much less) is diverted
through these communications.11 However, measurements
made during anesthesia are not accurate because anes-
thesia, both general and regional, increases shunting
through naturally occurring arteriovenous communica-
tions. The examiner must be also be aware that the per-
centage of blood shunted through arteriovenous com-
munications can be as high as 40% in the limbs of
patients with sympathetic denervation, cirrhosis, or hyper-
trophic pulmonary osteopathy.12 Finally, this study shares
the limitation of the physiologic studies previously
described in that it does not ordinarily localize the lesion.
However, several injections can be made at key locations
at the time of arteriography and quantified against a later
venous injection to give such information. For example,
if one recorded 50% shunting following injection in the

common iliac artery, 70% shunting following injection
in the external iliac artery, 100% following injection in
the profunda femoris, and 0% in the superficial femoral
artery, the AVM is entirely localized to the distribution
of the profunda femoris artery (actual case).

Clinical Applications

Radionuclide-labeled microspheres are most useful for
studying patients with suspected congenital AVFs.2,5

Arteriography occasionally may fail to demonstrate the
fistula or fistulas, either because they are too small or
because the flow is too rapid. Early venous filling may
be the only clue to their existence. In such cases, injec-
tion of microspheres in conjunction with arteriography
can be used to establish the diagnosis. The patient can
be taken to the nuclear medicine lab later for pul-
monary counting before and after a venous injection.
In patients with diffuse or extensive congenital vascular
malformations presenting with a birthmark, varicose
veins, and/or limb overgrowth, it may be difficult to dis-
tinguish clinically between patients with multiple small
AVFs, which cannot be visualized angiographically,
and those with predominantly venous malformations
(e.g., Klippel-Trenaunay syndrome). The labeled micro-
sphere study solves this dilemma. Importantly, the success
of surgical or endovascular interventions can be ade-
quately gauged by pre- and postintervention studies.
Finally, serial measurements will indicate whether the
fistula is following a stable or progressive course, and
whether previously dormant arteriovenous communi-
cations have begun to open up or grow.

Magnetic Resonance Imaging 
and Computed Tomography
Scanning

Angiographic studies tend to underestimate the full
anatomic extent of vascular malformations. Computed
tomography (CT) will usually demonstrate the location
and extent of the lesion and even the involvement of spe-
cific muscle groups and bone.13,14 Deep intramuscular
lesions give a mottled appearance, and with the bolus
administration of contrast, there is enhancement that
depends on the rate of arteriovenous shunting in, and
the degree of cellularity of, the lesion. Offsetting these
desirable features are the need for contrast, the lack of
an optimum protocol for its administration, and the
practical limitation of having to use multiple transverse
images to reconstruct the anatomy of the lesion.

Magnetic resonance imaging (MRI) possesses a number
of distinct advantages over CT in evaluating congenital
vascular malformations (CVMs). There is no need for
contrast, the anatomic extent is more clearly demon-
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Figure 28-4. A, Radiograph of the lower leg of a 29-year-old woman with a right anterior tibial mass present since birth 
shows speckled calcifications, metal clips from multiple previous operations, and tibial cortical irregularities. An arteriogram
(not shown) revealed hypervascularity and one area of early venous filling. B, Computed tomographic scan also suggests 
bone involvement. C, Transverse magnetic resonance imaging (MRI) view shows lesion filling the anterior tibial compartment, 
but the margins of the tibia are clean. D, Longitudinal MRI view also demonstrates the lack of fast-flow voids. Total 
excision of the lesion was performed without difficulty or significant blood loss. Histologic study revealed a higly cellular 
and fibrotic cavernous (venous) malformation. (From Rutherford RB [ed]: Vascular Surgery, 5th ed. Philadelphia: WB Saunders,
2000.)



strated, longitudinal as well as transverse sections may
be obtained, and the flow patterns in the CVM can be
characterized. As a result, MRI has become the pivotal
diagnostic study in the evaluation of most CVMs. The
MRI signal intensity depends on the proton density, the
magnetic relaxation times (T1 and T2), and the bulk
proton flux (the last-named reflecting bloodflow). If an
image is obtained after the pulsed protons (in rapidly
moving blood) have left the field, a (black) flow void

appears on T2-weighted scans, identifying high-flow
vascular spaces and their feeding arteries and draining
veins. In contrast, a predominantly venous malformation
with its slow flow would appear white. Cellularity can
be appreciated because stromal tissues “relax” at dif-
ferent rates. Thus cellularity produces a higher-intensity
signal than that from blood-filled spaces.15 Clinical
examples of the value of MRI in the setting of CVMs are
illustrated in Figures 28-4 to 28-6. 
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Figure 28-5. A 4-day old infant who presented with a medial lower thigh mass with palpable thrill. A, Longitudinal magnetic
resonance imaging (MRI) view shows the mass with a large, high-flow draining vein. B, Transverse MRI view shows multiple fast-
flow voids with involvement of muscle and bone. C, After several months, this arteriogram was obtained because of the onset of
high-output heart failure. D, Later-phase view shows the same large draining vein seen on MRI. Therapeutic embolization was
carried out, resulting in transient disseminated intravascular coagulation but with a diminution of the mass and control of heart
failure. (From Rutherford RB [ed]: Vascular Surgery, 5th ed. Philadelphia: WB Saunders, 2000.)
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Arteriovenous Fistulas for
Hemodialysis: Diagnostic
Considerations

Noninvasive diagnostic studies can be useful in
evaluating patients before AV fistulas or shunts are con-
structed, in diagnosing the cause of dysfunction, and in
evaluating patients with established hemodialysis
fistulas and shunts.16

Preoperative Studies

For primary access procedures, or the initial procedure
in a new limb, normal arteries and adequate veins may
be presumed by palpating bounding peripheral pulses,

obtaining a normal Allen’s test, and seeing adequate
veins distended by tourniquet application. If this clinical
assessment is not obviously normal, the arterial tree can
be objectively evaluated, noninvasively, by segmental
pressure measurements and plethysmography.4,5 Normal
digital pressures and plethysmography not only indicate
open major arteries but rule out digital artery disease,
common in patients with end-stage renal disease (ESRD).
Patients with debilitating diseases require frequent
admissions, during which intravenous infusions may have
produced obliterative phlebitis of the superficial arm
veins. The adequacy of superficial veins can be deter-
mined by duplex scanning.17 In addition, those with
previous dialysis through proximal sites in the neck may
have occult stenotic lesions or even thrombosis in the
subclavian vein, which may greatly complicate attempts

Figure 28-6. This 24-year-old man had been aware of a
painless soft mass on his upper anterolateral thigh for many
years. A, An arteriogram was obtained and showed a localized
arteriovenous malformation fed by the profunda femoris
artery. The patient was referred for operation. B, Sagittal
magnetic resonance imaging (MRI) view shows high-flow voids
and large draining veins. C, Transverse MRI view shows not
only the high-flow voids but also diffuse involvement of the
anterior thigh muscles. Operation was withheld in this asymp-
tomatic man because excision would have produced imme-
diate neuromuscular disability. There was no distal steal or
cardiac embarrassment. (From Rutherford RB [ed]: Vascular
Surgery, 5th ed. Philadelphia, WB Saunders, 2000.)



to create an arteriovenous fistula distally in the same
extremity. These can and should be detected by duplex
scanning before the creation of a shunt or fistula.18

Postoperative Studies

Palpation of a prominent thrill over the outflow vein
after creation of an arteriovenous fistula or a shunt may
suffice when present, but Doppler interrogation offers
more objective evidence of adequate fistula flow in the
perioperative period. Actual flow rates may be estimated
by the previously described approach using the Doppler
equation; however, reproducible measurements require
special software and exacting technique. Thus at the
present time, serial study to detect a failing fistula cannot
be justified as a routine, even though it can be predic-
tive.19 More commonly, dialysis flow rates, venous and
arterial pressures on either side of the dialysis machine
at increasing flow rates, and percent urea recirculation
are observed during dialysis in an attempt to predict
access failure.20 However, by following up with duplex
scanning any abnormal observations made during dialysis
that are suggestive of access failure, flow-reducing
occlusive lesions can be detected with reasonable
accuracy.21

In patients presenting with hand symptoms such as
pain, numbness, or swelling, digital pressures and plethys-
mography (and their response to collateral compression
maneuvers) can be extremely helpful. Late complications
of radial artery-cephalic vein fistulas are relatively rare;
however, some patients will develop ischemic symptoms
in the hand or fingers secondary to distal steal, whereas
others may complain of pain and swelling as a result of
elevated peripheral venous pressure or secondary carpal
tunnel syndrome.22–24 These symptoms can be readily
investigated.25

First, digital pressures and plethysmography are moni-
tored. It must be remembered that these will always be
reduced to some degree distal to a significant fistula or
shunt. Although some degree of distal steal is common-
place, ischemic hand symptoms are uncommon and
should not be presumed from these tests unless the digital
pressures are below 40 mmHg and the pulse volume
recordings (PVRs) are flat. If not abnormal to this degree,
other causes of the hand symptoms must be sought. If
digital pressures and plethysmography are this low, they
should be repeated while carrying out collateral com-
pression maneuvers. Compressing a wrist or radio-
cephalic fistula, or the radial artery distal to it, should
improve digital perfusion and be reflected in increasing
digital pressures and PVRs. Conversely, compressing
the contralateral (e.g., ulnar) artery will further reduce
digital perfusion because this artery is the main collateral
inflow into the hand in the presence of a mature radio-
cephalic fistula. These additional findings are of clinical
value because they would lead logically to ligation of
the radial artery distal to the fistula, where flow can be

shown to be reversed, to relieve the digital ischemia.
Digital pressures and plethysmography, plus similar
compressive maneuvers, applied to fistulas and shunts
at other locations may also confirm the diagnosis of
digital ischemia secondary to distal steal and guide
appropriate therapy (e.g., a distal revascularization-
inflow ligation [DRIL] procedure). If pressure is low in
the digital arteries, but unevenly so, there may be
occlusion of digital arteries in some fingers and not
others because of peripheral arteriosclerosis.26 This can
be confirmed by individual interrogation of these
arteries with the Doppler probe. Their perfusion may
be improved sufficiently by inflow ligation to relieve
symptoms, and monitoring the effect of compressing
the inflow artery distally can attest to this.

Although no longer common in wrist fistulas, fistulas
or shunts that are anastomosed into the side of a major
vein may produce hand symptoms from distal venous
hypertension if the proximal outflow vein becomes
obstructed.24 Digital pressures and plethysmography may
be reduced (though not to the point of ischemia), and
may be improved by compression of the major outflow
vein. If this occurs with compression of the distal rather
than the proximal vein, then distal venous hypertension
as the cause of the hand symptoms is likely and, because
edema often results in compression of the median nerve
in the carpal tunnel, carpal tunnel release may be required.
Through thoughtful application of these simple nonin-
vasive tests, the cause of bothersome hand symptoms
associated with hemodialysis AV fistulas can be diag-
nosted and appropriate treatment initiated.
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digital subtraction angiography, CT scanning, and labeled
red cell nuclear scans.

On B-mode ultrasound examination, an echolucent
cavity is seen overlying the artery. It can be difficult to
differentiate a hematoma from a pseudoaneurysm with
B-mode only. A pseudoaneurysm may exhibit pulsatile
expansion and contraction of the suspected echolucent
area. Spontaneously occurring thrombus might be
detectable within the cavity, most commonly on the
outer margins of the cavity. On Doppler examination,
bidirectional flow is detectable at the neck of the
pseudoaneurysm because some blood flows in and out
of the aneurysm cavity with each systole and diastole.
This flow pattern is pathognomonic for pseudo-
aneurysms. The cavity itself may show a swirling flow
pattern on color mode.

Ultrasound-Guided Thrombin
Injection

In 1996 the author developed a method for treating
postcatheterization femoral pseudoaneurysms using
ultrasound-guided thrombin injection. This was spurred
by the shortcomings of ultrasound-guided compression
repair (UGCR). Universally, UGCR was painful and time-
consuming. The author found UGCR usually effective in
patients with normal coagulation parameters; however,

Diagnosis

Ultrasound-Guided Thrombin Injection

Technique

Results

Conclusions

Diagnosis

femoral pseudoaneurysm is suspected when there
is a hematoma, especially an enlarging one, at a puncture
site hours or days after the procedure. There is often
significant ecchymosis of the overlying skin. There may
be a bruit, but a continuous bruit is usually associated
with an arteriovenous fistula. There may be pain or neu-
ralgia, and the site is often tender. A pulsatile mass is
usually palpable, but a simple hematoma overlying the
artery may give the same impression. Only a minority
of pseudoaneurysms are unequivocally diagnosed by
physical examination. 

The diagnosis of a femoral pseudoaneurysm has
become very easy with duplex ultrasound, especially with
color-flow. Before refinements in ultrasound technology,
pseudoaneurysms were evaluated using a variety of tech-
niques including intra-arterial angiography, intravenous
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no success was seen in patients who were anticoagulated
at the time of compression.1 This was understandable
because UGCR requires spontaneous thrombosis of blood
within the pseudoaneurysm cavity while flow is tem-
porarily arrested by compressing the neck. It was thought
that compression would have a higher success rate and
require less time if the clinician could locally alter the
coagulability of the blood within the pseudoaneurysm.
The initial protocol proposed performing compression
after ultrasound-guided injection of thrombin into the
pseudoaneurysm cavity. After the first injection caused
immediate thrombosis of the pseudoaneurysm, it was
realized that compression would not be necessary. The
author’s first paper reported successful treatment of 20
out of 21 femoral pseudoaneurysms.2 A follow-up report
confirmed the efficacy of the procedure, with overall
success in 80 out of 83 patients, which included 29
patients who were anticoagulated and 9 nonfemoral
pseudoaneurysms.3 Since then, others using the same
technique have reported good results with few compli-
cations.4–12 The procedure has gained widespread accept-
ance and has become the primary treatment option.
Reflecting this development, in 2002 the American
Medical Association assigned a new current procedural
terminology (CPT) code for percutaneous thrombin
injection of pseudoaneurysms. 

Technique

The author has found that most pseudoaneurysms are
amenable to thrombin injection, which is not true for
UGCR. Patients with evidence of local infection, over-
lying skin or distal limb ischemia, or a history of allergic
responses to thrombin or bovine products are excluded.
Before thrombin injection, distal pulses and ankle-
brachial indices should be measured for comparison
after thrombin injection; this should allow detection of
most cases of intra-arterial thrombus formation or
embolization.

The transducer is placed directly over the pseudo-
aneurysm (Fig. 29-1). The orientation of the transducer
is not important; it is placed so that there is a convenient
location next to the transducer for needle insertion. A
21- or 22-gauge spinal needle is attached to a small
syringe containing thrombin at 1000 U/mL. The skin
along the short edge of the transducer is cleaned with
alcohol. With color-flow off, the needle is placed percu-
taneously into the center of the pseudoaneurysm along
the same plane as the ultrasound image (Fig. 29-2). This
can be done free-hand or with a biopsy guide. Although
the shaft of the needle is not always visible, the echogenic
thrombus that forms on the bevel of the needle can be
identified once it is within the pseudoaneurysm cavity
(Fig. 29-3). When the location of the tip is certain,
color-flow is turned on and thrombin is slowly injected.

Figure 29-1. Duplex ultrasound of the pseudoaneurysm
before needle insertion. The femoral artery is visible below the
pseudoaneurysm.

Figure 29-2. The spinal needle attached to a syringe con-
taining thrombin solution is percutaneously inserted into the
pseudoaneurysm.

Figure 29-3. Image without color-flow shows the needle and
the thrombus that forms on the tip of the needle within the
pseudoaneurysm. Once the tip is localized in the center of the
pseudoaneurysm, color-flow is turned back on before
thrombin injection.
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This results in rapid thrombosis of the aneurysm cavity
as seen by the disappearance of the color-flow (Fig. 29-4).
Usually, less than 0.5 mL of thrombin solution is suffi-
cient. If only partial thrombosis is seen, the needle is
redirected into the remaining flow cavity and additional
thrombin is injected. 

A similar procedure had been described in five
patients by Liau.13 After application of local anesthesia,
an intravenous catheter was introduced into the
pseudoaneurysm. Because this catheter was not visible
on ultrasound, saline containing micro-air bubbles was
injected through the catheter to detect the location of
the catheter tip and to guide positioning. This was fol-
lowed by injection of thrombin. The author’s technique
of using a spinal needle with thrombin already in the
needle seems simpler.

Patients do not require any sedation or analgesia.
Because no compression is used, there is only minor
discomfort from the needle. After successful thrombin
injection, patients are allowed to ambulate immediately.
As with UGCR, the author recommends repeating the
duplex examination within a few days to detect any
recurrences. Unlike UGCR, there appears to be no need
to discontinue anticoagulation to improve results.

Results

From February 1996 to December 2002, 149 pseudo-
aneurysms were treated with ultrasound-guided thrombin
injection. There were 136 femoral, 6 brachial, 2 radial,
2 subclavian, 1 posterior tibial, 1 distal SFA pseudo-
aneurysms, and 1 arm arteriovenous fistula. Thrombin
injection was initially successful in 145 of 149 patients.
The other four, all of whom had femoral pseudo-
aneurysms, had partial thrombosis. One of them had

complete thrombosis 3 days later when brought back
for repeat injection; three had surgical repair. There
were early recurrences in 11 that had initially suc-
cessful thrombin injections. Seven were successfully
reinjected at the time the recurrence was diagnosed.
One had spontaneous thrombosis several days after
recurrence was identified. Two failed repeat injections
and had surgical repair. One underwent surgical repair
without an attempt at repeat injection. Overall only 6
of 149 required surgical repair. Of 45 patients who were
anticoagulated with heparin or coumadin at the time of
thrombin injection, 42 had successful treatment.

Three patients experienced complications. (1) A
brachial artery pseudoaneurysm had injection of thrombin
directly into the neck, which caused thrombosis of the
brachial artery.14 The thrombosis resolved in a few
minutes after intravenous heparin. (2) A femoral pseudo-
aneurysm was successfully injected with thrombin.
The ankle-brachial index was noted to be decreased
after thrombin injection. Arterial duplex revealed
thrombus in the posterior tibial artery. Intravenous
heparin was administered immediately. The thrombus
was gone when the artery was scanned later in the day.
(3) A femoral pseudoaneurysm with a neck that was
about 10 mm in width (Fig. 29-5) had partial throm-
bosis of the aneurysm after initial injection. Further
injection was not able to thrombose the remaining
cavity but instead caused a tail of thrombus to form in
the superficial femoral artery. The patient underwent
surgical thrombectomy and repair of the aneurysm. 

Results from other institutions have confirmed that
thrombin injection is safe and effective. Some of the
early larger series that have been published are shown
in Table 29-1. The cumulative success rate of these series
and the author’s was 453 out of 475 (95%). There were
only eight complications (1.7%), which were all
thromboses of the feeding artery or distal embolism. A
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Figure 29-4. Color-flow image after thrombin injection
shows complete thrombosis of the pseudoaneurysm.

Figure 29-5. Femoral pseudoaneurysm with a wide neck,
which may be more likely to develop arterial thrombosis with
thrombin injection. 



few other case reports have described similar throm-
boembolic complications.15–17 They are most likely caused
by inadvertent injection of the thrombin solution into
the artery, either by incorrect needle placement or by
injecting too much thrombin, especially in the presence
of a wide neck, as in the author’s series. There are also
single case reports of allergic reactions to thrombin
causing anaphylactic shock18 and prolonged pruritus.19

As has been shown, nonfemoral pseudoaneurysms
can also be treated by this method. Besides the sub-
clavian, brachial, radial, tibial, and distal SFA pseudo-
aneurysms that the author reported,3 the literature now
also includes treatment of axillary,20 vein graft,21 pan-
creatic,22 and splanchnic artery pseudoaneurysms,23

among others. As suggested in the author’s paper,3

thrombin has also been injected under CT guidance into
the aneurysm sac of an abdominal aortic aneurysm
previously treated by an endograft to obliterate an
endoleak.24

Conclusions

Ultrasound-guided thrombin injection has become the
preferred treatment for most iatrogenic pseudoaneurysms.
It appears to have significant advantages over compres-
sion therapy or surgery. 
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Office Examination

Evaluation of the ischemic upper extremity begins with
a thorough and focused history and physical examina-
tion. Episodic digital discoloration and pain evoked by
exposure to cold environments or stress suggests the
presence of Raynaud’s disease. This disorder occurs either
as a consequence of increased sensitivity to cold stimuli
in normal digital arteries (primary Raynaud’s syndrome),
or normal response to cold stimuli in the setting of under-
lying digital occlusive disease (secondary Raynaud’s syn-
drome). In the setting of cold-induced digital vasospasm
the medical history should focus on the possibility of
coexisting collagen vascular disorders (e.g., scleroderma);
autoimmune conditions (e.g., systemic lupus erythe-
matosus [SLE], dermatomyositis, polymyositis, or rheuma-
toid arthritis); primary pulmonary hypertension; blood
dyscrasias; hepatitis; occupational use of vibratory tools;
frostbite; or treatment with ergot preparations, beta
blockers, or cytotoxic chemotherapeutic agents. Even
after the diagnosis of primary Raynaud’s syndrome is
established in the absence of coexisting conditions,
patients may need future re-evaluation because a signifi-
cant minority of young women with this condition go

Introduction
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Application-Specific Diagnostic Modalities

Conclusions 

Introduction

pper extremity ischemia is a common and debili-
tating condition, often occurring in young, relatively
healthy, and productive individuals. Thorough diagnostic
evaluation expedites effective treatment and often reveals
significant medical comorbidities. The etiology of upper
extremity ischemia may be divided into intrinsic occlu-
sive disease secondary to atherosclerosis; or collagen
vascular or autoimmune diseases, embolic disease, and
steal syndromes associated with ipsilateral hemodialysis
access procedures. A range of indirect and direct non-
invasive imaging and catheter-based imaging studies
are used to quantify disease severity and to localize
obstructing or embolizing lesions. 
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on to develop underlying collagen vascular or autoim-
mune conditions months or years after the onset of
symptoms.1 Digital ulceration is clearly a marker of
comorbidity because it occurs almost exclusively in
patients with serious underlying medical conditions
such as scleroderma or SLE. Consideration of the full
range of diagnostic and therapeutic modalities
available for patients with Raynaud’s disease is beyond
the scope of this chapter2: These concepts are outlined
only to emphasize the importance of a complete medical
history as part of the diagnostic assessment of upper
extremity occlusive disease.3

Physical examination should highlight the location
and laterality of symptoms and signs of ischemia. As a
general rule, bilateral symptoms increase the likelihood
of intrinsic arterial disorders and underlying medical
conditions (e.g., scleroderma). Unilateral symptoms or
signs occur more commonly with proximal embolizing
lesions such as subclavian aneurysms. Aortic or mitral
valve lesions, patent foramen ovale, or myocardial rhythm
disturbances can throw emboli to one or both upper
extremities. Toward this end, the precordium should be
auscultated for rhythm disorders or murmurs. Similarly,
the presence of upper extremity arteriovenous fistulas,
shunts, or central venous catheters should be noted
and correlated with symptom laterality. Characteristic
cutaneous conditions such as rashes, jaundice, or
petechial lesions suggest the possibility of underlying
comorbid medical conditions and should prompt more
extensive systemic assessment.

Establishing symptomatic unilaterality facilitates
diagnostic precision. Auscultation and palpation of the
juxtaclavicular region may identify relevant murmurs
or prominent or aneurysmal pulsations. Similarly, the
brachial, ulnar, and radial pulse status should be noted.
Arm-arm brachial and forearm pressures are obtained
and indexed to the highest value with segmental pres-
sures recorded on the affected limb. In patients with
possible thoracic outlet disease, pressure and pulse exami-
nations are repeated during evocative maneuvers such
as the Adson test, military brace, or the elevated arm
stress test (EAST).4

Application-Specific Diagnostic
Modalities

Beyond laterality and localization techniques, specific
diagnostic tests are best considered in the context of
their most common applications.

Cold Intolerance/Finger Discoloration
and Occlusive Disease

When historical information or physical examination
suggests the presence of cold intolerance or discoloration,

bilateral upper extremity pressure testing and digital
plethysmography are performed. These tests are 
useful in differentiating normal from obstructive or
vasospastic arterial waveforms. Photoplethysmography
(PPG) uses a photocell to acquire an analog recording
of the pulse contour as the flow of blood passes
through the capillary bed from the arterial side to the
venous return. Mercury plethymography employs
miniaturized strain gauges around the digit to record
volume changes. Digital pressure is modified via 2.5-cm
pressure cuffs placed simultaneously at the base of
each digit. Normal digital pressures are within 20 to 
30 mmHg of brachial pressures, or a digital/brachial
index of greater than 0.80. Finger pulse/volume
recordings are obtained at rest and are categorized by
waveform phasicity. The finding of multiple bilateral
monophasic and obstructive digital signals at room
temperature supports the diagnosis of secondary
Raynaud’s syndrome.

The presence of normal pulse volume recordings and
coloration at room temperature in patients with symp-
toms suggestive of cold intolerance may be investigated
further via cold challenge. As described by Nielsen and
Lassen,5 this can be accomplished by either immersion
in an ice bath or by perfusion of cold water through the
digital pressure cuffs. More recently, Carter and associates
have emphasized the importance of whole body cooling
to improve test sensitivity.6 These tests are elaborate
and, in the case of cold immersion, potentially painful.
The simplest test involves immersing the affected hand
in ice water for 30 seconds. After the hand is dried, a
temperature probe measures digital temperature every
5 minutes for 45 minutes, or until it reaches preimmer-
sion levels (30 °C minimum). Despite obvious limitations
associated with these methods, more sophisticated
testing modalities have not gained widespread accept-
ance. As a general rule, pulse contours tend to be less
sensitive than reduced finger blood pressures for con-
firmation of disease. 

When obtaining baseline measurements in patients
with obvious digital ischemia, it is important to ensure
that the finger temperature is at 28 to 30 °C. Lower
temperatures may induce vasospasm and skew results.
Healthy individuals will demonstrate normal waveforms
with an upstroke of less than 0.2 seconds both at room
temperature and following rapid cooling. A slower
upstroke denotes an obstructive pattern, although not
necessarily specific to the level of the palmar and
digital arteries. Cold-induced vasospasm presents with
a different abnormal waveform altogether, known as a
peaked pulse, where a vessel does not demonstrate normal
elasticity (Fig. 30-1). Similar methods can be used to
follow efficacy of therapy. Plain soft-tissue hand films
(x-ray) may reveal calcinosis, supporting the diagnosis
of secondary etiologies such as CREST syndrome and
diabetic or azotemic arteriopathy. Current guidelines
regarding the necessary elements of a cold-sensitivity
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Figure 30-1. A, Normal bilat-
eral upper extremity segmental
digital analog waveforms in a
patient with symptoms of cold-
induced vasospasm. B, Digital
photoplethysmography of the
same patient showing somewhat
blunted tracings and “peaks”
characteristic of vasospasm on
digits 1–3 and more normal
waveforms on 4 and 5 bilat-
erally. 
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examination in the vascular laboratory can be found on
the Society of Vascular Ultrasound Web site at www.
svunet.org/about/positions/index.htm. 

Evidence of obstructive waveforms warrants further
investigation of more proximal vessels from the wrist to
the level of the aortic and mitral valves. Chronic embolic
disease may mimic digital vasospasm or obstructive
conditions, even in otherwise healthy young women or
high-performance athletes.7 Duplex scanning is not
useful in diagnosis of primary Raynaud’s disease, per
se, but is helpful at performing the necessary inves-
tigation of any proximal lesions that may present with
episodic digital ischemia. 

Any discernable large vessel pathology that lends
itself to operative repair will ultimately be evaluated by
contrast angiography, either via magnetic resonance or
selective intra-arterial injection. Angiography is also
indicated in the setting of digital gangrene, in which
advanced distal atherosclerosis8 or secondary Raynaud’s
syndrome is likely. Although of limited value today in
diagnostic assessment, angiography remains essential
for planning revascularization strategies. Angiographic
examinations must opacify all regions of interest from
the ascending aorta to the proper digital arteries. Bilateral
examinations are crucial in determining the role of
anatomic variability vs. underlying disease. The palmar
arch, for example, is complete in less than half of patients
undergoing upper extremity arteriography. 

Focal Upper Extremity Aneurysmal
Degeneration and Distal Embolization

Upper extremity arterial aneurysms occur in pre-
dictable and reproducible locations, including the
subclavian artery or its branches at the thoracic outlet
(Fig. 30-2); the axillary artery; the brachial artery at 
or above the antecubital fossa (Fig. 30-3); and the 
ulnar artery where it crosses the hook of the hamate
bone. 

Arterial and venous injuries occur at the thoracic outlet
secondary primarily because of bony trauma (e.g.,
cervical rib and interactions between the first rib and
clavicle or the head of the humerus).9,10 The most com-
mon clinical manifestation of these injuries is distal
embolization, followed by secondary axillosubclavian
thrombosis. Diagnosis is established by bilateral proxi-
mal arterial color duplex imaging using 4- to 7-MHz
transducers. 

More subtle but equally debilitating injuries can
occur to branches of the axillary artery just distal to the
humeral head. These injuries may present as obvious
distal emboli or ipsilateral cold sensitivity, or may be
indirectly recognized by reduced strength, sensation, or
neuromuscular control in the involved arm. Throm-
bosed aneurysms of the common, anterior, or posterior
circumflex arteries may not opacify or may not be
recognized during upper extremity arteriography, high-

lighting the importance of careful duplex ultrasonic
interrogation as an integral component of the diagnostic
evaluation.11

Brachial and radial artery aneurysms occur either as
a sequela of trauma (e.g., posterior elbow dislocations)
or as complications of brachial catheterizations or other
iatrogenic injuries. The superficial location of the brachial
artery usually ensures prompt recognition and evalua-
tion. Distal ulnar artery aneurysms, however, are also
subtle and often unrecognized sources of digital emboliza-
tion. These aneurysms represent another manifestation
of repetitive motion injuries, occurring most commonly
in the modern era in vocational or avocational athletes.8,12

The short segment of the superficial branch of the ulnar
artery that forms the origin of the superficial palmar arch
is prone to injury from acute and chronic blunt trauma
to the hypothenar eminence, where it lies relatively
unprotected between skin and bone. These aneurysms
may occlude or chronically embolize. Angiographic abnor-
malities are subtle and easily overlooked, often demon-
strating corkscrew luminal deformities or subtle contour
irregularities in the absence of obvious aneurysmal
degeneration. Preprocedural duplex insonation at higher
frequencies (10 MHz and above) easily identifies
aneurysms with and without luminal thrombus in
younger, active patients with symptoms of ipsilateral
digital ischemia. In a fashion similar to ischemic condi-
tions caused by more proximal embolizing lesions, ulnar
aneurysms and their digital sequelae are definitively
treated by autogenous vein reconstruction preceded in
selected cases by preoperative intra-arterial catheter-
directed thrombolysis.13

Hand Ischemia/Digital Gangrene 
in End-Stage Renal Disease

Hand and finger ischemia occurs commonly in end-stage
renal disease patients undergoing hemodialysis as renal
replacement therapy. The presence of hand pain and
numbness ipsilateral to surgically created fistulas and
shunts suggests the possibility of arterial steal syndromes.
The most common remedies for steal syndromes include
the DRIL (distal revascularization and interval ligation)14

procedure or similar surgical solutions. When gangrene
is present, however, it almost invariably identifies the
presence of severe distal atherosclerotic disease not
amenable to revascularization.15 The diagnostic assess-
ment and categorization of steal or distal pain syndromes
is most commonly performed by evaluation of distal
arterial perfusion with or without temporary occlusion
of the access conduit during distal digital PPG tracings,
in addition to digital pressure and waveform assessment.
Current guidelines regarding the necessary components
for noninvasive assessment of hemodialysis-related upper
extremity ischemia are posted and updated on the Society
of Vascular Ultrasound Web site www.svunet.org/
about/positions/index.htm.
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Figure 30-2. A, Unilateral blunted PPG tracings in right-hand
dominant professional athlete with discolored, cold-intolerant
hand and intact ipsilateral radial, ulnar, and brachial pulses.
B, Duplex scan showing aneurysmal right subscapular artery
with intraluminal thrombus. C, Subclavian injection-contrast
arteriography showing subtle filling defects of the subscapular
artery. D, Selective subscapular injection showing thrombus-
filled aneurysm. E, Surgical specimen open showing luminal
thrombus. (All images courtesy of Cornelius Olcott IV, MD.)
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Conclusions

The etiology of upper extremity ischemia varies widely
from autoimmune conditions to overuse and repetitive
motion injuries. Familiarity with the full range of diag-
nostic tests available in the vascular laboratory helps
physicians and vascular surgeons promptly address and
resolve what are often long-standing and debilitating
conditions. Somewhat contrary to current trends in vas-
cular diagnosis, a combination of imaging and indirect
testing modalities is still required to optimize outcome in

many patients suffering from finger and hand discol-
oration, pain, and digital gangrene. 
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Figure 30-3. Midforearm brachial pseudoaneurysm. These
lesions are often successfully treated at the time of diagnosis
by thrombin injection under ultrasound guidance. Although
reported to be more often accompanied by distal embolization
than femoral artery pseudoaneurysms, the authors have
treated several similar brachial lesions successfully without
embolic sequelae. 
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renal ischemia. It has been estimated that 60,000 to
120,000 patients in the United States have azotemia on
this basis, and ischemic nephropathy may account for
5% to 15% of the patients who develop end-stage renal
disease (ESRD) each year and require renal replacement
therapy.4,5

The principal lesions associated with renal artery
stenosis are atherosclerosis and fibromuscular dysplasia.
Atherosclerosis is by far the most common cause of
renovascular disease. These lesions are typically located
at the origins or in the proximal segments of the renal
arteries and are found in patients over 50 years of age
with significant aortoiliac or lower extremity arterial occlu-
sive disease (Fig. 31-1). The lesions of fibromuscular
dysplasia are usually found in patients under the age of
40 years and affect the middle or distal segments of the
renal arteries with a characteristic “string of beads”
appearance (Fig. 31-2). 

Renal artery stenosis is relatively common, particu-
larly in patients with atherosclerosis in other arterial
segments. In a study of 395 patients undergoing routine
arteriography for peripheral arterial disease, a renal
artery stenosis of more than 50% diameter reduction
was found in 38% with abdominal aortic aneurysms,
in 33% with aortoiliac occlusive disease, and in 39%
with lower extremity occlusive disease.6 Because many
patients are found to have unilateral or bilateral renal
artery stenosis without severe hypertension or renal
insufficiency, it is clear that not all renal artery lesions
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Introduction

lthough the broad topic of renovascular disease can
be considered to include the thoracoabdominal aorta,
renal arteries, parenchymal vessels, and renal veins, the
most common and clinically significant renovascular
disorders involve the renal arteries. Occlusive disease of
the renal arteries may result in hypertension or ischemic
nephropathy. Hypertension affects about 50 million indi-
viduals in the United States, and the proportion with a
renovascular etiology is in the range of 1% to 6%.1,2

However, the prevalence of renovascular hypertension in
patients with severe hypertension (i.e., diastolic blood
pressure greater than 105 mmHg) may be as high as
30% to 40%.3 Ischemic nephropathy can be defined as
a progressive decline in renal function secondary to global
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are physiologically significant. Therefore, in order to be
most useful, diagnostic tests must address both the
anatomy and physiology of renovascular disease.

Screening for Renovascular
Disease

The rationale for screening in patients with suspected
renal artery stenosis is to identify those individuals who
are most likely to benefit from renal artery interventions
for management of hypertension or renal insufficiency.
Severe hypertension occurring in children or young adults
is particularly likely to be renovascular. Some other
general features that suggest the presence of renovas-
cular hypertension rather than essential hypertension
are sudden or recent onset of hypertension, an abdominal
bruit, resistance to standard antihypertensive therapy
with multiple medications, and acute azotemia during
treatment with angiotensin-converting enzyme inhibitors.
Although these features can be used to increase the
positive yield of screening tests, they do not have
sufficient discriminative value to exclude patients from
further diagnostic evaluation. Therefore, the principal
criterion for screening remains the severity of hyper-
tension, particularly the diastolic component. 

Screening for renovascular hypertension or ischemic
nephropathy is particularly complicated because these
conditions involve physiologic as well as anatomic
abnormalities. Historically, a variety of screening tests
have been used for this purpose. Peripheral plasma renin
assays, rapid-sequence intravenous pyelography, and
isotope renography have all been tried, but they lack
sufficient sensitivity to serve as reliable screening tests.7

Figure 31-1. Arteriogram of atherosclerotic renal artery
stenosis. The lesions are located in the proximal renal artery
segments and are associated with significant aortic involve-
ment. There is poststenotic dilatation on the right side.

Figure 31-2. Arteriogram of renal artery fibromuscular
dysplasia. The “string of beads” lesion involves the middle and
distal segments of the renal artery, as well as the segmental
branches.

Captopril renal scintigraphy is based on the pathophysi-
ology of renovascular hypertension, and it has been
advocated as a valid screening test.8 Contrast arteriogra-
phy remains the “gold standard” for the anatomic diag-
nosis of renal artery disease, but it is unsuitable for use
as a screening test because of its high cost and invasive
nature. The potential nephrotoxicity of radiographic
contrast is another factor that has limited the use of
arteriography in patients with renal artery disease and
renal insufficiency. Spiral computed tomography (CT)
and magnetic resonance angiography (MRA) are also
being used as screening tests for renal artery disease.
Although sensitivities and specificities of greater than
90% have been reported for detection of main renal
artery stenoses by spiral CT, this approach may not be
suitable for many patients because it requires relatively
large volumes (up to 150 mL) of iodinated contrast.9,10

Calcification in atherosclerotic plaques interferes with
arterial imaging by spiral CT, and accessory renal
arteries may not be reliably identified.11 MRA does not
require injection of iodinated contrast and can produce
images that appear similar to standard arteriograms.
Gadolinium is a non-nephrotoxic contrast agent that may
enhance the ability of MRA to identify accessory renal
arteries. Excellent sensitivities and specificities have
been reported for imaging main renal artery stenoses
by MRA.12,13 The main disadvantage of MRA is that it
may overestimate the severity of stenosis and produce
false-positive results. As with all magnetic resonance
studies, the test cannot be performed on patients with
pacemakers, stents, or other metal devices. 

When a hemodynamically significant renal artery
stenosis is found, functional studies may be indicated
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to determine whether the lesion is truly responsible for
the clinical findings. This can be accomplished by either
renal vein renin determinations or split renal function
studies; however, both of these methods are complex
and invasive. The most commonly used approach is to
measure the renin concentration in blood sampled from
each renal vein to detect unilateral renin hypersecretion.
The test is considered positive if there is a ratio of at
least 1.5 to 1.0 when the stenotic and nonstenotic sides
are compared. Split renal function studies are rarely used
and require cystoscopy with ureteral catheterization to
measure urine flow and urinary concentration from each
kidney. Unfortunately, these functional studies have
numerous sources for error and the results are not uni-
formly reliable, particularly in the presence of bilateral
renal artery disease or renal artery stenosis involving a
solitary kidney.4

Duplex ultrasound scanning was developed in the
1970s as a direct noninvasive method for evaluating the
extracranial carotid artery. Subsequent advances in ultra-
sound technology, particularly the availability of improved
B-mode systems, color-flow imaging, and lower frequency
ultrasound transducers, have extended the applications
of duplex scanning to the more complex and deeply
located vessels of the abdomen. Duplex scanning is
currently the only method available in the noninvasive
vascular laboratory for evaluating the renal arteries.

Interpretation and Results 
of Renal Duplex Ultrasound

The general principles of renal duplex scanning are
identical to those for other arterial sites. After the renal
artery is visualized by B-mode and color-flow imaging,
the pulsed Doppler sample volume is placed within the
vessel and spectral waveform analysis is used to charac-
terize the flow pattern and to classify the severity of
disease. A localized flow disturbance with a high velocity
jet indicates the presence of a high-grade stenosis. The
main challenge in renal artery duplex scanning is to
locate the vessels and obtain satisfactory pulsed Doppler
signals. Renal arteries are especially difficult to examine
because of their small size, deep location, and variable
anatomy. The effects of respiratory motion and overlying
bowel gas can also limit the success of renal duplex
scanning.

The classification of renal artery disease by duplex
scanning is based on spectral waveforms from the renal
artery and adjacent abdominal aorta. The triphasic flow
pattern seen in the aortoiliac and lower extremity arteries
is a result of the relatively high vascular resistance of
the normal peripheral circulation. In contrast, the normal
kidney offers a low vascular resistance, and the renal
artery velocity waveform is monophasic with forward
flow throughout the cardiac cycle (Fig. 31-3). Renal artery

narrowing results in a focally increased renal artery
peak systolic velocity (PSV). Normal renal arteries
typically show PSV values of less than 180 cm/sec.14

Because the PSV associated with a hemodynamically
significant renal artery stenosis increases relative to
aortic PSV, the ratio of peak systolic velocities in the
renal artery and aorta can be used as an index of renal
artery stenosis severity (Fig. 31-4). This is referred to as
the renal/aortic ratio or RAR. Renal artery occlusion is
present when the artery is visualized but no flow signal
can be detected in the proximal segment. A set of criteria
for classification of renal artery disease by duplex
scanning is given in Table 31-1. 

Figure 31-3. Normal renal artery (upper) and suprarenal
aortic (lower) spectral waveforms. The renal artery waveform
indicates low vascular resistance, with relatively high veloci-
ties in diastole. The pulsed Doppler sample volume is located
in the right renal artery on the B-mode image.
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These criteria were validated by Hoffman and col-
leagues in a series of 41 patients with 74 renal arteries
that were evaluated by both duplex scanning and arte-
riography.14 A renal artery PSV of 180 cm/sec or greater
discriminated between normal and diseased renal

arteries with a sensitivity of 95% and specificity of
90%. Based on 60% diameter reduction as the
threshold for a hemodynamically significant stenosis, a
RAR of 3.5 or greater identified high-grade renal artery
stenoses with a sensitivity of 92% and a specificity of
62%. This relatively low specificity was caused by a
large number of borderline lesions which had RAR
values greater than 3.5 but were interpreted as being 
in the range of 50% to 60% diameter reduction by
arteriography. It is noteworthy that several of these
borderline renal artery lesions were treated by angio-
plasty or surgery with a successful clinical outcome,
suggesting that the stenoses were hemodynami-
cally significant, as predicted by the duplex scan.
Occluded renal arteries were correctly identified by
duplex scanning in 10 of 11 cases; however, accessory
or branch renal artery stenoses were not reliably
detected.

Other researchers have used similar methods and
interpretation criteria to validate renal duplex scan-
ning, with reported sensitivities and specificities in the
range of 93% to 98%.15,16 Hansen and colleagues found
that a focal renal artery PSV of 200 cm/sec or greater
in combination with a “turbulent” distal velocity wave-
form correlated highly with an arteriographic renal
artery stenosis of 60% or greater diameter reduction.15

Among 122 kidneys with single renal arteries in 74
patients, duplex scanning correctly identified 67 of 68
arteries that were normal or had less than 60% stenosis
and 35 of 39 arteries with 60% to 99% stenosis. All 15
renal artery occlusions were correctly identified. This
resulted in a sensitivity of 93%, a specificity of 98%, a
positive predictive value of 98%, a negative predictive
value of 94%, and an overall accuracy of 96%.
However, among the 14 patients who had 20 kidneys
with multiple renal arteries, the sensitivity of duplex
scanning decreased to 67%, with a corresponding
negative predictive value of 79%.

The rationale for renal hilar duplex scanning is that
velocity waveforms obtained distal to a hemodynami-
cally significant renal artery stenosis should become
damped and have a more gradual systolic upstroke.
Because pulsed Doppler signals are relatively quick and
easy to obtain from the renal hilum using a flank
approach, it has been suggested that a hilar duplex
scan could serve as a rapid screening test for renal
artery stenosis. The renal hilar waveform parameters
that have been described include the acceleration time
(AT), acceleration index (AI), early systolic peak (ESP),
and tardus/parvus pattern (TPP). Although the
reported specificity of the hilar parameters is typically
greater than 90%, the sensitivity is more variable, with
a range of 32% to 93%.17–19 Consequently, the renal
hilar scan appears to be reliable when it is positive;
however, false-negative results are relatively common,
and the low sensitivity makes it unsuitable for use as a
primary screening test.
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Figure 31-4. B-mode image of a stenotic left renal artery (top)
and the corresponding spectral waveform from the proximal
renal artery (bottom). Calcification is seen on the B-mode image
at the site of stenosis. The renal artery PSV is 530 cm/sec.
Based on an aortic peak systolic velocity of 75 cm/sec, the renal/
aortic ratio (RAR) is 7.1, indicating a 60% or greater stenosis.

TABLE 31-1. Criteria for Classification of
Renal Artery Disease by Duplex Scanning

Renal Artery Diameter
Reduction Renal Artery PSV RAR

Normal < 180 cm/sec < 3.5 

< 60% 180 cm/sec < 3.5 

60% 180 cm/sec 3.5 

Occlusion (100%) No signal No signal 

PSV, peak systolic velocity; RAR, renal/aortic ratio (ratio of the PSV in
the renal artery to the PSV in the adjacent abdominal aorta).



Prediction of Clinical Outcome

Although the applications and techniques of renal duplex
scanning have emphasized the main renal arteries,
important clinical information can also be obtained by
ultrasound evaluation of the renal parenchyma. Measure-
ments of kidney length and evaluation of parenchymal
flow patterns have been used to assess the status of the
kidney and to predict the clinical response to renal artery
interventions. Velocity waveforms taken from within
the kidney reflect renovascular resistance. Parameters
that have been used to quantify renovascular resistance
include the end-diastolic ratio or EDR (parenchymal
end-diastolic velocity/parenchymal peak systolic velocity);
and the renal resistive index or RRI, which is the inverse
of the EDR ([parenchymal peak systolic velocity –
parenchymal end-diastolic velocity]/parenchymal peak
systolic velocity). Elevated renal parenchymal resistance,
which is associated with low EDR or high RRI values,
occurs in kidneys with severe parenchymal disease; this
may be a factor in failures of renal artery interventions.20–22

An example of normal and abnormal renal parenchymal
waveforms is shown in Figure 31-5. 

In a review of 23 patients undergoing 31 renal revas-
cularizations, Cohn and colleagues found that the mean
preintervention EDR was significantly higher in those
patients who had a favorable blood pressure response
or an improvement in renal function.21 A preintervention
EDR of less than 0.30 correlated with a poor clinical
outcome. Radermacher and colleagues reported similar
results using the RRI in a cohort of 138 hypertensive
patients with unilateral or bilateral renal artery stenosis
who had 131 technically successful interventions.20

Among the 35 patients with a RRI of .80 or greater, 34
showed no significant decrease in blood pressure, and
renal function deteriorated in 28. However, 90 of 96
patients with a RRI of less than .80 showed a decrease in
blood pressure of 10% or more. These authors concluded
that a RRI value of .80 or greater identifies a group of
patients unlikely to respond to renal revascularization. 

Clinical and Research Applications

Current applications of renal duplex scanning include
screening of patients with hypertension or renal failure,
intraoperative assessment, follow-up after renal artery
interventions, evaluation of renal transplants, and natural
history studies. The value of duplex ultrasound is that
it provides both anatomic information and an assessment
of the hemodynamic significance of any renal artery
lesions, as well as information on kidney size and the
status of the renal parenchyma. 

Screening

The general approach to screening for renovascular
disease has already been discussed. Ideally, a screening
test for renal artery stenosis should be able to detect
and classify lesions in all segments of the main renal
arteries and in accessory renal arteries. As previously
mentioned, renal duplex scanning is generally reliable
for assessing the main renal arteries, but it does not
consistently identify accessory renal arteries or lesions
in the segmental branches. When renovascular hyper-
tension is suspected, the status of the main renal arteries
and any accessory or polar arteries must be evaluated
because hypertension can result from isolated accessory
renal artery stenosis. In this situation, failure to detect
a hemodynamically significant stenosis in an accessory
renal artery could result in a false-negative screening
test. Therefore additional imaging studies should be
considered when a duplex scan shows nonstenotic
renal arteries and there is a strong clinical suspicion for
renovascular hypertension. Ischemic nephropathy results
from “total” renal ischemia, so there must be hemody-
namically significant stenoses in both main renal
arteries (or in a single main renal artery in patients
with a solitary kidney) for this condition to be present.
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Figure 31-5. Normal (top) and abnormal (bottom) renal
parenchymal velocity waveforms. The normal waveform has
low resistance flow with high velocities in diastole and an EDR
of 0.40 (RRI 0.60), whereas the abnormal waveform indicates
a high vascular resistance with low end-diastolic velocities
and an EDR of 0.13 (RRI 0.87). Arrows on the abnormal
waveform indicate peak systolic and end-diastolic velocities.



Consequently, if one or both main renal arteries are
shown to be widely patent, ischemic nephropathy can
be ruled out.

Follow-Up

Duplex ultrasound provides a practical noninvasive
method for assessing the results of renal artery inter-
ventions. In 1989 Taylor and colleagues reported on 16
renal artery stenoses of 60% or greater diameter reduc-
tion that were followed after interventions.23 Six arteries
in five patients were treated by percutaneous translu-
minal angioplasty (PTA), and surgical bypass was per-
formed on 10 arteries in 7 patients. The PTA group was
followed for a mean of 6.5 months. Duplex scanning
documented relief of renal artery stenosis in two patients
whose hypertension improved after PTA, and persistent
stenosis in three patients whose hypertension did not
improve. Follow-up of the surgical bypass group for a
mean of 9 months showed 8 patent and 2 occluded
grafts. In another follow-up study of 51 renal artery
interventions in 36 patients, including 8 PTAs, the
diagnostic accuracy of duplex scanning was 86%, with
a sensitivity of 80% and a specificity of 87%.24 A larger
study of 61 renal artery interventions (44 surgical
repairs, 17 PTAs) indicated that duplex scanning had
an overall accuracy of 92%, a sensitivity of 69%, and
a specificity of 98%.25 The duplex scan results were
adversely affected by the presence of branch renal artery
disease, and a separate analysis of the 50 interventions
for main renal artery lesions yielded an accuracy of
96%, a sensitivity of 89%, and a specificity of 98%. 

In a prospective but nonrandomized study, Baumgartner
and colleagues compared primary PTA to primary stenting
for ostial, proximal, and isolated truncal atherosclerotic
renal artery stenosis.26 Duplex scanning was used to
follow 163 patients with 200 treated renal artery lesions
for a median of 12 months. Primary patency rates at 12
months for PTA alone were 34% for ostial stenoses,
65% for proximal stenoses, and 83% for truncal stenoses.
The corresponding primary patency rates for the stented
renal arteries were 80%, 72%, and 66%. A significant
reduction in the rate of restenosis for the stented renal
arteries was observed only for the ostial stenoses. 

Experience with duplex scanning for follow-up after
renal artery interventions indicates that the velocity
criteria developed for classification of native renal artery
disease can also be applied after PTA or surgical revas-
cularization. The presence of a stent does not limit
ultrasound interrogation of the vessel (Fig. 31-6). 

Natural History Studies

The value of renal revascularization in patients with
severe renal artery disease and established renovascular
hypertension or ischemic renal failure is generally
accepted. However, the role of intervention for renal
artery stenosis that is not associated with uncontrol-
lable hypertension or decreased renal function remains
uncertain. The ultimate goal of natural history studies of
renal artery disease is to provide a rationale for managing
patients with asymptomatic or minimally symptomatic
renal artery stenosis. A prospective study on the natural
history of atherosclerotic renal artery stenosis was ini-
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Figure 31-6. Duplex ultrasound evaluation of a left renal artery after PTA and stenting. The stent is well visualized on the 
B-mode image protruding slightly into the aortic lumen. The pulsed Doppler sample volume is positioned at the origin of the renal
artery, and the spectral waveform indicates normal renal artery flow. 



tiated in the vascular research laboratory at the University
of Washington in 1990. The study population included
patients with renal artery disease who did not require
immediate intervention. All renal arteries were classified
by duplex scanning as normal, less than 60% stenosis,
60% stenosis or greater, or occluded. Eligible patients
had at least one abnormal renal artery with a PSV of
180 cm/sec or more; or a RAR of 3.5 or more. Disease
progression in a renal artery was defined as either (1)
an increase in renal artery PSV of 100 cm/sec or more
relative to prior examinations (hemodynamic); (2) an
increase in renal artery stenosis severity to 60% or more
diameter reduction (anatomic); or (3) occlusion of a
previously patent renal artery. 

Caps and colleagues reported on 170 patients (85
males, 85 females, with a mean age of 68 years) who were
followed for a mean of 33 months (range, 3 months to
7.2 years).27 The baseline status of the 295 eligible renal
arteries was normal in 56, less than 60% stenosis in 96,
and 60% or greater stenosis in 143. Hemodynamic
disease progression was detected in 91 of the 295 renal
arteries (31%), and the 3-year cumulative incidence was
18%, 28%, and 49% for renal arteries initially classified
as normal, less than 60% stenosis, and 60% or greater
stenosis, respectively. Based on the duplex criteria, the
3-year cumulative incidence of anatomic renal artery
disease progression was 13% from normal to 60% or
greater stenosis and 56% from less than 60% to 60%
or greater stenosis. Only 9 of the 295 renal arteries pro-
gressed to occlusion during the follow-up period, and
all of these either had 60% or greater stenosis at the
baseline examination or progressed to 60% or greater
stenosis before occlusion.

Analysis of baseline risk factors indicated that the
following four were independently associated with hemo-
dynamic renal artery disease progression: increased
systolic blood pressure, diabetes mellitus, presence of a
high-grade ipsilateral renal artery stenosis, and a high-
grade contralateral renal artery stenosis (Table 31-2).
Systolic hypertension showed the strongest association,
with a 2.1-fold increase in risk of progression for a
value of 160 or greater mmHg. Renal arteries exposed
to all four of the baseline risk factors listed in Table 31-2
would have a predicted 2-year cumulative incidence of
disease progression of 65%; however, if none of these
factors were present, the cumulative incidence would
be only 7%. 

Changes in renal size were also documented in 122
patients with a total of 204 eligible kidneys over a mean
follow-up interval of 33 months.28 Renal atrophy was
defined as a decrease in kidney length of more than 1
cm during follow-up compared with the baseline length
measurement. The 1 cm threshold was based on an
analysis showing that a measured change in length of
1 cm would be unlikely to occur in a kidney that was
not truly changing in size. A decrease in kidney length
of more than 1 cm was observed in 33 (16%) of the 204

kidneys. The cumulative incidence of renal atrophy at
2 years was 6% for kidneys with normal renal arteries,
12% for kidneys having less than 60% stenosis, and 21%
for kidneys having 60% or greater stenosis at baseline.
Three baseline factors were strongly associated with
renal atrophy: systolic hypertension, severity of renal
artery stenosis, and diminished renal cortical bloodflow
velocity. Each 20 mmHg increase in baseline systolic
blood pressure was associated with a 2.1-fold increase
in risk for renal atrophy. Decreases in both renal cor-
tical peak and end-diastolic blood flow velocities were
associated with an increased risk for renal atrophy, but
the cortical end-diastolic velocity was more predictive,
with a 2.1-fold increase in risk for each 2 cm/sec decrease
in velocity. There was a statistically significant asso-
ciation between the number of kidneys per patient that
showed atrophy and the observed change in the serum
creatinine concentration. The mean change in serum
creatinine was +.08 mg/dL per year among patients
with atrophy detected in one kidney and +.33 mg/dL
per year among those with atrophy detected in both
kidneys.

Although no definitive clinical recommendations
can be made on the basis of the current natural history
data, it is clear that this patient population has a high
incidence of renal artery disease progression and renal
atrophy. These results suggest that early renal revascu-
larization could be beneficial for selected patients with
severe renal artery stenoses in terms of improved blood
pressure control and preservation of renal function.
However, the effect of such intervention on further disease
progression and overall clinical outcome remains to be
shown.

Conclusions 

Renovascular disease presents a complex diagnostic and
therapeutic challenge to the clinician. Duplex ultrasound
is a reliable anatomic screening method that provides
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TABLE 31-2. Stepwise Cox Proportional
Hazards Analysis of Baseline Risk Factors
for Renal Artery Disease Progression

Risk Factor RR 95% CI p value  

Systolic blood pressure
160 mmHg 2.1 (1.2, 3.5) 0.006

Diabetes mellitus 2.0 (1.2, 3.3) 0.009

60% ipsilateral
renal artery stenosis 1.9 (1.2, 3.0) 0.004

60% contralateral
renal artery stenosis 1.7 (1.0, 2.8) 0.04

RR, relative risk, 95%; CI, 95% confidence interval.



distinct advantages in terms of cost and risk compared
with alternative imaging techniques. Ultrasound also
permits an evaluation of the renal parenchyma and may
be valuable in predicting the functional response to renal
artery interventions. However, renal duplex scanning is
arguably the most difficult examination performed in
the vascular laboratory, and not all laboratories have
been able to achieve a high level of accuracy. Further
experience and training, as well as continued advances
in ultrasound technology, should increase the general
availability of this approach.

When properly applied, duplex scanning can be used
to screen patients for renovascular hypertension and
ischemic nephropathy. It is also ideally suited for follow-
up after renal artery interventions. Natural history studies
of atherosclerotic renal artery stenosis have defined the
clinical risk factors for disease progression and renal
atrophy. Randomized clinical trials will be necessary to
establish the role of early renal revascularization in the
management of patients with renal artery disease.
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isotope renograms); unfortunately, none of these has
become the definitive test because of reliability.

Main pathologies are of atherosclerotic origin and
stenosis secondary to fibromuscular dysplasia (FMD);
other pathologies (e.g., aneurysms and arteritis) are a
rarity. 

There are diagnostic problems of paramount impor-
tance that must be solved before an adequate therapy
can be established. 

1. Establishing the renovascular origin of the
hypertension or renal insufficiency. The fact that
so many tests have been developed indicates the
difficulties in settling this question. In too many
occasions the diagnosis is made ex juvantibus
once the therapy has been applied.

2. If there is a strong suspicion of renovascular hyper-
tension, a proper mapping must be obtained in
order to plan a correct interventional approach.
Because there are so many variations in the type
of lesion, the presence of polar renal arteries, and
other morphologic abnormalities, the mapping
information becomes of utmost importance.

3. Is duplex as reliable after percutaneous translu-
minal renal angioplasty (PTRA) as it is in a non-
operated renal artery? It is well known that the

Introduction

Renal Artery Scanning Technique

Applications

Introduction

etecting lesions in the renal arteries is important
because in many patients they may cause secondary
renovascular hypertension. As is well known, the advent
of endovascular techniques has expanded the population
that can be amenable to therapy. 

Color-flow duplex scanning (CFDS) was developed
in the ’70s for carotid artery disease; however, later
advances in ultrasound technology allowed a wider appli-
cation to other fields. One of those newer fields was the
renal arteries. Screening for renal artery diseases is often
complicated because morphologic and hemodynamic
abnormalities are usually involved. Also, the deep
anatomic location of the renal arteries increases the
difficulties. 

In the past, a variety of screening tests have been advo-
cated as useful tools for diagnosing renal diseases (e.g.,
renin plasma assays, intravenous pyolographies, and
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rate of restenosis after PTRA is high, but with
aggressive reintervention protocols it is possible to
obtain high secondary patency rates if restenosis
is appropriately diagnosed.

4. Renal insufficiency tends to worsen along different
timelines. Is duplex ultrasound reliable enough
to establish prognostic criteria for detecting those
kidneys at risk? By detecting renal artery stenosis
(RAS) progression, although hypertension may
not be of renovascular origin, the end-point is
usually a kidney loss.

5. It is not uncommon that a renal stenosis is seen
when performing an arteriogram for diagnosing a
limb ischemia or because of an aortic aneurysm.
The question then becomes whether or not it is
of functional relevance. Captopril renal scintigraphy,
which is based on this pathophysiology, has been
advocated as the valid test. 

Despite all these advances, arteriography remains
the gold standard for anatomic diagnosis of RAS, but it
is unsuitable for screening because it is invasive, costly,
and potentially dangerous. Although not suitable for
screening, wide application of PTRA has given arte-
riography a prominent place in the diagnostic/therapeutic
algorithm.

Renal Artery Scanning Technique

Description

Duplex/color Doppler sonography of renal arteries is a
demanding technique and should be approached only
by those willing to understand the procedure and to do
a complete examination. It is one of the most difficult
examinations carried out in a vascular lab, and the useful-
ness and reliability of its results depend more than any
other on the capacity and expertise of the technologist. 

Provided these preliminary aspects are fulfilled, this
technique offers an excellent means of evaluating renal
artery disease. 

To perform a renal duplex, the author uses a low fre-
quency transducer (2.5 to 3 MHz). To scan main renal
arteries, settings are adjusted to display high velocity
signals; for parenchyma studies, a low flow set-up is used.
Renal arteries lie deep in the abdomen, and motion
imposed by respiration or by the interposition of intra-
abdominal gas may contribute to problems doing the
examination. For this reason, patients should be scheduled
for renal duplex early in the morning after 12 hours
fasting. Special bowel preparation has been proposed,
but in the author’s experience this adds very little to the
feasibility of the study and represents a serious distur-
bance for the patient. In difficult cases, it is usually better
to either repeat the examination after a brief walk, which
will probably redistribute bowel gas and yield remarkably

improved results; or reschedule the patient and try again
after a few days. Recently, the use of a sonographic
contrast agent seems promising in diminishing the rate
of technically inadequate examinations.

Normal Anatomy and Scanning Technique

The procedure begins by positioning the patient in the
supine position, with the head of the bed elevated about
30 degrees. From the anterior midline approach, a lon-
gitudinal image of the aorta is obtained and a represen-
tative aortic velocity waveform is recorded at the level
of the renal arteries, just below the origin of superior
mesenteric artery (SMA). Peak systolic velocity (PSV)
of the aorta will be used as a reference for comparison
with those recorded in the renal arteries.

Right Renal Artery (RRA)

To localize the renal arteries the scanhead is rotated 90
degrees and the left renal vein (LRV) is easily identified
crossing over the aorta below the SMA (Fig. 32-1). This
vein is an important landmark to start searching for the
origin of both renal arteries. The origin of the RRA is
located in the anterolateral aspect of the aorta very close
to the point where the LRV drains to the inferior vena
cava (IVC). Insonation at this point is difficult because
the artery lies perpendicular to Doppler beam and flow
signal from the LRV interferes with the recording. 
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Figure 32-1. Schema of insonation sites. RRA, Right renal
artery; ICV, inferior vena cava; LRV, left renal vein; LRA, left
renal artery.



Immediately after its origin, the artery turns poste-
riorly to course beneath the IVC. It is important to obtain
signals from the whole length of the vessel to avoid
missing any lesion, but this is not always possible from
a midline approach. Some authors1 have proposed a modi-
fied flank approach in which scanning is done through
the anterolateral abdomen, somewhat lower than when
the liver is used as a window to image the kidney.

By placing the patient in left lateral decubitus position,
the RRA we can be insonated through the kidney itself
for almost its whole length.

Left Renal Artery (LRA)

The LRA tends to originate from the aorta somewhat
lower than the RRA and from the posterolateral surface.
It usually lies behind the LRV, which is larger and easier
to identify in the midline transabdominal approach.
After its origin it runs posteriorly over the psoas muscle
(Fig. 32-2). It is important to realize that it is often diffi-
cult to know the precise angle of insonation, and that
this may result in mistaken velocity measures. It is also
important to be aware of the possibility of multiple renal
arteries that might be located by scanning along the
aorta above and below the main artery. Another way to
image the LRA is through a flank approach, placing the
patient in a right lateral decubitus position. This way, it
is possible to scan the LRA, through the kidney, from the
hilus back to the aorta. This position is very helpful in
obese patients in whom, from the midline approach, the
artery lies too deep to be adequately insonated. It is also
helpful in cases of massive interposition of bowel gas. 

Intrarenal Vessels

For estimation of renal size, and to assess the flow patterns
from the renal medulla and the cortex of the kidney,

the patient is rolled onto the side and the kidney is
approached from the flank. 

The main renal artery and vein can be visualized by
entering the kidney in the area of the hilus. The artery
divides into anterior and posterior branches, and then
into segmental arteries. The segmental arteries further
bifurcate into lobar and then interlobar arteries that
travel directly toward the transducer in the columns of
Bertin between the medullary pyramids. The interlobar
arteries give rise to arcuate arteries that traverse the
corticomedullary junction and give rise to the inter-
lobular arteries (Fig. 32-3). 

Normal spectral waveforms of renal parenchyma show
a low resistance pattern. For a quantitative evaluation
of peripheral resistance, two similar ratios have been
used. Strandness2 has proposed the use of the ratio
between end-diastolic velocity (EDV) and PSV, referred
to as the end-diastolic ratio. This is usually measured
in the interlobar and interlobular arteries of the superior
and inferior poles of the kidney. Other authors3 have
proposed the use of the resistive index (RI), which is
the PSV minus EDV divided by PSV (1 – EDV/PSV)
(Table 32-1). The end-diastolic ratio increases as resist-
ance decreases, whereas the RI is high when parenchy-
mal resistance is increased. The usefulness of these
two measures will be discussed later in this chapter. 

Diagnostic Criteria of Renal 
Artery Stenosis

Main Renal Artery Duplex Scanning

The effects of narrowing the lumen of the renal artery are
similar to those in other areas of the circulation: there
is an increase in the velocity within the narrowed seg-
ment that reflects the degree of stenosis. Therefore the
major goals of the study will be to identify the velocity
changes that are consistent with a RAS.
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Figure 32-2. Transverse view of the aorta at the origin of
renal arteries.

Figure 32-3. Parenchyma study. Flank approach to visualize
the kidney and its vessels.



Duplex criteria for RAS have been set to identify
stenoses that are hemodynamically significant; this
appears to happen when the diameter reduction exceeds
60%. To achieve good diagnostic results, Doppler samples
must be obtained directly at the point of maximum
stenosis (Fig. 32-4). Two different parameters have been
used. The first one is the absolute value of PSV at the
stenosis (Fig. 32-5). Threshold values for PSV consistent
with a 60% or greater diameter reduction of the renal
artery obtained in most studies are 180 to 190 cm/sec.
In some cases, when Doppler angle is difficult or impos-
sible to adjust, or when flow velocity in the aorta is
decreased because of age or atherosclerotic disease, it
is useful to use the ratio between the velocity of the renal
artery and the aorta (renal aortic ratio, RAR). Threshold
values of this ratio diagnostic of a 60% or greater RAS vary
in different studies from 3 to 3.5. In order to evaluate
the predictive value and optimal cut-off points of Doppler
parameters for detecting RAS in the author’s center, 47
hypertensive patients were prospectively studied with
renal duplex and intraarterial contrast angiography.4 The

results are summarized in Table 32-2. Duplex examina-
tion was not possible in three patients (6%) because of
bowel gas or extreme obesity. By means of receiving
operator characteristic curves (Fig. 32-6) it was
established that the best threshold value for PSV at the
stenosis was 180 cm/sec with a sensibility of 90.4%,
negative predictive value of 96%, and kappa value of
0.76. RAR also showed very good correlation with RAS,
and the best threshold value was 3 (sensibility 90.4,
negative predictive value 96.6, and correlation kappa
0.73). In this study, five renal artery occlusions were
correctly diagnosed with duplex. 

The main criteria used to identify renal artery occlu-
sion were: no signal at the location of the renal artery
orifice and kidney size of less than 9 cm. Accessory
renal arteries were present in three patients, and none
was detected with duplex. These results are similar to
those reported previously5 and also to those of other
authors,6,7 confirming that renal duplex is an ideal test
for screening provided that the population studied has
a high prevalence of renovascular disease (40% in the
author’s study). This point is extremely important and
might have influenced the poor results obtained by
some authors.8,9 It is well established that prevalence
affects the predictive value of any test, and that if we
apply it to a population with a very low probability of
disease, the likelihood for an individual with a positive
result to have the disease decreases or, in other words,
the chance to have a false-positive increases. This subject
was clearly established by Berqvist and colleagues10

and is shown in Table 32-3. In a population of patients
with hypertension, the prevalence of renovascular
hypertension may vary greatly depending on selection
criteria. Consequently, comparing different studies may
be a waste of time because the patient may have been
selected either on a RAS basis or on a clinical set-up. 

344 Part Two: Imaging the Body ● INTRA-ABDOMINAL OCCLUSIVE DISEASE

TABLE 32-1. Description of Commonly 
Used Ratios

Ratio Description  

RAR PSV (renal artery)
PSV (aorta)

EDR EDV
PSV

RI EDV
PSV  

RAR, renal aortic ratio; EDR, end-diastolic ratio; RI, resistive index;
PSV, peak systolic velocity; EDV, end-diastolic velocity.

Figure 32-4. Transverse anterior abdominal approach. Stenosis
at the origin of left renal artery (arrow). Ao, Aorta; LRA, left
renal artery.

Figure 32-5. Transverse anterior abdominal approach. Stenosis
at the origin of left renal artery (arrow). Ao, Aorta; LRA, left
renal artery. Increased PSV at the stenosis (568 cm/sec).

1 –



Hiliar Duplex Scanning

Renal artery duplex scanning has not gained wide accept-
ance as a screening test for detection of RAS because it
is time consuming and requires expertise for a proper
examination. Renal hilar duplex scanning from a flank
or translumbar approach has been suggested as a simpli-
fied alternative for screening, especially in those patients
in whom conventional renal duplex examination is diffi-
cult to perform. Because of the difficulties in performing
the standard renal artery duplex study, some authors have
proposed to identify RAS indirectly by using intrarenal
waveform analysis. Handa and colleagues11 observed
that systolic upstroke was abnormal distal to a hemodi-
namically significant stenosis. This observation has been
called the “tardus-parvus” effect to describe that systolic
upstroke is delayed (tardus) and dampened (parvus) distal
to the stenosis. These criteria are based on measurements
of acceleration time and acceleration index (Fig. 32-7),
although some proponents of this technique think that
simply looking at the waveform is enough. The criteria
proposed by Handa for a significant RAS are an accelera-
tion time of 100 ms or greater (normal, less than 70 ms)
and an acceleration index of 291 cm/sec2 or less (normal,
greater than 300 cm/sec2). If any one of these is found
to be positive, then a complete duplex scan should be
carried out. 

The main problem with this method is its lack of
sensitivity,12,13 but spectral abnormalities also may be
subtle and differentiation between normal and abnormal
waveforms is not always easy. Strandness2 compared
this method with the standard direct duplex study and
demonstrated a sensitivity of 62% and an overall accu-

racy of 85%. This means that by using only the tardus-
parvus pattern, more than one third of stenoses would have
been missed; therefore, the waveform pattern criteria are
commonly considered inappropriate for screening RAS. 

Renal Parenchyma Studies

As previously explained, the study of Doppler wave-
forms in the renal parenchyma allows an evaluation of
the resistance to flow within the kidney. This increased
resistance itself may be the cause of hypertension and
preclude the success of renal artery revascularization.14

On the other hand, it has been established that patients
with an increased RI are more prone to progression to
renal failure even without RAS. Radermacher and col-
leagues15 followed 162 patients with renal disease during
3 +/– 1.4 years and showed that those presenting a
baseline RI of 80 or greater had a poorer evolution,
with progression to renal failure and dialysis in 64%
vs. 5%. Finally, the study of RI or EDR may be used to
follow renal transplants, as will be discussed later.

Renal Artery Occlusion

Absence of flow in a visualized renal artery or within
the kidney are the main criteria for diagnosing renal
artery occlusion. Parenchymal Doppler velocity less than
10 cm/sec with dampened configuration and a kidney
length less than 9 cm have been suggested as additional
criteria for diagnosing occlusion. Although some studies
have demonstrated very satisfactory results regarding the
diagnosis of renal artery occlusion, false-negative studies
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Figure 32-6. Receiver-operating characteristic (ROC)
curves obtained for (1) renal aortic ratio (RAR) and
(2) peak systolic velocity (PSV) at the stenosis.

TABLE 32-2. Results for Diagnostic Criteria of Renal Artery Stenosis as Compared 
With Angiography

Sensibility Specificity  PPV NPV Accuracy  

PSV > 180 cm/sec 90.4 90.7 76 96.7 90.6 

RAR > 3 90.4 89.2 73 96.6 89.5  

PSV, peak systolic velocity; RAR, renal aortic ratio; PPV, positive predictive value; NPV, negative predictive value.



are mainly caused by misinterpretation of collateral
arteries because patent renal arteries seem to cast doubt
on the role of duplex imaging for exclusion of renal
artery occlusion.   

Technical Pitfalls

The main criticisms of renal duplex are related to the
fact that its quality is so dependent on the examiner.
This is one of the fields in which validation studies are
imperative if we want to use the test in clinical practice.
Apart from this, the examiner should be able to deter-
mine the reliability of each examination and give an
estimation of it in the final report. 

Feasibility of studies varies from one center to another,
ranging from 78% to 94%.4–16 The major causes for
incomplete studies are the presence of bowel gas and
obesity. Reproducibility of the studies, considering both
intraobserver and interobserver variability, is acceptably
high, with correlation coefficients of 0.64 to 0.82 for
intraobserver PSV measurements and 0.79 to 0.80 for
interobserver evaluations.17

Apart from feasibility, the principal limitation of renal
duplex scanning is failure to identify accessory renal
arteries. The finding of one or more widely patent main
renal arteries makes ischaemic nephropathy unlikely
because this condition results from “total” renal ischemia.
However, renovascular hypertension can be present
with normal main renal arteries when there are isolated
stenoses involving accessory renal arteries, so further
testing by duplex scanning may be indicated in 
selected hypertensive patients with normal main renal
arteries.

Functional Tests (Captopril Test)

Suppression of the renin-angiotensin system with captopril
in patients with renovascular hypertension causes a
hypersecretion of renin in response to the drug and
decreases the glomerular filtration rate in the kidney ipsi-
lateral to the RAS, particularly in the setting of unilateral
RAS. This decrease correlates with a marked reduction
of PSV in intrarenal vessels and can be used as a mean to
increase the accuracy of CFDS to diagnose renal artery
stenosis.

The test is performed in a manner similar to captopril-
enhanced scintigraphy. The patient is scanned to obtain
basal values of Doppler waveform at the renal cortex
and medulla in both kidneys. Then a single oral dose of
50 mg of captopril is administered and the examination
is repeated after 60 minutes. The observation of a decrease
in PSV in the renal parenchyma is considered a positive
response and is highly suggestive of RAS.

To assess the usefulness of captopril-enhanced
sonography, the author performed a study that com-
pared basal and postcaptopril CFDS with captopril-
enhanced renal scintigraphy with Technetium-99m
(DTPA), plasma renin levels (basal and postcaptopril),
and renal angiography.18 This study showed that the
ratio between PSV in both renal parenchyma correlates
well with the ratio between individual DPTA uptake in
the isotope renogram. This ratio, based on Doppler data,
may be an alternate noninvasive method of evaluating
relative renal perfusion.

In the author’s study, only 5 of 23 hypertensive patients
with a RAS greater than 60% had both captopril enhanced
test positive. These findings confirm the need to prove
a renovascular origin for the hypertension, because simul-
taneous occurring RAS and hypertension does not always
mean that it is of renovascular origin. Therefore, it seems
appropriate to recommend the captopril test to reduce
the number of patients submitted to arteriography for
treating RAS for hypertension. Nevertheless, caution must
be used in patients with bilateral lesions or impaired
renal function because these are a major cause of a
false-negative captopril tests and worsening of renal
function, to the point that some authors contraindicate
this test in bilateral RAS and high serum creatinine
level. 
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TABLE 32-3. The Influence of Prevalence 
on Positive Predictive Values 

Prevalence Sensitivity and Specificity (%)

99 95 90 80 

20.0 96.1 82.1 69.2 50.0 

10.0 91.7 67.9 50.0 30.8 

5.0  83.9 67.9 32.1 3.9

1.0 50.0 16.1 8.3 3.9

0.1 9.0 8.7 4.3 2.0 

Figure 32-7. Example of tardus-parvus.



Applications

Renal Transplant Evaluation 

Renal transplant is the treatment of choice for patients
with end-stage renal disease. Vascular complications post-
transplantation may be related to organ harvest, donor
vessel, surgical technique of transplantation, immuno-
suppression, or the recipient’s disease. The interpretation
of complications requires proper knowledge of the surgical
technique used as well as an experienced technician. 

Although the role of CFDS in detecting rejection has
been questioned, it may be possible to monitor the change
in resistance to flow found in the parenchyma. The basis
for such a study is the observation that causes other
than rejection will not result in an increased resistance
to bloodflow. Also, it is important to notice that duplex
findings can be modified or changed by the therapy
being given.

Ultrasonic studies include the whole arterial renal
tree from the main renal vessel to the corticomedullar
level. The study also should include an estimate of the
renal parenchyma RI or its equivalent, the end-diastolic
resistance (EDR). Either will reflect the changes that have
occurred in the kidney and its subsections. The major
problem with renal transplant is documenting the role
of either RI or EDR. In the study by Fleischer,19 16 out
of 21 patients had acute rejection. It was important to be
able to differentiate acute rejection from control patients
as well as acute from chronic rejection. It appears that,
as rejection occurs, the value of RI tended to approach
1, which would be the point at which the end-diastolic
velocity would go to 0. Unfortunately, other authors using
the same method have not been able to give such a
promising results. As a consequence, more work is needed
to assess the role of measurements using RI and EDR
in evaluating the renal transplant function.

If rejection is in question, other complications may
be detected by using CFDS.20 Vascular complications after
renal transplant have been observed in less than 10%
of patients. Identifying these complications is important
because of their high morbidity and mortality in com-
parison with other causes of renal transplant dysfunction.
Once detected, they usually can be repaired and the graft
function restored. Among the relevant vascular com-
plications, stenosis of the renal transplant artery is an
important cause of severe hypertension and late dys-
function of the transplanted kidney. 

The stenosis can also be preanastomotic as a conse-
quence of the recipient’s arteriosclerotic disease pro-
gression. Anastomotic stenoses are most often related to
graft changes, technical difficulties, and suture reaction.
Postanastomotic stenoses are also the most common;
they are related to iatrogenic arterial trauma and allograft
rejection. In a retrospective study, Grenier and colleagues21

used measurements of non–angle-corrected PSV with a
cut-off point of 190 cm/sec, obtaining a 100% sensitivity

and 90% specificity for stenosis above 50%. By analyzing
the intrarenal waveforms instead of direct imaging of
arterial stenosis, the difficulties in imaging the native and
also transplanted arteries are avoided. A pressure drop
across the stenosis is reflected distally by diminished
systolic velocity and prolonged systolic acceleration time.
Using a threshold of AT of 100 milliseconds or the subjec-
tive assessment of dampening of the waveforms, Gottlieb
and colleagues22 obtained a 95% accuracy in detecting
a significant proximal RAS of the transplant. 

Other significant complications, although uncommon,
are transplant artery thrombosis and transplant vein
obstruction or stenosis. Thrombosis of transplant artery
is an early complication that can easily be diagnosed with
CDFS because it reveals no arterial or venous flow. Trans-
plant vein obstruction and stenosis is suspected when
the renal arterial Doppler spectrum exhibits markedly
high resistance with diastolic plateau-like flow reversal,
while no renal flow can be demonstrated by any imaging
modalities. A flow reversal in an allograft is a sign of
poor prognosis. It is important to verify the absence of
venous flow because it is the combination of arterial flow
with high resistance and absent venous flow that is
pathognomonic of renal vein thrombosis.

Finally, renal transplant biopsies may cause intrarenal
arteriovenous fistulas or pseudoaneurysms, both of which
are clearly underdiagnosed but tend to resolve sponta-
neously. On CFDS, arteriovenous fistulas and pseudo-
aneurysms appear as a disorganized coloring beyond
the normal renal vessels configuration shown by high
resolution equipment (Fig. 32-8). 

Follow-Up Studies

Renal ischemia may produce two main consequences:
systemic arterial hypertension difficult to control, which
in turns give way to main cardiovascular events; and
renal atrophy progressing toward end-stage renal disease
needing dialysis or renal transplant. CFDS is considered
an adequate method to assess arteriosclerotic renal pro-
gression and establish an appropriate management. The
fact of being noninvasive and having a high accuracy
makes renal duplex scanning the ideal test to follow up
patients with or without revascularization of renal artery.
Nevertheless, potential limitations of CFDS must be
emphasized. As said previously, the imaging of renal
arteries has inherent technical difficulties and, therefore,
variable accuracy and reproducibility. In some labs it can
be performed with a high rate of reliability, but in any
case CFDS has so many advantages over arteriography
that it is the best available tool for studying the natural
history of RAS. 

Zierler and colleagues23 showed that this disease pro-
gresses at an average rate of 7% per year for all studied
categories. However, if we consider only those having
a moderate stenosis at baseline study, the cumulative
incidence of progression to a 60% or greater RAS was
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as high as 75% in 5 years. Patients found to have 60%
or greater RAS, diabetes, or systolic hypertension, and
also those having decreased ankle-brachial indices in
baseline study, were more prone to progression than
were normal ones. Furthermore, renal artery occlusion,
although rare, was also more common in patients with
60% or greater RAS.

Another interesting aspect indicated by follow-up
studies is the fact that RAS is not only a possible cause
of hypertension but also a cause of renal ischemia that
may subsequently progress to renal atrophy and end-
stage renal insufficiency. This was confirmed by Caps and
colleagues,24 who showed a clear relationship between
RAS and a loss of renal mass as determined by ultrasound
measurements of renal diameter. This study followed
122 patients for 3 years with renal duplex and reported
a reduction of renal length of more than 1 cm in 20.8%
of patients with RAS of 60% or greater, compared with
only 5.5% in patients with normal baseline examinations.
The study also showed that renal atrophy had a strong
association with patients who had systolic hyperten-
sion and diminished cortical bloodflow velocities in
baseline studies. 

PTRA has been widely used for treating RAS; however,
the short- and long-term anatomic results of PTRA have
been poorly documented because of the lack of follow-
up arteriography; this is mainly because radiologists
are performing those procedures. Unfortunately, not all
patients in whom a PTRA has been performed are properly
evaluated in the postprocedure period by an accredited
vascular laboratory. The parameters for assessing the
degree of restenosis are similar to those of primary lesions.
A prospective study carried out by Tullis and colleagues25

with a mean follow-up of 34 months found that the cumu-
lative incidence of restenosis from normal to above 60%
was 13% at 1 year and 19% at 2 years. The cumulative
incidence of restenosis from less than 60% to greater

than 60% was 44% at 1 year and 55% at years. The
cumulative incidence of progression from more than
60% to occlusion was 10% at 2 years. 

These figures should alert our colleagues as to the
need for a strict follow-up as well as a more selective
criteria for indicating PTRA because conventional open
renal artery revascularization can be more effective
despite the inherent rate of complication of this surgical
therapy.

In summary, although CFDS has some pitfalls and
limitations, as well as some areas of controversy, it rep-
resents a tremendous advantage in the diagnostic field
for the majority of patients with renovascular hyperten-
sion, chronic renal insufficiency, and renal transplant,
and should be included in all diagnostic algorithms.
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Figure 32-8. Color-flow image of a transplanted kidney. RA,
renal artery; IIA, iliac artery.
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and physical examination are still required for the
diagnosis of chronic mesenteric ischemia.

Technique

Respiratory motion, excessive bowel gas, previous
abdominal surgery, obesity, and anatomic variation of
the splanchnic vessels contribute to the technical diffi-
culty of obtaining clinically relevant studies. Ideally, the
patient is placed on a clear liquid diet the day before the
examination. The patient must take nothing by mouth
8 hours before the study. The study is then performed
early in the morning when intra-abdominal gas is mini-
mal. Administration of 40 milligrams of simethicone
orally and/or a mild cathartic before the study can also
decrease the amount of bowel gas.1

The examination is performed with the patient supine
and the head of the bed elevated to 30 degrees. Low-
frequency scan heads (2.5 to 3.5 MHz) are used for
duplex interrogation of the splanchnic vessels. In rare
instances, a 5.0-MHz linear probe may be used in
extremely thin individuals. An anterior midline approach,
just below the xyphoid process, is used. Using the aorta
as a landmark, the celiac artery (CA) and the superior
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Technique 

Fasting and Postprandial Velocity Waveforms

Detection of Splanchnic Arterial Stenosis

Food Challenges in the Diagnosis of Mesenteric
Arterial Stenosis

Additional Uses of Splanchnic Artery Duplex
Scanning

Conclusions

Introduction

uplex ultrasonography of intra-abdominal vessels is
among the most technically challenging of all duplex
studies in clinical use. When performed accurately, it
serves as a valuable noninvasive screening test for
splanchnic artery stenosis and for follow-up in patients
with mesenteric artery reconstructions. Despite the accu-
racy of duplex detection of mesenteric artery stenoses,
angiographic confirmation of high-grade stenoses or occlu-
sion of the splanchnic vessels and appropriate history
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mesenteric artery (SMA) are visualized by varying the
angulation and position of the scan head (Fig. 33-1).
Transverse imaging of the aorta may aid in the visuali-
zation of the celiac axis. The common hepatic and splenic
arteries can be interrogated as they branch from the CA.
The inferior mesenteric artery (IMA) is not easily visualized
in most splanchnic artery examinations. Easy detection
and ultrasonographic dominance of the IMA (Fig. 33-2)
may suggest occlusion or high-grade stenosis of the
SMA and the development of a functional arc of Riolan.

The B-mode image is important in placing the Doppler
sample volume within the vessel to be examined. Athero-
sclerotic changes may appear as focal areas of increased
echogenicity and irregular wall thickening. Color-flow
imaging helps to locate the splanchnic vessels (see 
Fig. 33-2). A speckled color pattern indicating turbulent
flow may suggest an area of stenosis; however, B-mode
and color-flow imaging can only aid in locating vessels
and cannot reliably grade stenoses. The only validated
duplex criteria for identifying mesenteric artery
stenoses are based on interpretation of Doppler-derived
waveforms from the SMA and CA. Doppler waveforms
must be insonated at a constant angle, generally accepted
as 60 degrees. Increasing the Doppler angle 20 degrees
can produce a peak systolic velocity increase of 120%
on the SMA and 56% on the CA.2 Because atheroscle-
rotic lesions of the CA and SMA occur most commonly
at the origins of these vessels, velocity waveforms from
the CA and SMA should include recordings as close as
possible to their origins from the aorta. For any suspected
stenosis, velocity waveform recordings should be
obtained from within the stenosis as well as proximally
and distally.

Fasting and Postprandial 
Velocity Waveforms

In healthy individuals, fasting bloodflow velocity wave-
forms differ in the SMA vs. the CA. Arterial waveforms
reflect end-organ vascular resistance. The liver and spleen
have relatively high constant metabolic requirements
and are therefore low-resistance organs. As a result, CA
waveforms are generally biphasic, with a peak systolic
component, no reversal of diastolic flow, and a relatively
high end-diastolic velocity (Fig. 33-3). The normal
fasting SMA velocity waveform is triphasic, reflecting
the high vascular resistance of the intestinal tract at rest.
There is a peak systolic component, often an end-systolic
reverse flow component, and a minimal diastolic flow
component (Fig. 33-4). 

Changes in Doppler-derived arterial waveforms in
response to feeding are also different in the CA and SMA.
Because the liver and spleen have basically fixed meta-
bolic demands, there is no significant change in CA
velocity waveform after eating. Bloodflow in the SMA,
however, increases markedly after a meal, reflecting a
marked decrease in intestinal arterial resistance. The
waveform changes in the SMA seen postprandially
include a near doubling of systolic velocity, tripling of
the end-diastolic velocity, and loss of reversal of blood-
flow (Fig. 33-5). In addition, there is a detectable
increase in the diameter of the SMA postprandially.
The diameter of the SMA has been shown to be 0.60 ±
0.09 cm in the fasting state and 0.67 ± 0.09 cm after a
meal (p <0.0001). These changes are maximal at 
45 minutes after ingestion of a test meal.3
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Figure 33-1. B-mode longitu-
dinal image of the aorta with
the origins of the celiac axis
(single arrow) and SMA (double
arrows) visualized.



The magnitude of the postprandial hyperemic response
in the SMA is dependent on the composition of the meal
ingested. Intestinal absorption is required to elicit a
hyperemic intestinal response. In a study evaluating SMA
bloodflow after ingestion of either glucose or lactulose,

SMA bloodflow increased 53% after a glucose load and
no change in SMA bloodflow was noted with a lactulose
load.4 Mixed composition meals produce the greatest
flow increase in the SMA when compared with equal
caloric meals composed solely of fat, glucose, or protein.5
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Figure 33-2. Color flow Doppler image
of a dominant inferior mesenteric artery
(arrows) in a patient with high-grade
superior mesenteric artery stenosis.

Figure 33-3. Duplex velocity
waveform of the celiac artery.
Note the relatively high EDV.



Detection of Splanchnic 
Arterial Stenosis

After identification of duplex characteristics for SMA
and CA in normal fasting and postprandial patients,
duplex criteria were developed for detecting hemody-

namically significant stenoses in splanchnic vessels. In
1986, investigators at the University of Washington found
that flow velocities in stenotic SMA and CA were signifi-
cantly increased when compared with normal controls.6

To develop quantitative criteria for splanchnic artery
stenosis, the authors’ laboratory compared SMA and CA
mesenteric duplex studies and lateral abdominal aortog-
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Figure 33-4. Duplex velocity
waveform of the superior mesen-
teric artery. Note the systolic
reverse flow component and
the relatively low EDV.

Figure 33-5. Duplex velocity
waveform of the superior mesen-
teric artery in the postprandial
state. Note the lack of reverse
flow and the relatively high
EDV.



raphy of 34 patients who underwent both studies within
2 weeks.7 Data from this study suggested that peak
systolic velocity (PSV) could be an accurate predictor
of a 70% or greater angiographic stenosis in both the
SMA and CA. An SMA PSV of 275 cm/sec or greater, or
no bloodflow, yielded a sensitivity of 89%, a specificity
of 92%, a negative predictive value of 96%, and a posi-
tive predictive value of 80% for detection of a 70% or
greater SMA stenosis. For the CA, a PSV of 200 cm/sec
or greater correlated with a 70% or greater CA angiographic
stenosis with a sensitivity of 75%, a specificity of 89%,
a negative predictive value of 80%, and a positive pre-
dictive value of 85%. End-diastolic velocities and velocity
ratios offered no improvement in accuracy in the detec-
tion of 70% or greater stenosis in either the CA or SMA. 

The above criteria were then validated in a prospec-
tive study of 100 patients who underwent mesenteric
artery duplex scanning and lateral aortography.8 In this
study, 100% of the CAs and 99% of the SMAs were able
to be adequately examined with aortography, whereas
93% of the SMAs and 83% of the CAs were studied
successfully with duplex scanning. A PSV in the SMA
of 275 cm/sec or more detected a 70% or greater SMA
stenosis with a sensitivity of 92%, a specificity of 96%,
a positive predictive value of 80%, a negative predictive
value of 99%, and an accuracy of 96% (Fig. 33-6A and
B). For the CA, a PSV of 200 cm/sec or greater identified
a 70% or greater angiographic stenosis with a
sensitivity of 87%, a specificity of 80%, a positive predic-
tive value of 63%, a negative predictive value of 94%,
and an accuracy of 82%.

Other investigators have also developed duplex criteria
for mesenteric artery stenoses. In one study,9 an SMA
end-diastolic velocity (EDV) greater than 45 cm/sec
correlated with a 50% or greater SMA stenosis with a
specificity of 92% and a sensitivity of 100%. An SMA
PSV greater than 300 cm/sec predicted a 50% or greater
stenosis with a sensitivity of 63% and specificity of
100%. A CA EDV of 55 cm/sec or greater predicted a
50% or greater CA stenosis with a sensitivity of 93%,
a specificity of 100%, and an accuracy of 95%. These
results were subsequently validated in a follow-up
study from the same institution.10

Food Challenges in the Diagnosis
of Mesenteric Arterial Stenosis

The value of postprandial mesenteric duplex scanning
as an adjunct for the diagnosis of mesenteric ischemia
has been evaluated at the authors’ institution.11 Fasting
and postprandial duplex scans were performed on 25
healthy controls and 80 patients with vascular disease
who underwent aortography. Patients without arterial
disease did not undergo aortography. Patients with arte-
rial disease were grouped according to their degree of

angiographic stenosis. A fasting SMA PSV of 275 cm/sec
or greater was considered indicative of a 70% or greater
SMA stenosis. In this study, preprandial SMA PSVs in
controls and patients with less than 70% SMA stenosis
did not differ, and postprandial SMA PSVs in controls
and patients with less than 70% SMA stenosis did not
differ. Fasting SMA PSVs were, however, significantly
higher in patients with 70% or greater SMA stenosis. The
absolute increase in SMA PSV was lower in patients
with 70% or greater SMA stenosis than in controls. A posi-
tive postprandial duplex study was defined as a failure
of the postprandial SMA PSV to increase more than
20% over baseline. 

In this study, fasting mesenteric duplex scanning
predicted 70% to 99% SMA stenosis with 89% sensi-
tivity and 97% specificity. Corresponding values for
postprandial scanning were 67% and 94%, and for the
combination of fasting and postprandial scanning, 67%
and 100%. This information indicated that both fasting
SMA PSVs and postprandial SMA PSVs can detect 70%
or greater stenosis. The combination of fasting SMA
PSVs and postprandial PSVs, however, only marginally
improves upon fasting duplex scan specificity. Therefore
postprandial duplex scanning offered no definite improve-
ment over fasting mesenteric duplex scanning and is not
routinely utilized in the authors’ vascular laboratory.
Postprandial examinations are, however, occasionally
useful in difficult examinations, in that if there is a
postprandial response, the insonated vessel can be
confirmed as being the SMA.

Additional Uses of Splanchnic
Artery Duplex Scanning

Although duplex scanning can detect mesenteric artery
stenosis, it is important to differentiate high-grade mesen-
teric artery stenosis from the clinical entity of chronic
mesenteric ischemia. Not all patients with mesenteric
artery obstruction have mesenteric insufficiency. Asymp-
tomatic patients with angiographically documented occlu-
sions of the CA and SMA are well-recognized. Duplex
ultrasonography offers a valuable initial screening study
to evaluate for visceral artery stenosis in patients with
chronic abdominal pain consistent with chronic mesen-
teric ischemia. The accuracy of duplex ultrasonography
as a noninvasive test for mesenteric artery stenosis makes
the evaluation of patients with possible mesenteric
ischemia time- and cost-efficient.

Duplex scanning has been used in the evaluation of
CA compression (median arcuate ligament syndrome).12

However, the significance of this syndrome causing clini-
cal visceral ischemia is controversial. CA PSVs have been
shown to be increased during expiration and decreased
during inspiration in patients who have reversible com-
pression of the CA by the median arcuate ligament. 
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A

CB

Figure 33-6. A, Duplex velocity waveform of a stenotic SMA with a PSV of 553 cm/sec (arrow indicates origin of the 
SMA). B, Confirmation with angiography of a highly stenotic SMA. C, Angiography of the SMA after angioplasty and stent
placement.



Another application of splanchnic artery duplex
scanning is postoperative surveillance of mesenteric
revascularizations. There are currently no validated
criteria for assessing flow in mesenteric artery bypass
grafts. At the authors’ institution, serial follow-up

studies are obtained. Changes in PSV or EDV in serial
examinations may suggest a stenosis in a graft and
prompt angiographic evaluation of the bypass graft
(Fig. 33-7).
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A

B

Figure 33-7. A, Duplex sur-
veillance examination of an SMA
bypass graft showing a PSV of
437 cm/sec near the anastomo-
sis. B, Confirmation angiogram
showing a 37-mmHg pressure
gradient across the stenosis.



Conclusions

Duplex ultrasonography has proven to be an accurate
noninvasive examination to study the mesenteric vas-
culature. With adequate patient preparation, the CA
and SMA can be identified and the bloodflow velocity
within these vessels measured. CA PSVs of 200 cm/sec
and greater and SMA PSVs of 275 cm/sec or greater are
suggestive of high-grade stenoses within these vessels.
Postprandial studies may help identify the SMA in tech-
nically difficult examinations but are no more sensitive
than fasting studies in the identification of SMA stenoses.
In addition, duplex studies are important in the surveil-
lance of mesenteric artery bypass grafts. Changes in
velocity from the baseline postoperative examination
may indicate a stenosis within the graft. Arteriography
is indicated to confirm positive findings on duplex in
patients with appropriate signs and symptoms. Prompt
intervention in patients with chronic mesenteric
ischemia and failing bypass grafts is necessary to avoid
the morbidity and mortality associated with splanchnic
artery obstruction.

REFERENCES

1. Moneta GL, Taylor DC, Yeager RA, et al: Duplex ultrasound:
Application to intra-abdominal vessels. Perspectives in Vascular
Surgery 2:133–148, 1989.

2. Rizzo RJ, Sandager G, Astleford P, et al: Mesenteric flow velocity
variations as a function of angle of insonation. J Vasc Surg
11(5):688–694, 1990.

3. Jager K, Bollinger A, Valli C, et al: Measurement of mesen-
teric bloodflow by duplex scanning. J Vasc Surg 3(3):462–469,
1986.

4. Qamar MI, Read AE, Skidmore R, et al: Transcutaneous Doppler
ultrasound measurement of superior mesenteric artery bloodflow
in man. Gut 27(1):100–105, 1986.

5. Moneta GL, Taylor DC, Helton WS, et al: Duplex ultrasound
measurement of postprandial intestinal bloodflow: Effect of meal
composition. Gastroenterology  95(5):1294–1301, 1988.

6. Nicholls SC, Kohler TR, Martin RL, et al: Use of hemodynamic
parameters in the diagnosis of mesenteric insufficiency. J Vasc
Surg 3(3):507–510, 1986.

7. Moneta GL, Yeager RA, Dalman R, et al: Duplex ultrasound
criteria for diagnosis of splanchnic artery stenosis or occlusion
(see comments). J Vasc Surg 14(4):511–518; discussion 518–520,
1991.

8. Moneta GL, Lee RW, Yeager RA, et al: Mesenteric duplex scanning:
A blinded prospective study. J Vasc Surg 17(1):79–84; discussion
85–86, 1993.

9. Bowersox JC, Zwolak RM, Walsh DB, et al: Duplex ultrasonog-
raphy in the diagnosis of celiac and mesenteric artery occlu-
sive disease. J Vasc Surg 14(6):780–786; discussion 786–788,
1991.

10. Zwolak RM, Fillinger MF, Walsh DB, et al: Mesenteric and celiac
duplex scanning: A validation study. J Vasc Surg 27(6):1078–1087;
discussion 1088, 1998.

11. Gentile AT, Moneta GL, Lee RW, et al: Usefulness of fasting and
postprandial duplex ultrasound examinations for predicting high-
grade superior mesenteric artery stenosis. Am J Surg 169(5):476–479,
1995.

12. Taylor DC, Moneta GL, Cramer MM, et al: Extrinsic compression
of the celiac artery by the median arcuate ligament of the
diaphragm: Diagnosis by duplex ultrasound. J Vasc Tech 11:236–238,
1987.

358 Part Two: Imaging the Body ● INTRA-ABDOMINAL OCCLUSIVE DISEASE



O

Intraoperative and
Postoperative Imaging of
Renal and Mesenteric
Revascularizations
GUSTAVO S. ODERICH • THANILA A. MACEDO •
JEAN M. PANNETON • PETER GLOVICZKI

359

artery aneurysm or trauma to the renal artery requires
surgical treatment.1 Those who undergo renal artery
surgery have either failed percutaneous therapy or are
not candidates because of renal artery occlusion, exten-
sive stenoses, renal artery aneurysmal disease, multiple
small renal arteries, lack of suitable access for angioplasty,
or high risk of atheroembolization because of a shaggy
abdominal aorta. Surgical candidates are commonly
older, have bilateral renal and associated aortic disease,
and have more medical comorbidities. Patients who
undergo open renal artery surgery today in the authors’
practice often undergo simultaneous aortic reconstruc-
tion (Fig. 34-2). Intraoperative imaging with duplex
scanning has made open renal artery reconstructions
safer, transforming the effectiveness of renal artery
endarterectomy. It is because of the routine use of intra-
operative duplex scanning that transaortic endarterec-
tomy of the renal arteries has become an excellent and
safe reconstruction.

Open revascularization remains the gold standard in
the contemporary management of mesenteric disease,
although the number of open mesenteric reconstructions
has also diminished recently (Fig. 34-3) and stenting is
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Introduction

pen surgical techniques to reconstruct the renal and
the mesenteric arteries for occlusive or aneurysmal disease
have undergone significant evolution in recent years.
The success of endovascular management of renal artery
occlusive disease with angioplasty and stents has
decreased the number of surgical candidates (Fig. 34-1).
Indications for renal artery reconstructions include
renal artery occlusive disease caused by fibromuscular
dysplasia (FMD) or atherosclerosis, with clinical mani-
festations of renovascular hypertension (refractory to
medical management), ischemic nephropathy or “flush,”
or recurrent pulmonary edema. Less commonly, renal
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Intraoperative Imaging

Absence of technical problems is a prerequisite to durable
success of any arterial revascularization. Intraoperative
assessment of the reconstruction should be safe, easy to
use, versatile, accurate, and should provide high anatomic
resolution and reliable physiologic data. Direct visual
inspection, pulse palpation, continuous-wave Doppler
signal analysis, arterial pressure measurements, and
electromagnetic flow measurements are rapid, safe, and
easy to perform, but lack sensitivity and cannot localize
intraluminal defects. Although angiography can accu-
rately detect small arterial abnormalities, it carries the
disadvantages of being more invasive; time-consuming;
adding radiation exposure; and carrying the risk of
arterial injury, embolization, contrast-induced toxicity,
and allergic reactions. Intraoperative duplex scanning
has rapidly emerged as the method of choice to
evaluate the adequacy of renal and mesenteric
reconstructions.5,6
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Figure 34-1. A, Open surgical reconstruction of the renal
arteries in 611 patients at the Mayo Clinic between 1993 and
2002. B, Percutaneous renal artery angioplasty and stenting
in 633 patients at the Mayo Clinic between 1993 and 2002.
(Courtesy of Michael McKusick, MD.)

Figure 34-2. Open renal artery reconstruction with and
without concomitant aortic reconstruction in 233 patients.
Data from one surgical service (PG, from 1987 to 2002).

performed more commonly than at any time before.
Aortomesenteric bypass grafting, either antegrade or
retrograde, is the most common type of revasculariza-
tion performed today for chronic mesenteric ischemia.2

Endovascular treatment, mostly angioplasty, has been
reported for treatment of symptomatic mesenteric
stenoses with 86% technical and 90% clinical success
rate.3 There are reports on stenting in the mesenteric
circulation, but long-term data are not yet available.4

To optimize clinical outcome following renal and
mesenteric revascularizations, intraoperative and post-
operative imaging modalities have been added to the
vascular surgeon’s armamentarium. The aim of these
studies is to identify technical problems that can be cor-
rected at the time of operation, and to detect recurrent
lesions that can lead to failure of revascularization. This
chapter reviews the authors’ experience with intra-
operative ultrasound used during renal and mesenteric
arterial revascularizations. It also discusses the avail-
able imaging modalities for postoperative surveillance
of these patients.

Figure 34-3. Open surgical revascularization in 96 patients
from chronic mesenteric ischemia between January 1, 1995
and September 30, 2002.

A

B



Intraoperative Duplex Scanning

Ultrasound has distinct advantages over other methods
of intraoperative monitoring, including angiography
and electromagnetic flow measurements. It is safe,
noninvasive, expeditious, and provides both anatomic
(gray scale) and hemodynamic (bidirectional Doppler)
information with very high sensitivity, specificity, and
negative predictive rates. Intraoperative duplex ultra-
sound has been shown to accurately identify technical
problems, and to improve early and late outcome fol-
lowing carotid, renal, mesenteric, and infrainguinal
arterial reconstructions.7–12

Scanning Technique

The examination is performed intraoperatively following
completion of the revascularization. At the authors’
institution, a staff radiologist performs the test assisted
by an ultrasound technician. An Acuson XP 128 or Sequoia
512 (Acuson Inc., Mountain View, CA) with 6-15MHz
linear array probes is used. The total scan time usually
varies from 5 to 15 minutes. The probe is placed in a
sterile plastic sheath previously filled with acoustic gel.
Normal saline solution is poured into the abdominal
cavity for acoustic coupling between the probe and the
vessel. Occasionally, sterile acoustic gel is used. The probe
is submerged in saline solution and positioned 1 to 2
centimeters from the vessel for optimal imaging and
resolution. Initially, transverse and longitudinal gray
scale images of the entire graft/endarterectomy segment
and proximal and distal anastomoses are obtained. Next,
color Doppler images are obtained in the longitudinal
plane, and spectral waveforms are sampled in the vessel
proximal to the revascularization, at the proximal anas-
tomosis, in the revascularized segment, at the distal
anastomosis, and in the vessel distal to the anastomosis.
Peak systolic velocities (PSV), end-diastolic velocities
(EDV), and velocity ratio (Vr = PSVat lesion / PSVproximal)
are generated. For renal reconstructions, the velocities are
measured to enable the calculation of the renal/aortic
velocity ratio and renal resistive index (RRI = PSV –
[EDV / PSV]). 

Interpretation of the Ultrasound Findings

There is no uniform classification of intraoperative ultra-
sound results in the vascular literature. At the Mayo
Clinic, ultrasound examinations are classified into normal
or abnormal based on gray scale and Doppler analysis.
A normal examination is defined as no evidence of tech-
nical defects on gray scale images and normal or non-
focal PSV elevations. The authors use a PSV of less than
2.75 m/sec for the superior mesenteric artery, 2.0 m/sec
for the celiac axis, and 2.0 for the renal arteries as the
upper limits of normal. More important than isolated
velocity measurements, a Vr of greater than 2 is sugges-
tive of a hemodynamically significant lesion. Nonfocal

PSV elevation without evidence of technical defect can
have different causes (e.g.,  hyperdynamic state or graft-
vessel mismatch) and is considered a normal finding.
Abnormal ultrasounds are further classified into minor
or major arterial defects. A minor defect consists of
technical problems with normal PSV or Vr and usually
includes mild residual plaque or small intimal flaps and
kinks. Conversely, a major defect consists of hemody-
namically significant defects (i.e., elevated PSV or Vr)
including significant residual stenosis, thrombus, intimal
flap, dissection, kink, or abnormal flow (decreased or
reverse flow). 

Clinical Results

Dougherty and colleagues and Okuhn and colleagues
have reported excellent sensitivity and specificity rates
with use of renal intraoperative duplex ultrasound.8–9 The
authors’ initial experience was recently updated with
intraoperative ultrasound of 164 renal artery recon-
structions performed in 98 patients.5 Abnormal duplex
scanning was found in 22 reconstructions (13.4%), 11
(6.7%) had major defects, and 11 (6.7%) had minor
defects (Figs. 34-4 and 34-5). Immediate operative revi-
sion was performed in all 11 cases with major defects.
Operative revision included transection of the renal artery
distal to the endarterectomy in one patient, removal of
the intimal flap or residual plaque and end-to-end
reanastomosis in three patients, vein patch angioplasty
in 4, nephrectomy because of extensive distal disease
in one, and excision of intimal flap in two. Repeat duplex
ultrasound confirmed improvement in flow pattern and
disappearance of turbulence or normalization of flow
velocities in 10 patients. The 11 minor defects included
small intimal flaps (7) and mild residual stenoses (4).
Only one defect was immediately revised and there
were no graft failures in this group of patients. Similarly,
all cases of repaired major defects had patent grafts on
follow-up studies. 

Some 89% of the patients were followed with post-
operative imaging studies to assess graft patency. The
sensitivity of intraoperative ultrasound to identify a tech-
nical defect was 85%. The duplex study was falsely
negative in 2 patients who developed postoperative
bypass graft thrombosis as confirmed by postoperative
angiography. In these patients it was assumed that
duplex scanning failed to identify the technical defect
responsible for this early graft thrombosis, although it
is possible that this thrombosis might have been caused
by hypercoagulability or more distal occlusive disease
causing high resistance. The specificity of color-flow
duplex scanning was 99%, with a negative predictive
value of 98%, a positive predictive value of 92%, and
an overall accuracy of 98%. 

The authors have recently reviewed the impact of the
renal resistive index (RRI) on clinical outcome after renal
artery revascularization.10 Intraoperative RRI was lower
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in patients with a low postoperative creatinine than in
those with high postoperative creatinine (0.75 vs. 0.83,
p <0.01). Patients with a low RRI had better outcome
than those with high RRI (i.e., lower long-term increase
in creatinine and less need for chronic dialysis) 

Similar benefit of intraoperative duplex scanning was
noted in patients who underwent mesenteric revascu-
larization (Figs. 34-6 and 34-7), and these results were

recently reported by Oderich and colleagues.11 A total
of 120 revascularized arteries were examined in 68
patients. Mesenteric reconstruction was performed using
bypass grafting (84%), endarterectomy (10%), and
medial arcuate ligament release with patch angioplasty
(6%). Some 102 arteries (85%) had normal ultrasound
examinations. Of these, 13 (10.8%) had nonfocal PSV
elevation because of graft-vessel mismatch. Another 8
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Figure 34-4. Contrast aortog-
raphy demonstrates bilateral
high-grade renal artery stenosis. 

Figure 34-5. A, Intraoperative duplex scanning following transaortic endarterectomy reveals intimal flap at the origin of the
left renal artery with dampened waveform distal to the flap (arrow). B, After surgical revision and removal of the intimal flap,
Doppler interrogation was normal. 
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Figure 34-6. A, Intraopera-
tive duplex scanning following
aorto-superior mesenteric artery
bypass reveals intimal flap
(arrow) and turbulent flow
consistent with dissection. 
B, Transverse view at the level
of the dissection reveals the
intimal flap.
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(6.6%) arteries had minor defects, including 4 mild
graft/vessel kinks, 3 mild residual stenoses, and 1 small
intimal flap. Another 10 arteries (8.4%) had major
defects, which consisted of severe residual stenosis (4),
thrombus (2), kink (2), bidirectional flow (1), and intimal
flap (1). Minor defects were left untreated, and all 10
major defects prompted immediate operative revision.
Immediate repair was performed using anastomotic revi-

sion (4), thrombectomy (3), patch angioplasty (3), removal
of residual plaque (1), tacking sutures (1), resection of
residual intimal flap (1), and resection of redundant
artery (1). Postrevision ultrasound revealed six normal
revascularizations, two mild residual stenoses, one bidi-
rectional flow, and one dissection. With the exception
of the dissection, all the other defects were left unre-
paired. Patients with persistent abnormal ultrasounds
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had increased risk of graft-related complications
(45.5% vs. 10.5%; p = 0.01), early graft thrombosis
(11.7% vs. 0.97%, respectively; p = 0.04), graft-related
death (27.3% vs. 3.5%, respectively; p = 0.02), and
reintervention (17.6% vs. 3.9%; p = 0.04) as compared
with patients with normal ultrasounds. The incidence of
late restenoses (4% for normal and 13.3% for abnormal;
p = 0.14)) and recurrent ischemic symptoms (5.45% and
10%, respectively; p = 0.38) was similar in both groups.

Postoperative Imaging

Recurrent renal and mesenteric arterial disease is often
asymptomatic. Following renal revascularization, clinical
evidence of deterioration in blood pressure control, loss
of renal parenchyma, or reduction of renal function should
prompt further evaluation with imaging studies to rule
out recurrent disease. Conversely, clinical symptoms have
limited sensitivity (as low as 33%) to assess patency fol-
lowing mesenteric revascularization, so that graft occlu-
sions are likely to be missed and patency overestimated
based on symptoms alone.13 There are several imaging
modalities but no standardized protocol to follow up
patients with renal and mesenteric revascularizations.

Duplex Ultrasound

Duplex ultrasound provides both anatomic and functional
assessment of renal and mesenteric arteries; however,

the examination can be technically difficult because of
the patient’s body habitus, overlying bowel gas, abdomi-
nal scars, or the inability of the patient to cooperate with
breathing instructions. The normal renal artery PSV is
typically less than 1.8 m/sec. A PSV of 1.8 to 2.0 m/sec
is considered borderline, but a PSV greater than 2.0 m/sec
is suggestive of a hemodynamically significant (greater
than 60%) stenosis. The renal-aortic PSV ratio greater
than 3.5 is also used to define a significant stenosis.
Using velocity criteria, the sensitivity of renal duplex
ultrasound ranges from 91% to 95%, and specificity
ranges from 90% to 97%.14

Similar to renal arterial disease, duplex ultrasound
diagnosis of mesenteric artery stenosis is based on
velocity criteria. The authors use a PSV of 2.75 m/sec
for the superior mesenteric artery and 2.0 m/sec for the
celiac axis as the upper limits of normal. The Oregon
group prospectively validated this velocity criteria and
found a sensitivity of 89%, a specificity of 92%, a posi-
tive predictive value of 80%, and a negative predictive
value of 96% for a 70% or greater angiographic steno-
sis.15 Although these velocity criteria were established
for native renal and mesenteric arterial disease, the
same values are applied to diagnose recurrent “graft”
stenoses. The authors recommend a duplex ultrasound
before dismissal or at the first visit at 1 to 3 months 
so that a baseline PSV is available for follow-up pur-
poses. When recurrent disease is identified based on
duplex scanning, further decisions are made regarding
the need for angiographic and/or endovascular
intervention. 
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Figure 34-6, cont’d. C, Color
Doppler reveals reversed flow
in the false lumen.
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Figure 34-7. A, Intraopera-
tive duplex scanning reveals an
intraluminal filling defect at the
proximal anastomosis of a graft
to the superior mesenteric
artery. B, Doppler interrogation
in the region of the intraluminal
defect reveals elevated peak
systolic velocity. 

Magnetic Resonance Angiography

Magnetic resonance angiography (MRA) has gained
acceptance as one of the preferred imaging modalities
to evaluate renal artery disease. The sensitivity ranges
from 90% to 100% and specificity ranges from 71% to
100%.16 The main advantages are noninvasiveness,

nonionizing radiation, and avoidance of iodinated
contrast. The gadolinium-based contrast has a very low
risk of allergic reactions (1:20,000) and virtually no
nephrotoxicity. In addition, renal MRA provides infor-
mation about kidney length, parenchymal thickness, and
concomitant intra-abdominal pathology. Contraindications
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for MRA include presence of MR-incompatible devices
such as a pacemaker and orbital and cochlear metal
implants. Although pregnancy is not an absolute con-
traindication for MRA, gadolinium-based contrast should
be avoided. Patients with claustrophobia or anxiety

disorders often require use of benzodiazepines. Although
recent sequences have shortened the time for image
acquisition, patient cooperation and ability to stay still
remain a limiting factor of examination. Images can
also be compromised by artifact from surgical clips.
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Figure 34-7, cont’d. C, Pos-
trevision ultrasound scanning
reveals that the filling defect is
no longer present. D, Doppler
interrogation after revision
reveals normalization of peak
systolic velocity.

C

D



Computed Tomography Angiography

Computed tomography angiography (CTA) has emerged
as an important modality to evaluate the vascular system
(Fig. 34-8). New helical CT scanners with multiple
detectors have made feasible rapid image acquisition
and evaluation of the arterial system. This modality has
potential imaging capability comparable to that of MRA;
however, the patient’s collaboration with the examina-
tion is less of an issue because the examination can be
as fast as 13 seconds and claustrophobia is almost never
a problem. Three-dimensional reconstructions can be
performed and angiography-like images can be generated.
The disadvantages are related to the need of iodinated
contrast and ionizing radiation. 

Contrast Angiography

Angiography is considered the gold standard for evalua-
tion of renal and mesenteric arterial disease. The authors
generally reserve angiography for reoperation planning
in certain cases, or when endovascular treatment is
contemplated. Most often, a noninvasive study (e.g.,

ultrasound, MRA, or CTA) precedes this modality. The
main disadvantages of angiography are its invasive nature,
cost, ionizing radiation, and use of iodinated contrast.
For renal angiography, a small volume of iso-osmolar
nonionic contrast agent and digital subtraction are used,
especially in patients at high risk for acute renal failure.
On certain occasions, digital subtraction angiography
(DSA) using gadolinium can be performed to avoid the
complications associated with iodinated contrast. The
examination usually begins with an aortogram to deter-
mine the number and location of renal arteries, followed
by selective views of the renal arteries. For mesenteric
angiography, lateral and frontal aortograms are performed.
The most common type of reconstruction in the authors’
practice is an antegrade aorto-celiac-superior mesenteric
artery bypass, which can be well visualized using this
technique. The contrast agent is usually injected just
above the celiac axis or the proximal graft anastomosis,
and the origins of the celiac axis, superior mesenteric
artery, renal arteries, and inferior mesenteric artery are
documented. Collateral flow is demonstrated, and selec-
tive mesenteric angiography is also obtained. 
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Figure 34-8. Volume rendered 3-D–computed tomography angiography images of the abdominal aorta reveals a widely patent
bifurcated aorto-celiac-superior mesenteric artery bypass graft. A, Normal celiac trunk anastomosis and B, SMA anastomosis
are well demonstrated.
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Conclusions

The authors advocate routine intraoperative duplex ultra-
sound monitoring during open surgical renal and mesen-
teric revascularizations. A normal ultrasound correlates
with excellent early and late clinical outcome. Surgical
judgment is still very important to determine the need
for re-exploration if an abnormal finding is observed
with duplex scanning. Based on current experience, the
authors proceed with revision if there is both an abnormal
gray scale image and an abnormal Doppler examina-
tion, suggesting a hemodynamically significant lesion.
Minor defects, which do not decrease flow significantly,
are not repaired; however, the fate of these defects is
still unknown, and their impact on long-term patency
will need further evaluation. Postoperatively, a duplex
ultrasound is obtained before dismissal or at the first
visit and yearly thereafter. CTA and or MRA are obtained
if ultrasound is not technically feasible. When recurrent
disease is identified on noninvasive studies, the risk-
benefit ratio of angiography and possible reintervention
must be weighed against the risks of not intervening. 
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Dorsalis Pedis Aneurysms

Conclusions

n aneurysm is described as a local dilatation of a blood
vessel exceeding 150% of the diameter of the normal
vessel proximal or distal to it.1 Aneurysms may be saccular
or fusiform in morphology and can occur in any artery
of the body. There are a few case reports in the literature
describing venous aneurysms. False aneurysms, or
pseudoaneurysms, are a separate entity with a different
etiology. False aneurysms usually develop as a result of
trauma, infection, or anastomotic disruption at the junc-
tion of a graft and native vessel.2 The precise cellular
mechanism of aneurysmal formation is still being inves-
tigated.3 Once an aneurysm reaches a certain size, com-
plications can occur, usually as a consequence of wall
rupture leading to hemorrhage; or by thrombus formation
in the lumen, causing vessel occlusion or more distal
embolization and impaired bloodflow.

This chapter is an overview of diagnostic methods
used for the evaluation of intra-abdominal aneurysms
involving the aorta, iliacs, and visceral arteries, and also
peripheral aneurysms found in the neck and extremities.

Aneurysms of the Abdominal Aorta and Its
Branches

Abdominal Ultrasonography

Computed Tomography

Angiography

Visceral Aneurysms

Aneurysms of the Celiac Trunk and Branches

Duplex Scan

CT Scan and Angiography

Surgical Management

Aneurysms in the Neck

Aneurysms of the Upper Extremity

Aneurysms of the Lower Extremity

Color-Flow Duplex Scanning

CT and Angiography

Femoral Pseudoaneurysms
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Aneurysms of the Abdominal
Aorta and Its Branches

Abdominal Aortic Aneurysms

Abdominal aortic aneurysms (AAAs) are the most com-
mon aneurysms encountered in vascular practice. There
is a heightened awareness among physicians and the lay
public about aneurysms because of their potential lethality,
especially after sudden rupture (Fig. 35-1). The inci-
dence of AAA ranges between 6% and 9% in men over
65 years of age in the United States.3

The majority of AAAs are asymptomatic. A common
scenario is the discovery of an AAA on routine abdominal
sonography or computed tomographic (CT) scan
obtained to investigate a different presenting problem.
Occasionally, a pulsatile abdominal mass is discovered
on routine physical examination. Patients who have a
ruptured AAA often present with the triad of abdo-
minal, back, or flank pain; hypotension; and a pulsatile
mass on abdominal examination. 

There are several diagnostic modalities that may be
used for the diagnosis of AAA, depending on the clini-
cal situation. In an elective intact AAA, the choice of
diagnostic testing will depend on what type of procedure
is being entertained. For example, if the patient is being
evaluated for endovascular repair, after the initial
abdominal sonogram confirming the presence and size
of the AAA, a spiral CT scan is obtained to determine
eligibility for endovascular repair4 (see Chapters 37 and
38). Angiography is usually obtained on a selective
basis. 

With open repair, preoperative CT scan is usually suf-
ficient. A few investigators have advocated proceeding
with open repair based on abdominal ultrasound only

(Fig. 35-2, A). Angiography is required before open repair
to investigate renovascular hypertension, suspected
mesenteric ischemia, or in cases of thoracoabdominal
aneurysms. 

Iliac Aneurysms

Iliac aneurysms develop most often in the common and
internal arteries, and rarely in the external iliacs5 (see
Fig. 35-2, B). Iliac aneurysms are usually seen in con-
junction with AAAs. It is estimated that isolated iliac
aneurysms represent only 1% of abdominal aneurysms.
As with AAA, iliac aneurysms may increase in size and
rupture. The precise diameter at which they rupture
has not been determined, and there have been reports
of rupture of iliac arteries as small as 3.5 cm in
diameter. 

Although iliac aneurysms can be detected by ultra-
sonography, additional tests are often required for com-
plete evaluation. CT scans are very helpful for the detection
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Figure 35-2. A, B-mode ultrasound of a large abdominal
aortic aneurysm. B, CT scan of large right iliac aneurysm.

Figure 35-1. CT scan showing a ruptured abdominal aortic
aneurysm with a large retroperitoneal hematoma of the left
side.
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of iliac aneurysms and also to follow patients after suc-
cessful repair.6,7 When iliac aneurysms are found with
AAA, they are usually repaired in the same sitting,
whether this is done with a conventional open procedure
or an endovascular approach. 8,9 Unilateral internal iliac
artery aneurysms can be ligated. Although coil emboliza-
tion has been used to thrombose internal iliac aneurysms,
continued growth and potential rupture may occur if
some of the collateral flow is left open. 

Abdominal Ultrasonography

Abdominal ultrasonography is used to evaluate patients
with AAA in all phases. This means that a simple ultra-
sound is obtained for screening (diagnosis and sizing)
and for preoperative and postoperative evaluation. Intra-
operative duplex scan may be used to image visceral
arterial reconstruction performed in conjunction with
AAA repair. 

The goal of abdominal ultrasonography is to confirm
and to size the AAA. Ultrasonography is the ideal method
for screening patients for AAA or for following indi-
viduals with smaller, not yet operable AAAs. In most
cases, a simple B-mode ultrasound is all that is needed to
image and measure the diameter of the AAA. There are
rare cases when color-flow duplex scanning is helpful
in identifying complicated AAA (e.g., with aorta-caval
fistula).10 When the left renal vein is located posterior to
the aorta, or in the rare case of aorta left renal vein fistula,
duplex can be diagnostic.11,12 This type of patient presents
with unusual clinical findings such as hematuria, conges-
tive heart failure, or loud abdominal bruit. 

Technique of Abdominal Ultrasonography

As with most abdominal sonograms, it is important to
examine patients in a fasting state to diminish shadowing
from bowel gas. Ideally, the aorta, from the renal arteries
to the external iliacs, should be imaged in multiple lon-
gitudinal and transverse planes. The information to be
acquired includes maximum diameter of the AAA, length
and diameter of the proximal neck, diameter of the com-
mon iliacs, and also the diameter of the hypogastrics if
they are aneurysmal. Of course, if the study is being
obtained in a critically ill AAA patient, the presence of a
retroperitoneal hematoma is diagnostic of rupture. Color-
flow scans can be also quite helpful to determine if
mesenteric or renovascular disease is present. In some
cases, unsuspected findings (e.g., congenital renal
anomalies, accessory renal arteries, or aortovenous
fistulas) may be noted and lead to additional diagnostic
studies.11,12

Color-flow scans also play an important role in post-
operative studies, especially after endovascular repair.
Endoleaks can be detected, and in type II or III endoleaks,

it is often possible to identify the precise location of the
defect13 (Fig. 35-3). Many investigators rely on color-
flow scanning as the main test to follow patients after
endovascular AAA repair. 

Computed Tomography

Despite the widespread use of ultrasonography in emer-
gency rooms and physicians’ offices, the quality of the test
will largely depend on the experience of the operator.
Therefore, in a setting where a qualified sonographer is
not available, or in cases where the ultrasonography is
technically challenging, CT scans become the method
of choice for evaluating iliac and AAA.4 The complete
evaluation of iliac and AAA requires an abdominal and
pelvic CT scan.5 If the patient has uncompromised renal
function, it is desirable to use intravenous contrast for
the CT scan, but oral contrast is usually not necessary. 

As with the abdominal ultrasound, important infor-
mation about the diameter of the AAA, the proximal and
distal extent, the relationship to the renal vasculature,
and the size and quality of the iliac vessels is to be gained
from the study. Most of these anatomic relationships can
be gleaned from 5-mm slices. When patients are being
considered for endovascular repair, and when 3-D recon-
struction is anticipated, thinner (3-mm or less) slices are
needed (Fig. 35-4). New software can assign colors with
3-D reconstructions to highlight areas of interest (e.g.,
endoleaks). Occasionally, physicians will be faced with
surprises that may alter their management of a particular
patient, such as the discovery of metastatic nodules in
the liver or congenital renal anomalies. 
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Figure 35-3. Postoperative CT scan, after endovascular AAA
repair. Note contrast within the endograft and evidence of
contrast outside the graft in the aneurysm sac. This is a type
II endoleak from a patent lumbar artery.



Angiography

The preoperative diagnostic work-up of a patient with
AAA depends on the clinical presentation and the pro-
posed method of treatment. In the majority of patients
undergoing open AAA repair, a preoperative CT scan is
sufficient. Angiography is obtained selectively to inves-
tigate specific problems such as renovascular hyperten-
sion, chronic mesenteric ischemia, or significant iliofemoral
occlusive disease. About 20% of patients being evaluated
for AAA repair will have clinically important evidence
of visceral or renal pathology that requires careful imaging.
Angiography helps in the planning of the operation.
Angiography may also be needed in patients with renal
anomalies such as horseshoe or pancake kidney. In the
latter cases, multiple renal arteries may be present, and
it is important to identify their precise locations before
repair. Now that endovascular AAA repair is considered
in an increasing proportion of patients, angiography is
performed preoperatively to evaluate tortuous proximal
aneurysm necks and iliac arteries, or to do selective coil
embolization of a hypogatsric artery in preparation 

for EVAR14 (Fig. 35-5). Isolated iliac aneurysms or
pseudoaneurysms can be repaired using covered stents
or grafts (Fig. 35-6). 

Visceral Aneurysms

Aneurysms occur in visceral arteries. In a contempo-
rary vascular surgery practice, only a handful of these
aneurysms are encountered yearly. Anatomically, visceral
aneurysms have been identified in the celiac trunk and
its branches, the superior mesenteric artery (SMA) and
its branches, and the renal arteries.

Aneurysms of the Celiac Trunk,
SMA, and Branches

In order of frequency, visceral aneurysms are detected in
the splenic, hepatic, superior mesenteric (SMA), celiac
trunk, and renal arteries.15,16 The majority of visceral
aneurysms are atherosclerotic (Fig. 35-7); however,
mycotic aneurysms tend to occur in the SMA, and
pseudoaneurysms may develop after surgical reconstruc-
tion of visceral arteries, other abdominal operations, or
trauma. 

As with AAA, visceral aneurysms may rupture and
lead to fatal intra-abdominal hemorrhage. Splenic and
renal aneurysms may occur in women of childbearing
age, and these aneurysms have a propensity to rupture. 

The incidence and natural history of visceral aneurysms
is outlined in Table 35-1. 

Renal Aneurysms

Renal aneurysms are detected in 0.1% to 0.75% of the
population. Ruptured renal aneurysms in pregnant women
can cause up to 80% fetal mortality and 50% maternal
mortality16 (Fig. 35-8). 

The diagnosis of visceral artery aneurysms can be sus-
pected on a plain film of the abdomen. When calcifica-
tions are present in the aneurysm wall, a “signet ring”
appearance is observed, most often in splenic and renal
aneurysms. Small visceral aneurysms are usually silent and
most often are discovered accidentally. As the aneurysms
enlarge, pressure on adjacent structures can cause symp-
toms, such as hematuria with a hilar renal aneurysm or
vague abdominal pain with other aneurysms.

Duplex Scan

Confirmation of the presence of a visceral aneurysm and
its location is usually done by duplex scan. Documen-
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Figure 35-4. 3-D reconstruction of CT scan of AAA with
specialized software (MMS).



tation of the precise size and relationship with adjacent
structures is important. If the aneurysm is asymp-
tomatic or less than 1.5 cm in diameter, clinical obser-
vation is recommended. A follow-up duplex scan on a
semi-annual or annual basis is useful to check for
growth.

As with any abdominal ultrasound examination, it is
best to examine the patient in a fasting state: this dimin-
ishes the possibility of bowel gas shadowing. Technical
details of scanning are covered in Chapters 22, 32, and
33.

CT Scan and Angiography

Many patients are discovered to have a visceral aneurysm
on a diagnostic CT scan obtained to investigate other
clinical problems. CT and CT angiography with 3-D recon-
struction are extremely useful to obtain precise measure-
ments of the aneurysm as well as its relationship to
branch vessels and adjacent structures.

Angiography is usually reserved for planning therapy
in patients who are symptomatic or who present with

an enlarging visceral aneurysm. Poor surgical risk
patients can be evaluated for coil embolization of the
aneurysm at the same sitting. This is performed most
commonly for splenic, renal, and distal hepatic
aneurysms. If focal infarction occurs from small branch
occlusion, it can be tolerated in the spleen and kidney.
For other visceral aneurysms, especially in the SMA,
infarction is a more serious complication. Coil emboliza-
tion is also an important adjunct in symptomatic patients
who are stable hemodynamically despite a contained
rupture.

Surgical Management

Because visceral aneurysms are less common than AAAs,
it is important to understand the available management
options. A working knowledge of the natural history of
these aneurysms and the goals of treatment will help
the clinician obtain the appropriate diagnostic tests.15,16

Surgical repair or ligation of visceral aneurysms is the
only treatment if the patient presents in hemorrhagic
shock. The death rate from a ruptured splenic aneurysm
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Figure 35-5. A, Preoperative angiogram of AAA, with measure-
ment of aneurysm neck length and diameter, in preparation
for EVAR. B, Intraoperative completion angiogram after EVAR
showing satisfactory graft placement with no endoleak.



can be as high as 25%. The mortality rate associated
with the rupture of other aneurysms is also significant
(see Table 35-1). The reason for increased mortality is
commonly caused by the delay in diagnosis and treat-
ment. The goal of surgical management is to stop the
hemorrhage. In most cases, this will consist of a
splenectomy for splenic aneurysms and a nephrectomy
for renal aneurysms. Other aneurysms can be ligated.
In the case of an SMA aneurysm rupture, urgent recon-
struction may be needed to prevent bowel infarction.
Autogenous material (e.g., saphenous vein) is preferred
in cases where contamination is present or mycotic
aneurysms are suspected.

Elective repair of visceral aneurysms can be compli-
cated and require advanced skills. For renal aneurysms
located in the hilum and involving branch vessels, ex-
vivo reconstruction is necessary.

Aneurysms in the Neck

Carotid aneurysms are uncommon. In a contemporary
clinical practice, it is more likely to encounter a carotid
pseudoaneurysm or mycotic aneurysm, especially in
patients who have undergone a previous carotid endarterec-
tomy with synthetic patch closure.

Carotid aneurysms and pseudoaneurysms may be
asymptomatic. Some patients present with neck pain or
a pulsatile tender mass in the neck (Fig. 35-9). Rarely,
particularly with an infected pseudoaneurysm or mycotic
aneurysm, local swelling, redness, and a sinus tract may
be present. The diagnosis can be confirmed by duplex
scan. Angiography is obtained to plan repair. Surgical treat-
ment is aimed at excision of the aneurysm and bypass
with autogenous material. In selected cases, especially
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Figure 35-6. A, Angiogram of left external iliac pseudoaneurysm, a complication of renal angiography. The patient had
hypotension and a large retroperitoneal hematoma. B, Completion angiogram showing a Wallstent graft placed to repair left
external iliac pseudoaneurysm with satisfactory exclusion of the pseudoaneurysm.
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if infection can be ruled out, a covered stent can be placed
using endovascular techniques. 

Aneurysms of the Upper
Extremity

Subclavian and Axillary Aneurysms

Atherosclerotic aneurysms develop in the subclavian and
axillary arteries. Subclavian and axillary aneurysms are
rare. In a large series reporting on aneurysms, less than
1% of true aneurysms were in the subclavian arteries.17

Subclavian artery aneurysms are more common on the
right side. The majority of subclavian aneurysms are
found in conjunction with thoracic outlet syndrome. Some
patients with subclavian aneurysms present with hand
or digital ischemia caused by embolization. True brachial
aneurysms are rare. Pseudoaneurysms are much more
common, especially in patients who have arteriovenous
fistulas or grafts for dialysis. 

Traumatic pseudoaneurysms can also develop anywhere
in the upper extremity as a consequence of penetrating
or blunt injury.

Noninvasive diagnostic evaluation of subclavian and
axillary aneurysms is often hampered by the bony struc-
tures surrounding those vessels. Most surgeons obtain
angiograms for complete definition of the aneurysm and
to plan repair, whether that is by an endovascular approach
or open surgical correction. Endovascular repair usually
consists of placement of a covered stent. Open repair of a
right subclavian aneurysm is usually approached through
a median sternotomy for proximal control, whereas a
left subclavian aneurysm is most commonly approached
through a left posterolateral thoracotomy. Most isolated
axillary aneurysms can be treated with a combined supra
and infraclavicular approach.

Brachial, Radial, and Ulnar Aneurysms

Aneurysms in the brachial, radial, and ulnar arteries
are most commonly false aneurysms. Postcatherization
pseudoaneurysms can develop after diagnostic cardiac
catherization performed through the brachial or radial
approach. Radial pseudoaneurysms can occur after a punc-
ture for arterial pressure measurement or for arterial blood
gas sampling. Ulnar aneurysm can occur as an occu-
pational disease in patients with the “hypothenar hammer
syndrome.” These patients use their hand for repeated
pounding on objects, resulting in trauma to this artery
near the hook of the hamate. By far, the most common
etiology of brachial and radial pseudoaneurysms is pre-
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Figure 35-7. Angiogram, lateral projection, confirming the
presence of common hepatic aneurysm.

TABLE 35-1. Visceral Aneurysms

Location Incidence Male:Female Ratio Mortality With Rupture 

Splenic 60% 1:4 30% 

Hepatic 20% 2:1 35% 

SMA 5.5% 1:1 60% 

Celiac 4% 1:1 40% 

Gastric and gastroepiploic 4% 3:1 70% 

Intestinal 3% 1:1 20% 

Pancreatoduodenal 2% 4:1 50% 

Gastroduodenal 1.5% 4:1 50% 



vious surgical procedures for arteriovenous access for
dialysis.

As with aneurysms and pseudoaneurysms of the lower
extremity, upper extremity aneurysms cause extremity
ischemia from acute occlusion or distal embolization 
to the digits. Asymptomatic patients present with a
pulsatile mass at the site of previous surgery or
puncture.

Although a history and physical examination can lead
to the correct diagnosis in most patients, color-flow scan-
ning is most helpful in patients who do not provide a
clear mechanism. Color-flow scanning can also identify
the presence of a traumatic arteriovenous fistula with the
false aneurysm. For upper extremity postcatheterization
pseudoaneurysms, thrombin injection can be used, pro-
viding a narrow suitable neck is identified. In most other
cases, open surgical repair is required; thus preoperative
angiography is necessary to outline the precise anatomy
as well as the status of the distal runoff. 

Aneurysms of the Lower
Extremity

Femoral and Popliteal Aneurysms

After AAA, the most common peripheral aneurysms
encountered in practice are in the femoral and popliteal
arteries.18–20 In patients presenting with a true femoral
or popliteal aneurysm, there is an increased likelihood
that an aneurysm is present on the opposite side or in
the aorta. It is thus good clinical practice to check the
size of the popliteal and femoral arteries bilaterally, as
well as the size of the aorta. 

In contradistinction to AAAs, which tend to rupture
with expansion, femoral and popliteal aneurysms tend to
thrombose and rarely rupture. The most serious compli-
cation of a thrombosed femoral or popliteal aneurysm
is acute limb ischemia. For this reason femoropopliteal
aneurysms should be treated if they are symptomatic or
if they expand to more than 2.5 to 3.0 cm in diameter
(Fig. 35-10). 

Color-Flow Duplex Scanning

In the average-sized patient, a femoral aneurysm can
be palpated. Popliteal aneurysms are more difficult to
detect by physical examination. Therefore, all pulsatile
masses in the groin or the popliteal fossa should be exam-
ined by duplex. The study should include longitudinal
and transverse views to obtain accurate diameter measure-
ments and to document the presence of lining thrombus
(see Fig. 35-10). It is also useful to determine the exact
location of the aneurysm in relation to the knee joint.
Commonly, additional information can be gathered from
a popliteal duplex (e.g., Baker’s cyst or venous problems).
With duplex arterial mapping, the status of the runoff
vessels can also be checked. Duplex is also very useful
to follow the growth of smaller aneurysms in these
locations on serial examinations.

CT and Angiography

Femoral aneurysms can be detected by CT scans if the
cuts include the pelvis and groin (Fig. 35-11). CT scans
are usually obtained to complete the evaluation of AAA.
Because endovascular repair is now offered to an increas-
ing number of patients, the iliofemoral segments should
be fully evaluated. Many endovascular grafts require a
minimum diameter of 7 mm (21 French) for introduction
through the femoral approach. 

Angiography is used to plan repair. The extent of the
femoral aneurysm and involvement of the profunda
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Figure 35-8. Preoperative angiogram of symptomatic right
renal aneurysm.

Figure 35-9. Color-flow ultrasound of a right carotid pseudo-
aneurysm. The patient had an infected Dacron patch 6 months
after carotid endarterectomy.



femoris should be determined preoperatively. Similarly,
the complete evaluation of popliteal aneurysms will
include angiography. This is especially helpful to plan
operative repair. 

Aneurysms located above the knee can be repaired
with prosthetic material with an above-knee incision.
Aneurysms located at the knee joint can be approached
posteriorly, with the patient in the prone position on
the operating room table. Many aneurysms, however,
involve both the above- and below-knee segments 
of the artery; thus they are approached through the
familiar medial thigh and proximal leg incision. In 
rare cases, when angiography is contraindicated
because of contrast allergy or poor renal function, MRA
or duplex arterial mapping may be sufficient. In the
future, MRAs may replace conventional digital
subtraction angiography for the evaluation of lower
extremity aneurysmal and occlusive disease (see
Chapter 27I).

Femoral Pseudoaneurysms

With the increasing number of percutaneous procedures
for both coronary and peripheral arteries, the number
of postcatheterization pseudoaneurysms is on the rise.
Many of these patients are placed on anticoagulants and
antiplatelet therapy, thus increasing the chances of
pseudoaneurysm formation. Pseudoaneurysms also
may form after aortofemoral or femoropopliteal bypass.
Although clinical examination can detect a pulsatile groin
mass, often it is obscured by surrounding hematoma.
Duplex is the first test obtained to confirm the presence
of the pseudoaneurysm.

Most postcatheterization pseudoaneurysms can be
treated by thrombin injection (see Chapter 29). Post-
bypass pseudoaneurysms are treated surgically with graft
replacement. Angiography is obtained to plan repair
(Fig. 35-12). CT scans are helpful if graft infection is
suspected.

Dorsalis Pedis Aneurysms

Although quite rare, aneurysms can develop in the
pedal vessels. Because the vessels are close to the skin
surface, it is usually possible to palpate and image the
arteries. Color-flow scanning is used to confirm the
diagnosis and also for postoperative follow-up.21 In
patients who have an intact posterior tibial artery 
and pedal arch, simple ligation of a dorsalis pedis
aneurysm can be performed; however, repair of the
aneurysm is mandatory in some cases to avoid forefoot
ischemia.
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Figure 35-10. A, Color-flow duplex of true right femoral
aneurysm (longitudinal view). B, Color-flow duplex of the same
true right femoral aneurysm (transverse view).

Figure 35-11. CT scan of pelvis showing left femoral pseudo-
aneurysm developing several years after aortobifemoral
bypass.

B



Conclusions

Aneurysms can develop at many locations in the arterial
tree. This chapter focuses on aneurysms of the abdominal
aorta and its branches; and on aneurysms developing in
the neck and upper and lower extremities. Various diag-
nostic methods are employed to find the precise location
and size of aneurysms and to help plan for repair. Non-
invasive methods are typically selected as a first line. More
invasive tests are selected as a second line, and often
can be therapeutic. Management options are discussed
in general terms.

KEY POINTS

■ Aneurysms can occur in any location of the arterial tree.

■ Pseudoaneurysms can develop after iatrogenic or nonia-
trogenic trauma to blood vessels.

■ Noninvasive methods are very helpful in screening
patients for the presence of aneurysms and for following
the growth of aneurysms.

■ CT scan and angiography are usually obtained before
planning treatment.

■ Aneurysms can be treated with open surgical repair
or with newer endovascular techniques.
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Figure 35-12. Angiogram demonstrating bilateral femoral
pseudoaneurysms.
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for definitive treatment of their abdominal aortic
aneurysms.

Screening programs for the detection of abdominal
aortic aneurysm have a great potential to be lifesaving
because the primary serious outcome of abdominal aortic
aneurysm is rupture and death. Nevertheless, mass
screening is not likely to be cost-effective; therefore,
pinpointing target populations for screening has con-
siderable importance. Then the appropriate, cost-effective
follow-up for patients found to have an aortic abdominal
aneurysm is essential; it requires an understanding of
the natural history of small abdominal aortic aneurysms.
Consideration of and treatment of the other medical
problems in these patients may also further affect the
long-term outcome of these patients.

This chapter addresses screening methods, means of
improving yields from a screening program, and cost-
effective programs for follow-up. Identification and man-
agement of coexisting vascular disease will be touched
on as well.

Screening Methods 

Determining the population to screen requires an under-
standing of the expected prevalence of AAA in that
population. Time and cost expended in the screening
process need to be allocated so that it is cost-effective

Screening Methods

Screening

Follow-Up

Cost-Effectiveness and Mortality Reduction

Treatment of Coexisting Vascular Disease

ecause aortic aneurysm ranks as the tenth leading
cause of death in the older male population,1 detection
and treatment before rupture (the primary cause of death
from infrarenal abdominal aortic aneurysm) is of para-
mount importance. According to the National Center
for Health Statistics, about 15,000 patients presented to
hospitals in the United States in 1999 with the diag-
nosis of ruptured abdominal aortic aneurysm (AAA).1

This is definitely an under-representation of the actual
number, because many such patients may die before
reaching the hospital. The United States has an aging
population, and because the prevalence of abdominal
aortic aneurysms increases with age, we will be iden-
tifying more patients in the future. Endovascular repair
of abdominal aortic aneurysm, which has lesser mor-
bidity, has been available since 1990. As this tech-
nology continues to advance, it will become feasible for
more and more patients. Also, higher-risk patients
previously deemed inoperable now have the potential
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and beneficial to the patients affected with abdominal
aortic aneurysm. Studies that have examined the risk
factors associated with AAA will be discussed in detail.
Reviewing these studies helps determine target popula-
tions and helps determine methods to screen those target
populations. Invitations to participate in a large screening
process are usually generalized, and positive responses
range from 30%2 to as high as 76%.3 These response
rates are highly dependent on the particular population
queried and the particular health care system and cost.
Other approaches to screening take a more targeted
approach and utilize a quick screen of the infrarenal
abdominal aorta as an add-on to other noninvasive labo-
ratory examinations in patients with arterial occlusive
disease in the coronaries, carotids, or lower extremity.
Another approach invites first-degree relatives of patients
with a family history of AAA. These approaches will
provide a higher yield of patients with abdominal aortic
aneurysm.

The tool of choice for screening is B-mode ultrasound
examination of the infrarenal aorta (Figs. 36-1, 36-2,
and 36-3). It is reasonably cheap, noninvasive, and does
not expose the patient to radiation. Dedicated ultrasound
machines may be used for large-scale population screen-
ings. In the noninvasive vascular laboratory, the duplex
ultrasound is the machine of choice and will often be
utilized as a quick scan after the primary testing is com-
plete. However, successful imaging of the entire infrarenal
aorta requires an overnight fast and experienced tech-
nologists. Adequate visualization of the entire infrarenal
aorta is reported to be 89% to 100%.4,5

Accuracy of ultrasound readings is important and
becomes critical in the follow-up and decision making
for patients detected to have infrarenal abdominal aortic
aneurysms. Variability in the measurement of abdominal
aortic aneurysms is reported in two studies. The Veterans
Administration Aneurysm Detection and Management
Trial (ADAM)6 carefully studied 258 ultrasound-measured
and centrally read CT pairs. Researchers reported that
ultrasound measurements were smaller than CT mea-
surements by an average of 0.27 cm. The difference
was 0.2 cm or less in 44% but at least 0.5 cm in 37%.
They recommended that these differences could be mini-
mized by limiting the number of radiologists reading
the ultrasound (intraobserver differences were less than
interobserver differences) and by the use of calipers for
measurements. Intraobserver and interobserver variability
in the reading of ultrasounds was closely monitored in
the Multicenter Aneurysm Screening Study (MASS)7 as
well. Researchers noted an intraobserver variability of
2.60 mm and an interobserver variability of 3.27 mm in
the transverse plane.

Screening

Multiple screening studies, large and small, utilizing
abdominal ultrasound have helped identify groups of
patients in whom we can expect to find an increased
prevalence of AAA. Populations with a higher prevalence
include males, especially those who smoke; those over
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Figure 36-1. Duplex ultra-
sound of a 3-cm abdominal
aortic aneurysm utilizing ATL
HDI 3000 with a 3-MHz probe.
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Figure 36-2. Duplex ultra-
sound, cross-sectional view, of
a 5.6-cm abdominal aortic
aneurysm.

Figure 36-3. Duplex ultra-
sound, longitudinal view of a
5.6-cm abdominal aortic
aneurysm (same patient as
Figure 36-2).



65 years of age; patients with a family history of AAA;
and patients with other vascular disease (e.g., coronary
artery disease, lower extremity occlusive disease, and
carotid stenosis). Some studies have reported an increased
association with other risk factors such as hypertension,
hypercholesterolemia, and chronic obstructive pulmonary
disease, although to a lesser extent. Interestingly, female
sex, African American race, and diabetes have often
been shown to have a negative association with the
presence of abdominal aortic aneurysms.

Lederle and colleagues8 reported on the largest reported
screening program in ADAM. AAA was defined as 3.0 cm
or more in greatest diameter of the infrarenal aorta. In
this study, 126,196 veteran patients aged 50 to 79 years
underwent abdominal ultrasound screening for AAA.
Prevalence of abdominal aortic aneurysm by diameter
is illustrated in Table 36-1. As shown, the overall preva-
lence was 4.26%, but only 0.45% were 5.0 cm or greater.
Smoking, age, family history of AAA, and atherosclerotic
diseases were the principal positive associations with
abdominal aortic aneurysms. Smoking accounted for
75% of all abdominal aortic aneurysms 4.0 cm or more
in diameter with an odds ratio of 5.07 (4.13 to 6.21).

The MASS study7 carried out in England and Wales
screened 27,147 men aged 65 to 74 years for abdominal
aortic aneurysm and produced similar findings in AAA
prevalence (see Table 36-1). Total aneurysms detected
were 4.9% (0.8% were between 4.5 and 5.4 cm and
0.58% were greater than 5.5 cm).

Three other large-scale screening studies from Norway,
Denmark, and the United Kingdom3,9,10 bring forth helpful
data to better focus screening of patients. The Norwegian
Study9 of 6386 men and women aged 25 to 84 years
noted a prevalence of 8.9% in men and 2.2% in women.
No patient less than 48 years old had an abdominal
aortic aneurysm. Smoking for 40 years vs. never smoked
increased the odds ratio to 8.0 (5.0 to 12.0) for detec-
tion of AAA. Other risk factors for atherosclerosis were
associated with an increased risk for AAA.

In the Denmark study3 of 65- to 73-year-old men, 4.8%
had an abdominal aortic aneurysm but only 0.6% were
above 4.9 cm. Of note, 76% of invited patients responded
to the invitation for screening and the scans were
complete (entire infrarenal aorta visualized) in 97.6%.

The United Kingdom study10 includes 11,666 men and
women aged 65 to 80 years. With age, the prevalence
increased from 5.4% to 10.4% in men and 0.67% to
2.17% in women. Data from district registrars gave infor-
mation on probable deaths from ruptured abdominal
aortic aneurysm. Only 4.4% of the deaths from rupture
occurred before age 65, but 85% of the deaths occurred
over age 70. The researchers, therefore, advocate a
single screening at the age of 65 as well as 70.

Family history is a well-recognized univariable risk
factor for AAA. In the ADAM trial, 5.1% reported a family
member with an abdominal aortic aneurysm.2

However, testing of family members of patients with
abdominal aortic aneurysms; and review of population
registers, death certificates, and hospital records leads
to a higher prevalence, as demonstrated by a study in
Finland. The prevalence of families with at least two
affected persons was 16%.11

Other screening strategies have targeted patients with
other atherosclerotic disease involving the coronaries,
carotids, and lower extremities. Wolf and colleagues4

studied 501 patients who came for evaluation of lower
extremity arterial disease with B-mode ultrasound of
the infrarenal aorta as well. Scans were successful in
89% of patients. Of the successful scans, 6.7% had an
abdominal aortic aneurysm (3 cm or greater). Aneurysms
larger than 4.0 cm were found in 3.2%. A smoking history
in males increased the overall incidence of abdominal
aortic aneurysm to 15.2% (8.8% of which were larger
than 4.0 cm). Limited scanning increased the length of
the vascular lab examination by only 5 minutes on the
average. 

In a smaller study of 192 patients scheduled for elec-
tive coronary artery bypass graft (CABG),12 the prevalence
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TABLE 36-1. Prevalence of Abdominal Aortic Aneurysm by Diameter

ADAM Trial (8) MASS Trial (7)

Combined Group Study Group
Diameter (cm) n = 126, 196 n (%) Diameter (cm) n = 27, 147 n (%) 

3.0 5283 (4.2) 3.0 1333 (4.9) 

4.0 1644 (1.3) 3.0–4.4 944 (3.5) 

5.0 571 (0.45) 4.5–5.4 223 (0.83) 

5.5 342 (0.27) 5.5 166 (0.58) 

6.0 212 (0.17) 

7.0 76 (0.06) 

8.0 32 (0.03)



of new abdominal aortic aneurysm (3 cm or larger) was
13.0% (5.2% were larger than 5 cm). Risk factors identi-
fied were age 65 years or more and a history of smoking.

Kang and colleagues13 screened 374 patients for
AAA during evaluation for carotid disease where a 50%
stenosis of the carotid artery was detected. An AAA 3.0 cm
or larger was found in 18.2% and an AAA 4.0 cm or
larger was found in 8.3% Absence of diabetes increased
these prevalences to 21.97% and 9.2%, respectively. In
this study, patients with a greater than 50% carotid
artery stenosis and absence of diabetes had a relative
risk of AAA that was two to three times greater than
patients undergoing routine screening.

In summary, based on the aforementioned studies, it
is possible to select populations with an increased preva-
lence and, therefore, increase the cost-effectiveness and
benefit to the patient. Male smokers older than 65 years
constitute a group of patients in whom a quick abdominal
aortic ultrasound scan during other noninvasive vascular
testing will also yield a significant number of patients
with a family history of AAA. First-degree family members
of patients with a family history of AAA often have a
high prevalence. Patients younger than 50 years should
not be screened. Benefits of screening patients older
than 83 years are questionable, as noted in the Markov
model of Lee and colleagues.5 This will be discussed
later. A single screening of all males 65 years old is
advocated by some.14

Follow-Up

Screening programs, either general or targeted, will detect
a larger number of abdominal aortic aneurysms between
3.0 and 3.9 cm. By no criteria should these patients be
offered an operation at that time. Will they become
operable candidates? The ADAM15 and United Kingdom16

trials enrolling patients with AAA between 4.0 and 5.4 cm
in diameter demonstrated the safety of surveillance with
operation withheld until the AAA reaches 5.5 cm. Rupture
rate in these initially observed groups of AAA between
4.0 and 5.4 were 0.7% and 1% per year in the respective
studies.15,16 Operative mortalities do not approach these
rates. On the other hand, approximately two thirds of
the patients in the initially observed groups in both
studies had an AAA eventually reach a diameter greater
than 5.4 cm and underwent surgical repair. Follow-up
(i.e., compliance) is extremely important. Patient com-
pliance as part of a study approaches 90%, but compli-
ance in the everyday practice may lag, and measures to
keep track of the patient are necessary.

But what about all these detected small aneurysms
(less than 4.0 cm)? Santilli and colleagues17 reported on
the largest number of such patients (790 men) followed
with ultrasound. The patients were divided into two
subgroups, I (3.0 to 3.4 cm) and II (3.5 to 3.9 cm) at initial

detection. Average follow-up was 3.89 ± 1.93 years with
a median expansion rate of 0.11 cm/year. Groups I and
II expanded at 0.09 cm/year and 0.15 cm/year, respec-
tively. Interestingly, 25% of the patients exhibited no
expansion during the study. Only 2.6% of the patients
came to operative repair. This differs from other studies
but likely reflects the authors’ bias to delay repair until
a diameter of 5.5 cm is reached. No deaths caused by
ruptured abdominal aortic aneurysms were detected
among 140 deaths. Hypertension was the only risk factor
associated with moderate expansion. Lifetable analysis
survival was 84% at 7 years; therefore, some program
for follow-up is required. This study determined that
3.0 to 3.9 cm abdominal aortic aneurysms expand slowly,
do not rupture, infrequently grow to 5.0 cm or more
within 4 years of follow-up, and rarely require operative
repair. The authors recommend a follow-up ultrasound
in 3 years, although they reasoned that elderly males
without hypertension in group I needed no further
follow-up ultrasound. 

Follow-up ultrasound in the 4.0 to 5.4 cm group should
be every 6 months, although nonhypertensive patients
in the 4.0 to 4.4 cm range could be followed safely in 
1 year. Endovascular surgical techniques will likely con-
tinue to improve and push the envelope for repair to
something less than 5.5 cm, but even then interventional
repair must have a mortality rate less than 1%. 

Cost-Effectiveness and Mortality
Reduction

How does screening affect mortality, and is screening
cost-effective? Several studies address these issues and
are important to the patient population and the health
care system at large. The MASS study in the United
Kingdom addressed both cost-effectiveness and affect on
mortality in men with AAA.7,18 In the cost-effectiveness
aspect of the study, 67,800 men aged 65 to 74 years were
studied over a 4-year period.18 One half of the patients
were invited for an ultrasound screening of the abdominal
aorta (27,147 responded), and one half were not invited
for ultrasound screening. They calculated patient-specific
costs related to AAA including screening and follow-up
ultrasounds, and surgical costs including evaluation and
operative repair of elective or ruptured AAA. Details
are in the paper.18 Effectiveness was determined as sur-
vival free from mortality related to AAA for an indi-
vidual up to 4 years. Cost-effectiveness was expressed
as the incremental cost per additional life-year gained.
Probability for cost-effectiveness is represented by cost-
effectiveness acceptability curves. The authors placed
those probabilities at a value of £30,000. At 4 years, the
estimated cost-effectiveness ratio was £28,400 per life-
year gained. The projected effectiveness at 10 years
would be about £8000 per life-year saved. Although the

Chapter 36: Screening for Abdominal Aortic Aneurysms 385



4-year incremental cost effectiveness is at the margin of
the National Health Service acceptability, it projects to
be much lower at 10 years.  

Lee and colleagues5 evaluated utilization of a “quick
screen” as a cost-effective tool for detecting AAA. Because
cost-effectiveness is directly linked to the detection rate
of the screening program for AAA, they developed a
strict set of criteria for screening patients. The criteria
included a family history of AAA or three or more of the
following risk factors: male gender, age over 60 years,
current or former smoker, hypertension, hyperlipidemia,
coronary disease, history of lower extremity bypass, clau-
dication, ischemic rest pain, or carotid artery disease.
Their “quick scan” took an upper limit of 5 minutes and
was 100% accurate. They used a Markov model to deter-
mine cost-effective ratio (CER) or cost/QALY (quality
adjusted life-year). They evaluated the cost of the ultra-
sound and then developed the model for various preva-
lences of AAA, probability of incidentally detected AAA
in a nonscreened group, and age at initial screening.
With their model they determined a CER of $11,215,
which is well below the accepted CER of $60,000
society is willing to pay for interventions. Patients over
83 years of age increased the CER threshold to over
$60,000.

A positive effect of screening in the United Kingdom
was seen on mortality reduction from AAA.7 In the MASS
trial, patients screened vs. patients not screened demon-
strated a 42% mortality reduction from aneurysm-
related causes. Mortality reduction increased to 53%
for the patients who actually attended the screening
examination. 

From a smaller randomized study of 6058 men aged
64 to 81 in Chichester, United Kingdom,14 similar mor-
tality reductions in AAA-related deaths were noted.
Reduction was 68% at 5 years in those screened com-
pared to those in the control group. The conclusion of
this study included a recommendation that all men
should receive screening at age 65 years because that
one screening will identify the majority of abdominal
aortic aneurysms that are of clinical significance. 

Treatment of Coexisting 
Vascular Disease

Screening programs that invite the general population
set new concerns into motion. As we know, AAA is a
marker for coronary artery disease and significant num-
bers of these patients will have hypertension, diabetes
mellitus, and hyperlipidemia. Many patients may be
candidates for antiplatelet medication, statins, and/or
beta blockers.

Treatment aimed at these medical problems has the
potential of a long-term medical benefit for these patients
as well.

Potential for medical treatment utilizing doxycycline
to stop the growth of small abdominal aortic aneurysms
has been suggested in pilot studies.19 Doxycycline has
the effect of decreasing MMP-9 and other metallopro-
teinases that are found in aneurysm walls and may
weaken the wall; therefore treatment with doxycycline
may prevent aneurysm growth. If this holds up in a
clinical trial, the possibility of further decreasing health
care costs and mortality exists. 
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repair of an AAA, several factors, including the anatomic
features of the aneurysm, the contiguous vasculature,
and the appearance of other intra-abdominal structures
must be taken into consideration. The proximal and distal
extent of the aneurysm (particularly, the involvement
of the renal mesenteric) must be known preoperatively.
In addition, the identification of the presence of other
intra-abdominal anomalies (e.g., horseshoe kidneys or
masses) plays an important role in planning the open
repair of an AAA. Furthermore, the timing of the repair
itself is determined by aneurysm size, progression, or
the presence of rupture based on these imaging studies.
The approach, whether thoracoabdominal, retroperitoneal,
or transabdominal, is also determined by preoperative
findings. Various imaging modalities can be used in the
preoperative workup of AAA; however, the choice of a
given study depends on the available technology and
on certain patient characteristics (e.g., renal function).

Ultrasound

Ultrasound (US) is a useful and inexpensive method to
screen and follow AAA. Ultrasonography can effectively
be used to document the presence of an AAA with a

Introduction

Ultrasound

Computed Tomographic Scanning

Angiography

CT Angiography

Magnetic Resonance Imaging 

Conclusions

Introduction

he first open repair of an abdominal aortic aneurysm
(AAA) was performed on March 29, 1951, when Dubost
performed successful resection of an aortic aneurysm
and homograft replacement.1 Since then, advances in
the field of vascular surgery have minimized the opera-
tive mortality rate for the elective repair of AAA to an
acceptable level of 2% to 5%.2–4 In addition to the
significant advancements in anesthesia and surgical
management of AAA in the past 50 years, preoperative
imaging techniques have dramatically changed, enhancing
our ability to care for AAA patients. Before the surgical
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sensitivity of 100% (Fig. 37-1).5–9 Ultrasound has also
been shown to accurately determine aneurysm size to
within 0.3 to 0.6 cm in comparison with intraoperative
findings.10,11 The main advantages of US in comparison
with other modalities are: (1) a lack of need for intra-
venous contrast or ionizing radiation; and (2) a relatively
low cost. Despite these advantages, the use of US as the
sole imaging modality for preoperative planning for the
open repair of AAA is inadequate for several reasons.
First, US provides only limited information regarding the
anatomy of an AAA. US is unable to demonstrate the
proximal extent of the AAA with respect to the renal
arteries and cannot reliably demonstrate the presence
or absence of associated internal iliac artery aneurysms.12,13

Second, there is an inherent operator-dependent dis-
crepancy with ultrasonographic imaging of AAA. Images
of aneurysm size and morphology may vary according
to the experience of the ultrasonographer. Finally, ultra-
sound quality is limited by patient body habitus and over-
lying bowel gas. In certain patient populations (i.e., in
thin individuals and those with preimaging bowel prepa-
ration) ultrasonography with surface reconstruction,
using a combination of 2-D ultrasound and Doppler
flow studies of the renal, superior mesenteric, and iliac
arteries, may be adequate in supplying the preoperative
information necessary for the open repair.14–16

Computed Tomographic Scanning 

Computed tomographic (CT) imaging is currently the
imaging technique of choice for AAA. This noninvasive
radiographic imaging modality determines aneurysm
size more accurately than does US, and it also has the
ability to differentiate thrombus seen within the aneurysm
from its outer diameter. Angiography may grossly underes-

Figure 37-1. Ultrasound depicting 4.2-cm abdominal aortic
aneurysm.

timate the size of an AAA because of its failure to
demonstrate the presence of an intraluminal thrombus.
In addition to demonstrating the AAA, CT also accurately
detects both the extension of aneurysmal dilatation into
the iliac vessels and any associated femoral aneurysms.17

With concomitant occlusive disease of the lower extremi-
ties, symptoms of mesenteric ischemia, or uncontrolled
hypertension, angiography may be indicated. The pres-
ence of concomitant vascular disease can safely and
effectively be addressed at the time of aneurysm repair
only if information regarding these vessels is known
preoperatively.

CT is also helpful in determining the proximal extent
of the AAA in relationship to the renal arteries, and it
can be used to anticipate the need for suprarenal clamping
during open operative repair (Fig. 37-2). A recent study
demonstrated that when a distance of 26 mm between
the proximal extent of the aneurysmal aorta and the
orifices of the renal arteries was used as a cutoff for
determining the site of proximal aortic cross clamping,
CT successfully predicted the ability to repair the aneurysm
using infrarenal clamping in 62% of cases.18 Conversely,
distances shorter than 26 mm will likely require suprarenal
aortic cross clamping. Retroaortic renal veins are easily
detected by CT (Fig. 37-3). Prior knowledge of a retro
aortic left renal vein will decrease the chance for intra-
operative injury. Other findings that CT is able to reliably
demonstrate preoperatively include renal abnormalities
(e.g., horseshoe and pelvic kidneys) (Figs. 37-4 and 37-5);
intraabdominal masses; inflammatory aneurysms;
gallstones; and diverticulitis. 

Despite these advantages of CT scanning in planning
open repair of AAA, there are several features of CT
that may make this imaging modality less attractive in
certain patient populations. CT requires the use of intra-
venous contrast material and subjects the patients to
potentially harmful ionizing radiation. In addition, in
patients with spinal instrumentation, the presence of
metallic artifact interferes with AAA imaging (Fig. 37-6).

Angiography

The use of angiography has historically been regarded
as the “gold standard” for imaging AAAs befire open
repair.19,20 The ability of angiography to demonstrate
stenotic lesions of the renal arteries and occlusive disease
of the iliofemoral vessels makes this imaging modality
extremely useful before surgical intervention in patients
suspected to have concomitant vascular disease. Studies
have shown that the presence of peripheral occlusive
disease in patients with known AAA is high, and the
suspicion of extra-aortic disease necessitates further
workup with angiography.19,21 In patients with uncon-
trolled hypertension or unexplained renal dysfunction,
renal artery stenosis should be suspected. Although CT
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Figure 37-3. CT of aorta with intravenous contrast demon-
strating the presence of a retroaortic left renal vein.

Figure 37-4. CT of abdomen and pelvis demonstrating AAA
and presence of pelvic kidney with a renal artery rising from
the aortic bifurcation.

Figure 37-5. CT of aorta with intravenous contrast demon-
strating an inflammatory aneurysm (arrows). Note enhancing
rim.

Figure 37-6. CT of aorta with intravenous contrast subopti-
mally demonstrating AAA obscured by metallic artifact created
by patient’s spinal hardware.

A B

Figure 37-2. CT of aorta with intravenous con-
trast demonstrating extensive thrombus within
the aorta seen posteriorly at level of (A) left
renal and (B) right renal arteries.



has been shown to accurately demonstrate the location
of the renal arteries, their origins off the aorta (where
stenotic lesions are likely to occur) are less easily demon-
strable.22 Additionally, patients with AAAs with symp-
toms of intestinal angina should undergo preoperative
angiography to assess the status of the mesenteric circu-
lation. Mesenteric revascularization should be under-
taken at the time of AAA repair. Preoperative angiography
is needed before AAA repair in patients with symptoms
of peripheral artery occlusive disease, peripheral artery
aneurysms, symptoms of intestinal ischemia, uncontrolled
hypertension, unexplained renal dysfunction, chronic
aortic dissection, and horseshoe kidney (Fig. 37-7).21,23,24

Using these criteria, studies have shown that angiography
will demonstrate associated pathology in 28% of cases,
as opposed to only about 5% of the time when these
criteria are not used.25,26 Angiography does not come
without complications, however, and the need for this
invasive study must be addressed critically. Like CT,
patients are exposed to intravenous contrast material (per-
haps worsening renal dysfunction) as well as ionizing
radiation. As previously discussed, angiography may
grossly underestimate aneurysm size by only demon-

strating the inner diameter of the aneurysm, neglecting
the outer diameter because of the presence of thrombus
within the AAA. Arterial puncture used for angiography,
although relatively safe, is associated with a compli-
cation rate of 1% to 2%.25,27,28

CT Angiography

CT angiography (CTA), made possible by advancements
in helical CT technology, has developed out of this desire
for less invasive testing. Several studies have compared
spiral CTA with conventional angiography in demon-
strating those characteristics of AAA that help surgeons
in preoperative planning. One such study demonstrated
that spiral CTA is equally efficacious as conventional
angiography in demonstrating the presence of severe (70%
to 99%) stenosis or occlusion of the renal arteries.29

This same study, however, also revealed that spiral CTA
poorly demonstrated occlusive disease involving the
iliac arteries. Therefore the authors have advocated the
use of spiral CTA in the preoperative workup of nonclau-
dicants who are candidates for AAA repair. In compari-
son with conventional angiography, size determination
of AAA by spiral CT angiography has been shown to be
more accurate, making CTA more valuable in deter-
mining the timing for operative intervention.30,31 Addi-
tionally, CTA is comparable to conventional angiography
in its ability to accurately demonstrate both proximal
and distal extent of AAA. 

Although the amount of intravenous contrast material
and radiation exposure is slightly higher with CTA as
compared with conventional angiography,29 the nonin-
vasive nature of CTA, the relative safety in performing
this test, and the comparable information it provides in
the preoperative assessment of patients with AAA make
this radiographic imaging modality the ideal complement
to routine CT scanning. CT angiography and 3-D recon-
struction have all but voided the need for catheter-
based angiography. 

Magnetic Resonance Imaging

Magnetic resonance imaging (MRI) and magnetic reso-
nance angiography (MRA) have been used as noninva-
sive modalities for imaging AAAs before open repair.
With improvements in gating technology (both electro-
cardiographic and respiratory gating, to reduce the amount
of artifact produced by cardiac and respiratory motion)
and fast scanning (which allows for image acquisition
with a single breath-hold), MRI and MRA have become
more commonly utilized tools in planning open repair
of AAA (Fig. 37-8). Unlike CT angiography and conven-
tional angiography, MRA is not dependent on the use
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Figure 37-7. A and B, Arteriogram depicting the presence of
an AAA and horseshoe kidney.

A
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of iodinated contrast material, and therefore is indicated
to evaluate AAA in patients with known contrast allergy
or renal insufficiency. In patients in whom catheter
angiography is deemed dangerous or in whom vascular
access is difficult, MRA may be a suitable alternative to
conventional angiography (Fig. 37-9). MRI and CT (the
two main cross-sectional modalities used to image AAAs)
share the advantages over other techniques of being able
to demonstrate the presence of intraluminal thrombus and
to detect perianeurysmal inflammation and hemorrhage.

Various reports have confirmed the abilities of MRI
and MRA to accurately define the proximal neck of AAAs,
to determine the number of renal arteries present, to
demonstrate the presence of stenoses greater than 50% at
the origin of the renal arteries, and to assess the patency

of the superior mesenteric artery.32–36 In comparison
with conventional angiography, however, MRA is less
accurate in determining the patency of the inferior
mesenteric artery and concomitant iliofemoral disease.
One group has demonstrated that the use of MRA in
combination with Doppler arterial flow studies, in
patients without evidence of mesenteric, renal, or iliac
artery occlusive disease, may be an effective alternative
to conventional angiography and CT in preoperative
planning for AAA repair.37

Despite the inherent advantages of MRI and MRA,
the use of magnetic resonance (MR) has been limited for
a variety of reasons. The uniform use of MR for imaging
AAAs before operative repair (among all institutions
performing such procedures) has been limited by the
cost of MR hardware and the implementation of software
specifically used for angiography and 3-D reconstruction.
However, the use of outpatient facilities with the capa-
bility of MRI and MRA appears to be increasing. Despite
technical advances made in the field of MR, some tradi-
tional constraints still apply. For instance, the presence
of certain types of intracranial aneurysm clips and
indwelling pacemakers limits the use of MR. Additionally,
patient claustrophobia and long acquisition times further
prohibit the universal use of MRI and MRA for pre-
operative AAA imaging. Further advancements in the
field of MR will likely make this imaging modality more
attractive to the vascular surgeon planning open repair
of AAA in the future. 

Conclusions

As technological advancements continue to be made in
imaging AAA, surgeons are becoming more informed
about the characteristics that influence their approach
to the open repair of AAA. These advancements make
surgical management of AAA and the postoperative
care of patients with AAA more predictable and effi-
cient. The use of ultrasonography, computed tomography,
angiography, CTA, and MR in the preoperative work-up
of AAA is ultimately dictated by the patient’s presenting
signs and symptoms and by local technology. Further
developments in these areas will continue to make open
repair of AAA a safe and effective management option
in dealing with this potentially lethal disease. 

The quality of imaging techniques will continually
improve. Today the goal of imaging is to define anatomy;
in the future, arterial physiology and hemodynamics will
be determined by this same technology, and new infor-
mation will be available on aneurysm rupture. Work by
Fillinger38,39 and Vorp40,41 using finite element analysis
and standard CT scans is leading to the ability to deter-
mine areas of high shear stress and high wall tension
(Fig. 37-10). Such factors may be predictive in aneurysm
rupture. 
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Figure 37-8. MRI demonstrating AAA at level of renal arteries
(transverse image).

Figure 37-9. MR angiogram demonstrating 5.5-cm fusiform
infrarenal AAA with concomitant mild to moderate ostial
stenosis of right renal artery and diminutive left renal artery.



Figure 37-10. A, Three-dimensional stress distribution for maximum wall stress at peak systolic blood pressure for two 5.5-cm
aneurysms. Stress is mapped to corresponding color, with highest stress shown in red and lowest stress shown in blue. Stress
map for patient on the right has been color-coded to correspond with stress map for patient on the left, for ease of comparison.
B, Finite element (computational stress) analysis may be useful in determining the degree and distribution of mechanical forces
or stresses acting on the wall of individual AAA. Shown here are the distributions of wall stresses on the posterior and anterior
abdominal aortic walls of six different 3-D reconstructed AAA and one nonaneurysmal control aorta. Gray regions are those with
artificially high stress concentrations because of edge effects. The common color scale provides stress magnitude. In all cases,
blue represents the lowest stress magnitude and red the highest. Note the comparatively lower range of stress in the control
aorta. Reprinted with permission from Mosby.39,40

A

B



REFERENCES

1. Dubost C, Allary M, Oeconomos N: Resection of an aneurysm of
the abdominal aorta: Reestablishment of the continuity by a
preserved human arterial graft, with results after 5 months. Arch
Surg 64:405–408, 1952.

2. Hertzer NR, Avellone JC, Farrell CJ, et al: The risk of vascular
surgery in a metropolitan community, with observations on
surgeon’s experience and hospital size. J Vasc Surg 1:13, 1984.

3. Johnston KW, Scobie TK: Multicenter prospective study of non-
ruptured abdominal aortic aneurysms: Population and operative
management. J Vasc Surg 7:69, 1988.

4. Pilcher DB, Davis JH, Ashikaga T, et al: Treatment of abdominal
aortic aneurysm in an entire state over 7.5 years. Am J Surg
139:487, 1980.

5. Laroy LL, Cormier PJ, Matalon TAS, et al: Imaging of abdominal
aortic aneurysms. Am J Radiol 152:785–792, 1989.

6. Ernst CB: Abdominal aortic aneurysm. N Engl J Med 328:1167–1172,
1993.

7. Rose WM, Ernst CB: Abdominal aortic aneurysm. Compr Ther
21:339–433, 1995.

8. Lamah M, Drake S: Value of routine computed tomography in the
preoperative assessment of abdominal aortic aneurysm replacement.
World J Surg 23:1076–1081, 1999.

9. Vowden P, Wilkinson D, Ausobsky JR, et al: A comparison of
three imagining techniques in the assessment of an abdominal
aortic aneurysm. J Cardiovasc Surg 30:891–896, 1989.

10. Sternbergh WC, Gonze MD, Garrerd CL, et al: Abdominal and
thoracoabdominal aortic aneurysm. Surg Clin North Am 78:827–843,
1998.

11. Myers K, Devine T: Abdominal aortic aneurysms. The old and
the new. Aust Fam Physician 26:418–425, 1997.

12. Amparo EG, Hoddick WK, Hricak H, et al: Comparison of magnetic
imaging and ultrasonography in the evaluation of abdominal
aortic aneurysms. Radiol 154:451, 1985.

13. Wheeler WE, Beachley MC, Ranninger K: Angiography and ultra-
sonography: A comparative study of abdominal aortic aneurysms.
Am J Radiol 126:95, 1976.

14. Leotta DF, Paun M, Beach KW, et al: Measurement of abdominal
aortic aneurysms with three-dimensional ultrasound imaging:
preliminary report. J Vasc Surg 33:700–707, 2001.

15. Johnson BL, Harris EJ Jr, Fogarty TJ, et al: Color duplex evaluation
of endoluminal aortic stent grafts. J Vascular Tech 22:97–104,
1998.

16. Berdejo GL, Lyon RT, Ohki T, et al: Color duplex ultrasound
evaluation of transluminally placed endovascular grafts for
aneurysm repair. J Vascular Tech 22:201–207, 1998.

17. Gomes MN, Choyke PL: Preoperative evaluation of abdominal
aortic aneurysms: Ultrasound or computed tomography? J Car-
diovasc Surg 28:159, 1987.

18. Posacioglu H, Islamoglu F, Apaydin AZ, et al: Predictive value of
conventional computed tomography in determining proximal
extent of abdominal aortic aneurysms and possibility of infrarenal
clamping. Tex Heart Inst J 29:172–175, 2002.

19. Kwaan JH, Conolly JE, Molen RV, et al: The value of aortography
before abdominal aneurysmectomy. Am J Surg 121:542, 1977.

20. Robicsek F, Daugherty HK, Mullen DC, et al: The value of
angiography in the diagnosis of unruptured aneurysms of the
abdominal aorta. Ann Thorac Surg 11:538, 1971.

21. Brewster DC, Retana A, Waltman AC, et al: Angiography in the
management of aneurysms of the abdominal aorta: Its value and
safety. N Engl J Med 292:822–825, 1975.

22. Papanicolaou N, Wittenberg J, Ferrucci JT, et al: Preoperative
evaluation of abdominal aortic aneurysms by computed
tomography. Am J Roentgenol 146:711–715, 1986.

23. Bell DD, Gaspar MR: Routine aortography before abdominal
aortic aneurysmectomy. Am J Surg 144:191, 1982.

24. Thompson JE, Hollier LH, Patman RD, et al: Surgical manage-
ment of abdominal aortic aneurysms: Factors influencing mor-
tality and morbidity: A 20-year experience. Ann Surg 181:654,
1975.

25. Couch NP, O’Mahoney J, McIrvine A, et al: The place of abdominal
aortography in abdominal aortic aneurysm resection. Arch Surg
118:1029–1034, 1983.

26. Bandyk DF: Preoperative imaging of aortic aneurysms: Conven-
tional and digital angiography, computed tomography scanning,
and magnetic resonance imaging. Surg Clin North Am 69:721–735,
1989.

27. Lang EK: Prevention and treatment of complications following
arteriography. Radiology 88:950, 1968.

28. Szilagyi DE, Smith RF, Mackgood AJ, et al: Abdominal
aortography: Values and hazards. Arch Surg 85:41, 1962.

29. Errington ML, Ferguson JM, Gillespie IN, et al: Complete pre-
operative imaging assessment of abdominal aortic aneurysm
with spiral CT angiography. Clin Radiol 52:369–377, 1997.

30. Gomes MN, Schellinger D, Hufnagel CA: Abdominal aortic
aneurysms: Diagnostic review and new technique. Ann Thorac
Surg 27:479–488, 1979.

31. Brewster DC, Darling RC, Raines JK, et al: Assessment of
abdominal aortic aneurysm size. Circulation 56(Supp 2):164–167,
1977.

32. Tennant WG, Hartnell GG, Baird RN, et al: Radiological investi-
gation of abdominal aortic aneurysm disease: Comparison of three
modalities in staging and the detection of inflammatory change.
J Vasc Surg 17:703–709, 1993.

33. Arlart IP, Guhl L, Edelman RE: Magnetic resonance angiography
of the abdominal aorta. Cardiovasc Intervent Radiol 15:43–50,
1992.

34. Kim D, Edelman RR, Kent KC, et al: Abdominal aorta and renal
artery stenosis: Evaluation with MR angiography. Radiology
174:727-731, 1990.

35. Gedrovc WMW, Neerhut P, Negus R, et al: Magnetic resonance
angiography of renal artery stenosis. Clin Radiol 50:436–439,
1995.

36. Debatin JF, Spritzer CE, Grist TM, et al: Imaging of the renal
arteries: Value of MR angiography. Am J Roentgenol 157:981–990,
1991.

37. Durham JR, Hackworth CA, Tober JC, et al: Magnetic resonance
angiography in the preoperative evaluation of abdominal aortic
aneurysms. Am J Surg 166:173–178, 1993. 

38. Fillinger MF, Raghavan ML, Marra SP, et al: In vivo analysis of
mechanical wall stress and abdominal aortic aneurysm rupture
risk. J Vasc Surg 36:589–597, 2002.

39. Fillinger MF, Marra SP, Raghavan ML, et al: Prediction of rupture
risk in abdominal aortic aneurysm during observation: Wall
stress versus diameter. J Vasc Surg 37:724–732, 2003.

40. Raghavan ML, Vorp DA, Federle MP, et al: Wall stress distribu-
tion on three-dimensionally reconstructed models of human
abdominal aortic aneurysm. J Vasc Surg 31:760–769, 2000.

41. Vorp DA: Association of intraluminal thrombus in abdominal
aortic aneurysm with local hypoxia and wall weakening. J Vasc
Surg 34:291–299, 2001.

Chapter 37: Preoperative Imaging for Open Repair of Abdominal Aortic Aneurysm 395



T

Preoperative Imaging 
for Endovascular Grafts: 
CT Angiography
M. ASHRAF MANSOUR • KIM J. HODGSON

397

of ill-fated attempts were reported, but it was not until
Dubost, in 1951, described the successful technique of
aortic replacement that routine repair of AAAs became
possible.2 Although initial open repairs were done with
aortic homograft (a material seldom used anymore
outside of infected beds), nowadays fabric grafts made
of Dacron or polytetrafluoroethylene (PTFE) are used
almost exclusively. In large series of open AAA repairs
from centers of excellence, the hospital mortality for
AAA repair was reduced to around 3% in the 1990s.2

The vast majority of these patients are properly screened
and medically managed before elective operation. In
contrast, the mortality from emergent AAA repair
remains largely unchanged, ranging from 50% to
90%.2,3

Recent efforts to reduce perioperative morbidity and
mortality, as well as to extend treatment to include
higher surgical risk patients, centered on devising a
lesser invasive method for AAA repair.4 It was Parodi’s
pioneering animal experiments, begun in 1976, that led
in 1990 to the first successful endograft implantation in
a patient with an AAA.5,6 His novel concept of replac-
ing the conduit from inside the vessel led to a wave of
innovation in endograft design. Over the ensuing
decade, numerous investigators using many different
graft designs have shown that endovascular AAA repair

Open Versus Endovascular AAA Repair

Spiral (Helical) Computed Tomography

Preoperative Evaluation

Proximal Neck

Visceral Vessels

Renal and Venous Anomalies

Iliac Arteries

Postoperative Follow-Up

Conclusions

he management of abdominal aortic aneurysms
(AAAs) has evolved dramatically over the last century,
from a mandatory laparotomy to a condition now often
amenable to less invasive endoluminal repair. It is inter-
esting to note that some of the first efforts to repair AAAs
were endoluminal in nature. In 1864, an English surgeon
placed 75 feet of wire in an AAA to induce thrombosis.
Fifteen years later, an Italian physician attempted coagu-
lation of an AAA by passing an electrical current through
a wire inserted in it.1 In the ensuing decades, a variety
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is both feasible and safe.7–13 The purpose of this chapter
is to review the role of CT angiography in the preopera-
tive planning for such endovascular AAA repair
(EVAR).

Open Versus Endovascular 
AAA Repair

Before EVAR, good surgical risk patients presenting with
an AAA greater than 5 cm in maximal diameter were
advised to undergo open repair, either transperitoneally
or using the retroperitoneal approach. In more than 80%
of elective cases, a preoperative CT scan was all that was
needed to plan surgical repair. In the remaining patients,
an additional angiographic investigation was necessary.
The indications for preoperative angiography are listed
in Table 38-1. 

However, the preoperative evaluation of patients being
considered for EVAR differs from open repair because
of the nuances of the technique. Because most available
endografts are inserted via the femoral or iliac approach,
certain criteria relevant to these vessels need to be met
before considering patients for EVAR7–13 (Table 38-2).
Similarly, all available endografts rely on friction for
fixation to the nonaneurysmal aorta and iliac arteries,
friction created or enhanced by barbs, hooks, or a self-
expanding design.14 All commercially available endografts
have specific sizing recommendations that should be
followed diligently to avoid problems with insertion or
deployment. Therefore, it is of utmost importance to
obtain adequate preoperative imaging studies to plan
EVAR. 

Spiral (Helical) Computed
Tomography

The older generation of conventional CT scanners
acquired images by moving the patient on a table in a
step-wise fashion through a stationary radiographic gantry.
Newer generation CT scanners have a slip-ring coupling
that allows 360-degree gantry rotation and continuous
scanning of a specific area while the patient is transported
on the moving table.15–20 Thus, with a single breath-
hold of 25 to 30 seconds it is possible to acquire a large
amount of data that can be reconstructed later into
three-dimensional pictures using specialized software.
Various programs are available commercially (e.g.,
Preview, Medical Media Systems MMS, West Lebanon,
NH) (Fig. 38-1). 

Compared with conventional CT scans, spiral CT scan
resolution is essentially identical in the XY plane, on
the order of 1 mm. The speed of movement of the table,
the z-axis dimension, determines the volume that is
imaged in the 30-second scan period. Therefore, resolu-
tion and scan coverage along the z-axis are inversely
related. Higher resolution is achieved by decreasing the
collimator width (slice thickness); however, it is impor-
tant that collimation not be less than half of the table
travel.15–20
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TABLE 38-2. Desirable Inclusion Criteria 
for EVAR

Proximal neck
● Diameter: 18 to 26 mm*
● Length: 15 mm†
● Shape: cylindrical
● Morphology: absence of circumferential thrombus or

calcification

Distal landing zone (common or external iliac)
● Diameter: 8 to 13
● Length: 10 mm
● Shape: nonaneurysmal‡
● Morphology: absence of severe tortuosity and

calcification

Access site
● Patent femoral or iliac artery
● Vessel diameter greater than 7 mm

Renal function
● Serum creatinine less than 2.5 mg/L
● Renal failure on hemodialysis

Cooperative patient who can tolerate local anesthesia  

EVAR = endovascular AAA repair
*Some grafts (Zenith) allow for a neck diameter less than 28 mm, and

custom-made grafts can accommodate larger necks.
†Some investigators require only 10 mm of neck length.
‡For aneurysmal iliac arteries, adjunctive techniques such as bell-

bottom or custom-made grafts can be used.

TABLE 38-1. Indications for Preoperative
Angiography in AAA Patients

● Juxtarenal or suprarenal AAA

● Suspected renal artery stenosis (renovascular
hypertension)

● Congenital renal anomalies (horseshoe, ectopic, pancake
kidney)

● Renal transplantation

● Suspected visceral artery stenosis

● Iliofemoral occlusive disease

● Previous colon resection

● Reoperative surgery  



The use of intravenous contrast allows for opacifica-
tion of vascular structures (Fig. 38-2). A bolus of 120 to
150 mL of intravenous contrast is either manually or
mechanically injected. The scan should be started 20 to
30 seconds after injection to coincide with the midarterial
phase. Typically, for AAA evaluation, collimation (slice
thickness) is set for 2 to 5 mm, table speed at 1× to 2×
collimation (in mm/sec), IV contrast bolus injection of
120 mL at 2 to 5 mL/sec, 30 to 50 seconds continuous
scan time, and x-ray source rotating 360 degrees per
second while breath is being held. These settings should
allow acquisition of raw data over a linear distance of
9 to 50 cm. Actual scan time with the spiral technique
is markedly reduced because data acquisition is con-
tinuous. This usually allows complete imaging while the
patient is holding his or her breath, which eliminates
motion artifacts related to breathing.15–20

With specialized software, reformatting into sagittal,
coronal, or arbitrary planes is possible (see Fig. 38-2;
Figs. 38-3 through 38-6). The ability to obtain 3-D and what
are essentially 360-degree structural images allows for
comprehensive evaluation of visceral and renal arteries,
as well as the AAA and its proximal and distal aspects
(Figs. 38-7 through 38-9). The combination of spiral CT
and multiplanar reformatting is termed CT angiography.

Preoperative Evaluation

In considering whether or not to employ EVAR, com-
plete evaluation of the AAA and its proximal and distal
extents is needed.20 Because the grafts are usually inserted
via the femoral artery, either percutaneously or with a
cutdown, the femoral (access vessel) artery must also be
evaluated. The length, diameter, and shape of the proximal
neck aids in the selection of graft type and size (see 
Fig. 38-1). Similarly, the presence or absence of tortuosity
in the proximal neck or iliac arteries may modify the
approach used in repair.20–22 The characteristics that are
evaluated to aid in patient selection for EVAR are listed
in Table 38-2. Depending on the availability of specialized
or custom-made grafts, and also the experience of the
surgeon, some of the criteria for EVAR can be more
permissive. 

Proximal Neck

Evaluation of the proximal neck is one of the most
important aspects of the preoperative evaluation. Much
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Figure 38-1. A, 3-D reconstruction of spiral CT scan showing
an infrarenal AAA. Note that the proximal neck dimensions,
as well as the distal extent and iliac arteries, can be clearly
evaluated. B, 3-D reconstruction of spiral CT scan showing an
infrarenal AAA. Note the proximal neck tortuosity that exclude
this patient from EVAR. (Software: Preview, Medical Media System
MMS, West Lebanon, NH; photos courtesy of Medtronic-AVE, USA.)A
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Figure 38-2. 3-D reconstruction of aorta and iliacs in a
patient who had open AAA repair. In this projection, the left
kidney and spleen are easily seen. The bright white marks are
surgical clips. Note that the iliac aneurysms cannot be clearly
seen on this projection. (Software: SomaTM Corporation,
Rosemount, MN.)

Figure 38-4. A, B, 3-D reconstruction of the patient in
Figures 38-2 and 38-3, now focusing on the iliacs and
femorals. These two projections clearly show that there is a
right iliac aneurysm. 

Figure 38-3. 3-D reconstruction of the patient in Figure 38-2;
this picture is rotated so that one is looking from the back,
and the spleen is on the opposite side. Additional surgical clips
can be seen. Now, the right common iliac and hypogastric
aneurysms can be seen. The reference points are noted on the
picture and designated as R and L (for right and left of
patient) and A and P (for anterior and posterior).

of this information has been facilitated by spiral CT with
3-D reconstruction. At the outset, the accurate measure-
ment of neck length and diameter are essential. Most
aortic necks are elliptical in shape, at least in traditional
axial CT images, making it difficult to measure their true
diameters. This may be the true aortic configuration or
may be caused by aortic angulation viewed on standard
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axial CT slicing. Without the benefit of 3-D reconstruc-
tion, most surgeons base their measurements on the
shortest distance, assuming that angulation is responsible
for the elliptical configuration; this leads to oversizing
in 14% and undersizing in 5% of patients.23 Proper
assessment of the neck diameter is greatly facilitated by
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Figure 38-5. A, B, Coronal slices of patient showing the right
iliac aneurysm; surgical clips seen most clearly in A. As the
slices are reconstructed more posteriorly, the bony structures
of the spine begin to appear, and now the kidneys are better
defined as well as a small left hypogastric aneurysm. 

Figure 38-6. CT angiography of the legs showing a nice
trifurcation on the right, less defined on the left.

Figure 38-7. AneuRx graft in a patient who underwent suc-
cessful EVAR. Note that the right common iliac artery is ectatic
and was treated with the bell-bottom technique, whereas the
left hypogastric was coiled and the origin of the vessel covered
with the stent graft.
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spiral CT with 3-D reconstruction, which allows recon-
figuration of the images to correspond to aortic centerline
projections, largely negating the effect of tortuosity (see
Fig. 38-1 and Fig. 38-8, A). 

Whereas angulation of the neck may compromise both
endograft fixation and fabric-wall apposition, other factors
can also be problematic. The presence of circumferential
calcification or thrombus may present a problem for EVAR
because it can compromise the proximal fixation of the
graft and lead to a type I endoleak. Calcification may pre-
vent optimal endograft wall contact, and therefore may
compromise attainment of a hemostatic seal; however,
the problem with thrombus, or “soft plaque,” that cannot
be distinguished by CT, is whether to size the endograft
for the inner or outer diameter measured. As previously
mentioned, it is recommended that the diameter of the
graft be 20% greater than the diameter of the neck to

achieve stable fixation and a hemostatic seal. These
recommendations are for average aortic necks, and may
require adjustment in other situations. Following EVAR,
some patients develop gradual neck dilatation that may
lead to graft slippage, endoleak, and possible AAA rupture
after initial successful repair.24,25 It is for this reason that
lifelong CT scan follow-up is presently recommended
for EVAR patients.

Visceral Vessels

Patients with a history of poorly controlled hyperten-
sion or who have symptoms suggestive of mesenteric
ischemia merit complete evaluation of the visceral arteries
before EVAR. Before the availability of 3-D reconstructed
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Figure 38-8. A, 3-D reconstruction of AAA showing single
renal arteries, a slightly tortuous neck but suitable for repair.
B, 3-D reconstruction of the aorta in the same patient after
successful EVAR showing satisfactory exclusion of the AAA. 
C, Spiral CT in the lateral projection showing the vessel tor-
tuosity and good graft apposition after EVAR.
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spiral CT scans, angiography was required to achieve
this. However, several investigators have shown that
spiral CT scans are nearly as accurate as angiography in
detecting renal and mesenteric stenosis.18–20 When detected
preoperatively, some vascular surgeons prefer to address
these lesions before EVAR; others advocate addressing
them several months after EVAR. Pre-EVAR treatment is
generally indicated if there are critical stenoses that might
complicate the patient’s tolerance of intravascular con-
trast administration, or if there is significant mesenteric
disease and EVAR will be removing collateral vessels
(e.g., the inferior mesenteric artery or one or more hypogas-
tric arteries) from circulation. The delayed approach, on
the other hand, is a particular consideration in patients
with ostial renal or mesenteric stenoses, where projec-
tion of any stent into the aortic lumen, as is typical,
could lead to stent dislodgement at the time of EVAR. 

Renal and Venous Anomalies

The presence of an ectopic or horseshoe kidney may
complicate EVAR because the renal arteries may arise
directly from the aneurysm. Similarly, if a lower pole
accessory renal artery is present, the exact location of

this vessel and its contribution to overall renal perfusion
needs to be determined preoperatively, with the latter
typically requiring angiographic evaluation (see Fig. 38-9,
A). It has been the authors’ practice to cover accessory
renal arteries with the endograft, if needed, to achieve
adequate fixation and seal, as long as they contribute to
no more than 25% of a kidney’s parenchymal perfusion.

Venous anomalies (e.g., retroaortic left renal vein or
a duplicated inferior vena cava) are worth noting. Although
these anomalies may not impact EVAR, knowledge of
their presence may avert intraoperative mishaps in case
of an open conversion. A small number of ruptured AAAs
with aortocaval fistula may be best treated by EVAR.26

Iliac Arteries

As with the proximal neck imaging, it is essential to
fully evaluate the iliac arteries, including the status of
the hypogastric arteries. The preferred landing zone or
distal extent of the endograft is the common iliac artery;
however, if the common iliac is aneurysmal or ectatic,
an alternative approach has to be chosen. In some cases,
it is feasible to extend the endograft into the external
iliac artery with or without preoperative embolization
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Figure 38-9. Spiral CT focusing on the neck of the aneurysm and showing the presence of a smaller left accessory renal artery.
(Software: Preview, Medical Media System MMS, West Lebanon, NH; picture courtesy of Medtronic-AVE, USA.) 



of the ipsilateral hypogastric artery (see Fig. 38-7). If
the hypogastric artery is patent, most authors advise
pre-EVAR embolization to prevent a late type II endoleak.
A means to accommodate ectatic, but nonaneurysmal
iliac arteries is the so-called “bell-bottom” technique.
This technique consists of deploying a proximal aortic
cuff, which come in sizes of 20 to 28 mm, in the com-
mon iliac artery to provide adequate sealing and avoid
covering the hypogastric artery27–29 (see Fig. 38-7). The
authors prefer to limit this approach to common iliac
arteries no more than 2 cm in diameter and free of sig-
nificant wall thrombus. The bell-bottom approach often
allows the sparing of one hypogastric artery, whereas the
other is sacrificed by endografting into the external iliac
artery on that side after coil embolizing the hypogastric
artery. This is because most patients with iliac involve-
ment have it bilaterally. 

Conversely, the presence of significant occlusive disease
in the iliac vessels may need to be addressed before EVAR.
This usually consists of balloon angioplasty to permit
passage of the device, with any necessary stenting being
deferred until the end of the procedure to avoid subse-
quent stent dislodgement. Some authors prefer to address
significant occlusive lesions 4 to 6 weeks before EVAR
to be confident in their access and to allow time for any
stent to fully incorporate. In the currently available endo-
grafts, the smallest size for the main body is an 18 Fr
sheath (7 mm in outer diameter); therefore, if the
femoral or external iliac arteries are less than 7 mm, an
alternative approach has to be contemplated (e.g., a
retroperitoneal iliac artery exposure) for access into
this larger vessel. 

Finally, tortuous iliac arteries may be a barrier to EVAR.
Because most devices are fairly stiff, it is essential that
the iliac arteries be straightened out to permit passage
of the endograft. Often the iliac tortuosity can be dealt
with by use of stiff wires at the time of EVAR. These
anatomic challenges can be easily predicted by inspec-
tion of the preoperative 3-D spiral CT scan.

Postoperative Follow-Up

Spiral CT scans play an important role in the postopera-
tive surveillance of patients who had an ostensibly suc-
cessful endovascular repair of AAA. Soon after the first
endografts were implanted, several authors presented
case reports of patients having sudden AAA rupture.25

Because of numerous factors related to graft-vessel wall
interaction, graft component fatigue, aneurysm expan-
sion, and other forces, patients should be followed
diligently after EVAR. Ideally, noninvasive methods
should be chosen. Spiral CT is ideal for sequential com-
parisons, monitoring aneurysm behavior (growth vs.
shrinkage), and graft position relative to a fixed reference
point.30–32

Conclusions

Spiral CT scanning is a relatively new technique that has
proven to be invaluable in the evaluation of patients
being considered for EVAR because its rapid image
acquisition provides high-resolution imaging. With the
development of new software, it is possible to obtain 3-D
reconstruction of the aorta and its major branches. Proper
CT imaging of the AAA, including the proximal neck and
iliac arteries, has become a requirement for all patients
undergoing evaluation for possible EVAR. The availability
of spiral CT with 3-D reconstruction can decrease the
need for preoperative angiography in patients being con-
sidered for EVAR and can aid in procedural planning,
which may minimize the number of endograft compo-
nents utilized to effect the EVAR.

KEY POINTS 

■ Spiral CT scan with 3-D reconstruction is an excellent
method to evaluate patients for possible endovascular
abdominal aortic aneurysm repair.

■ The ability to reconstruct images of the aorta and its
branches can effectively supplant angiography.

■ In patient selection for EVAR, the dimensions of the
proximal neck are often the principal determinant of
procedure eligibility.

■ With spiral CT, accurate information about the visceral
vessels and iliacs is easily obtained.

■ Spiral CT is also very helpful in evaluating patients
after EVAR to look for satisfactory aneurysm exclusion.
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use the word leak to refer to extravasation of blood
outside the aorta associated with aneurysm rupture. The
authors proposed that a more specific term for failure
to exclude the aneurysm from the circulation would be
endoleak.2 This term would be unique to endoluminal
grafts because the leak of blood remains within the con-
fines of the vessel but external to the endoluminal graft.
The authors suggested the following definition of endoleak:

Endoleak is a condition associated with endoluminal
vascular grafts, defined by the persistence of bloodflow
outside the lumen of the endoluminal graft but within
an aneurysm sac or adjacent vascular segment being
treated by the graft. Endoleak is caused by incomplete
sealing or exclusion of the aneurysm sac or vessel seg-
ment as evidenced by imaging studies such as contrast-
enhanced CT, ultrasonography, or angiography.3

The authors further proposed that a clear distinction
should be made between endoleak related to the graft
device itself and endoleak associated with flow from
collateral arterial branches.4 The authors proposed that
these be identified as being Type I or Type II endoleak,
respectively: 

● Type I endoleak occurs when a persistent channel
of bloodflow develops because of an inadequate
or ineffective seal at the graft ends. 

● Type II endoleak occurs when there is persistent
collateral bloodflow into the aneurysm sac flowing

Terminology

Classification of Endoleak

Modalities for Imaging Endoleak

he endoluminal method of aneurysm repair has
proven to be a much less invasive method than is the
conventional open operation. Blood loss at operation,
the need for postoperative intensive care, and length of
hospital stay are significantly less with the endoluminal
technique.1

Failure to isolate the aneurysm from the general cir-
culation, however, remains a cause for concern. Such
failure is likely to result in further expansion of the
aneurysm sac with the potential for rupture. 

Terminology

Failure to isolate the aneurysm from the circulation may
be detected by angiography, computed tomography
(CT), or by duplex ultrasound imaging. This phenome-
non had been described in the early literature on endo-
luminal aneurysm repair as a leak. This term, however,
was confusing because it has been common practice to
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retrogradely from patent lumbar arteries, the infe-
rior mesenteric artery, the intercostals arteries (in
thoracic aneurysm), or other collateral vessels. In
this situation there is usually a complete seal around
the graft attachment zones so that the complica-
tion is not related directly to the graft itself. 

The authors subsequently proposed that the term
Type III endoleak be introduced for leakage through a
defect in the graft fabric or between segments of a modular
endograft.5 In the same paper, the authors suggested
that bloodflow through an intact but porous fabric
should be termed Type IV endoleak.

Classification of Endoleak

Endoleak may be classified by time of occurrence relative
to the operation or by site of origin. 

Time of Occurrence

An endoleak first detected during the perioperative (30
days or less) period is defined as a primary endoleak.
Those detected after this period are termed secondary
endoleaks. The occurrence of an endoleak after success-
ful intervention or spontaneous resolution is referred to
as a recurrent endoleak.

Site

The Ad Hoc Committee on Reporting Standards for
Endovascular Aortic Aneurysm Repair has recommended

a classification of endoleak by site of origin.6 Table 39-1
is a modification of this classification, and Figure 39-1
is a diagrammatic representation of the various types of
endoleak. A Type I endoleak results in perigraft bloodflow
caused by an inadequate or ineffective seal at either the
proximal or distal graft attachment zones. Subscripts a
or b indicate Type I endoleak at the proximal or distal
ends of the endograft, respectively. Aortouniiliac endo-
grafts require an occluder plug in the contralateral com-
mon iliac artery to prevent retrograde flow into the
abdominal aortic aneurysm (AAA) sac. Subscript c indi-
cates bloodflow around just such an iliac occluder plug.
Type II endoleak results from retrograde flow from
lumbar arteries, the inferior mesenteric artery (IMA), or
other collateral arteries. Type II endoleaks may be fur-
ther defined by their origin and outflow sources (e.g.,
lumbar-lumbar, lumbar-IMA, accessory renal-lumbar/IMA,
hyporgastric-lumbar/IMA, or unable to be defined). A
Type III endoleak may result from any of the following: 

● Fabric tears
● Dislocation between component parts of modular

grafts
● Inadequate seal between component parts of

modular grafts 
● Dislocation, inadequate seal between component

parts, and fabric tear may be distinguished by sub-
scripts a, b, and c, respectively
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TABLE 39-1. Classification of Endoleak

Type Cause of Perigraft Flow  

I Inadequate seal at proximal end of endograft
Inadequate seal at distal end of endograft
Inadequate seal at iliac occluder plug  

II Flow from collateral vessel (lumbar, IMA, accessory 
renal, hypogastric) without attachment site 
connection 

III Flow from modular disconnection
Flow from inadequate seal at modular junction
Flow from fabric disruption 

IV Flow from porous fabric (less than 30 days after 
graft placement) 

V Flow visualized but source unidentified  

Modified from Chaikof EL, Blankensteijn JD, Harris PL, et al for the 
Ad Hoc Committee for Standardized Reporting Practices in Vascular
Surgery of the Society for Vascular Surgery/American Association
for Vascular Surgery: Reporting standards for endovascular aortic
aneurysm repair. J Vasc Surg 35:1048–1060, 2002.

Type I

Type I

Type IV

Type II

Type II

Type III

Type III

IMA
Lumbar

Type V
site undefined

Figure 39-1. Diagrammatic representation of sites of origin
of endoleaks. Types I, III, and IV are endograft-related while
Type II are collateral-related



Type IV endoleak results from bloodflow through intact
but porous fabric during the perioperative (30-day)
period (Fig. 39-2). If a Type IV endoleak persists beyond
30 days, it must be reclassified as a Type III (fabric
defect). 

Type V endoleaks are those in which bloodflow can
be visualized within the aneurysm sac but the source
cannot be identified. 

Microleaks 

Matsumura and colleagues reported a failure mode after
endovascular AAA repair not previously recognized.7

They termed this a transgraft microleak, determining
that it resulted from a fabric defect at the site of suture
holes leading to a persistent Type III endoleak for up to
21⁄2 years after operation. The study authors have
emphasized that they are not describing previously
unrecognized endoleaks but rather endoleaks that 
had been seen on standard contrast CT without the
exact site of origin being identified. The authors
describe a number of special maneuvers that allow the
site of these small Type III endoleaks to be identified.
These included “directed” angiography with balloon
occlusion of the iliac limbs, and careful color-flow
duplex ultrasound scanning by skilled sonographers
(Fig. 39-3). 

Intermittent Endoleak 

The authors have recently become aware of the inter-
mittent nature of some endoleaks. A 65-year-old male
patient was shown on color duplex ultrasound and CT
to have a Type I distal iliac endoleak. He was admitted

for an aortogram and subsequent secondary extension
graft to the culprit iliac limb. Following bedrest in the
hospital, however, no leak could be detected despite
careful and detailed angiography. Subsequent outpatient
investigation by color duplex ultrasound and contrast
CT demonstrated the Type I endoleak at the original
site. Since managing this patient the authors have
become aware of similar anecdotal experiences from
colleagues.

Endotension

Endotension has been defined as aneurysm enlargement
after endovascular repair in the absence of a detectable
endoleak (Fig. 39-4). Explanations for persistent or
recurrent pressurization of the aneurysm sac include
bloodflow in the sac that is below the sensitivity limits
for detection with current imaging technology5,8,9; and
pressure transmission through thrombus10,11 or the endo-
graft fabric. The aneurysm may be pulsatile on physical
examination, and intrasac pressure measurement may
be in the near systemic range. 
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Figure 39-2. Intraoperative completion arteriogram demon-
strating Type IV endoleak due to graft fabric porosity (arrows).
CT 48 hours later showed no evidence of endoleak.

Figure 39-3. “Directed” arteriogram of one limb of a bifur-
cated endograft with special tangential view to demonstrate a
transgraft “microleak.”



Modalities for Imaging Endoleak

The imaging of endoleak may be considered during the
operative period and in the postoperative period. 

Intraoperative Diagnosis of Endoleak

When primary endoleak occurs it will often be detected
during the operative procedure by completion angiogra-
phy. At other times primary endoleak may not be diag-
nosed until the early postoperative studies (e.g., CT
scan or color duplex ultrasound scan) are performed.

All cases of endoleak detected within the perioperative
period should be classified as primary endoleak. The
cause of these early cases will usually be related to
problems in the case selection, design/sizing of a par-
ticular graft, or technical problems encountered during
the graft implantation. Although an endovascular graft
may appear to be sealed at the time of completion
angiography, and then develop an endoleak at the time
of perioperative imaging, it seems more likely that this
is, in fact, a primary endoleak that went undetected
initially.

Intraoperative Angiography

Angiograms are usually done at intervals during the
implantation procedure and upon its completion.
Endoleak is diagnosed by the presence of contrast media
outside of the graft lumen, filling completely or partially
the lumen of the aneurysm sac. In patients with a large
amount of laminated thrombus within the aneurysm,
the residual lumen may be reduced to such an extent
that contrast outside the graft lumen may be missed.
Completion angiography should be performed using a

power injector in a precise manner at several sites along
the graft length. A pig-tail catheter with multiple holes in
the tail is preferred to deliver a large quantity of contrast
at one level. Angiography may also be performed via the
side ports by introducing sheaths in the common femoral
arteries bilaterally. This serves to check for perigraft
reflux that has not been detected on previous films.
Cine-loop angiography (set at two to four frames per
second) with the capability for digital subtraction and
frame-by-frame replay is essential. 

Some graft fabrics being used in endografts are porous,
and completion angiography may demonstrate contrast
outside the endograft lumen. This may present a diag-
nostic dilemma. Contrast in the sac because of the porosity
usually appears late during the digital subtraction
angiogram (DSA) and is usually generalized along the
length of the graft (see Fig. 39-2). By contrast, Type I
endoleaks appear early and are localized. 

Postoperative Diagnosis of Endoleak 

The modalities for postoperative imaging of endoleak
may be surrogate or direct. 

Surrogate Modalities

Because the majority of endografts have a radio-opaque
metallic frame, a plain abdominal x-ray is a useful inves-
tigation (Fig. 39-5). It may demonstrate faulty fixation
more clearly and earlier than contrast CT, and it may lead
to the detection of endoleak.12 The accuracy of detecting
migration can be improved by following a protocol of
performing A-P, lateral, and oblique views at the level
of the umbilicus. 

Studies have confirmed that the presence of endoleak
is usually associated with an increase in the size of the
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Figure 39-4. A, Preoperative
CT scan. B, CT scan at 24-month
follow-up, showing aneurysm
enlargement caused by endoten-
sion without evidence of endoleak.

A B



aneurysm sac.13,14 Measurement of AAA diameter by B-
mode ultrasound can therefore be used as a surrogate
method of detecting endoleak. CT may also be used for
a similar purpose, with the option of monitoring an
increase in volume of the sac in addition to the diameter
of the sac.

Direct Modalities for Imaging Endoleaks

The direct methods of imaging for endoleak include color
duplex ultrasound, contrast-enhanced CT, and angiogra-
phy. Contrast-enhanced CT has been accepted as the gold
standard for detecting the presence of an endoleak. Once
an endoleak has been detected, however, carefully
planned arteriography is more useful in characterizing
the origin and nature of the endoleak. Color duplex
ultrasound has the advantage of imaging Type II
endoleaks in real time, as distinct from contrast CT and
arteriography, both of which have to rely on accurate
timing to image the contrast arriving in the sac via
collateral circulation. 

Color Duplex Ultrasound

From the beginning of the endoluminal method of treating
abdominal aortic aneurysm, CT scanning has been
considered the optimal diagnostic method to monitor
patients after endoluminal repair. More recently, color
duplex ultrasound (CDU) has emerged as an important
alternative imaging modality.15 CDU, with its advantages
of low cost and low risk, can accurately monitor
aneurysm size, detect endoleak, and provide dynamic
and hemodynamic information not available with other
testing methods (Fig. 39-6). However, the technique is
operator dependent, can be time consuming, and
certain aspects of device failure (i.e., wire fracture)
cannot be detected.16

Duplex Ultrasound Evaluation 
of Aortic Endografts 

Technique

● The patient should fast overnight to minimize intes-
tinal gas; schedule the study for a morning appoint-
ment. The examination will take approximately 1
hour.

● Obtain operative information before the examina-
tion on what type of endograft has been used because
there are three basic types and some designs feature
bare stents that extend above the renal arteries

● Use a high-resolution color duplex ultrasound system
with pulsed Doppler transducers ranging in frequency
from 2.25 MHz to 5.0 MHz, allowing adequate
depth penetration.

● Perform the examination with the patient in the
supine position with the head slightly elevated. Also
use the left lateral decubitus position for imaging
the proximal and distal extent of the aortic graft.
For the obese patient or the patient with excessive
bowel gas, the examiner may have to place the
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Figure 39-5. Plain x-ray of the abdomen demonstrating
separation of the body of the endograft from the anchoring
suprarenal uncovered stent. 

Figure 39-6. Transverse B-mode and power Doppler image
of normal bifurcated endoluminal graft.



patient in various positions using other windows
to visualize the endograft.

● Commence the study using B-mode imaging in the
transverse plane. Identify the aorta at the level of
the superior mesenteric artery. Look for the reflec-
tive metal struts of the aortic stent graft, which in
some grafts can be visualized above the level of
the renal arteries. The proximal extent of the graft
(material) is seen as a hyperechoic signal along the
aortic lumen; it can be visualized just below the
level of the renal arteries. This is the superior attach-
ment site. If the stent graft is uni-iliac or a bifurcated
graft, then the inferior attachment site(s) would be
the native common or external iliac artery. 

● In the transverse plane, take maximum diameter
measurements of the aneurysm sac. Over time there
should be a decrease in the size of the residual sac.
Any increase in size suggests flow to the sac and
therefore a continued risk of rupture. 

● Confirm patency of the renal arteries with spectral
Doppler, and measure the distance of the superior
attachment in relation to the renal level for possible
graft migration. Then scan from the superior attach-
ment to the inferior attachment site(s) in both trans-
verse and sagittal planes in B-mode. The addition
of harmonic imaging improves image quality and
contrast resolution and will aid in diagnostic
accuracy.

● Using color and spectral Doppler, assess the stent
graft, looking for any perigraft flow, graft stenosis,
thrombosis, or kinking, and record flow velocities
throughout the body of the graft and graft limb(s).
Optimize color settings so that color completely fills
the graft lumen, avoiding excessive artifact. The
examiner should be confident in differentiating
between a true endoleak and a color artifact. The
addition of power Doppler may be useful in detecting
perigraft leak. Assess the patency of the native
iliac and femoral arteries beyond the endograft and
perform spectral Doppler analysis. 

● It is important to be aware of potential sites of
perigraft leak. A true leak will have reproducible
arterial waveforms with different spectral Doppler
characteristics, compared with flow within the aortic
endograft. Try to determine the source of leak and
direction of flow.

Color duplex ultrasound imaging is an accurate
modality to detect early and late endoleak and device
complications after endoluminal aortic surgery. The test
is emerging as the diagnostic test of first choice for sur-
veillance, allowing CT scanning and aortography to be
used more selectively to plan secondary intervention.
Further investigation is required to confirm the accuracy
of this test and the optimal intervals for surveillance
programs. 

Aneurysm Diameter

Increasing diameter of an aneurysm after endoluminal
grafting may indicate significant endoleak. This parameter
can be accurately measured with ultrasound, and then
can be used to monitor changes in aneurysm size. Raman
and colleagues,17 in a comparative study of 495 same-
day CT and ultrasound examinations in 281 patients,
found close correlation in aneurysm transverse diameter
as measured by ultrasound and CT scans. No signifi-
cant difference was found in measurement with either
modality of those aneurysms that changed size. 

Detection of Endoleak

The reported accuracy of ultrasound in detecting endoleak
is variable, and few comparative studies have been done.
Sato and colleagues,18 in a review of the Endovascular
Aneurysm Clinical Trial core laboratory records, com-
pared 117 concurrent color duplex ultrasound and CT
studies performed in 79 patients. The sensitivity, speci-
ficity, positive and negative predictive values, and accu-
racy of ultrasound compared to CT was 97%, 74%, 66%,
98%, and 82%, respectively. 

Other authors have reported lower sensitivity, prob-
ably reflecting the critical importance of operator skill
in deriving the full potential of color duplex imaging.19

The sensitivity of color duplex imaging in the detec-
tion of the presence and type of an endoleak may be
increased when used with an intravenously administered
ultrasound scan contrast agent; this may also overcome
some of the problems encountered with technically
difficult patients.20

The authors’ experience has been favorable to date:
a total of 113 patients (101 men, 12 women, mean age
72 years) who had color duplex imaging and CT scans
after endoluminal aortic grafting were reviewed. Early
endoleaks were demonstrated in 19 (17%) of the 113
patients (Fig. 39-7); 12 from the proximal graft; 3 from
the distal portion of the endograft; 3 because of retro-
grade flow from the inferior mesenteric artery; and 1
from a lumbar artery (Fig. 39-8), all of which could be
identified on the duplex scan. Six other patients, who
did not have endoleak detected on their initial scan, were
shown to have developed late endoleak on a subse-
quent duplex scan (at 24, 43, 48 months, and 3 years).
Endoleaks were observed with all types of endograft
devices, and were most commonly seen within the first
3 months of follow-up (Fig. 39-9). 

Although an increase in diameter of an aneurysm
after endoluminal grafting is said to be suggestive of
endoleak, an increase in aneurysm size was observed
in only 2 (10%) of the 19 patients with endoleaks in this
series. Graft limb occlusion was demonstrated in 3
(2.65%), graft limb stenosis in 1 (0.88%), and a distal
graft kink in 2 (1%) of the 113 patients. In comparison
with CT scanning, the sensitivity of color duplex scan-
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Figure 39-7. A, Transverse color duplex image of Type 1 distal right attachment site leak. B, CT confirmation of Type I endoleak
from right distal attachment site.

Figure 39-8. A, Sagittal color duplex image of Type II leak involving a lumbar artery. B, Doppler spectral analysis of “to and
fro” flow in the lumbar artery.

A B

A B

Figure 39-9. A, Transverse B mode and power Doppler Type III endoleak. B, Doppler spectral analysis Type III endoleak.

A B



ning was 89%, specificity was 100%, PPV was 100%,
NPV was 98%, and overall accuracy was 98%. 

There were only two patients with an endoleak seen
on duplex and not confirmed on CT scanning. In both
patients there was a delay between the two tests, and
spontaneous seal was considered the most likely expla-
nation for the discrepancy. 

The authors therefore use color duplex imaging as an
integral part of the surveillance program after endovas-
cular repair of abdominal aortic aneurysms. 

Contrast-Enhanced CT

The timing of contrast-enhanced CT in the postopera-
tive period is important. There is general agreement
that this should be done within 30 days to establish a
baseline and confirm the absence of Type I or Type III
endoleak. Subsequent contrast-enhanced CT should be
performed at 6 months, 12 months from operation, and
annually thereafter. A noncontrast-scan should be per-
formed before the contrast-enhanced scan. This enables
pre-existing radio-opacities within the sac to be
detected and distinguished from contrast medium that
indicates an endoleak. Helical CT is considered prefer-
able to conventional CT for vascular imaging. These
scans are rapidly acquired, allowing uniform vascular
enhancement at peak intensity with the same or a
lower load of contrast material. 

Endoleak is diagnosed by the presence of contrast
outside the lumen of the endograft but within the lumen
of the aneurysm sac. Even when significant endoleak is
present, usually at least part of the aneurysm sac throm-
boses so that the region filling with contrast will give
clues as to the site of the leak. For example, accumula-
tion of most of the contrast in the area of the proximal
implant zone is highly suggestive of proximal Type I
endoleak (Fig. 39-10), whereas a small amount of con-
trast near the entry of a patent lumbar artery or IMA
suggests retrograde flow from a Type II endoleak 
(Fig. 39-11). 

The size of the aneurysm sac and the distance
between the upper end of the endograft and lowermost
renal artery should be noted and referenced to the first
postoperative enhanced CT. An increase in diameter or
volume of the aneurysm sac or migration of the endo-
graft is a precursor to the development of an endoleak.

Postoperative Arteriography

Postoperative arteriography is not performed routinely.
It is indicated in the following circumstances: 

1. When an endoleak has been demonstrated by
contrast CT or color duplex ultrasound, but its
source has not been identified. 

2. In patients with suspected endotension where
the size of the aneurysm sac has increased but

contrast CT and color duplex ultrasound have
not detected an endoleak. Arteriography in this
situation may include maneuvers recommended
by Matsumura to detect microleak. 

3. As a preliminary to a therapeutic intervention for
a previously diagnosed endoleak. 

Type I endoleak at the proximal or distal anchor zones
of an endograft may be detected in the manner described
under intraoperative imaging. A Type I endoleak may
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Figure 39-11. Contrast CT suggestive of but not diagnostic
of Type II endoleak emanating from the IMA.

Figure 39-10. Contrast CT of proximal Type I endoleak imme-
diately below the AAA proximal neck.
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also be imaged by selective catheterization of the endoleak
channel (Fig. 39-12). Type II endoleaks may be detected
by midstream injection, with careful attention to obtain-
ing delayed images to capture contrast arriving in the
aneurysm sac via collateral circulation. Alternatively,
Type II endoleaks may be imaged by selective catheteri-
zation. Lumbar endoleaks may be imaged by selective
catheterization of the ascending iliolumbar artery via
the internal iliac artery. In this situation, the endoleak
has usually resulted from the development of a good
collateral pathway between this artery and the lumbar
artery responsible for the endoleak. A microcatheter
can be advanced into the ipsilateral lumbar artery, then
into the aneurysm sac, and finally into the corresponding

contralateral lumbar artery (Fig. 39-13). This procedure
enables not only the demonstration of the presence of
lumbar endoleak but also therapeutic embolization to
treat the endoleak. IMA endoleak may be demonstrated
by selective sequential catheterization of the superior
mesenteric artery, the middle colic artery, and the mar-
ginal colonic artery, leading to retrograde positioning in
the inferior mesenteric artery origin (Fig. 39-14). Type
II endoleaks may also be imaged by direct puncture of
the sac via the lumbar route. Type IIIa (modular discon-
nection) and Type IIIb (incomplete seal at a modular
junction) may be demonstrated by careful midstream
injection at the appropriate level with attention to the
appropriate degree of obliquity (Fig. 39-15). 

Figure 39-12. A, Postoperative lateral aortogram demon-
strating endoleak (arrow) originating from the AAA proximal
neck. B, Later selective arteriogram demonstrating the same
endoleak exiting the sac via the IMA (arrow). C, Coil emboliza-
tion of IMA (arrow).
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Algorithm 

An algorithm for diagnosis and management of endoleak
is recommended (Fig. 39-16). Contrast CT and color
duplex ultrasound are seen as complementary not alter-

native investigations. Arteriography is used selectively
when there is doubt regarding the source of the endoleak
or as a preliminary to supplementary endovascular inter-
vention for a previously diagnosed endoleak. 
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Figure 39-13. Selective arteriogram via left internal iliac
and ascending iliolumbar artery, demonstrating Type II
endoleak from left fourth lumbar artery. Note the right fourth
lumbar artery has also been catheterized (arrows).

Figure 39-14. Selective arteriogram via the superior mesenteric,
middle colic, and marginal colonic arteries to demonstrate a
Type II endoleak from the inferior mesenteric artery. Note the
tortuous course of the catheter through the colonic arteries.

Figure 39-15. A, Aortogram demonstrating a Type IIIa endoleak resulting from modular disconnection between the
contralateral stump and contralateral limb. B, Aortogram demonstrating a Type IIIb endoleak resulting from incomplete seal
between the contralateral stump and contralateral limb 

A B
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Algorithm for Diagnosis of Endoleak

Time Investigation/Intervention

Perioperative
period within 30 days

from implantation

Endovascular 
AAA repair

Contrast CT and
colour duplex

No endoleak

No endoleak Persistent endoleak

Conversion 
to open

Tertiary
endovascular
intervention

No endoleak

No endoleak

(Continued on following page)

Endoleak

Endoleak—
one or both tests

Source not identified

Arteriography

Type II

Type II

Type I or III

Arteriography as
preliminary to secondary
endovascular intervention

Contrast CT colour duplex

Source identified

Figure 39-16. Algorithm for diagnosis of endoleak (in two parts).
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Algorithm for Diagnosis of Endoleak
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just as it is necessary to develop the technical skills to
implant the devices.1–3

Follow-Up Protocols

Endovascular repair of AAA is a new technology, and
long-term durability of the grafts has not yet been estab-
lished. Data collected from a number of studies show that
there are significant problems and rare catastrophic
failures with all devices. In order to try to reduce the risk
of aneurysm rupture, periodic imaging following endograft
placement has been recommended.4–11

A protocol by which to follow these patients has been
established at the authors’ institution. Figure 40-1 is a
flow chart that depicts the decision process for patient
imaging and possible reintervention with angiography
or additional endovascular procedures. Imaging in the
year following implantation of the endograft is most often
done at 1 month, 6 months, and at 1 year unless problems
are identified. Following the initial year, annual imaging
is required for life. The time frame may be tailored to fit
an individual patient’s success postrepair and the specific
type of graft that has been implanted. The clinical sce-
narios for safe modification of follow-up intervals are
continuing to evolve. 

Although not the primary topic of this chapter, imaging
follow-up is also recommended after standard open repair.

Introduction

Follow-Up Protocols

Imaging Modalities 

Alternative Strategies for Follow-Up

Patient Education

Establishing a Database

Conclusions

Introduction

here are four endovascular stent graft systems now
approved by the Federal Drug Administration (FDA) 
for abdominal aortic aneurysm repair. There is an
increasing awareness of this technology, both among
physicians and the public. The matter of postoperative
surveillance after endovascular repair of abdominal
aortic aneurysm (AAA) is of increasing importance as
more patients are treated with these devices. Although
many medical centers are implanting devices, an even
larger number of clinicians and diagnostic imaging
facilities are involved in the care of this rapidly growing
group of patients. Because these patients all need sur-
veillance, and some require reintervention, it is impera-
tive to establish a means of follow-up for these patients
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The authors have recommended computed tomographic
(CT) scan follow-up in the first year after emergent
treatment of patients, and every 5 years for all patients
having open repair. Radiographic findings include sub-
sequent aneurysm formation, pseudoaneurysm, and
abdominal wall defects.12–14

Imaging Modalities

Fine-cut contrast-enhanced CT scans (with precontast,
dynamic, and delayed images) allow for the measurement
of the aneurysm sac and an evaluation for endoleak; seal
zone (i.e., length of aorta covered by the graft before
the aorta becomes aneurysmal); graft migration; and
arterial patency (Figs. 40-2, 40-3, and 40-4). Measure-
ments taken at the proximal and distal implantation
sites allow for evaluation for dilation of the proximal neck
of the aneurysm and of the iliac arteries. Recording of
this data in an easily accessible manner allows for a quick
comparison to earlier results and a means to track existing
and potential problems. The record-keeping system should
allow quick comparison to the most recent study, and
also comparison to the initial baseline study. This is
because some events, such as migration, occur over a
long period of observation in small increments, and may
only be noted when compared over intervals as long as
2 or 3 years. 

Four-view abdominal x-rays offer additional infor-
mation about the stent structure and intercomponent
migration. A baseline film should always be obtained at

the time of graft implantation. These x-rays allow visuali-
zation of the graft components and are used to check for
breaks in the wire skeletons, separation of attachment
systems, the relative movement of modular graft pieces,
and kinking or compression of graft limbs. Abdominal
x-rays offer less information in single-piece grafts that
are not at risk for intercomponent migration, and may be
obtained less commonly with these grafts, thus avoiding
additional expense and exposure to radiation. In addition,
abdominal films may be obtained less commonly in
selected patients that have endografts with very low inci-
dence of any migration and in those without clinically
significant fractures.1,3

Certain patients may not be able to undergo contrast-
enhanced CT scans because of severe right heart failure
or radiocontrast dye allergies. There are also concerns
about exposing patients to ionizing radiation and repeat
exposure to potentially nephrotoxic contrast dyes.15 The
use of contrast dyes usually requires both a blood draw
to check the patient’s renal function and the establishment
of an intravenous access during the CT scan, either of
which can be burdensome and uncomfortable for the
patient. 

Color duplex ultrasound scan, when it is performed
by experienced registered vascular technologists or dedi-
cated physicians, has been shown by some researchers
to be an acceptable alternative to evaluate endografts
postoperatively.11 However, other authors have reported
less than optimal correlation with CT scanning. In addi-
tion, the patient’s body habitus, patient movement, and
the presence of bowel gas may influence the results of
these ultrasound scans. Combining color duplex ultra-
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Contrast CT Scan
or

Non-contrast CT with Abdominal Duplex

1 month

No concern

No concern

Higher
concern

Lower
concern

No

concern

Imaging    concern

No imaging concern Imaging concern*

*Imaging concern: Material failure, aneurysm expansion, large endoleak, poor seal zone, graft migration

Repeat CT scan/duplex
at 6 months

Repeat CT scan/duplex
at 12 months

Possible angiogram 
or reintervention

Repeat CT scan/duplex
Q3–6 months

No concern

Repeat CT scan/duplex
yearly

Repeat CT scan/duplex
at 3 months

Figure 40-1. Flow chart illus-
trating patient follow-up after
endovascular AAA repair. 



sound scan with a noncontrast CT and abdominal x-ray
is a useful strategy in patients who cannot have radio-
contrast. Using both tests permits assessment about
endoleaks along with aneurysm size, seal zone, and
possible graft migration.

Several specific measurements and observations are
made at each subsequent patient visit. These are listed
in Table 40-1 along with the imaging test(s) that are used
to monitor the parameter. Some grafts are not considered
safe for magnetic resonance imaging (MRI). Further
testing with arteriography or interventional options is

considered based on individual patient status and the
specific characteristics of each device. 

Alternative Strategies 
for Follow-Up

In an optimal situation, the patient would return to the
institution where the device was implanted for follow-
up examinations. However, this is not always possible
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Figure 40-2. A, The neck of the aneurysm 
1 month postrepair with the top of the AneuRx
graft (white arrow). This patient also has a horse-
shoe kidney, complicating standard open repair.
B, The neck of the same aneurysm 2 years
postrepair. Note the dilation of neck and mural
filling defect (narrow white arrow) and the new
position of the top of the stent graft (wide white
arrow). The caudal migration of the graft can be
seen in reference to the position of the patient’s
horseshoe kidney. C, The aneurysm sac (white
arrow) 1 month postrepair. D, The aneurysm sac
(white arrow) has nearly completely regressed 
2 years postrepair in spite of the neck dilation
and caudal migration of the graft.

Figure 40-3. A, A 5.8-cm AAA prerepair. B, The
aneurysm sac has enlarged to 6.7 cm 2 years
postrepair with the endovascular stent graft. A
Type 2 endoleak (white arrow) has contributed to
the sac enlargement.

A B

A B

C

D



because of the age and comorbidities of the patient and
the travel distance. Alternative strategies may have to
be developed in order to provide follow-up imaging for
some patients. The availability of multidetector row CT
scans is increasing, and it is helpful to establish contacts
with other institutions where these scans can be per-
formed. The films can then be sent to the original insti-
tution, where they can be reviewed by the surgeon and
staff. An experienced clinical team often is helpful in
reviewing imaging of complicated cases, and a multidis-
ciplinary group composed of nurses, vascular surgeons,
interventionalists, body CT radiologists, and CT tech-
nologists has been meeting monthly in the authors’
institution.

These efforts will allow continued surveillance of
patients who might otherwise be lost to follow-up. If
significant problems are identified, efforts must be

made to have the patient return for possible reinter-
vention. 

Patient Education

It is imperative to stress the importance of follow-up and
the necessary requirements before implantation of the
endovascular device. Establishing an early relationship
with patients is beneficial when coordinating future care.
Preoperative teaching and listening to the concerns of
both the patient and their families can help improve
long-term follow-up compliance. Establishing an indi-
vidual as a contact person for each patient assists in effi-
ciently and effectively responding to family concerns and
helps reduce the chance that patients are lost to follow-up.
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Figure 40-4. A, A patent right hypogastric artery (white arrow) pre-endovascular repair. The right hypogastric artery (white
arrow) is occluded on the postrepair image (B) but reconstitutes distally (C). The patient initially had buttock claudication that
had resolved by his 6-month follow-up visit.

A B C

TABLE 40-1. Parameters and Tests After Endovascular Repair

Parameter Primary test Alternative test  

Aneurysm sac size CT (diameter) CT (volume, US, MRI) Physical examination 

Endoleak CT (pre-, dynamic, and delayed contrast) Duplex, MR (contrast agents may be used) 

Neck diameters CT MRI

Migration relative to arterial CT (thin cuts) CTA, MRI
landmarks 

Intercomponent migration Abdominal films

Device fracture/suture pops Abdominal films

Device compression/kinking Abdominal films

Limb patency Physical examination Duplex, ABI, CT  

CT, computed tomography; US, ultrasound; MRI, magnetic resonance imaging; CTA, computed tomographic angiography; ABI, ankle-brachial
index.



Establishing a Database

An important component of postoperative surveillance
is keeping a database with the details of subsequent
examinations and imaging results. A schedule for future
follow-up examinations should be included in this record
as a reminder tool. Accurate reporting and recording of
many parameters helps to assess the successes and
failures; it is also a significant time-consuming respon-
sibility for those involved in the care of patients after
endovascular AAA repair. Unfortunately, despite these
efforts, patient factors often prevent complete or ideal
follow-up in this elderly and debilitated patient group.
After a few years without any symptoms, many patients
decide on their own not to continue with follow-up even
after extensive physician counseling.

Conclusions

Endovascular repair of AAA remains an evolving tech-
nology with many unanswered questions and uncertain
outcomes. Long-term follow-up is not available to assess
how these patients will fare in a time frame of 10 years
or greater. With FDA approval of endografts, surveillance
has passed from the hands of a few research institutions
into the hands of many clinicians. Because of the possi-
bility of a catastrophic outcome for a patient whose
endovascular repair fails, clinical and imaging follow-
up is an important component of the care of patients
treated with this technology.
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elderly (20 per 10,000 per year, age 70 to 79 years).1

DVT and pulmonary embolism together are responsible
for a large number of hospitalizations and over 50,000
deaths yearly, but the precise number is unknown.2 If
one also considers the late sequelae of DVT, it is clearly
a significant problem that requires prompt diagnosis,
aggressive treatment, and close follow-up. 

Clinical evaluation, including assessment of risk factors,
is essential in the diagnosis of venous thrombosis. In
the past, phlebography was the preferred diagnostic test,
but it has been replaced in the last two decades by
duplex scanning (DS) ultrasound. DS is fast, reproducible,
and has excellent diagnostic accuracy; therefore, it has
become the method of choice for the diagnosis of acute
and chronic venous disorders. 

Pathophysiology and Clinical
Characteristics of Venous
Thrombosis

Virchow in the mid-1800s suggested that three factors
are primarily responsible for the development of venous
thrombosis: (1) blood abnormalities (hypercoagulability);
(2) abnormalities in bloodflow (stasis); and (3) vascular
trauma. The etiology of venous thrombosis is usually
multifactorial, and each component of this triad has a
variable impact on individual patients. 

Introduction

Pathophysiology and Clinical Characteristics 
of Venous Thrombosis

Duplex Scanning Ultrasound Examination

Diagnostic Criteria

Diagnosis of Recurrent Vein Thrombosis

Inferior Vena Cava (IVC) and Iliac Veins

Incidental Findings

Natural History of Venous Thrombosis

Introduction

he venous system is a common site for thrombus
formation. Deep vein thrombosis (DVT) is most often
seen in hospitalized patients and is associated with sig-
nificant morbidity and mortality. The precise incidence
of DVT remains elusive because a large number of thrombi
are silent and the autopsy rate in most countries is low.
In a recent systematic review of nine large population
studies, the incidence of DVT was calculated to be 5 per
10,000 people per year (weighted mean value).1 The
incidence is much lower in younger people (2 per
10,000 per year, age 30 to 49 years) and higher in the
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Blood abnormalities can affect both the coagulation
and fibrinolytic systems. Deficiency of naturally occurring
anticoagulants (e.g., antithrombin, proteins C and S, and
mutations of factor V and prothrombin gene) are more
prevalent in patients with spontaneous venous throm-
bosis.3 The use of oral contraceptives, pregnancy, and
malignancies also predispose to venous thrombosis in
part by altering the properties of the coagulation system.3

Stasis determines the localization of venous thrombosis
and is probably the most important etiologic factor in post-
operative and post-trauma patients whose activity is
limited. Large varicose veins in the lower extremities with
sluggish bloodflow are a common site for spontaneous
thrombus formation. In immobilized patients, there is pro-
longed blood stasis in the calf veins. Not surprisingly,
several studies have suggested that DVT usually origi-
nates in these veins and then propagates proximally.4,5

The most common presentation of superficial vein
thrombosis (SVT) is a tender cord along the course of
a superficial vein associated with local inflammatory
changes and ecchymosis. Thrombi in the superficial and
deep veins can coexist without being contiguous. Like-
wise, thrombus progression can occur from superficial
to deep veins or from deep to superficial veins. The saphe-
nofemoral junction is the most common route by which
a thrombus extends from superficial to deep veins.6,7

In the deep venous system, when the original thrombus
extends and occupies the entire lumen of the affected
venous segment, it causes interruption of flow followed
by both ante- and retrograde thromboses. This results in
development of edema within the deep muscular fascia
that causes pain. Edema and pain of the affected limb
are the most common presenting symptoms of DVT. In
cases of extensive DVT, a characteristic clinical picture
consisting of severe pitting edema of the extremity,
pain and blanching (phlegmasia alba dolens) is seen.
Further progression may lead to impedance of venous
return from that limb, venous congestion, and finally
cessation of the arterial bloodflow in the limb (phlegmasia
cerulea dolens). These patients are at risk of limb loss.
Occasionally the original thrombus may not involve the
entire lumen and may propagate without interrupting
flow, developing a long, floating tail that may detach
from the venous wall and cause pulmonary embolism
in the absence of previous signs of DVT. Some early
thrombi developing in the valve sinusoids do not propa-
gate: They are subsequently dissolved by the intrinsic
fibrinolytic system and may appear as endothelialized
fibrin segments within the valve pockets.

Duplex Scanning Ultrasound
Examination

The introduction of DS in the 1980s was a major advance
in the diagnosis of venous thrombosis. The Doppler mode

gives functional information about spontaneous and
phasic venous flow and about the function of the venous
valves. The B-mode offers real-time anatomic images of
the vein wall and lumen, and it can visualize intralu-
minal thrombus. Evaluation of the thrombus includes
its anatomic location and extent. When pressure is
applied by the probe, normal veins are easily com-
pressed and collapse. Resistance to compression is seen
when thrombus is present, and it increases with the
age of the thrombus.

Color-flow scanning is performed using medium fre-
quency linear array transducers of 4 to 7 MHz. In obese
patients, lower frequency transducers at 2 to 3.5 MHz
may be used to allow imaging at deeper sites. The exami-
nation starts with the patient in the supine position.
The patient is instructed to shift his or her weight slightly
on the contralateral hip. This takes pressure off of the
examined limb when compressions are being done and
is more comfortable for the patient. On the examined
limb, the leg should be externally rotated with the knee
slightly bent. 

The probe is first placed just below the inguinal liga-
ment. Examination of the deep veins begins with a trans-
verse view of the common femoral vein (CFV). The con-
fluence of the great saphenous vein (GSV) and the CFV
(saphenofemoral junction) is also seen in this view. The
CFV is compressed by exerting light pressure over the
area with the transducer. The vein should be easily
collapsed, and compressions should be made every 3 to
5 cm. If the applied pressure is not adequate to fully
collapse the vein, then more pressure can be applied
until the adjacent artery diameter is reduced. This will
ensure that there is adequate pressure at the level of the
vein. The compressions continue into the femoral vein
(FV) from the proximal thigh to the distal thigh (adductor
or Hunter’s canal). Characterization of flow is being
done in the longitudinal view (Fig. 41-1). The Doppler
cursor is placed in the center of the vessel, and sponta-
neous and phasic flow is observed. This is followed by
evaluation of distal augmentation using the following
maneuver: With the color mode on, the CFV is identified
and a longitudinal view is obtained with the Doppler
cursor in the center of the vessel. With the other hand,
the thigh below the probe or the calf is squeezed; the
vessels examined should fill with color wall to wall.
The maneuver is repeated with the Doppler on, and
augmentation on the tracing is recorded. 

After completing compressions and documenting flow
in the CFV and FV, the popliteal and calf veins should
be examined. The popliteal vein (POPV) is located behind
the knee in the popliteal fossa. This can be seen with
the patient keeping the leg externally rotated. Once the
POPV is visualized, transverse compressions and aug-
mentation of flow with color and Doppler are performed.
Care should be taken to perform transverse compressions
in the proximal and distal segments of the popliteal vein
until the tibial-peroneal trunk. Next, the entire popliteal
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fossa should be examined to rule out the presence of
Baker’s cyst or a hematoma as the cause of symptoms. 

For the examination of the calf veins, the patient may
remain in the supine position or sit up (if patient condi-
tion permits) with the legs hanging over the side of the
bed. The examination starts at the ankle, initially visu-

alizing the posterior tibial and peroneal veins. The pos-
terior tibial veins are found posterior to the tibia; the
peroneal veins can be seen in the same view, directly
medial to the fibula. The peroneal veins can also be
imaged from the posterolateral aspect of the calf behind
the fibula when the medial approach is not adequate.
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Figure 41-1. Normal and abnormal vein flow characteris-
tics. A, Normal flow in the CFV just above the saphenofemoral
junction. It is spontaneous, phasic (right atrial pressure and
respiration), and has a good augmentation (velocity was
increased from 25 to 55 cm/sec during mild manual com-
pression of the distal thigh). B, Low amplitude, nonphasic flow
and without augmentation during distal compression in the
proximal CFV of a male patient with iliac vein thrombosis. 
C, Increased flow in a collateral (deep external pudendal vein)
in a female patient with iliofemoral thrombosis. The flow is
diverted from the CFV to the collateral because the proximal
CFV is completely occluded. D, Very high velocity in the
saphenofemoral junction of a male patient caused by extrinsic
compression from a hematoma after cardiac catheterization
through the left common femoral artery. E, Spontaneous
continuous flow in the left popliteal and medial gastrocnemial
veins of a male patient with acute cellulitis. 
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Once compressions are completed, flow can be demon-
strated in both sets of veins with color and/or Doppler.
The anterior tibial veins are evaluated through the
anterior tibialis muscle in the anterior-lateral aspect of
the calf. These are examined only in the presence of local
trauma or symptoms because the prevalence of throm-
bosis is less than 1%.8

The soleal sinus and gastrocnemius veins of the calf
are imaged next. The gastrocnemius veins are first
identified near their confluence with the popliteal vein
at the popliteal skin crease and are followed within the
muscle belly (first muscle under the fascia) down to
the calf. Compression maneuvers in both the medial and
lateral gastrocnemius veins are performed. The soleal
veins are found first just below the sural triangle (at
this level, the soleus is the first muscle under the fascia)
and are followed up in both directions. They can be
traced to either the posterior tibial and/or peroneal veins.
The veins are compressed against the tibia and the
fibula to make sure that they collapse. If compression
is inadequate or not possible, then color imaging with
low flow settings (PRF less than 1500 Hz) and distal
augmentation is performed. Color imaging is also
performed after a negative compression test to increase
the confidence of diagnosis. This method is useful in
identifying small nonocclusive thrombi and recanalized
veins from an old thrombosis. When imaging of the
calf veins is not optimal in the supine position, the
examination is performed with the leg in the dependent
position.

Finally, the great and small saphenous veins need to
be examined. Transverse compressions of the GSV from
the groin to the ankle should be documented. The small
saphenous vein (SSV) can be visualized from its junc-
tion to the POPV in the popliteal fossa (saphenopopliteal
junction) to the ankle. Transverse compressions should
be performed throughout its length. 

Diagnostic Criteria

The test is negative when any one of the following criteria
is present:

● Complete approximation of the near and far vein
wall during compression without any space seen
other than the walls

● Complete color filling of the lumen without any
defects

DVT is diagnosed when any one of the following
criteria is present: 

● Partially compressible or noncompressible vein
● Echogenic material within the vein
● Filling defect on color imaging
● Absence of Doppler signal

DS can assist in estimating the age of the venous
thrombus. In chronic DVT the following characteristics
may be present: 

● The thrombosed venous segments can be con-
tracted and sometimes unable to be traced by DS
throughout their length. 

● Bright echoes are often seen within the lumen
because of the old thrombus and/or the scar tissue.

● Partial recanalization with filling defects and reflux
may also be detected. 

● In fully recanalized veins, wall thickening with
luminal reduction may be seen. 

● Collateral veins are usually found around the
obstructed segments.

In patients with acute DVT the thrombus and venous
wall characteristics are different:

● The vein is distended.
● The lumen is partially compressible or noncom-

pressible.
● The lumen is usually echolucent or has an inter-

mediate echogenicity, but the brightness is much
less than the surrounding tissues.

● The vein wall is thin and smooth.
● Large collateral veins are not usually seen.

Figure 41-2, A through G shows the characteristics
described above. 

Diagnosis of Recurrent 
Vein Thrombosis

The diagnosis of recurrent vein thrombosis is similar to
the one described above for a first episode. Diagnosis
of recurrent SVT is rather easy because the presence of
signs and symptoms at the site of thrombosis indicate a
new event. On the other hand, the diagnosis of recurrent
DVT is more difficult because the presence of old
thrombus complicates the interpretation of ultrasound
or phlebography.9 In addition, a validated clinical model
that would allow clear diagnosis of recurrent DVT does
not exist. The diagnosis is easier if the recurrent throm-
bosis occurs in the contralateral extremity, which was
not affected in the first episode; or if the new thrombus
occurs in a location that was not previously involved.
Often, however, thrombi reoccur in previously thrombosed
vein segments. The presence of either a filling defect on
color mode, or of a noncompressible vein indicates throm-
bosis. Establishing the diagnosis of recurrent DVT, how-
ever, requires comparison of the location and size of this
thrombus to those seen in a previous DS examination.
An increase of greater than 2 mm in the compressed
diameter of a previously thrombosed venous segment
has been reported to be diagnostic of recurrent DVT.10,11
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These results come from a single center that has per-
formed this study in the femoral and popliteal veins only;
therefore these results need further confirmation from
other centers before widespread acceptance. Following
the diagnosis of a first episode of DVT, serial examina-

tions are not usually performed because there is no
reimbursement in the absence of symptoms and there
is no evidence that routine examinations are either neces-
sary or cost-effective. Figure 41-3 shows an example of
a recurrent DVT. 
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Figure 41-2. Acute and chronic deep vein thrombosis. A, Split
screen showing complete compression of the left femoral vein
in the middle thigh of a female patient; and B, complete
compression of posterior tibial and peroneal veins in the right
middle calf of a male patient. In both pictures only the accom-
panying arteries are seen during the compression. C, Acute
thrombosis of the right CFV in a male patient 2 weeks after
total knee replacement. The vein is distended, contains echolu-
cent material, and is noncompressible. D, Acute thrombosis of
the left popliteal vein in a male patient with symptoms of
pulmonary embolism and a high probability ventilation-
perfusion lung scanning. There is no color filling, and the
lumen is echolucent and less bright than the surrounding
tissues. The popliteal artery is normal. E, Partial filling defect
in the right CFV of male heart transplant patient after cardiac
catheterization. It is likely that the vein was injured during the
arterial cannulation. The filling defect is at the near wall
(anterior) of the vein, which is the area to be injured by the
catheter. 
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Inferior Vena Cava 
and Iliac Veins

The iliac veins and inferior vena cava (IVC) should be
examined selectively. Example of situations requiring
imaging of these vessels include: continuous CFV flow
with limited or no phasicity by Doppler; poor distal
augmentation of the CFV; asymmetry in the CFV wave-
forms; and bilateral limb swelling with normal lower
extremity venous duplex.

IVC and iliac veins are examined with a lower fre-
quency transducer (phased or curved-linear array less
than 4 MHz). The imaging starts with the external iliac
vein at the inguinal ligament. After the CFV is identified,
the color is turned on and the transducer is moved
cephalad. The external iliac vein is seen diving down
above the femoral head. Often the internal iliac vein is
seen posteriorly, but diagnosis of thrombosis is usually
not made by DS for this vein. The common iliac vein next
is imaged up to its confluence with the contralateral iliac.
Diagnosis of thrombosis in these veins is done by color
because compression is not possible in many patients.
Either absence of color or a filling defect indicates throm-
bosis. Similar findings can be seen when these veins are
externally compressed by a mass. In this scenario, if the
vein is completely occluded, the absence of thrombus
near the site of compression cannot rule out thrombosis.

A vein segment with stenosis has reduced velocities
proximal to it and increased velocities just distal to it.
This is seen in the May-Thurner syndrome, in which the
left common iliac vein is compressed by the right com-
mon iliac artery. Because of this condition, the left iliac
vein should be examined more often in cases of edema
associated with absence of thrombosis at the ipsilateral
limb. 

The iliac veins are best seen lateral to the midline
following the line that connects the anterior superior iliac
spine and the umbilicus. The IVC is seen to the right of
the aorta, at the midline right over the spine. It is followed
from the confluence of the iliac veins up to its entrance
into the right atrium. The vessel is best imaged from
the midline approach, but depending on the size of the
abdomen, the patient may need to be turned onto the
right or left side. 
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Figure 41-2, cont’d. F, Chronic thrombosis of the left popliteal vein in a male patient with known previous femoropopliteal
thrombosis. The thrombus is echogenic and has similar brightness with surrounding extraluminal tissues. G, Localized free-
floating thrombus in the right common femoral vein of a male patient 3 days after total hip replacement. All free-floating
thrombi are acute and, in contrast to old beliefs, are not more dangerous than the acute adherent thrombi. 

F G

Figure 41-3. Recurrent thrombosis in the right peroneal vein
of a male patient. Thrombosis in the same location was diag-
nosed 2 years ago. This patient presented with calf tenderness.
The peroneal vein is distended with old echogenic material in
the center and echolucent (recent) material around it. There is
no color filling during distal augmentation. 



When compared with phlebography, duplex scanning
offers several significant advantages. It is totally nonin-
vasive, can be repeated as many times as necessary, can
image all the individual vein segments and tributaries,
and can differentiate between acute and chronic throm-
bus. These advantages have made duplex scanning the
preferred diagnostic test for the diagnosis and follow-
up of DVT. Figure 41-4 illustrates several examples of
pathology in the pelvic veins. 

Incidental Findings

The most common clinical symptoms of DVT are pain
and edema of the affected extremity. The diagnosis of
DVT, however, is made in less than 50% of patients pre-
senting with such symptoms. Several other conditions
that present with the same symptoms can be diagnosed
with DS during examinations performed to rule out DVT.
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Figure 41-4. Pathology in the iliocaval veins. A, Acute thrombosis in the right external iliac vein in a female patient 3 weeks
after aortocoronary bypass. The vein is distended, has a homogenous texture, and there is absence of color medial to the external
iliac artery. B, Compression of the left common iliac vein by the right common iliac artery in a male patient who presented with
recent swelling of his left calf and thigh. This condition is known as the May-Thurner syndrome and also as the Cockett syndrome.
The vein velocity is 202 cm/sec and the velocity ratio across the stenosis was 12.6 (202/16). C, Compression of the left common
iliac vein in a female patient by a mass shown to be lymphoma on histology. The patient had worsening swelling in the left calf
and thigh. The diameter of the vein was only 4 mm and was less than half the size of the adjacent common iliac artery. D, Acute
thrombosis in the inferior vena cava of a young male patient after a major abdominal surgery. A clear filling defect is seen in
the center of the cava. A linear probe was used because the patient was a child and the cava was located only 4.5 cm below the
skin. 
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Some of the conditions most commonly encountered
include Baker’s cysts, enlarged hematomas, lymph nodes,
musculoskeletal injuries, aneurysms, and tumors. In
addition, vascular anomalies such as duplications and
aberrant anatomic patterns are not uncommon in both
the superficial and deep veins. In cases of soft-tissue
hematoma or of a ruptured Baker’s cyst, anticoagulation
is obviously contraindicated. When duplications are
present, thrombus in one branch can be easily missed
when the other is normal. It is very important that the
person performing the DS is aware of these incidental
findings and looks carefully for them when the diagnosis
of DVT is not obvious. 

Examples of incidental findings are presented in
Figure 41-5, A through D. 

Natural History of Venous
Thrombosis

Thrombus in the below-knee segment of the GSV is
benign unless it extends into the above-knee segment.
In a recent prospective study, it was shown that 33% of
patients with thrombus in the above-knee segment of
GSV had a documented episode of pulmonary embolism.
However, the proximity of the thrombus to the saphe-
nofemoral junction was not associated with pulmonary
embolism. The authors concluded that their findings
warrant a larger prospective study.12 Furthermore, spon-
taneous SVT in the absence of varicose veins has been
associated with a high incidence of hypercoagulable
states.13

Current guidelines suggest that patients diagnosed
with a first episode of acute DVT be placed on some form
of anticoagulation for a period of 3 to 6 months. This
usually results in resolution of the acute symptoms,
which is caused by recovery of the venous outflow as
a result of either recanalization of the occluded segment
or development of collaterals. Recanalization starts within
the first week from the acute episode, and reduction in
the thrombus load is most significant in the first 3 months.
Approximately 56% of patients followed by serial scans
appeared to have complete resolution of the thrombus.14

It has been shown, however, that thrombus evolution
after the acute event is a dynamic process, with spon-
taneous lysis of the original thrombus and further
thrombotic events occurring as competing processes.15

Recurrent thrombosis is a common event: its cumula-
tive incidence has been reported to be 17% at 2 years,
25% at 5 years, and 30% at 8 years.16,17 The risk for
recurrent DVT is significantly higher in patients with
cancer or hypercoagulable states, compared with those
in whom the original episode was associated with surgery
or recent trauma.16

The most feared complication of acute DVT is pul-
monary embolism (PE). Untreated proximal DVT carries
a 50% risk for PE with a 10% risk for fatal PE.18,19

Appropriate anticoagulation reduces this risk to less than
5%. This risk reduction is surprisingly high considering
that anticoagulation has no effect on the existing throm-
bus but simply prevents propagation of the existing
thrombus or recurrent thrombosis. 

Recanalization is associated with various degrees of
venous reflux in the venous system. Following an episode
of DVT, up to 79% of limbs in some studies may exhibit
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Figure 41-4, cont’d. E, Compression of the inferior vena cava in a young male patient by an adjacent tumor, which is seen as
a round homogenous structure superior to the vein. He presented with bilateral lower extremity swelling. The lumen of the cava
is significantly reduced at the site of the compression. The velocity ratio across the narrowing was 8.9 (98/11). 
F, Significant stenosis in the inferior vena cava of a male patient after liver transplant. The patient had bilateral lower extremity
and scrotum swelling. The stenosis occurred at the cavocaval anastomosis. The velocity ratio across the stenosis was 10.3 
(175 cm/sec/17 cm/sec). 
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late clinical manifestations of pain, edema, and lipoder-
matosclerosis and/or ulcerations, known as the post-
thrombotic syndrome (PTS). Persistent venous obstruc-
tion may also contribute to venous hypertension and
the development of PTS but is seen less commonly

than reflux. Prandoni and colleagues16 found that after
the initial episode of DVT, the incidence of PTS is 23%
at 2 years, 28% at 5 years, and 29% at 8 years. The
development of ipsilateral recurrent DVT was strongly
associated with the risk of PTS. 
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Figure 41-5. Incidental findings. A, Hemorrhagic Baker’s cyst
extending in the posteromedial calf. The cystic content and blood
has dissected between the deep fascia and the medial head of
the gastrocnemius muscle. The echotexture is homogenous
and the patient had pain and swelling in the calf for the last
3 days without any improvement. The cyst was excised and
the hemorrhagic content in the calf was evacuated. B, Fresh
hematoma dissecting between the medial gastrocnemius and
soleus muscle 2 days after calf injury. The patient had calf
pain and swelling that was getting worst. C, Vascular mass in
the posterolateral midcalf. The patient had localized calf pain
in the area of the mass. The mass was removed and it was
diagnosed as lymphoma on histology. D, Large lymph node in
the groin of a patient with severe inflammation caused by
many episodes of cellulitis. High flow was detected in the lymph
node. These patients have high arterial and venous flow as a
result of the vasodilatation from the inflammation. E, Seroma
in the medial aspect of the lower thigh in a patient that had a
previous arterial bypass graft with great saphenous vein. This
is a cystic structure with clear fluid producing significant
acoustic impedance enhancement below it. 
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coagulation if serial examinations of the proximal veins
are negative. Venous duplex ultrasonography has also
been a critical tool in defining the natural history of acute
DVT, allowing the course of thrombi in specific venous
segments to be noninvasively followed over time. Studies
employing duplex ultrasonography have shown the early
natural history of acute DVT to be characterized by a
balance between processes tending to restore the venous
lumen (recanalization) and recurrent thrombotic events.2,3

Unfortunately, the accuracy and availability of duplex
ultrasonography has led to its overutilization, often for
indications beyond those established by prospective trials.
An estimated 1 million patients annually undergo inves-
tigation for suspected acute DVT in North America1,4

and a substantial majority of these examinations are nega-
tive. It has been estimated that approximately 7 venous
duplex scans are performed for each DVT diagnosed.5

Furthermore, increasing numbers of studies are ordered
for the follow-up of an established DVT. Although such
follow-up studies have been critical in establishing the
natural history of DVT, their clinical utility remains poorly
defined. Not only are such studies expensive and a strain
on vascular lab resources, they often arise from miscon-
ceptions about the role of ultrasound in the treatment
of DVT and may result in management errors. Unfortu-
nately, there are few data regarding the utility of serial

Diagnostic Algorithms Employing Serial
Ultrasonography

Isolated Calf Vein Thrombosis

Documenting Recurrent Thrombotic Events

Ultrasound and the Duration of Anticoagulation 

Other Potential Indications for Follow-Up
Ultrasonography

Conclusions

ecause the signs and symptoms of acute deep venous
thrombosis (DVT) are nonspecific, the clinical diagnosis
is inaccurate and requires objective confirmation. Although
contrast venography historically has been the gold
standard diagnostic test for acute DVT, it has largely
been replaced by venous duplex ultrasonography at most
institutions. Venous ultrasonography is widely available,
noninvasive, is portable, and unlike venography, has a
mean sensitivity and specificity of 97% and 94%, respec-
tively, for the detection of proximal DVT.1 The high
specificity of ultrasonography allows anticoagulation to
be instituted without confirmatory venography, whereas
the high sensitivity makes it possible to withhold anti-
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ultrasound (US) for most purposes, with the American
Thoracic Society concluding “there is … no uniformly
accepted standard of care for repeating US after DVT is
diagnosed.”6 Potential indications for serial studies include
their use in algorithms limiting examination to the
proximal veins, excluding propagation of isolated calf
vein thrombosis, the diagnosis of recurrent DVT, and as
a guide to the duration of anticoagulation.

Diagnostic Algorithms Employing
Serial Ultrasonography

Validation of any diagnostic test requires accuracy trials
to establish the sensitivity and specificity in comparison
to a gold standard test. This is followed by management
trials in which the test is used to guide clinical care.
Establishing the sensitivity and specificity of venous
ultrasound requires that consecutive patients with sus-
pected DVT prospectively undergo both ultrasonography
and venography with independent blinded interpretation
of the results according to explicitly defined standards.1,7,8

As noted above, such trials have established ultrasonog-
raphy to have a mean sensitivity of 97% and specificity
of 94% for proximal venous thrombosis. Unfortunately,
most methodologically sound accuracy trials have limited
examination to the proximal veins, often with simple com-
pression of the common femoral and popliteal veins to
the level of the tibial confluence.

Management trials are required to establish the safety
of treating patients or withholding anticoagulants accord-
ing to the results of a diagnostic test. As 3% to 7% of
proximal thromboses will have an initially negative com-
pression ultrasound of the proximal veins, presumably
because of the propagation of isolated calf vein throm-
bosis, serial studies are required if limited examinations
are performed.9,10 The incidence of thromboembolism
within 6 months of serially negative proximal venous
examinations is less than 2%,1,10 and management trials
have shown withholding anticoagulation in symptomatic
patients with two negative ultrasound examinations 5
to 7 days apart to be safe.9,11 Unfortunately, this approach
requires follow-up examinations (the vast majority of
which are negative) in 70% to 80% of patients.12 Although
adding a second ultrasound examination saves 0.74 lives
per 1000 patients, the incremental cost is $390,000 dollars
per life saved.13

Not only are strategies based upon serial studies of
all patients with an initially negative proximal venous
examination of dubious cost-effectiveness, they are incon-
venient for the patient and time-consuming for the vas-
cular laboratory. Alternative strategies have therefore
been developed to limit the number of serial examinations
required based upon either determination of clinical
probability or D-dimer levels. Wells and colleagues14 have
developed a model that allows stratification of patients
into low, moderate, and high pretest probability groups
based upon eight clinical features or risk factors and
the likelihood of an alternative diagnosis (Table 42-1).
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TABLE 42-1. Stratification of Pretest Probability

Clinical Feature Score  

Active cancer (treatment ongoing or within previous 6 months or palliative) 1 

Paralysis, paresis, or recent plaster immobilization of the lower extremities 1 

Recently bedridden for more than 3 days or major surgery within 4 weeks 1 

Localized tenderness along the distribution of the deep venous system 1 

Entire leg swollen 1

Calf swelling by more than 3 cm when compared with the asymptomatic leg (measured 10 cm below tibial 1
tuberosity) 

Pitting edema (greater in the symptomatic leg) 1 

Collateral superficial veins (nonvaricose) 1

Alternative diagnosis as likely or greater than that of deep vein thrombosis – 2

Low probability, 0 points or less; moderate probability, 1 to 2 points; high probability, 3 points or more. (From Wells PS, Anderson DR, Bormanis
J et al: Value of assessment of pretest probability of deep-vein thrombosis in clinical management. Lancet 350:1795–1798, 1997. Reproduced
with permission from Elsevier.)



Because the negative predictive value of a normal ultra-
sound in the low probability group is high, serial scanning
may be unnecessary in these patients. Strategies com-
bining proximal venous ultrasound with clinical proba-
bility can reduce the requirement for serial examina-
tions to 28% of outpatients and 38.7% of hospitalized
patients.15,16 Such strategies are also safe, with an inci-
dence of thromboembolism over 3 months following a
negative evaluation of only 0.6% in outpatients and
1.8% in hospitalized patients. Others have incorporated
D-dimer measurements into algorithms that limit serial
studies to those with a negative proximal venous ultra-
sound and a positive D-dimer.17,18 Such an approach
may require proximal venous ultrasound examinations
to be repeated in as few as 12.8% of patients with an
initially negative scan.17

Complete color-flow duplex evaluation of both the
proximal and calf veins is an alternative to limited exami-
nation of the proximal veins. Unfortunately, strategies
employing a single complete examination have not been
widely accepted because of the perceived insensitivity of
ultrasound for the detection of isolated calf vein throm-
bosis. However, limited data suggest that the sensitivity
and specificity for calf vein thrombosis may be as high
as 95% and 100%, respectively, for technically adequate
studies. However, it is only 30% and 70%, respectively,
for technically limited studies.19 Unfortunately, as both the
availability and acceptance of venography have decreased,
trials evaluating the accuracy of a complete, technically
adequate duplex are now difficult to perform. However,
data from early management trials suggest that such an
approach is likely safe. Among 1646 consecutive symp-
tomatic patients in whom all venous segments from the
groin to the ankle were evaluated, the diagnostic failure
rate caused by technically inadequate studies was only
1% and the incidence of thromboembolism among the
1023 patients followed for 90 days after a negative study
was only 0.3%.20 Similarly, complete lower extremity
ultrasonography was technically inadequate in 1.4% of
623 consecutive symptomatic outpatients, and among
the 401 patients followed for 3 months after a negative
scan, the incidence of subsequent venous thromboem-
bolism was only 0.5%.12

It is important that all vascular laboratories adopt a
validated algorithm for the ultrasound diagnosis of acute
DVT. Optimally such protocols would be based upon
methodologically rigorous accuracy and management
trials. Although the use of serial scans confined to the
proximal veins is safe, this approach is inconvenient,
resource intensive, and of doubtful cost-effectiveness.
Alternative strategies that limit the need for follow-up
studies are therefore needed. Algorithms that combine
proximal venous ultrasound with either clinical probability
or D-dimer measurements are also safe and significantly
reduce the number of required examinations. Similarly,
early management trials suggest that a single, technically
adequate examination from the groin to the ankle is also

safe. Although somewhat dependent on locally available
resources, there is currently little need for strategies
that rely on serial imaging of all patients with an initially
negative scan.

Isolated Calf Vein Thrombosis

Based upon perceived differences in pathophysiology and
natural history, isolated calf vein thrombosis is often
considered separately from proximal venous thrombosis.
Thrombi that remain confined to the calf veins are asso-
ciated with fewer thrombotic risk factors, a lower preva-
lence of associated malignancy, and less extensive acti-
vation of coagulation.21,22 Although associated with late
manifestations of the post-thrombotic syndrome in almost
one quarter of patients,21,23 isolated calf vein thrombi
are generally associated with a low risk of symptomatic
pulmonary embolism. However, propagation to more
proximal segments occurs in 15% to 23% of untreated
limbs with thrombosis initially confined to the calf
veins.21,24–26

Based primarily on the risk of proximal propagation,
most authorities have concluded that the benefits of treat-
ment exceed the risk and inconvenience of anticoagu-
lation in most patients.27 Current consensus guidelines
recommend that, in the absence of contraindications,
patients with isolated calf vein thrombosis receive anti-
coagulation for at least 6 to 12 weeks.28 However, serial
ultrasonography to exclude proximal propagation is a
reasonable alternative in patients with calf vein throm-
bosis who are poor candidates for anticoagulation. The
frequency and duration of such follow-up have not
been defined by prospective studies, although testing at
2- or 3-day intervals for 10 to 14 days after presentation
has been recommended.27 Given the efficacy of anti-
coagulation in preventing thrombus propagation,
routine follow-up studies of patients with calf vein
thrombosis treated with conventional anticoagulation
are not indicated.

Documenting Recurrent
Thrombotic Events

Adequate anticoagulation is effective in preventing
symptomatic recurrent venous thromboembolism. The
incidence of recurrent thromboembolism during treat-
ment is only 2.6%29 to 5%28; however, there is a linear
increase in the cumulative risk of recurrent venous throm-
boembolism after discontinuing anticoagulant therapy
corresponding to an annual risk of 5% to 6%.30 The
long-term risk of symptomatic recurrence after a first
thrombotic event may be as high as 20.8% to 24.2%
after 5 years31–33 and 30% after 8 years.34 This risk is
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clearly higher among those with irreversible risk factors
and idiopathic thrombosis.

Although symptoms of pain and edema are common
after an episode of acute DVT, objectively documented
recurrent thrombosis is present in only about one third
of these patients.35–38 Just as for the index DVT, objec-
tive verification of these events is therefore required, and
recurrent lower extremity symptoms are an appropriate
indication for follow-up ultrasonography. Because mani-
festations of the post-thrombotic syndrome may be
similar to those of recurrent DVT, examination should
include an evaluation of reflux as well as of residual or
new venous obstruction.

Unfortunately all diagnostic tests for recurrent DVT
have some limitations. Variable degrees of residual occlu-
sion, partial recanalization, intimal thickening, and col-
lateral formation may mask new ipsilateral filling defects
on venography and limit the utility of ultrasonography
in this setting. Compression ultrasound studies may
remain abnormal in 50% of patients after 6 months and
in 27% to 70% of patients after 1 year.37,39–41 Incom-
pressibility of a previously normal venous segment is
diagnostic of recurrent thrombosis; however, document-
ing recurrent thrombosis of a previously involved segment
may be more difficult. Although in vitro echogenicity
correlates with organization, in vivo assessment can be
subjective, and even acute thrombi may show various
stages of organization.42 Despite these limitations, color-
flow ultrasonography does have some utility in the
identification of recurrent DVT.43 Ultrasound charac-
teristics that are useful in differentiating chronic throm-
bosis from recurrent DVT are shown in Table 42-2.
Other potentially useful strategies include an assessment
of thrombus thickness when maximally compressed by

the transducer. In comparison to previous examinations,
an increase of 2 mm or greater in the compressed thick-
ness of common femoral and popliteal vein thrombi
has been reported to have a sensitivity and specificity
of 100% for recurrent proximal venous thrombosis.37

This approach has been proven safe, with only 1.3% of
patients having a documented recurrence after serial
studies showing a less than 2-mm change in maximally
compressed diameter.38 Because the positive predictive
value of a 2-mm or greater increase in maximally com-
pressed diameter is only 90%,38 other researchers have
suggested that only diameter increases of 4 mm or greater
be considered diagnostic, and that increases between 1
and 4 mm only require further diagnostic testing.44

These considerations suggest that a baseline duplex
examination after completion of anticoagulation may
be appropriate in at least some patients.37,39,41 Because
recurrent thrombosis is at least as common in the con-
tralateral extremity,29,30,34 completion of therapy studies
should include bilateral examinations. Such evaluation
is likely most important in those at highest risk for recur-
rent thromboembolism, including those with idiopathic
thrombosis, congenital or acquired thrombophilia, malig-
nancy, a previous history of DVT, and thrombosis at a
young age. Postoperative DVT and other reversible throm-
botic risk factors are associated with a substantially
lower risk of recurrent thrombosis.31,33,34 The cost-effec-
tiveness of obtaining baseline studies in those with
transient, resolved risk factors is unknown and may be
more difficult to justify.

Ultrasound and the Duration 
of Anticoagulation

The appropriate duration of anticoagulation after an
episode of acute DVT has been established by randomized
clinical trials in which bleeding and recurrent venous
thromboembolism have been the standard primary end-
points. Such trials have established therapeutic doses
of either subcutaneous low molecular weight or intra-
venous unfractionated heparin administered for 5 to 7
days, followed by oral anticoagulant therapy continued
for at least 3 to 6 months, as the standard of care for the
treatment of acute DVT.28 The duration of anticoagula-
tion is based on the patient’s underlying risk factors. It
is clear that some patients benefit from an extended course
of oral anticoagulation. The risk of recurrent venous
thromboembolism is significantly increased in those
patients with idiopathic thrombosis or irreversible risk
factors such as malignancy or antiphospholipid anti-
bodies.45 Most data suggest that the risk of recurrent
thrombosis is minimized if patients with reversible risk
factors are treated for 3 to 6 months, and patients with
a first episode of idiopathic DVT or irreversible risk factors
are treated for at least 6 months.46,47 Anticoagulation
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TABLE 42-2. Ultrasound Characteristics 
of Acute Versus Chronic Thrombus

Diagnostic Acute Chronic 
Criteria Thrombus Thrombus 

Incompressibility Spongy Firm

Vein Diameter Dilated Decreased 

Echogenicity Echolucent Echogenic 

Heterogeneity Homogenous Heterogeneous 

Luminal surface Smooth Irregular 

Collaterals Absent Present 

Flow channel Confluent Multiple

Free-floating tail May be present Absent 

From Meissner MH: Venous Duplex Scanning. In Rutherford RB (ed):
Vascular Surgery, 5th ed. Philadelphia: WB Saunders, 2000.
Reproduced with permission.



for at least 12 months may be warranted in those with
persistent anticardiolipin antibodies, congenital anticoagu-
lant deficiencies, unresolved malignancy, or recurrent
idiopathic venous thromboembolism.28,47

As implied by the endpoint of recurrent venous
thromboembolism, anticoagulant treatment is directed
primarily towards interrupting activated coagulation.
Although the rate and degree of recanalization appear
to be important determinants of the post-thrombotic
syndrome, neither of these factors has been extensively
evaluated as primary therapeutic endpoints. Furthermore,
at least some data suggest that early termination of treat-
ment based upon normalization of noninvasive studies
is associated with a worse outcome. Early discontinuation
of anticoagulation based upon normalization of imped-
ance plethysmography at 4 weeks was associated with
a significantly higher rate of recurrent thrombosis (8.6%
vs. 0.9%).48

Unfortunately, the benefit of prolonging anticoagu-
lation until no residual thrombus is present is not
presently known. Based on observations from natural
history studies, there would seem to be little benefit
from such an approach. Despite the fact that a 3- to 
6-month course of anticoagulation appears to be ade-
quate for patients with reversible risk factors, thrombus
resolution is incomplete in many patients after this
time. Only approximately 55% of subjects will show
complete recanalization within 6 to 9 months of
thrombosis.49–51

However, there are at least some theoretical reasons
why linking the duration of anticoagulation to endpoints
such as complete recanalization or activated coagulation
might be beneficial. Although there are other determi-
nants (e.g., the level of fibrinolytic inhibition), the degree
of activated coagulation has been related to the extent
of recanalization.51 It is possible that incomplete
recanalization is a marker for ongoing activation of
coagulation and that extended anticoagulation might
be beneficial in such patients. It is likely that, rather
than being an anatomic or hemodynamic factor, residual
venous thrombosis reflects an underlying hypercoagu-
lable state.36 Others have shown that abnormal D-dimer
levels 3 months after discontinuation of oral anti-
coagulants are associated with a 2.45-fold increased
risk of recurrence.45 Persistently high D-dimer levels
were significantly more common in patients with idio-
pathic thrombosis or permanent risk factors than among
those with transient risk factors.

Observational studies have additionally suggested that
recurrence rates are higher among those with incomplete
recanalization. Using limited examination of the femoral
and popliteal veins, Piovella52 defined normalization as
residual thrombus at maximal compression occupying
less than 40% of the uncompressed diameter. At 1 year,
normalization had occurred in 100% of asymptomatic
postoperative patients, 59% of cancer-free symptomatic
patients, and only 23.3% of symptomatic patients with

cancer. The probability of recurrent DVT was 8 times
higher among patients without ultrasound normaliza-
tion at 6 months. Prandoni and colleagues,36 also using
an approach that evaluated only the common femoral
and popliteal veins, defined complete recanalization as
a compressed diameter of 2 mm or less on a single test
or 3 mm or less on two consecutive tests. Limited com-
pression ultrasound normalized in 38.8% of patients at
6 months and 73.8% of patients at 36 months. No
differences in normalization were noted between those
with idiopathic and secondary thrombosis; however,
the hazard ratio for a recurrent event was 2.9 when
residual thrombosis was present. Both of these studies
suggest that residual venous thrombus is an inde-
pendent risk factor for recurrent thrombotic events.
Despite these findings, it must be emphasized that they
were derived from very limited compression studies
using somewhat arbitrary definitions that differ signifi-
cantly from the thorough examinations employed by
most natural history studies and many clinical vascular
laboratories.

Broad guidelines for the duration of anticoagulation
are based upon a patient’s underlying risk factors and
are supported by randomized clinical trials. Although
extended anticoagulation in high-risk patients (e.g., those
with idiopathic DVT) significantly reduces the rate of
recurrence, it is associated with a 1% to 4% per year
risk of major bleeding complications.53 Even when the
patient’s clinical characteristics are considered, approxi-
mately 70% of patients with idiopathic thrombosis will
not have a recurrence, whereas 10% of those having
reversible risk factors will have further events.36 More
individualized approaches, based upon a patient’s under-
lying thrombotic tendency and residual thrombus burden,
are attractive because they would minimize recurrent
thrombotic events in high-risk patients while minimizing
exposure of lower-risk patients to potential bleeding
complications.53 Unfortunately, despite very promising
observational data, such approaches are not supported
by evidence from appropriately controlled management
trials and cannot yet be recommended. There is, there-
fore, no current indication to perform follow-up ultra-
sonography as a guide to the duration of anticoagu-
lation, and this practice should be discouraged pending
further trials.

Other Potential Indications 
for Follow-Up Ultrasonography

Its widespread availability has led to the use of follow-
up ultrasonography for many other indications in the
absence of significant supporting evidence. Such indi-
cations have included the routine follow-up of patients
with established DVT while receiving adequate anti-
coagulation. As noted above, prospective clinical trials
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have clearly established the safety of treating patients
with standard anticoagulation without serial imaging
studies to follow the course of the thrombus. The role
of ultrasound in following thrombi with free-floating
elements is somewhat more controversial, but the data
are inconsistent regarding their embolic risk, and most
evidence suggests little role for such studies. Although
some venographic series have reported these thrombi
to be associated with a 4.9-fold increased risk of pul-
monary embolism despite adequate anticoagulation,54

others55 have demonstrated the incidence of recurrent
pulmonary embolism to be similarly low among those
with (3.3%) and without (3.7%) free-floating thrombi.
Furthermore, it is not entirely clear that free-floating
thrombi detected by ultrasonography (defined by the
observation of color-flow completely surrounding a
central filling defect in both longitudinal and transverse
views) are analogous to those identified by venography.
Although free-floating elements are seen in 10% to 18%
of ultrasound documented thromboses,56–58 retrospective
series have reported the incidence of pulmonary embolism
associated with such thrombi to be as low as 2.7%.58

When followed with serial scans, most ultrasound-
documented free-floating thrombi become attached
rather than embolizing. Despite treatment recommen-
dations that have included vena caval filtration59 and
bedrest until the thrombus becomes attached,60 there
are currently no prospective, controlled trials supporting
routine treatment of free-floating thrombi with modali-
ties other than anticoagulation.61 There is therefore
little indication for routine ultrasound follow-up of
patients being treated with adequate anticoagulation in
the absence of new symptoms.

Conclusions

The accuracy and widespread availability of venous
duplex ultrasonography have led to its acceptance as

the primary diagnostic test for acute DVT in many insti-
tutions. Its noninvasive nature has also made it possible
to perform serial follow-up studies, an application that
has allowed the natural history of acute DVT to be deter-
mined. Unfortunately, follow-up studies are increasingly
being used clinically, a use that potentially strains scarce
vascular laboratory resources and that can potentially
lead to inappropriate patient management. Potential indi-
cations for follow-up venous examinations are shown
in Table 42-3. Valid indications for follow-up studies
may include those used in algorithms employing serial
examinations of the proximal veins in patients with an
initially negative examination. However, such algorithms
should include some stratification of pretest probability
or D-dimer testing to limit the need for serial examina-
tions. Other valid indications for follow-up examina-
tions include the serial evaluation of isolated calf vein
thrombosis in the presence of contraindications to
anticoagulation, documentation of recurrent thrombotic
events, and as a baseline study after completion of
anticoagulation in patients at significant risk for recur-
rence. Although some series have suggested a higher
risk of recurrent thrombosis in patients with incom-
plete recanalization, there are not yet any controlled
data to suggest that the standard duration of anticoagu-
lation should be extended in patients with residual
thrombus, and the use of ultrasound to guide the
duration of anticoagulation should be discouraged for
the present. Similarly, there is no evidence that, in the
absence of new symptoms, serial follow-up studies are
useful in the management of patients receiving adequate
anticoagulation.
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and varicose veins; skin changes; atrophie blanche;
and ulceration.

Most patients with CVD have a primary etiology. Many
factors have been associated with the development of
CVD, but for most of them the evidence is weak. These
factors include physical characteristics (e.g., height,
obesity, age, sex, and race); work, diet, geographical loca-
tion, social class, and lifestyle; contraceptive pills and
hormone replacement therapy; pregnancy and number
of pregnancies; and family history of CVD. Of these
factors, the strongest associations have been shown with
family history and with female sex. Cornu-Thenard and
colleagues2 reported that CVD was detected in 90% of
people in whom both parents had CVD. When only one
parent was affected, varicose veins were present in 62%
of females and 25% of males. The San Diego study
showed that superficial disease is more prevalent in
females, but skin damage and deep vein disease were less
common.3 The Edinburgh Vein Study4 did not identify
lifestyle risk factors for reflux, but it showed that roles
may be played by previous pregnancy, lower use of oral
contraceptives, obesity, and mobility at work in females;
and by height and straining in males.

In the United Kingdom (UK), female sex, increased
age, pregnancy, geographical site, and race were found to
be risk factors for varicose veins. Obesity, family history,
or occupation were not clearly related to an increased
risk.5 Those same factors were found to be significantly
associated to CVD in other population groups.6–10

Impact of the Problem 

Pathophysiology of Chronic Venous Disease

Microcirculation

Diagnostic Methods

Physiologic Tests

Venous Pressure Measurements

Photo Plethysmography

Light Reflection Rheography

Strain-Gauge Plethysmography

Air Plethysmography

Foot Volumetry

Reflux Assessment

Tests for Chronic Venous Obstruction

Conclusions

hronic venous disease (CVD) of the lower extremi-
ties is a result of venous hypertension caused by reflux,
obstruction, or both.1 Signs and symptoms may include
leg-tiredness or heaviness; burning sensation; itching;
aching; cramps; restless limbs; swelling; spider, reticular,
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Impact of the Problem 

CVD is seen in all decades of life. CVD is cause of con-
siderable morbidity, and it represents the most prevalent
vascular disease.3 Some 27% of adults have detectable
lower extremity venous disease,11 which has a large impact
on quality of life regarding pain, physical functioning,
mobility, negative emotional reactions, and social isola-
tion.12 The prevalence of its sequelae (e.g., pigmentary
changes and eczema) has been estimated between 3%
and 11% of the population.1 The prevalence of active and
healed ulcers combined is around 1%1 in the Western
countries, but this increases to 4.0% in persons over
the age of 65 years.13 The treatment of venous ulcers costs
more than $90 million monthly in the United States,14

and 1.3% of the total health care budget is being spent
on such treatment in the UK.15

The deleterious complications of CVD can be corrected,
but a precise assessment is imperative to differentiate
the patterns of CVD so that treatment can be tailored
accordingly. Clinical diagnosis of CVD is unreliable. In
addition, considerable difficulty exists with regard to
which tests to use and how to read their results accu-
rately.1 This chapter describes the current diagnostic
tools available to the vascular practitioner to obtain an
accurate diagnosis and to plan a treatment modality.

Pathophysiology of Chronic
Venous Disease

Development of incompetent valves has been proposed
as an etiology for primary varicose veins. Vein dilation
with compromise of valvular competence caused by an
inherent weakness of the vein wall is another possible
explanation: This currently represents the predominant
theory.16 Primary venous reflux can occur in any super-
ficial or deep vein of the lower extremities, often at
different sites. That suggests that reflux is caused by a
local or multifocal process in addition to, or separate
from, a retrograde process.17 This is in contrast with the
traditional assumption that hemodynamic abnormali-
ties in CVD develop in a retrograde fashion starting at
the saphenous-femoral junction (SFJ) level.17 CVD can
also be secondary to an acquired condition. Development
of deep venous thrombosis (DVT) accounts for 18% to
28% of limbs with CVD.18,19 Both primary and secondary
etiologies can coexist in the same limb. Congenital eti-
ology is rare and only accounts for 1% to 3% of cases
of CVD.18,19

Obstruction can result from DVT in the setting of
inadequate recanalization and collateralization; or, rarely,
as a consequence of extrinsic venous compression or
congenital abnormalities of the iliofemoral venous sys-
tem.20 Recanalization occurs in most patients with lower

extremity venous occlusion after a variable period of
time; the faster it happens, the higher the association
with competent valves.21 After an acute episode of DVT,
lysis of the thrombus occurs at different times depending
on the location of the vein and competence of the valve.
The lysis time for competent segments ranges between
214 and 474 days, compared with 65 and 130 days for
segments that did not develop reflux, in all locations
studied except the posterior tibial vein, where the lysis
times for patients with and without competent veins
were not different (80 and 72 days, respectively).22

Analysis of venographic data in large series studying
patients with DVT showed that the left limb was more
commonly involved (61% vs. 39%, p < 0.01).23 Ouriel
found that proximal DVT was more commonly encoun-
tered on the left side; distal DVT occurred with a more
symmetrical distribution.24 One theoretical explanation
to this fact was proposed. The left iliac vein is usually
located posterior to the right iliac artery and can be
compressed between the artery and the fifth lumbar
vertebra. Different grades of compression may lead to
different levels of venous stasis changes. McMurrich in
1908 first described the occurrence of leg swelling caused
by left iliac vein compression. It was later defined
anatomically by May and Thurner in 1957, and clini-
cally by Cockett and Thomas in 1965.25 The clinical
importance of iliac vein obstruction is increasingly
recognized; apparently it results in more severe clinical
presentations than more distal segmental obstructions.26

Other conditions that cause extrinsic compression of
the venous system (e.g., neoplasms,27 heterotopic bone
formation,28 retroperitoneal fibrosis,29,30 and enlarged
lymph nodes) have been related to the development of
venous thrombosis.

The likelihood of developing clinical sequelae of
postphlebitic syndrome has been extensively studied.
Risk factors have been identified: ipsilateral recurrent
DVT,31 a combination of reflux and obstruction,32 and
popliteal vein reflux33–35 were significantly associated
with the highest incidence of skin changes and ulcera-
tion. In patients with acute DVT, reflux developed in
17% of the limbs 1 week after the initial episode, 37%
developed 1 month after, and 69% developed by the
end of the first year. It appears to be more prevalent in
the segments previously affected with DVT.36 Patients
with signs and symptoms of postphlebitic syndrome
have a 3.5 times greater chance of having combined
reflux and obstruction than did patients without the
syndrome.32 Prandoni and colleagues37 followed 355
patients after a first episode of DVT, and found a cumu-
lative incidence of recurrent venous thromboembolism
of 17.5% after 2 years, 24.6% after 5 years, and 30.3%
after 8 years. The incidence of the postphlebitic syn-
drome was 22.8%, 28%, and 29.1% after 2, 5, and 8
years, respectively.37,38 Ipsilateral recurrent DVT was
recognized as a strong risk factor associated with
development of postphlebitic syndrome, with a hazard
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ratio of 6.4. The 8-year survival of this cohort was
70.2%.37,38

Microcirculation

The most common histologic abnormalities observed
in lower extremity veins and skin affected by CVD are
vein wall and dermal tissue fibrosis.39–41 The exact mecha-
nism that results in these injuries is unknown. Venous
hypertension causes macromolecules and erythrocyte
extravasation; this results in skin discoloration from the
hemosiderin deposition and accumulation of mast cells,
macrophages, fibroblasts, and white blood cells.39,42–44

Mast cells release histamine, which is responsible for
the itching seen in about a third of patients with CVD.
White blood cells stimulate the fibroblasts to produce
connective tissue, which leads to lipodermatosclerosis.39

All these factors contribute to local skin changes seen
in disease progression.45,46

Diagnostic Methods

The diagnostic methods for evaluation of CVD can be
invasive (e.g., phlebography and pressure measurements)
or noninvasive (e.g., duplex ultrasound [DU] and plethys-
mographic tests). These tests are used for assessing
reflux and chronic venous obstruction. They are impor-
tant tests for studying the natural history of CVD,
improving patient selection for treatment, and for deter-
mining the effect of conservative and interventional
management. 

Physiologic Tests

Physiologic tests provide quantitative measurements of
venous hemodynamics. They include venous pressure
measurements, strain-gauge plethysmography (SPG), light
reflection rheography (LRR), photo plethysmography
(PPG), air plethysmography (APG), and foot volumetry.
Because treatment is available for CVD, evaluation with
the above techniques can identify the cause and estimate
the functional severity. 

Venous Pressure Measurements 

The most common venous pressure measurement has
been the ambulatory venous pressure (AVP). It is based
on the assumption that superficial veins are a single
compartment, and the pressure measured in one vein is

reflection of the pressure throughout the compartment.
A 21-gauge butterfly needle is placed into a suitable
superficial vein of the foot. This is connected to a pres-
sure transducer, amplifier, and recorder. The patient is
asked to stand still and hold on to a frame, and the
resting pressure is recorded. Next, the patient is asked
to do 10 tiptoe movements, one per second, while
changes in venous pressure are recorded. The pressure
at the end of the exercise has been defined as the AVP.
The time needed for the pressure to return to the resting
level is the pressure recovery time.47 In the normal
limb, each pumping cycle lowers the pressure: It takes
6 to 10 cycles to reach maximal pressure drop. When
exertion stops, the pressure goes up slowly as the blood
returns to the veins, until a maximum point is reached
after 2 to 5 minutes. For practical reasons, the 90%
recovery time is measured on occasion because it is
easier to define and reproduce. An AVP greater than 
30 mmHg is considered abnormal. The higher the AVP,
the greater the severity of CVD. A linear relationship
was found between the incidence of ulceration and
AVP.48

Dorsal foot vein pressure measurements always
decrease with exercise. This may not be true for the
popliteal vein, as was demonstrated by simultaneous
pressure measurements in the dorsal and the popliteal
veins in 45 limbs with CVD signs and symptoms.49 The
popliteal vein pressure increased in 9 limbs (20%),
decreased somewhat in 15 limbs (33%), and fell more
markedly in 21 extremities (47%). It is not routinely used
because of its invasive nature. 

Photo Plethysmography

Photo plethysmography measures variations in light
absorption in the skin to estimate changes in venous
pressure. Hemoglobin is the most abundant chromophore
in the skin; therefore light absorption depends on the
blood volume in the skin veins.50 PPG uses an infrared
light–emitting diode; a photoelectric cell that measures
light reflected from the skin is attached to the limb.50

The erythrocyte absorbs maximum light in the sitting or
standing position when the vein pressure is elevated.
Absorption decreases when the pressure falls (e.g., in
exertion).1 The trace that is obtained reflects the changes
in light absorption that occur when the limb is stressed
(e.g., in ankle dorsiflexion) and during relaxation.50

The trace is a reflection of the work of the muscles in
emptying the veins. Venous emptying and refilling times
can then be calculated. Vein reflux causes rapid venous
refilling times during relaxation after exertion. A refilling
time greater than 23 seconds is normal; refill time of less
than 20 seconds is evidence of venous reflux.50 False
negatives can occur when there is significant arterial
inflow disease or diminished ankle mobility.51
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Light Reflection Rheography 

LRR is a variation of PPG that uses infrared light and
three light diodes, instead of one, to reduce the effect
of external light or surface reflection.52 Like for PPG,
patients with leg edema, cellulitis, or with any foot
condition that would limit dorsiflexion are not suitable
candidates for LRR.

Strain-Gauge Plethysmography 

Strain-gauge plethysmography, another variation of the
same principle, uses wires, straps, silicon rubber, or other
strain gauges to encircle the leg and to sense tension
changes caused by a change in the calf diameter on
exertion.52,53 It provides quantitative information about
venous emptying and reflux. Variations in the technique
and exercise methods have been described,53,54 but the
preferred method involves 20 knee bends at a rate of 30
per minute. The patient stands still until vein plexus
refilling occurs (normally in 1 to 2 minutes).1 Venous
refilling time and expelled volume are calculated. Then
a 2.5-cm wide cuff is applied in the below-the-knee loca-
tion and inflated to a pressure of 70 mmHg. If reflux is
only superficial, the cuff application normalizes the
venous return time.1 It is considered to be suitable for
screening to rule out CVD.54

Air Plethysmography

APG uses an air bladder to induce calf diameter or
volume changes than can be measured. The 35 cm long,
polyurethane, tubular air chamber is applied around the
calf and connected to a pressure transducer, an amplifier,
and a pen or computerized recorder. A 100-mL syringe
is incorporated into the system for calibration to milli-
liters of limb volume change. It provides information
on venous reflux, obstruction, and calf muscle pump
function.

To evaluate reflux, the patient is placed in supine posi-
tion with the legs elevated to empty the veins. Then the
heels are rested on a leg support. The air bladder is inflated
to 6 mmHg, the lowest value needed to keep it on the
leg without compressing the veins. A 14 cm wide thigh
tourniquet is applied next to the groin using 80 mmHg
of pressure. The functional venous volume (VV) increases
until it plateaus, at which time the tourniquet is quickly
deflated. The resultant volume decrease is due to venous
outflow.55 The normal VV is 80 to 150 mL; this can rise
to 400 mL in patients with CVD.1 The venous filling index
(VFI, mL/sec) is calculated by dividing 90% of VV by

the time taken for 90% filling (VFT90); this expresses
the average vein-filling rate. It is normally less than 
2 mL/sec with slow vein filling from the arterial bed,
and can be up to 30 mL/sec for severe reflux. A value
of greater than 7 mL/sec has shown to correlate with
skin ulcers.56 The residual volume fraction (RVF) is
calculated at the end of 10 tiptoe movements from the
residual volume divided by the VV. Abnormal RVF is
greater than 40%. This is a result of reflux, poor calf
muscle pump performance, or a combination of the
two.57 The RVF worsens with the severity of CVD.57

Significant proximal obstruction has shown to interfere
with this measurement.56

The outflow fraction (OF) is calculated as a per-
centage, dividing the amount of blood that leaves the
limb in the first second by the total VV. The procedure
is repeated to calculate the OF using superficial occlu-
sion (OFs). The prominent superficial veins are
digitally occluded at the knee level just before tourni-
quet deflation. The digital occlusion falsely elevates 
the VV by 10 mL. The initial volume and not the one
after digital occlusion should be used to avoid false
readings.55

Foot Volumetry 

Norgren and Thulesius introduced foot volumetry in
1973 as a noninvasive method of functional evaluation
of venous insufficiency.58 It measures changes in volume
of the foot during exercise using the plethysmographic
principle.1 The volumeter uses an open box filled with
water at 14 cm high. A photoelectric sensor connected
to a recorder senses the water level. It quantifies the
degree of venous insufficiency and differentiates super-
ficial reflux from deep reflux or a combination of both.1

After standardized exercise, which decreases the blood
volume in the limb, the patient is asked to rest, and the
volume returns to its baseline level. The experience is
repeated using a tourniquet to compress the superficial
system at the below-the-knee and the ankle levels to
discriminate between superficial and deep insufficiency.1

The severity of the disease is judged by the reflux time,
calculated by the sum of reflux time at six levels. The
venous function is globally measured with expelled
volume and refilling flow (Q; mL/100 mL × min) after
exercise, and expelled volume related to foot volume
(EVrel; mL/100 mL).59 The ratio Q/EVrel is calculated
as well, and is useful to discriminate between normal
limbs and those with CVD.1 The severity of the venous
disorder and the need for treatment are accurately
judged by foot volumetry as a global measure.59 It is
also used to assess therapeutic interventions and to
follow patients after they develop DVT to address the
extent of valve damage.1
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Reflux Assessment

Continuous-Wave Doppler Ultrasound

Continuous-wave Doppler ultrasound is used to detect
reflux in the outpatient setting. Assessment of a vein is
best performed with the patient standing still. The Doppler
ultrasound probe is placed at a 45-degree angle. It is
crucial to ensure that the ultrasound beam is at the same
plane as the axial stream. The patient then performs a
Valsalva maneuver to evaluate the groin. In the rest of
the limb, thigh, or calf, compression is used to augment
bloodflow, and it is followed by sudden release. In normal
limbs, there will be no detectable signals during the
Valsalva maneuver or during compression release. This
method can detect the presence or absence of reflux but
it cannot identify its extent and patterns. Therefore, its
use now is very limited because most patients undergo
treatment only after a duplex ultrasound examination. 

Duplex Ultrasound

DU is an inexpensive, quick, and noninvasive method
that enabled the authors to quantify venous reflux in
individual veins.47,60,61 Several studies have shown DU
to be superior to venography, and it is now regarded as
the test of choice to diagnose venous reflux and to assess
recurrence.62–65 Additionally, it has added valuable
information in the understanding of the pathogenesis
of CVD.17,66

Evaluation of the Superficial and Deep
Venous Systems 

The patient is asked to stand holding on to a frame.
Body weight is placed on the contralateral extremity,
relaxing the limb under examination, with the knee
slightly flexed. Imaging is performed with a color-flow
scanner using a multifrequency 4- to 7-MHz linear array
transducer. When examining superficial veins found
within 1 cm in the subcutaneous fat, a 10-MHz transducer
is used. Veins that are found in areas deeper than 6 cm
are evaluated with a 3-MHz transducer. The SFJ, common
femoral, and the origin of both femoral veins are examined
in the standing position. The effect of the Valsalva
maneuver and of manual compression of the calf or
thigh and sudden release is noted. Manual compression
is sufficient to demonstrate reflux; however, when
measurements are performed on flow or duration of
reflux, standard compression pressures should be used.
Subsequently, the femoropopliteal segment and the
axial calf veins (posterior and anterior tibial, peroneal,
and gastrocnemial veins) are examined in the sitting
position with the patient facing the examiner and the
foot resting on a stool. In this position, distal com-
pression of the calf or foot is also undertaken. These
positions ensure maximum filling of the veins and allow

reflux to occur on release of the calf compression.67

Patients often have to rotate in order to trace the veins
in all aspects of the limb. This is particularly important
for nonsaphenous veins that are found in many
different locations.68

The great saphenous vein (GSV) and small saphe-
nous vein (SSV) are examined along their whole length
with intermittent calf compression and sudden release
(Fig. 43-1). The GSV is identified in the saphenous eye,
which is made by the fascial sheets.69,70 If the vein is
outside the saphenous eye, then it is not the GSV but
an accessory saphenous or a tributary. The SSV is found
within the triangular fascia, which is made by the deep
fascia and the fascias of the medial and lateral heads of
the gastrocnemius muscle.71 Foot compression is used
when examining the distal ends. All major tributaries,
when incompetent, are followed and their course and
connections are noted. The majority of patients have
reflux in the GSV and its tributaries.72 Of the tributaries,
the posterior and anterior arch vein in the calf and the
anterior and medial accessory veins in the thigh are most
commonly incompetent.73

Color-flow imaging is used initially to locate the
appropriate artery (red) and then the adjacent veins are
identified. The color image obtained in the vein is dif-
ferent (blue) from that obtained in the artery, indicating
that during compression the flow is in the opposite direc-
tion to that of the artery. Absence of color on release of
the compression indicates absence of reflux and, by
inference, competent valves. The appearance of red color
in the vein on release of the compression indicates the
presence of reflux. This reflux is documented by record-
ing the Doppler waveform. Reflux in the vein under
investigation is considered to be present if the duration
of the reverse flow is greater than 0.5 sec. Reflux of
shorter duration is considered physiologic (i.e., the reverse
flow recorded just before closure of the valves).47,60

This has been evaluated in several reports. In the largest
and most recent study,74 the following was found regard-
ing the best cut-off values for reflux: In the superficial
veins, deep femoral veins, and deep calf veins, reflux is
greater than 500 ms; in the perforating veins, reflux is
greater than 350 ms; and in the common femoral, femoral,
and popliteal veins, reflux is greater than 1000 ms. 

Reflux is separated into segmental or multiseg-
mental. Reflux is considered to be segmental when it is
confined to a single venous segment (i.e., the popliteal
vein alone) and multisegmental when it is confined to
more than venous segments (i.e., the popliteal vein and
the common femoral vein).75

Anatomic variations in both the superficial and deep
veins are common. Therefore, careful examination and
identification of these variations is necessary. For
example, the popliteal vein is duplicated in up to 40%
of limbs, and pathology is most often found in one of
the two veins. Duplications exist in the femoral vein in
the thigh and in the GSV and SSV. Triple systems may be
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Figure 43-1. A, Normal GSV in the midthigh. The vein is located in the fascial compartment. It has normal size and no reflux.
B, GSV reflux in the lower thigh in a female patient who had varicose veins. The vein is dilated and has prolonged reflux. SFJ was
normal. C, Normal GSV in the calf. This segment of GSV is most often nonvaricose and may also be spared from reflux. It is in
adhesion with the saphenous nerve and for these reasons its removal is avoided. There is reflux in tributaries, which are located
superficially to GSV. D, Grossly dilated SFJ with spontaneous contrast from the stagnant flow in the standing position. This vein
had a significant reflux from SFJ to the upper calf. E, Prolonged reflux in the SPJ. The popliteal vein was normal as seen by the
absence of color filling after the release of the distal compression. F, Dilated SSV in the upper calf. This vein is found in the fascial
compartment between the two heads of the gastrocnemius muscle.
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seen (e.g., GSV, popliteal, and femoral), and occasionally
some veins may be hypoplastic or aplastic (e.g., posterior
tibial, GSV, and SSV).76

Evaluation of the Perforating Veins

Transverse and oblique scanning is used for the evalua-
tion of the perforating veins because the long axis of
these vessels is seen in these planes. A vein is identified
as a perforator only if it pierces through the deep fascia
(Fig. 43-2). The fascia is easily seen because it is made
of collagen and therefore appears bright on the image.
Augmentation of bloodflow by distal compression of
the limb is used to determine valvular integrity. Reflux
or outward flow in these veins is seen only in combina-
tion with the superficial and deep veins.77 Bidirectional
flow may be seen in some perforator veins. Only the net
outward flow (from deep to superficial) is being evaluated

to determine reflux. The examination starts from the
medial malleolus, following the cross-section image of
the posterior arch and GSV upward to the knee region.
The anterior arch is scanned only if it is varicose. The
main trunk of the GSV is imaged from the knee region to
the upper thigh. The anterior and posteromedial acces-
sory veins and other thigh tributaries are followed for
perforators only if they are varicose. The SSV is scanned
from the lateral malleolus until its insertion in the
popliteal vein. Medial and lateral varicose tributaries of
this vein are also scanned. When a vessel is identified
as a perforator vein, its location is recorded as above or
bellow the knee. Also any area with varicose veins or a
vein cluster is imaged for detecting perforator veins in
that area. The above-knee perforators are further divided
as upper, middle, and lower thigh. Those in the below-
knee segment are divided as upper, middle, and lower
thirds of the calf of the GSV and SSV.75
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Figure 43-2. A, Normal lower calf perforator vein from a female patient with varicose veins. B, Significant outward flow in a
lower calf perforator from a male patient with a venous ulcer in the medial malleolus. The vein is dilated even at the fascial level.
The refluxing blood is emptying in local tributaries and not in the GSV. C, Dilated posterior midcalf perforator vein in a female
patient with skin changes. She had significant reflux in SSV, segmental reflux in GSV, and marked reflux in the posterior arch
vein. D, Significant high velocity reflux in a midthigh perforator vein. This patient had GSV reflux from SFJ to knee. 
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Evaluation of the Ulcer Bed

The veins of the ulcerated area are defined as those
passing through the ulcer or within 2 cm from the
periphery of the ulcer. In ulcers found over the medial
malleolus, the veins are the GSV, the posterior arch, the
posterior tibial vein, and the peroneal vein. In ulcers
found on the lateral malleolus, the veins are the SSV, with
its tributaries; and the peroneal veins. In the ulcers found
on the anterior aspect of the leg, the veins are the ante-
rior arch of the GSV and the anterior tibial veins. The
relative perforating veins are also assessed by this tech-
nique. These veins are imaged by a sterile technique that
has been described previously.78,79 Briefly, the entire
surface of the ulcer is covered with a sterile transparent
surgical dressing; or, alternatively, the scanhead is
covered with a sterile surgical glove that is filled with
ultrasonic gel. This technique allows excellent trans-
mission of the ultrasound beam to image the veins, and
the ulcer is still protected from additional bacterial con-
tamination. Detection of reflux in these veins is deter-
mined by manual compression of the foot and sudden
release. 

Descending Venography

Descending venography was first done at the Straub
Clinic in 1968.80 It is best done with the patient in a
steep, semi-erect position, with a Valsalva maneuver to
show functional valve integrity. Dynamic filming using
fluoroscopy is needed to demonstrate the function of
individual valves. A catheter is introduced percutaneously
into the common femoral view (CFV). 

When contrast material refluxes distally, one may see
valve stations in specific locations. If the proximal valve
is competent, distal valves will not be seen. In this manner,
the operator identifies where the valves are located.
Knowing that, contrast injection is repeated while the
patient performs a Valsalva maneuver, and the previously
identified valves are observed under stress. If the con-
trast medium refluxes in any of these tributaries, the
distal extent of flow is noted. Because the density of
contrast is greater than that of blood, one can observe
the heavier contrast settle into the valve cusps of a
slowly flowing or static blood column under fluoroscopic
monitoring.80 If the proximal valves are competent,
reflux in more distal levels can be missed. Therefore
the catheter is advanced to the popliteal vein to assess
competency distally. 

The normal valve closes completely without any leak-
age when facing proximal resistance. The harder the push
against a competent valve, the tighter the valve closure
becomes, whereas the harder the push against an incom-
petent valve, the greater the reflux that is elicited. Indi-
vidual valves are categorized as normal or with minimal,
moderate, or severe leakage, and five grades of reflux
were described (0 to 4).80

Tests for Chronic Venous
Obstruction

DVT is the most important cause of venous outflow
obstruction.81 There are interventions available to improve
venous function. Proper patient selection requires quan-
titative measurements of insufficiency because venous
bypass is contraindicated in severe cases.82 Evidence to
support this was shown previously. Some 68 limbs
with obstructed deep veins were studied hemodynami-
cally; 62% were found to have significant insufficiency,
but this was detected by contrast venography in only
14.3% of cases.82

The tests in this category include contrast ascending
venography, contrast descending venography, DU, femoral
vein pressures, magnetic resonance venography (MRV),
arm/foot pressure differential, and venous obstruction
resistance.

Ascending Venography

Ascending venography has been considered the gold
standard for assessment of vein patency, vein anatomy,
and to investigate the etiology of CVD.1,83 Radio-opaque
contrast material is injected into a dorsal foot vein in
the 60-degree erect position. This may be somewhat
difficult because of foot edema caused by the very medical
condition that requires venography to be performed. An
ankle tourniquet inflated to 120 to 140 mmHg is used
to direct the contrast into the deep veins. The semierect
position or a second midthigh cuff is used to prolong
the contrast time. Each leg is examined separately. The
table is tilted 20 to 60 degrees downward, and internal
rotation of the foot and ankle is performed to separate
the images of the tibia and fibula. The calf deep veins are
imaged in the anterolateral and lateral views. Primary
criteria for the diagnosis of venous thrombosis include
an obvious intraluminal thrombus, nonvisualization of
named deep veins despite adequate venous filling, or
eccentric luminal filling defects seen in more than one
projection.84 Secondary criteria include a paucity of vessels
with adequate filling of named deep veins; a persistent,
concentric focal luminal narrowing; extensive collateral
formation around a focal, nonvisualized area; and
obvious recanalization, indicating chronic thrombosis.84

If the visualization of the iliac veins and IVC is not
satisfactory, contrast is injected through the CFV.

Venography poses important clinical and methodologic
limitations. It is invasive and has significant morbidity,
particularly in the setting of systematic screening for
patients enrolled in a randomized clinical trial. It has a
1.3% risk of developing DVT.85 In addition, venography
cannot provide hemodynamic information about the
severity of CVD.1 The development of alternative safer
and noninvasive methods has significantly reduced its
use.1
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Duplex Ultrasound

DU is also used to evaluate venous inflow and outflow.
The veins are examined with patients in the reverse
Trendelenburg position for both acute and chronic
thrombosis. The latter is characterized by complete or
partial luminal obstruction (Fig. 43-3). The lumen may
be reduced in size, and the walls can be thickened. In
patients with partial recanalization, flow channels are
seen and usually have reflux. Around the area of obstruc-
tion, collateral veins may be seen depending on its
severity. Endoluminal echoes are echogenic because
the thrombus remodels into the fibrous tissue. DU can
identify flow in individual veins and can assess their flow
characteristics, but it cannot quantify the hemodynamic
significance of the obstruction. It is also limited by its
field of view, imaging multiple areas and collateral path-
ways at one ultrasonic slice. Therefore other methods
such as venography and MRV are necessary if interven-
tional treatment is planned. 

Femoral Vein Pressures

Femoral vein pressure addresses the degree of venous
flow obstruction by measuring the pressure elevation
and pressure gradient after exertion and the time for
these parameters to return to resting levels.86 This adds
useful information to the morphologic assessment of
contrast venography. Absolute pressure values during
rest and exercise are less reliable indicators. Exercise is
usually induced with 10 foot dorsiflexions or 20 calf
muscle contractions.1 Good correlation was found between
femoral vein pressures and the severity of post-throm-
botic iliocaval obstruction.86 Even though no set standards
are available for this test,1 a pressure gradient cutoff set
up at 5 mmHg, and doubled resting femoral pressure
values after exercise, have been suggested to justify
venous bypass.87 In cases of ipsilateral iliac thrombosis,
and in the absence of IVC involvement, the contralateral
femoral has lower pressure. This asymmetry can further
substantiate the significance of the obstruction.

Magnetic Resonance Venography

Improvements in magnetic resonance technology have
allowed an increasing role for this modality in CVD
diagnosis. It is able to identify vein wall inflammatory
changes, to differentiate acute from chronic thrombi, to
distinguish patent from occluded veins, and to provide
information about neighboring soft tissues.88 MRV offers
several advantages over venography. It is noninvasive,
and contrast material is not needed. A computer-
generated venous roadmap is produced that can be rotated
in innumerable views without the need for additional

Figure 43-3. A, Normal common femoral vein with sponta-
neous and phasic flow. In quiet breathing the phasicity is
largely caused by changes in the right atrial pressure and not
by respiration. B. Chronic obstruction of the left iliac and
femoral veins in a patient with pain and swelling after a DVT
that never recanalized. C, High flow in venous collaterals of
the deep external pudendal vein from a patient with chronic
iliofemoral obstruction.
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contrast.88 It allows investigation of congenital malfor-
mations.89 In addition, review of axial images is possible,
allowing venous cross-section analysis to detect subtle
defects that can be missed in two-dimensional views. It
has some drawbacks, such as an inability to be used with
claustrophobic or noncooperative patients or in patients
with non-MRV compatible metallic implants, and it has
a higher cost.88 When compared with venography, it
has shown comparable sensitivity and specificity.88 It
has been shown to detect flow in the internal iliac vein
and its tributaries, an area not well visualized by
venography.90,91

Magnetic resonance imaging can be used as a defini-
tive examination when initial screening studies are
unclear, or as a first-line methodology if there is suspi-
cion of pelvic vein thrombosis or when other tests are
unavailable.92

Arm/Foot Pressure Differential

This technique is based on the principle that an arm/
foot venous pressure differential occurs with venous
obstruction, and that collateralization or recanalization
can be assessed by monitoring venous pressure changes
in the leg after inducing hyperemia.93 With the patient
supine, 21-gauge butterfly needles are placed simulta-
neously into a dorsal foot vein and into a dorsal vein of
the hand. Both needles are connected to a pressure trans-
ducer for continuous pressure recording before and after
reactive hyperemia of the foot. Hyperemia is induced
by thigh occlusion, using a tourniquet for 3 minutes; or
by papaverine.81,94 Outflow obstruction is classified in four
grades, 1 to 4, from fully compensated to fully decom-
pensated, depending on the pressure differential at rest
and during hyperemia. This test is clinically used to
choose the appropriate individualized intervention for
venous reconstruction (e.g., performance of venous
bypass rather than valve transposition or repair). A
bypass is indicated when a grade 3 or 4 obstruction is
diagnosed.1

This technique proved to be reliable and easily
accomplished in combination with AVP measurements.93

The combination of this technique and the foot vein
pressure elevation after induced hyperemia are a reliable
way to diagnose and grade global chronic obstruction.95

Venous Obstruction Resistance

Venous obstruction resistance (VOR) is calculated from
simultaneous recordings of volume and pressure out-
flow curves. The pressure outflow curve is obtained by
placing a 21-gauge butterfly needle in a vein in the
dorsum of the foot while the volume outflow curves are
simultaneously recorded. Pressure outflow curves are
obtained using APG as described above. The volume out-
flow curves are obtained with and without superficial
vein occlusion. The latter allows the clinician to predict

the flow by drawing a tangent at any point of the curve.
Therefore the resistance can be calculated by dividing
the corresponding pressure from the venous outflow
curve by the flow.81 A sharp increase in the VOR occurs
with venous outflow pressures below 20 mmHg, likely
because of a smaller cross-sectional area from vessel
collapse at low pressures.81

VOR measurements correlate with arm/foot pressure
differential recordings and can be used reliably to
determine the magnitude of the venous obstruction.81

They also correlate well with the level and severity of
obstruction.81

Intramuscular Pressures

The wick catheter technique was described in 1968 for
measurement of subcutaneous pressure. It has been
modified for intramuscular insertion and monitoring of
interstitial fluid pressures. The technique was shown to
be accurate and reproducible in animal studies. Its main
clinical application has been in the diagnosis and treat-
ment of compartment syndrome.96 It has been also used
to assess the influence of DVT on intramuscular pres-
sure.96,97 This is particularly useful in the identification
of patients with venous claudication in the presence of
chronic venous obstruction. In an acute setting, it can be
used to determine if fasciotomy is needed.96 The catheter
is placed in the anterior tibial and the deep posterior
compartments of the affected leg. The normal pressure
is usually less than 15 mmHg, and it is higher in the
anterior compartment.98 Patients experience symptoms
when the pressure is greater than 30 mmHg.98,99 Increased
intramuscular pressure reduces bloodflow and can cause
ischemia. The intramuscular pressure is higher in the
thrombosed leg than in the contralateral leg, and the
difference is proportional to the extension of the throm-
bus.98,99 Iliofemoral thrombosis causes a significantly
higher pressure than calf thrombosis. 

Technetium 99M-Sulfur Colloid
Lymphoscintigraphy

Technetium 99M-sulfur colloid lymphoscintigraphy
(TCL) is used to diagnose lymphedema. Raju and col-
leagues100 observed that in several cases, TCL improved
or normalized after stent placement for a coexisting
iliac venous stenosis, suggesting that the abnormality
may represent a correctable condition rather than lym-
phedema. Technetium 99M-sulfur colloid is administered
through an intradermal and subcutaneous injection into
the first web space. Leg and pelvis images are obtained
using a gamma camera at different times. Patients walk
before and in between the imaging. Results are called
normal when the radioactive material flows symmetri-
cally with the opposite limb in a cephalad direction, and
when nodes are visualized as early as 10 minutes and well
developed 20 minutes afterward. Results are abnormal
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if nodal visualization is faint or delayed beyond 30
minutes. When nodal visualization fails to occur at 60
minutes, lymphatic activity is called absent. Treatment
of venous obstruction may improve the lymph trans-
port mechanism; it also seems to improve after reflux
treatment with venous valve reconstruction. Aggressive
investigation for a venous basis of edema in these
patients is suggested; if found and corrected, significant
clinical improvement in limb swelling and pain may be
achieved in many patients.100

Intravascular Ultrasound

Intravascular ultrasound (IVUS) is characterized by the
ability to show tomographic sections of the lumen and
wall of blood vessels. It provides in vivo assessment of
the luminal area and the analysis of the vessel three-
layer wall. IVUS-generated results correlated well with
histology and angioscopy in in vitro studies.101 It com-
pares favorably with standard venography. It is superior
for the estimation of the degree of iliac vein stenosis.
Venography underestimates the degree of stenosis by
30%, and it was shown to be inaccurate in detecting
obstructions greater than 70%. IVUS is also superior
when choosing the length and size of stents to be used
during interventional procedures. IVUS-guided therapeutic
interventions have shown good ulcer healing rates,
edema resolution, and pain relief.26

The concept of a significant obstruction being a stenosis
of greater than 70% to 80% came from arterial studies.
It may not hold true for veins because of important
hemodynamic and anatomic differences.36 Hence, it is
unclear when a stenosis should be considered significant.
At this time, IVUS appears to be the best test available
for its diagnosis.

The CEAP Classification System

In February 1994, an international committee of the
American Venous Forum, led by Andrew Nicolaides at
a meeting organized by the Straub Foundation in Hawaii,
adopted a single classification system for CVD: the
CEAP classification.102 A consensus document was pro-
duced based on clinical manifestations (C), etiology (E),
anatomic distribution of involvement (A), and patho-
physiologic findings (P). It was published in 25 journals
and books in eight languages,102 and currently most
published papers on venous disease quote the CEAP
classification.102 It is useful for both clinical and
research purposes.

Clinical Grading 

The clinical section of CEAP grades the severity of 
CVD in seven classes (0 to 6). It was designed as a
framework of classes with ascending severity. Limbs
can be further characterized as symptomatic (s) or

asymptomatic (a) in each class.103 Overall, approxi-
mately 75% are symptomatic limbs. No association
between the CEAP class and the presence of symp-
toms can be found, but the severity of symptoms
appears to be related to the stage of the disease.104

An increasing mean value of each severity index 
tested correlates with increasing C classes in prior
studies.103 Varicose veins are the most common sign,
and several signs from one or more of the classes can
be present in a single limb.104 Figure 43-4 shows the
prevalence of signs in CVD, taking into account the
worst class only. Clearly, when all signs are considered,
the overall prevalence of telangiectasias and varicose
veins is greater than 80%. Skin changes are found in
20% to 25% of limbs. Approximately 7.5% to 14% of
patients with CVD have healed or active venous
ulcers.1,14,105

In a multicenter study in Europe, data from 872 patients
were analyzed regarding the clinical definition of each
CEAP class. A significant association has been shown
between ascending severity and risk factors, including
age of the patient, history of previous DVT, the diameter
of the most dilated varicose vein, venous symptoma-
tology, and the presence of a corona phlebectatica.106

The intraobserver reproducibility was good but the
interobserver reproducibility was poor.106 That prompted
an effort to increase the accuracy of “C” in CEAP. Precise
definitions of clinical items and detailed explanations
for the individual classes were produced in a recent
paper.38

Etiology

The etiology of CVD can be primary, secondary, or
congenital.104 Primary etiology accounts for the largest
number of patients, and it is most often confined to the
superficial venous system.66 It has been shown to be
the cause in about two thirds of the limbs studied (see
Fig. 43-4).18,19,104 It denotes an unknown etiology, and
includes all cases of reflux but the post-thrombotic.18

The secondary problems have a known cause (e.g., post-
thrombotic or post-traumatic occlusions or reflux) when
they have been proved by objective tests.18 They are
present in 18% to 28% of limbs with CVD. The con-
genital problems account for 1% to 3% of cases and
include birth defects (e.g., Klippel-Trenaunay syndrome18)
and valve aplasia.107 They may be recognized at birth
or later in life. 

Anatomic Distribution

The anatomic distribution in all clinical classes is based
on 1000 consecutive limbs with CVD evaluated in the
authors’ center. Superficial veins are affected in the vast
majority of limbs with CVD, with a 90% superficial vein
involvement, compared with 30% of deep vein and 20%
of perforator vein involvement.18,19,104 Reflux confined
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to the superficial veins only is responsible for 17% to
54% of CEAP classes 5 and 6.18,57,66,72,78,79 About 80%
to 90% of limbs in these classes have incompetent super-
ficial veins.18,57,66,104 Reflux in the saphenous veins and
their tributaries has the highest prevalence.17 Isolated
deep vein reflux is a rare occurrence, being present in
less than 10% of patients with venous ulcers.57,66 Most
limbs in the low clinical classes have reflux limited to
the superficial system only, whereas those with CVD
classes 4 to 6 have a complex reflux pattern and involve
deep and perforator veins commonly.103,108

Pathophysiology

Present data suggest that abnormalities in the venous
endothelium and smooth muscle cells result in vein wall
dilatation with resultant valve incompetence and venous
reflux.108 Vein reflux alone is present in about 80% of limbs,
obstruction alone is found in 2%, and a combination of
the two in 17% of cases (see Fig. 43-4).18,103 The latter
is most commonly seen in higher clinical classes, and it
carries a worse prognosis for skin damage and ulcera-
tion than either reflux or obstruction separately.32 The
prevalence of DVT increases with higher clinical classes,
and this can explain the higher prevalence of deep vein
involvement. The E, A, and P are not widely employed.
Apparently easily used by some and cumbersome to
others, refinements have been suggested to make these
more universally user-friendly.109

Severity Scoring

In the year 2000, a new venous clinical severity scoring
system (VCSS) was developed.110 Clinical features of
CVD are graded from 0 to 3 as absent, mild, moderate,

and severe. Points from 0 to 3 are added to address the
impact of conservative therapy (compression and
elevation). A maximum of 30 points can be reached.
Another score was designed, the Venous Segmental
Disease Score (VSDS), in which 11 venous segments
are categorized according to presence of reflux and/or
obstruction based on imaging studies alone. A maxi-
mum score of 10 can be reached.110 In addition, the pre-
existing CEAP disability score was modified (venous
disability score, VDS), substituting the reference to
work and an 8-hour working day with the patient’s
prior normal activities. 

These new scoring schemes complement the current
CEAP system.110 An observational study was recently
designed to validate this scoring system. They demon-
strated good correlation with anatomic extent. VCSS and
CEAP were equally sensitive and significantly superior
for measuring outcomes after superficial venous sur-
gery.111 Although CEAP alone is good for the routine
clinical use, the VSDS and VCSS provide better measuring
standards for evaluating outcome. 

Conclusions

Detection of reflux and obstruction and evaluation of
the calf muscle pump can be done with the current
methods. Significant improvement has occurred in the
pathophysiology and management of CVD through these
tests. When necessary, a combination of imaging and
physiologic tests provide a more complete assessment.
Far from being perfect tools, there is significant room
for improvement in many areas. Statistical validation of
tests needs to be rigorous to improve accuracy. 
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those who have undergone a major trauma, orthopedic
surgery, or have a spinal cord injury. These groups have
a risk of proximal or calf DVT as high as 20% and 80%,
respectively.1,3

With appropriate use of prophylactic therapy (including
mechanical devices, low-molecular-weight heparins, and
unfractionated heparin), the risk of DVT can be reduced
by as much as 88%.1 Although prophylaxis remains the
cornerstone of management for DVT, some authors
have found up to a 23% risk of DVT and subsequent
thromboembolic events even with appropriate therapy
in ventilated intensive care unit (ICU) patients.4

The goal of a screening or surveillance program is to
identify the presence of DVT before a life-threatening
thromboembolic event. A high level of suspicion based on
the patient’s clinical situation remains the key compo-
nent of any screening or surveillance program. The ideal
screening test would have a high sensitivity, be cost-
effective, be applicable to all high-risk patients, and be
noninvasive. At this time the ideal test does not exist.
Which screening and surveillance test is the most appro-
priate will depend on the individual characteristics of a
particular patient.

Venous duplex ultrasound, D-dimer levels, fibrinogen
scans, impedance plethysmography, computed tomogra-
phy scans, magnetic resonance scans, and venography

Venography

Fibrinogen Scans

Impedance Plethysmography

Wells’ Pretest Probability Criteria

D-Dimer Testing

Venous Duplex Ultrasound 

Computed Tomography Scan

Magnetic Resonance Imaging

Surveillance Programs

Conclusions

eep venous thrombosis (DVT) and subsequent venous
thromboembolic events remain a significant cause of death
and morbidity in hospitalized patients. Stratification of
patients into risk groups based on commonly known risk
factors has been well described.1 The rate of DVT ranges
from 9% to as high as 80% in hospitalized patients
without prophylaxis.2 The patients at highest risk for
DVT include those over the age of 40 years who have a
past history of DVT, cancer, or hypercoaguable state; and
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have all been employed for screening; all have their
limitations (Table 44-1). 

Venography

Often considered the gold standard for DVT detection,
ascending venography is rarely used today for screening.
Its invasive nature, limited availability, and potential
for inducing venous thrombosis have relegated this test
to use as a confirmatory examination in limited cases. 

Fibrinogen Scans

Iodine labeled-fibrinogen uptake studies (125 I-fibrinogen)
were first used clinically in 1970.5 After receiving a
dose of iodide to block thyroid uptake of the tracer, a
patient is given the radioactive tracer. Four hours later,
scanning is performed and subsequently repeated every
24 hours. Radioactive readings are compared to the pre-
cordium and are considered positive if activity in the
vein is 20% higher than the precordium over 24 hours.
The sensitivity of this study is between 49% and 81%.5

Disadvantages include the long delay to diagnosis, poor
sensitivity compared to other methods, poor detection
of pelvic and proximal thigh thrombus, and patient
exposure to radioactivity.

Impedance Plethysmography

By temporarily obstructing the venous outflow from a
limb and then recording the change in volume with release
of the cuff, an estimate of the volume of blood return
can be obtained. This can then be evaluated to determine
whether the vein is patent. Impedance plethysmography
was shown to be effective in identifying occlusive proxi-
mal thrombus in symptomatic patients, but unfortunately
it cannot be used in many high-risk patients because of
bandages or extremity trauma, and it will often not detect
nonocclusive thrombus. Its estimated sensitivity as a
surveillance test is only 33%.5

Wells’ Pretest Probability Criteria

In 1997, Wells and colleagues proposed and validated
a set of parameters to screen patients for DVT based on
their medical history and physical examination findings
(Fig. 44-1).6 These parameters were found to be very
accurate in dividing patients into two categories: (1) those
likely to have DVT; and (2) those not likely to have DVT.
The main focus of this work was to safely decrease the
number of patients who required ultrasound screening.
By combining the pretest parameters with D-dimer assays,
the researchers were able to decrease the number of
duplex ultrasound studies by 42% overall.6 In addition,
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TABLE 44-1. Screening Tests for DVT

Test Accuracy Limitations  

Venography Sensitivity: 100%* Invasive; risk of inducing DVT; 5% to 15% indeterminate 
Specificity: 100%*

Impedance Sensitivity: 73% to 96%† Poor for nonocclusive thrombus
Plethysmography Specificity: 83% to 95%†

Fibrinogen scanning Sensitivity: 49% to 81% Radiation exposure and long delay to diagnosis

Duplex ultrasound Sensitivity: 93% to 100%‡ Time consuming, user dependent 
Specificity: 97% to 100%‡ 

D-dimer assay NPV: 89% to 99% Only accurate for excluding DVT, limited evaluation in 
inpatient population

Computed tomography Sensitivity: 93% to 100% Radiation exposure, expensive  
Specificity: 100% 

Magnetic resonance imaging Sensitivity: 87% to 100% Expensive, limited availability  
Specificity: 95% to 100%

*Excluding 5% to 15% of tests that are considered indeterminate.
†In symptomatic patients. Sensitivity is only 19% to 33% in asymptomatic patients.
‡For proximal DVT only.
For whole blood agglutination study in combination with clinical predictive parameters.
For calf and proximal DVT.



only 38% of patients felt to be unlikely to have DVT
required any duplex scanning. In follow-up, only 0.4%
of patients initially ruled out for DVT developed venous
thromboembolism.6 How well this protocol can be applied
to inpatients has yet to be determined. 

D-Dimer Testing

Several serum or whole blood D-dimer assays are avail-
able. The most accurate (but also most expensive and
time-consuming) is the enzyme-linked immunosorbent
assay (ELISA). The most widely studied is the rapid
whole blood agglutination (SimpliRed). The combi-
nation of whole blood agglutination D-dimer assay and
clinical evaluation has been shown to be an effective
method of screening patients in an outpatient setting.6–8

A recent randomized study by Wells and colleagues
showed promising results for this combined approach
for ruling out DVT in emergency department patients.6

The D-Dimer test had a negative predicted value of
99.1% in patients who were felt to be at low-risk for
DVT based on clinical parameters, and it had a negative
predictive value of 89% in patients felt to be likely to
have a DVT. Wells and colleagues showed a significant
decrease in the need to perform venous duplex in this
study. Unfortunately, the patients at highest risk for DVT
often have conditions such as recent trauma, surgery,
arterial thrombosis, pneumonia, myocardial infarction,
or disseminated intravascular coagulation (DIC), all of
which will elevate D-dimer levels independent of DVT.

The effectiveness of D-dimer testing in critically ill hos-
pital patients has been debated.9,10 A study by Owings
and colleagues showed elevated D-dimer in severely
injured patients for 48 hours, making D-dimer assays of
little value during that period. They concluded that D-
dimer levels could be used to exclude thromboem-
bolism in severely injured patients, with a negative
predictive value of 100%; and that assays may be of
value for screening during prolonged hospitalizations.9

Venous Duplex Ultrasound

Advantages of venous duplex ultrasound (DU) include
being noninvasive, portable, and relatively inexpen-
sive; and its ability to differentiate acute from chronic
thrombus. The technique for venous duplex scanning
has been well described by many authors. Several
variables can be evaluated to determine the presence of
acute thrombus. These include vein incompressibility,
visualization of thrombus, absence of spontaneous flow,
and absence of phasic flow with respiration. When a
combination of these diagnostic variables is used, a sen-
sitivity of 95% can be obtained.11 Disadvantages include
its inability to scan patients with extremity trauma and
inaccessible extremities, its poor visualization of pelvic
and proximal thrombus, the user-dependent accuracy,
and its time-consuming examinations. Despite these
limitations, venous duplex scanning has become the
most commonly used test for DVT screening and
surveillance.

Computed Tomography Scan

Computed tomography (CT) is increasingly being used
to detect pulmonary embolism, and it has been
recently evaluated as a screening test for DVT.12–14 The
reported sensitivity ranged from 93% to 100%, with a
specificity of 100% for femoropopliteal thrombus. The
accuracy of the test was comparable to duplex ultra-
sound, and CT had the advantage of being able to
evaluate the iliac and inferior vena cava systems. Loud
and colleagues found combined CT venography and CT
pulmonary angiography to be an accurate and efficient
evaluation for a patient with suspected PE.14 The
disadvantage of CT is its cost and its radiation exposure
when compared with sonography.

Magnetic Resonance Imaging 

Magnetic resonance (MR) imaging of the lower extremi-
ties is noninvasive and very accurate. The sensitivity is
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Active cancer (patient receiving treatment 1
for cancer within the previous 6 months or  
currently receiving palliative treatment)  

Paralysis, paresis, or recent plaster 1
immobilization of the lower extremity  

Recently bedridden for 3 days or more, or 1
major surgery within the previous 12 wks  
requiring general or regional anesthetic  

Localized tenderness along the distribution 1
of the deep venous system    

Entire leg swollen 1

Calf swelling at least 3 cm larger than on 1
the asymptomatic side (measured 10 cm  
below the tibial tuberosity)    

Pitting edema confined to the symptomatic leg 1

Collateral superficial veins (nonvaricose)  1

Previously documented DVT  1

Alternative diagnosis at least as likely as  DVT �2

Score Clinical Characteristic

Figure 44-1. Wells’ clinical model for pretest probability of
DVT. A score of 2 or higher indicates that the probability of DVT
is likely; a score of less than 2 indicates that the probability of
DVT is unlikely.



87%, 100%, and 100%, respectively, for calf, thigh, and
pelvic DVT with correstponding specificities of 97%,
100%, and 95%.15 In addition, MR can be used safely
in pregnant women, can differentiate between acute and
chronic DVT, and may provide information regarding
potential pelvic disease as the etiology for the DVT. MR
scanning is mainly used as a confirmatory test or to
evaluate the proximal venous systems because its cost
and limited availability make it a poor screening test.

Surveillance Programs

The routine duplex ultrasound screening of trauma
patients for DVT to prevent thromboembolism during a
prolonged hospitalization has been met with mixed
reviews. When used, duplex ultrasound screening is
usually performed on a semiweekly or weekly basis.
Some studies found little evidence that it is either cost-
effective or prevented thromboembolism.16,17 Overall, DVT
was found in only 2.5% of patients, and only 5 of 21
duplex scans were positive in patients with pulmonary
embolism.11 However, in selected high-risk populations,

the incidence of silent DVT is significant enough to war-
rant some form of surveillance. Until randomized studies
are completed comparing duplex ultrasound, D-dimer test-
ing, and prophylaxis alone, weekly screening ultrasound
studies are recommended in high-risk patients with
prolonged hospitalizations. CT or MRI scans in patients
with a history of pelvic surgery, trauma, cancer, or a
history of previous pelvic DVT is a noninvasive method
to evaluate the iliac and vena cava circulation for DVT.

Conclusions

For outpatient screening, a combination of clinical pre-
dictive parameters and D-dimer testing is an effective
method of identifying patients for venous duplex scan.
For the highest-risk patients, venous duplex scan remains
the most effective screening method (Fig. 44-2). For
patients who have prolonged hospitalization, initiating
appropriate prophylactic therapy and venous duplex scan-
ning of symptomatic patients is recommended (Fig. 44-3).
Further studies need to be conducted to evaluate the use
of D-dimer assays in hospitalized, high-risk patients. 
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Figure 44-2. Protocol for outpatient screening.

Evaluate patient 
using the Wells’ criteria

Protocol for Outpatient Screening

 DVT likely

Duplex ultrasound 
of extremity

If positive 
then initiate 

therapy Duplex ultrasound 
of extremity

Workup alternative 
diagnosis

D-Dimer testing

 DVT unlikely

If negative but history 
of pelvic cancer, 

surgery or DVT then 
obtain a CT scan or 
MRI of the abdomen 

and pelvis

If positive 
then 

initiate 
therapy

If negative but history 
of pelvic cancer, 

trauma, surgery or DVT 
then obtain a 

CT scan or MRI 
of the abdomen 

and pelvis

If negative and 
no history of pelvic 

cancer, trauma, 
surgery or prior 

DVT then:
Evaluate for 

alternative diagnosis
Repeat DUS in 

one week
If negative and 

no history of pelvic 
cancer, trauma, 
surgery or prior 

DVT then:
Evaluate for 

alternative diagnosis
Repeat DUS in 

one week
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Inpatient with 
adequate prophylaxis

Protocol for High-Risk Inpatient Screening

Symptomatic

Duplex ultrasound 
of extremity

Hospitalized <7 daysHospitalized >7 days

Asymptomatic

Duplex ultrasound 
now and weekly

Initiate therapy if 
positive

Continue 
prophylaxis and 
schedule weekly 
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If positive then 
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If negative then 
CT scan or MRI 

of abdomen 
and pelvis

Figure 44-3. Protocol for high-
risk inpatient screening.
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availability. The data presented in this chapter summa-
rize the experience of upper extremity duplex imaging
in an Intrasocietal Commission for Accreditation of
Vascular Laboratory (ICAVL)–accredited vascular labo-
ratory. Upper extremity evaluations have increased to
13.9% of all studies performed annually in this vascular
laboratory, up from 4.8% only 5 years ago.2 Table 45-1
lists the indications for upper extremity scans conducted
over the previous 12 months. Only 43% (191/442) of
the upper extremity evaluations were done to rule out
thrombosis.

All patients who had an upper extremity duplex scan
were included in this study. Hospital charts were reviewed
and medical history, risk factors, hospital course, demo-
graphic information, treatment, and follow-up data were
collected and entered into a vascular registry. Variables
collected include signs and symptoms; duration; admit-
ting diagnosis; possible hypercoagulable states; presence,
type, and extent of existing neoplasia; presence and type
of peripheral or central venous access; type of venous
catheter (e.g., single-lumen, triple-lumen, or Swan-Ganz);
and site of placement and duration. Also recorded were
the presence of pacemakers and defibrillators, IV fluids
administered, and whether the patient was receiving
total parental nutrition (TPN). Diagnostic tests and
location of thrombi were reviewed, as were type of
anticoagulant or lytic therapy. 

A total of 701 upper extremity venous duplex scans
to rule out thrombosis were analyzed. Some 38% were

Introduction

Technique

Duplex Findings

Introduction

he number of patients who come into the vascular
laboratory for evaluation of upper extremity problems
is far smaller than the number who come for lower
extremity testing. However, this number recently has
grown, accompanying the increase in radial artery har-
vesting for coronary bypass grafting and the Dialysis
Outcomes Quality Initiatives (DOQI) recommendations
for increased establishment of arteriovenous fistula
(AVF).1 Preoperative vein mapping for dialysis access
has had a significant impact on the use of the vascular
laboratory. Unfortunately, the ability of the vascular labo-
ratory to provide information is limited by reimburse-
ment issues, scheduling problems, and technologist
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positive for thrombosis, and isolated superficial venous
thrombosis was identified in 85 patients. Distribution
and sites of veins are presented in Table 45-2. 

Technique

A scanning protocol was followed for each duplex
scanning session. The upper extremity examination begins
with a detailed assessment of signs, symptoms, past
medical history, and risk factor analysis. The patient
then is placed in a supine position, and the radial vein
is visualized from the wrist to the brachial vein. Next,
the ulnar vein is followed from the wrist to the ante-
cubital fossa, where the ulnar and radial veins form the
brachial vein; the brachial vein is followed into the
upper arm. At the junction of the basilic and brachial
veins, the axillary vein is formed. The axillary vein is
followed under the shoulder in the direction of the
clavicle. The junction of the cephalic and axillary veins
forms the subclavian vein. The junction of the sub-
clavian and jugular veins originating at the innominate
vein is not visualized routinely because of its depth;
however, Doppler signals analyzed in this area provide
indirect information about the patency of the central
veins, and newer color scanners have increased the
ability to image them. Doppler signals of the subclavian
vein are assessed: Normally, the flow is spontaneous
and phasic with augmentation, and no reflux is identi-
fied. The internal jugular vein is examined from the
clavicle cephalad until it dives under the mandible.
Doppler signals of the internal jugular vein also are

obtained to assess spontaneous and phasic flow. Finally,
the superficial veins are assessed by following the basilic
vein along the ulna until it joins the brachial vein. The
largest-diameter antecubital vein connects the basilic
and cephalic systems at the antecubital fossa. The ante-
cubital perforator also is seen connecting the cephalic
and brachial veins. The cephalic vein is traced along
the radius and up the arm, where it joins with the
axillary vein. 

For reporting convenience and ease of communica-
tion, the upper extremity is divided into zones (Fig. 45-1).
In each examination, the position of the probe and
localizing abnormal findings are reported. Each zone
covers approximately 10 cm in length. Zone 1 is located at
the suprasternal notch, Zone 3 at the acromial clavicular
process, Zone 5 at the anticubital fossa, and Zone 8 at
the wrist. 

When a visible intraluminal thrombus is identified,
several of its characteristics are assessed to determine its
relative age; these characteristics include clot occlusive-
ness, clot retraction, clot distention, vein compressions,
echogenicity and homogeneity, the development of col-
lateral venous channels, and recanalization. The clot
may be partially or totally occluding (Figs. 45-2 and 45-3).
A totally occluding clot indicates an acute process.
Free-floating thrombi actually are tethered distally but
extend cephalad in the vein without a more proximal
attachment to the vessel wall. These free-floating throm-
bus tails exhibit a side-to-side waving in the venous lumen
that can be induced by gently bouncing the probe on
the skin or with respiration (Fig. 45-4). Free-floating
tails usually become attached to the venous wall within
1 to 2 weeks.
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TABLE 45-1. Indications for Upper Extremity
Scans

Indications Number

Upper extremity venous duplex to rule out 191
thrombosis

Upper extremity dialysis evaluations 142

Upper extremity radial artery bypass harvest 16 

Upper extremity graft surveillance 35 

Evaluation for line placement 9

Upper extremity arterial duplex 8  

Upper extremity symptoms with/without 35
cold challenge 

Thoracic outlet evaluation 6

Total 442

TABLE 45-2. Veins Involved by Thrombosis* 

Veins Involved Total 

Subclavian 103 

Cephalic 99 

Internal jugular 78

Axillary 59 

Brachial 56 

Basilic 61 

External jugular 19

Radial 6 

Antecubital 8 

Ulnar 3

Total 492 

*Several patients had multiple vein segments involved.



Duplex Findings

Venous Abnormalities

Clot retraction is defined as the concentric separation
of the thrombus from the vein walls; there appears to
be a very thin gap between the thrombus and the
circumference of the venous wall. Retraction is thought
to occur within a few hours of thrombus formation
through clot contraction of the platelet fibrin mesh for-
mation and extrusion of serum. Clot retraction usually
lasts only 1 to 2 weeks, and then the clot becomes
adherent to the vein wall. 

Clot distention occurs when the vein is dilated to a
larger-than-normal diameter by a thrombus in a cross-
sectional area. In this context, clot distention differs from
venous distention caused by obstruction or by venous
hypertension in the absence of an intraluminal thrombus.
In the latter, it is possible to completely collapse the wall

of the vein with the pressure of the probe and receive
a Doppler signal. Veins exhibiting clot distention gradually
shrink over several weeks to months. 

An acutely thrombosed vein may be partially com-
pressible. Unlike a chronically thrombosed vein, acute
thrombi can be deformed by only light probe pressure.
When viewed transversely, the round vein appears oblong
(Fig. 45-5). A thrombus remains soft for approximately
24 hours after formation. The clot surface may be smooth
or irregular; this usually is best assessed by a longi-
tudinal view of the thrombus tip. Acute thrombi tend
to have smooth, rounded tips because of continued
surrounding flow. 

Echogenicity is defined as the overall brightness of
the clot compared with the surrounding tissues. Brightly
echogenic thrombi tend to be chronic because serum
resorption makes them denser. Apparent changes in
echogenicity may be influenced by electrical gains of
the instruments, depth of the structure being assessed,
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Figure 45-1. Zones of refer-
ence for upper extremity venous
scanning: midline = 1.0, acromion
= 3.0, elbow = 5.0, wrist = 8.0,
and fingertip = 9.0. (Reprinted
with permission from Elsevier
Science.)



and acoustic shadow of the overlying tissues, making
echogenicity a somewhat subjective finding. Homogeneity
also is assessed. Acute thrombi tend to be homogeneous,
whereas chronic thrombi tend to be heterogeneous. 

Development of collateral venous channels is an
absolute sign of chronic thrombosis. These channels are
very small, lie parallel to the main vein trunk, and do
not contain valves. Normal venous tributaries are larger,
enter the main venous channel at an acute angle, and
contain valves. Collateral venous channels are best visu-
alized in a transverse field and may be seen as early as
1 to 2 weeks after initial thrombosis; however, they
usually are not visible for a month or more after venous
occlusion. 

Recanalization is evidenced by an open, collapsible
channel that runs through a thrombus. The recanalized
channel, which is surrounded entirely by a clot, tends
to occur rather late. 

Using the aforementioned characteristics, thrombi were
classified as acute, chronic, or indeterminate (Table 45-3).
Classification must be based on the characteristics of
the entire thrombus rather than on an isolated segment
because the deep venous thrombosis is a continuing

process. For this reason, a single thrombus may manifest
various aging characteristics in different regions. Repeat
duplex scans often are necessary, and commonly show
the evolution of characteristics that are equivocal with
the initial scans. 

Soft-tissue Abnormalities

Some scans may be performed to evaluate soft-tissue
abnormalities, which can be differentiated by their
characteristics. The topic of pulsatile groin masses in
patients with a history of femoral trauma was reviewed
by Montefusco.3 The study indicates that features of
pseudoaneurysm include visible intraluminal swirling
and turbulent Doppler spectra. Further, common asso-
ciated findings include a centrifugal thrombus with a
superimposed arterial spectrum and a visible arterial
laceration. 

Abscesses, on the other hand, have hyperechoic
contents, give off no Doppler signal, have inducible
eddy motions, and often have an echo-dense capsule.
Commonly associated findings include regional
solidification. 
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Figure 45-2. Acute thrombosis of the brachial vein: G = gel,
S = skin, SQ = subcutaneous tissue, AT = areolar tissue, T =
totally occluding acute thrombus, BV = brachial vein, A =
brachial artery. (Reprinted with permission from Elsevier
Science.)

Figure 45-3. Acute thrombus of the internal jugular vein: 
G = gel, SQ = subcutaneous tissue, P = platysma muscle, F =
fascia, M = sternocleidomastoid muscle, IJV = internal jugular
vein, T = acute thrombus, CCA = common carotid artery.
(Reprinted with permission from Elsevier Science.)
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Figure 45-4. Free-floating thrombus in the internal jugular
vein: M = sternocleidomastoid muscle, AT = areolar tissue, 
IJV = internal jugular vein, FF = free-floating thrombus.
(Reprinted with permission from Elsevier Science.)

Figure 45-5. Acute thrombus in the axillary vein: G = gel, 
S = skin, SQ = subcutaneous tissue, T = totally occluding acute
thrombus, AV = axillary vein, A = axillary artery, AT = areolar
tissue. (Reprinted with permission from Elsevier Science.)

TABLE 45-3. Clot Characteristics: Relative Value in Clot Aging†

Characteristic Acute Value Chronic Value 

Degree of occlusion Total ** Partial ** 

Free-floating Free **** Stationary **

Clot retraction Retracted *** Adherent *** 

Clot distention Distended *** Contracted ** 

Clot compressibility Soft **** Firm * 

Surface character Smooth ** Irregular ** 

Echogenicity Faint * Bright * 

Homogeneity Homogeneous ** Heterogeneous ** 

Collaterals Absent * Present **** 

Recanalization Absent * Present **** 

†Four asterisks indicate a diagnostic level; three asterisks, good; two asterisks, fair; and one asterisk, poor (nondiagnostic). Each asterisk
indicates the relative value to be given to each criterion in interpretation of clot age. Many criteria are valuable only when present, and the
overall decision represents a weighted average. (Reprinted with permission from Elsevier Science.) 



Hematomas exhibit a variable echo density, are non-
compressible, have no fluid movements or clear
margins, and give off no Doppler signal. If hematomas
are less than 12 hours old, they may be hypoechoic
with focal liquefaction. If they are more than 2 weeks
old, dissection through the soft tissues commonly is
seen. 

Edema fluid is radiolucent, follows tissue planes, and
is not compressible. Lymph nodes are spherical and
encapsulated with a mixed internal echogenicity and are
noncompressible. Small lymph nodes may be invisible
or difficult to see. Large lymph nodes, of course, are seen
in the presence of infection, cellulitis, or tumors. In fact,
the duplex scan image of large, swollen lymph nodes
shows an architecture strikingly similar to the cross-
section of a lymph node that is depicted in pathology
textbooks. 

Cysts are slightly echogenic and are best seen in a
transverse view, where they can be distinguished from
the surrounding tissue structures. Cysts may be
partially compressible and, at times, may compress an
artery or vein, causing an increase in peak velocity
signals. 

Duplex scanning holds special value for the evalua-
tion of aneurysms, pseudoaneurysms, and for the
surveillance of grafts. In the past 5 years there has been
rapid expansion in the use of duplex imaging for the
diagnosis and evaluation of upper extremity venous
thrombosis, arterial suitability, and soft-tissue abnor-
malities, and for the evaluation of grafts. Requests for
examination of the upper extremity have increased,
and this area of clinical interest likely will continue to
expand. 

A multicenter collaborative study that assessed the
accuracy of lower extremity duplex scanning reported
that the procedure was 97% sensitive in extremities
with positive phlebograms.4 However, the phlebogram
was negative in 191 extremities and was considered to
be incorrect in 6 instances. Thus the phlebogram was
not a perfect standard when negative, and the duplex
scan was slightly more accurate.5,6

It has not been possible to generate similar data for
the upper extremity because there is a blind area behind
the clavicle (Fig. 45-6). Thus a negative duplex scan does
not absolutely rule out thrombosis of the subclavian
vein. In the author’s study, a phlebogram was requested
when there was doubt; unfortunately, only 10 were
obtained. Although all were confirmatory, it is possible
that some subclavian vein thromboses were missed. In
most cases, however, a negative duplex scan and normal
Doppler signals in the subclavian vein were accepted
as evidence of normal venous flow. Rapid-sequence
spiral CT scanning offers another modality to evaluate
this area.

In the author’s vascular laboratory, all scans are
performed with commercially available high-resolution
duplex instrumentation. Both black-and-white and color

scanners are used. The interpreting physician grades all
scans for quality using a three-part system: 

● Poor indicates that a portion of the scan was not
interpretable or a segment of the extremity was not
visualized. 

● Fair indicates that diagnosis could be made but the
entire extremity was not well visualized.

● Good indicates that all structures were well
visualized.

Because duplex scanning has become the standard
of practice to evaluate extremity veins, grading and assess-
ment are an important means to ensuring the accuracy
and reliability of a vascular laboratory. 

To perform at the level required for ICAVL certifica-
tion, a vascular laboratory must conduct phlebography
in less than 10% of patients. Because duplex scanning
is significantly dependent on the technologist’s skill,
quality control issues are central to continuing valida-
tion of this test. Formal comparison with phlebography
is no longer available in this laboratory. When possible,
blinded duplicate scanning programs by different tech-
nologists are used as a method to document quality
control and improve test reliability. Further, physicians
who are responsible for interpreting findings and over-
seeing the vascular laboratory must be personally
skilled in the techniques of venous duplex imaging and
the use of equipment. Finally, better scanner resolution
also has improved the results of venous duplex
imaging.7–12

Unfortunately, symptoms of deep vein thrombosis of
the upper extremity are not diagnostic, especially for
acute thrombosis. The author’s study demonstrated that
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Figure 45-6. Innominate vein occlusion. (Reprinted with
permission from Elsevier Science.)
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Figure 45-7. Evaluation of the arteries and veins protocol. 
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of those scans performed to rule out venous thrombosis,
75% did not identify a thrombus. All of these patients,
however, were referred to the vascular laboratory because
they had symptoms, the most common being pain,
tenderness, and swelling. Pain and tenderness were as
common in the extremities that proved to have venous
thrombosis as in those that were negative. Swelling
was more common in the extremities with a confirmed
thrombosis, but this finding did not achieve statistical
significance. 

Catheter-induced thrombosis is an increasingly
common event because the central veins are used more
often for access, nutrition, chemotherapy, and monitoring.
In the author’s study, the most common associated risk
factor for upper extremity thrombosis was a central or
peripheral venous catheter. Indwelling catheters and
malignancy were the most commonly combined risk
factors; however, no identifiable risk factors were
present in 10% (11/107) of patients with thrombosis.
Hyperalimentation (TPN) was infused in 27% of patients
with thrombosis. Further, screening and venography
demonstrate that 30% to 60% of patients with central
venous catheters will have a thrombus in the axillary
subclavian venous segment, and 3% of these patients
will develop clinically symptomatic subclavian vein
thrombosis. Pulmonary emboli have been reported in
5% to 12% of a series of upper extremity thrombosis, and
it is estimated that 1% of these patients will die. Major
vein thrombosis in the upper extremities, much like that
in the lower extremities, may spread from a superficial
vein into the deep system; therefore, upper extremity
surveillance of isolated superficial vein thrombosis
(SVT) is recommended.13,14

Proximal Upper Extremity DVT

Spontaneous axillary-subclavian vein thrombosis tends
to occur in younger males who have an employment
history of over-the-head activity. Similarly, primary effort
vein thrombosis affects males more often than females
and has an approximate right arm–to–left arm ratio of
2:1. Peak age of occurrence is 28 years (see Figs. 45-5
and 45-6). Primary vein thrombosis presents with a
more characteristic pattern than does spontaneous
axillary-subclavian vein thrombosis, often in the right
arm of a male patient or in a left-handed patient who
has exerted his extremity in an unusual way. The arm
often is swollen and may be purplish. Superficial veins
may be more prominent, and a visible collateral net-
work may be identified. Swelling, followed by pain and
cyanosis, and prominent collateral veins are the most
common presenting findings for primary effort vein
thrombosis. Secondary thrombosis, however, can be
defined and categorized into those associated with
hyperalimentation, dialysis, chemotherapy catheters,
local tumor radiation, hypertonic or sclerotic solutions,
or hypercoagulability.15

In the instance of dialysis access, upper extremity
evaluations increasingly are being requested before
placement. Preoperative evaluation of dysfunctional
dialysis grafts allows operative planning.16 Vein map-
ping improves graft durability in patients with disad-
vantaged outflow, and vein size and continuity can 
be established. The protocol implemented in the
author’s vascular laboratory evaluates both veins and
arteries (Fig. 45-7). Bloodflow in the superficial palmar
arch is assessed at baseline with radial and ulnar
comparison. In addition, calcifications and aberrant
arterial anatomy are identified. Veins are evaluated
using tourniquet distention if less than 3 mm at rest. 

The growing number of uses for duplex imaging for
upper extremity veins and arteries has expanded the
indications and frequency of the application.17 Currently,
upper extremity venous imaging and duplex scans are
used to assist peripherally inserted central catheter (PICC)
line and central line insertion. Duplex imaging also can
facilitate access to central veins for lytic treatment.
Increasingly, upper extremity venous imaging is moving
not only from the diagnostic realm but also into that of
therapeutics and treatment. 

Duplex imaging is a practical method of diagnosis for
upper extremity venous thrombosis. The small mass of
the upper extremity, as compared to the lower extremity,
makes scanning easier and more likely to be accurate.
Upper extremity venous imaging can effectively assist
in the diagnosis of a spectrum of conditions including
aneurysms, cysts, hemorrhages, and thrombosis of grafts.
Although the blind area behind the clavicle requires
careful insonation, the area may be decreased by recent
color-flow imaging. Still, thorough evaluation of the
Doppler signal in this area is important in preventing false-
negative interpretations of central vein thrombosis. The
use of duplex scanning is growing to include the evalua-
tion of upper extremity abnormalities and arterial anom-
alies; this growth is expected to increase as venous
imaging proves useful in diagnostic as well as thera-
peutic and treatment situations.
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that occur in the United States each year, and more than
100,000 deaths caused by PEs. Despite our awareness
of this problem, many physicians still consider PE deaths
to be the single most preventable cause of death among
adult patients. 

Review of the relative risk levels suggested by meta-
analysis of reported studies allows one to appreciate
the complex clinical realities of venous thromboembolism.
Consensus studies1 have defined high-risk patient groups
as having a 4% to 8% incidence of proximal DVT, asso-
ciated with a 0.5% to 1% incidence of fatal PE. The very
high-risk patient groups have had an observed inci-
dence of proximal DVT of more than 8%, associated
with a 1% to 5% incidence of fatal PE. The unprecedented
study of Geerts and colleagues2 observed that proximal
DVT occurred in 18% of multitrauma patients when no
DVT prophylaxis was used. Despite a clear understanding
of the efficacy and an aggressive use of all effective
methods of DVT prophylaxis, fatal PE remains a critical
problem in trauma/critical care patients. This becomes
particularly disturbing when one considers that many of
these (typically younger) trauma patients would have a
normal life expectancy if they recovered from their
traumatic injuries.

The consideration of venous thromboembolism in the
multitrauma patient is further complicated by clinical
compromises in the application of available DVT pro-
phylaxis. Patients with closed head injuries or other
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enous thromboembolism remains a challenging and
somewhat enigmatic problem for practitioners of virtually
all specialties, but is particularly so for those in the sur-
gical specialties. The pathophysiologic risk factors for
development of deep venous thrombosis (DVT) are well
known, and countless well-designed studies have clearly
defined patient groups at high risk for DVT and pul-
monary embolism (PE). One large patient population is
the critically ill/multitrauma patient. There are well-
recognized and well-validated pharmacologic and phys-
iomechanical techniques for prophylaxis to reduce the
incidence of DVT and fatal PE in these high-risk patient
groups. Nevertheless, there remain over 500,000 DVTs
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significant neurospinal trauma, multiorgan trauma, or
other potential hemodynamic instability may not be can-
didates for antithrombotic prophylaxis with low-dose or
low-molecular-weight heparin. Furthermore, in patients
with significant extremity trauma that requires skeletal
fixation, intermittent mechanical compression devices
may not be fully functional or even feasible. Unlike the
patient presenting for an elective colon resection where
risk can be clearly assessed and DVT prophylaxis thought-
fully employed, multitrauma patients appear with unpre-
dictable combinations and permutations of injuries and
risk, making prevention of venous thromboembolism a
continuing dilemma.

From a practical standpoint, the prevention of fatal
PE is straightforward:

1. Prevent DVT: Formation of major, proximal DVT can
be prevented using pharmacologic and mechanical
techniques. However, in some cases DVT pro-
phylaxis cannot be used, and in others, even the
most “effective” prophylaxis does not guarantee
a clinically acceptable risk reduction of subsequent
fatal pulmonary embolism. 

2. Detect proximal DVT that are not prevented before
they embolize: Venous duplex ultrasound scanning
has been used in programs of routine interval DVT
surveillance for high-risk patient groups. These
examinations can be performed at the bedside in
virtually all clinical settings without risk or dis-
comfort to the patient. In the largest study of DVT
surveillance reported to date,3 this strategy was
effective in nearly eliminating fatal PE in a high-
risk neurosurgical population. Despite the use of
“effective” DVT prophylaxis in all patients, proxi-
mal DVT was diagnosed by surveillance duplex
scan in 5% of cases. Furthermore, 80% of proximal
DVT were asymptomatic at the time of diagnosis.
Earlier diagnosis of these DVT by surveillance
duplex scan allowed definitive treatment, and fatal
PE occurred in only 0.07% of more than 2500
patients studied. 

3. Ignore DVT altogether: Prevent migration of proxi-
mal DVT by empiric or prophylactic placement of
a vena caval filter. In neurosurgical patients dis-
covered to have proximal DVT by surveillance
duplex scan, inferior vena cava (IVC) filters were
placed to prevent PE because standard anticoagu-
lant treatment was contraindicated.4 This treatment
plan effectively eliminated fatal PE in these patients.
As noted previously, multitrauma and critical care
patients often remain in the high-risk or very high-
risk categories for fatal PE, even when multi-
modality DVT prophylaxis is used. This has led
some physicians to recommend prophylactic place-
ment of IVC filters in selected patients with the
presumption that this may be the only effective
means of preventing fatal pulmonary embolism. 

There has been a great liberalization of the indica-
tions for placement of an IVC filter to prevent PE. The
above discussion lends credence to these expanded indi-
cations, including even prophylactic IVC filter placement
in the absence of documented DVT or PE for selected
high-risk patients. The development of percutaneous
techniques for filter placement has simplified the proce-
dure; however, despite the routine use of percutaneous
venous access, filter insertion has required fluoroscopic
guidance, which in most institutions requires transport
of the patient to the operating room (OR) or to an inter-
ventional suite. Multitrauma patients may have closed
head or neurospinal injuries in association with major
pelvic or long bone fractures, and many (during their
high-risk period) require inotropic or ventilatory
support. Transportation of these patients often requires
additional medical, nursing, and paramedical staff and
can be cumbersome and/or hazardous. 

Advancing technology with duplex ultrasound scan-
ning has allowed routine diagnostic evaluation of deep
abdominal vascular structures including the aorta, portal
veins, renal and visceral vessels, and the inferior vena
cava. The authors’ own experience5,6 indicated that IVC
filters could be routinely imaged after placement, and
thrombotic complications of these procedures could be
documented. This experience, combined with the increas-
ing portability of the ultrasound units, made it logical
to consider bedside, duplex-scan–guided filter insertion
(DGFI) as an alternative technique for placement of an
IVC filter in critically ill or multitrauma patients. This
technique would avoid the need for transport of patients
out of critical-care units and thus greatly simplify their
management. In 1997, Nunn and colleagues7 from
Vanderbilt University were the first to publish their expe-
rience with ultrasound-guided filter placement. They
successfully inserted Greenfield filters in 49 out of 55
trauma patients. Soon after, Sato and colleagues8 from
Eastern Virginia Medical School reported their experience
with DGFI using the Vena Tech filter in 53 multitrauma
patients. The vast majority of complications in these
studies involved the failure to adequately visualize the
landmark anatomy with ultrasound. Others have reported
successful placement of filters using intravascular
ultrasound (IVUS).9

The mandatory use of fluoroscopic guidance for IVC
filter placement in the past has been based on several
presumed requirements. However, most of these pre-
sumptions are seriously flawed or clinically unimportant,
including the following:

1. Vena cavagram is necessary for precise placement
of the IVC filter below the renal veins: The left
renal vein is an easily identifiable ultrasonographic
anatomic landmark and is the lower of the renal
veins. Furthermore, the right renal artery is easily
visualized by duplex scan (in patients suitable
for deep scanning), passing posterior to the IVC
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at the level of the renal veins. An IVC filter placed
below the level of either of these vessels will be
appropriate and effective. Finally, concern about
the absolute need for placement of modern IVC
filters in precise approximation to the renal veins
is generally overstated. The original concern arose
from the fact that older devices (IVC clips and
umbrellas) were associated with IVC thrombosis
in 50% to 60% of cases. It was thought that the
vena cava above the clip (but below the renal
veins) would be an area of stasis where thrombus
would form and could embolize. This anecdotal
concern seems to have persisted despite the fact
that IVC thrombosis occurs in only 3% to 12% of
cases with modern IVC filters. Concern about
thrombosis following placement of an IVC filter
above the renal veins would be reasonable because
acute right renal vein thrombosis is clearly asso-
ciated with renal dysfunction. However, well-
documented experience with modern IVC filters
placed intentionally above the renal veins indi-
cates that this technique can be safely performed
and is effective for PE prevention.10 Any sugges-
tion that a modern IVC filter (e.g., the Greenfield
filter) must be placed in a precise, venographi-
cally controlled relationship to the renal veins is
clearly a therapeutic overstatement.

2. Vena cavagram is essential to measure the diameter
of the IVC: Because the diameter of modern
(conical) IVC filters is no more than 28 mm,
when the diameter of the IVC was greater 28 mm
by cavagram, it was believed that conical devices
could not engage the wall of the IVC and might
migrate cephalad. In such cases of “mega-cava,”
an alternative device (e.g., the bird’s-nest filter)
would be necessary. The accuracy of ultrasound
for diameter measurement of vascular structures
(e.g., abdominal aortic aneurysm) has been well
documented. Furthermore, during DGFI, both
saggital and short-axis duplex ultrasound imaging
of the IVC is routine. Interestingly, most IVC
(particularly in critically ill patients who may be
hypovolemic) are elliptical rather than cylindrical,
with a reduced AP diameter compared to trans-
verse. Cavagrams performed exclusively in an AP
projection would thus routinely overestimate the
diameter of the IVC. In addition, vast clinical
experience to date suggests that acute IVC filter
migration during placement is rare and has
happened even when a vena cavagram had been
performed. 

3. The vena cavagram will identify venous anomalies
such as a duplicated, or left-sided IVC: Routine
saggital and transverse ultrasound imaging of the
IVC can accurately identify most clinically relevant,
major IVC anomalies. These anatomic variants

occur quite rarely and, as above, could hardly jus-
tify the performance of a contrast study in every
patient having placement of an IVC filter. 

Technique for Duplex-Guided
Filter Insertion

All procedures are performed at the patient’s bedside in
the intensive care unit by a vascular surgeon, with
ultrasound imaging performed by a vascular technologist
experienced with deep abdominal scanning (Fig. 46-1).
Before the procedure, each patient undergoes a com-
plete lower extremity venous duplex ultrasound scan.

● Lower extremity veins: Patients with established
acute DVT undergo lower extremity venous duplex
scans for diagnosis. In addition, patency of the com-
mon femoral and iliac veins is confirmed. The right
common femoral vein is favored for IVC filter inser-
tion, but if thrombus is present, the left femoral may
be used. Rarely, bilateral iliac or common femoral
DVT may be present. In such cases, internal jugular
vein access would be required for filter insertion.
Most critical care areas are designed to have the
majority of monitoring and support equipment at
the head of the bed, making bedside DGFI using
the jugular vein approach unnecessarily complex.
Filter placement in such cases should be performed
under fluoroscopic guidance. 

● Inferior vena cava: Imaging of the IVC is performed
with a commercially available color Doppler duplex
ultrasound scanner using a low-frequency, deep
abdominal scan head. A subxiphoid or subcostal
approach is typically employed, but a right flank
approach may also be useful. Because it is desirable
to place the IVC filter below the renal veins, one
anatomic landmark is the confluence of the left renal
vein with the IVC. The vena cava diameter is
measured in both the long and short axes in this
area. Imaging at this level will also identify major
anatomic anomalies of the vena cava. Long-axis
imaging of the vena cava allows visualization of the
right renal artery, seen end-on as it passes behind
the IVC (Fig. 46-2A). Additionally, identification of
the right renal artery can be confirmed by Doppler
spectral waveform analysis (Fig. 46-2B). Placement
of the filter at this level ensures appropriate posi-
tion below the renal veins, and an attempt is made
to maintain this anatomic localization throughout
the procedure. In every case, preliminary IVC scan
must ensure adequate visualization of the afore-
mentioned structures. If these anatomic landmarks
cannot be visualized, the filter is placed using fluoro-
scopic guidance; or, more recently, with the assis-
tance of IVUS. 
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Transfemoral venous catheterization is performed, and
the filter carrier is advanced until it can be visualized
at the level of the right renal artery (as described above).
Filter insertion can be observed in real time. Direct
visualization of the wire and filter carrier within the
vena cava is maintained throughout the procedure, and
once infrarenal positioning of the carrier is confirmed,
the filter is deployed (see Fig. 46-2C). Following inser-
tion, accurate deployment in the IVC is documented
with both longitudinal and cross-sectional imaging (see 
Fig. 46-2D).

Following successful filter placement, duplex ultra-
sound scanning of the IVC and the femoral vein insertion
site is performed 5 to 7 days after the procedure, or before
discharge. This initial follow-up scan is performed pri-
marily to diagnose IVC thrombosis or thrombosis at the
insertion site, but it also confirms the anatomic location
of the filter.

Clinical Experience

Bedside DGFI has been performed in 67 multitrauma
patients at the authors’ institution. This group was typical
of a trauma population with a predominance of young
men, and included 50 men and 17 women with a mean
age of 43 years. The indication for IVC filter placement
was acute, proximal DVT in eight cases (12%); the other
59 patients had filters placed purely for PE prophylaxis.
Some form of DVT prophylaxis had been used in 60
patients (i.e., intermittent pneumatic compression in 50,
low-dose heparin in 10). DVT prophylaxis was not pos-
sible or was contraindicated in seven cases (Table 46-1).

When ultrasound visualization of anatomic landmarks
was successful, no conversions to fluoroscopic guidance
were required in these 67 cases. Vena caval filter place-
ment was performed through the right common femoral
vein in 59 cases and via the left common femoral vein
in 8 patients. All patients had Greenfield IVC filters
placed; 60 had titanium filters and 7 had stainless steel
filters. The authors favor the titanium Greenfield filter
for DGFI because the metal carrier of the titanium filter
is more echogenic and thus easier to visualize in the IVC
than is the plastic carrier used with the newer “over-
the-wire” stainless steel filters.

As noted above, all patients had postinsertion duplex
scans of the IVC and femoral vein insertion site approxi-
mately 1 week after the procedure. No patient had early
insertion site thrombosis or IVC thrombosis. Suprarenal
placement was recognized in one case; this was felt to
represent an error in interpretation of the ultrasound
during placement of the filter early in the authors’ expe-
rience. The postprocedural scan noted that the filter
was circumferentially engaged in the IVC wall with no
evidence of tilt, and no further treatment was required. 

There were no deaths caused by PE in this series,
and no patient suffered a documented nonfatal PE. Five
patients died from their traumatic injuries (7.2% mor-
tality). There were no serious complications directly
associated with filter insertion. 

Follow-Up

Follow-up IVC and lower extremity venous duplex scans
have been performed in 40 patients (65% of survivors)

482 Part Two: Imaging the Body ● VENOUS

Figure 46-1. The set-up for DGFI. A, A typical multitrauma patient in the intensive care unit intubated with neurospinal and
long bone fractures, invasive monitoring, and several intravenous drips. B, Note the vascular technologists at the head of the
bed with the ultrasound screen in full view of both the technologists and the surgeon.
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Figure 46-2. A, Longitudinal image of the IVC and the right
renal artery end-on. B, The right renal artery identified with
Doppler spectral waveform analysis. C, Direct visualization of
the guide wire and filter carrier within the vena cava. D, Post-
deployment longitudinal scan confirming infrarenal positioning.
E, Postdeployment cross-sectional scan showing filter struts
engaged in the caval wall. 

D

E
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from 1 to 18 months (mean of 5 months) following DGFI.
One patient had a nonocclusive thrombus visualized in
the filter 3 weeks after insertion, but the IVC remained
patent on further follow-up. An additional patient
developed insertion site thrombosis and IVC thrombosis
at 1 month. These findings resolved by the 6-month
follow-up study. The patient did not suffer a PE or have
any postphlebitic changes. Longer follow-up revealed 1
(new) acute DVT in the 40 patients studied. Additionally,
there was evidence of filter migration in one patient. 

Extended follow-up study of any multitrauma patient
population has generally been compromised in the past
both by patient mortality and patient reliability. Never-
theless, in this experience with follow-up in nearly 70%
of cases, the incidence of thrombotic complications (i.e.,
IVC thrombosis and insertion site thrombosis) appears
significantly lower than previously observed in the overall
population of patients with IVC filters at the authors’
institution. Aswad and colleagues5 performed routine
follow-up duplex scan on 174 patients having IVC filter
placement and observed IVC thrombosis in 12% of cases
and insertion site thrombosis in nearly 25% of cases.
However, no patient having prophylactic IVC filter place-
ment in that original series was observed to have IVC
thrombosis. Similarly, IVC thrombosis has been observed
following DGFI in only one case (1.5%). Some of the
reasons for this difference are self-evident. The overall
hospital group includes elderly patients with more com-
plex multisystemic medical comorbidities (including,
not infrequently, disseminated malignancies with active
thromboembolic disease) as an indication for treatment.
This difference in the risk of IVC thrombosis is very
clinically relevant. One of the major concerns regarding
prophylactic IVC filter placement has been the long-
term sequelae of these devices in a younger patient
population. At present it appears that the risk of throm-
botic complications of this procedure is acceptably low,
at least in the early follow-up period.

Cost

The cost of (or charges for) materials and professional
activities involved in placement of an IVC filter would
not be expected to be significantly different for bedside
placement compared with traditional placement in the
OR or in an interventional suite. Generally however, the
OR/interventional radiology (IR) suites involve facility
fees that may be considerable. Perhaps most important
are the intangible costs of the time and additional per-
sonnel routinely required to transport and attend these
critically ill patients throughout the procedure. In this
regard, bedside DGFI should offer considerable savings
in terms of the expenditure of critical medical care
resources. In the authors’ experience, the physician and
nursing staffs caring for these patients have uniformly
expressed their appreciation that IVC filter insertion
could be performed in such an uncomplicated fashion. 

Conclusions 

Bedside DGFI is a safe, reliable, and effective method of
filter insertion and PE prevention in carefully selected,
high-risk, multitrauma, or critical-care patients. Bedside
filter placement was associated with a lower incidence of
thrombotic complications, and early and intermediate
follow-up have revealed no untoward sequelae from these
procedures. Under optimal circumstances, this technique
greatly simplifies management of patients judged to be at
high risk from the complications of venous thromboem-
bolism. Our experience suggests that this technique can
be safely applied, more broadly, to patients in critical-care
areas who might require an IVC filter. Bedside DGFI should
be considered in complex, high-risk patients in whom other
forms of DVT prophylaxis are ineffective or unavailable.
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TABLE 46-1. Patient Demographics and Methods of DVT Prophylaxis

Bedside Duplex-Guided Filter Insertion in Multitrauma Patients Prophylaxis Established DVT 
(n = 67) (n = 59) (n = 8)  

Demographics    

Male 46 4 

Female 13 4 

Mean age 35 58  

DVT Prophylaxis    

Mechanical compression 47 3

Low-dose heparin 9 1

None 3 4  
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2. Differentiation of the focal liver diseases

3. Evaluation of the hepatoportal vasculature before
surgical procedures and surveillance after:
● Liver resection
● Surgical portosystemic shunts and transjugular

intrahepatic portosystemic shunts (TIPS)
● Liver transplantation

Examination Technique

In the diagnosis of hepatoportal system pathology B-mode
scanning, pulsed wave (spectral) Doppler (PWD), color
Doppler imaging (CDI), and power Doppler imaging are
most common ultrasound (US) scanning modalities.4–7

Other modalities include endoscopic ultrasound for
evaluation of gastroesophageal varices and azygos vein
bloodflow. Application of ultrasound contrast agents is
not common, and their exact place in clinical diagnosis
needs further evaluation.8–11 Three-dimensional recon-
struction could facilitate perception of liver vasculature
anatomy, but it is difficult to perform in deep structures
and is very time-consuming.12

For the deep abdominal ultrasound scanning, multi-
frequency curved linear array and phased array sector
transducers with a mean frequency of 2 to 5 MHz are
usually employed. Tissue harmonics and high-frequency

Indications

Examination Technique

Anatomy

Portal Hypertension

Role of Doppler US in Surgical Planning 
and Surveillance

Miscellaneous

Indications

outine abdominal ultrasound usually relies on B-mode
imaging. The use of Doppler is limited to differentiate
vascular from nonvascular structures.1

Main indications to perform vascular Doppler exami-
nation of the hepatoportal system are:

1. Examination for portal hypertension
● Patients with acute and chronic diseases of the

liver 
● To rule out portal hypertension in patients pre-

senting with gastroesophageal varices and/or
bleeding; ascites

● Evaluation of the effects of the medical treat-
ment of portal hypertension and pathophysiology
of portal hypertension2,3
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(5- to 7-MHz) transducers with elevation beam focusing
that is able to provide good penetration are of value to
get better spatial resolution. High-frequency 5- to 14-
MHz linear arrays may be useful in characterizing the
contour of the liver and superficial portosystemic collaterals
(see Fig. 47-12), and in pediatric patients. 

Patients are examined in basal fasting condition in
the morning after assuming a relaxed supine position.
Ultrasound examination starts with the B-mode evalua-
tion of the liver. Intrahepatic vessels and spleen are best
seen from intercostal and subcostal approaches. Left and
right anterior oblique, and semierect positions are used
in the phase of deep inspiration for optimal imaging.
After gray scale imaging, all vasculature related to the liver
is located with CDI, and PWD is used to obtain quan-
titative flow characteristics. Examination of the extra-
hepatic portal vein (PV) and tributaries starts by placing
the transducer in the epigastrium to obtain good quality
axial view of the main PV and surrounding structures
(e.g., the common bile duct and hepatic artery). The
measurements of the PV with respiratory variations are
obtained, and Doppler imaging is performed. After the
imaging of the main PV, splenic vein, superior mesenteric
vein, and inferior mesenteric vein are imaged. The charac-
teristic sonographic changes to diagnose portal hyper-
tension (PH) are presented in Table 47-1.4–16

Doppler Imaging

The parameters used to characterize bloodflow in arteries
are peak systolic velocity, end-diastolic velocity, and

mean and time-averaged maximum velocities. For the
characterization of the arterial bloodflow, two indexes
are employed: (1) resistance (Pourcelot) index (RI), which
is systolic velocity minus end-diastolic velocity divided
by systolic velocity; and (2) the pulsatility (Gosling) index
(PI), which is systolic velocity minus end-diastolic velocity
divided by mean velocity.17 The resistance index is usually
employed for characterization of bloodflow in arteries
feeding low resistance areas, as in the parenchymal organs
(i.e., liver, kidney, and spleen). The pulsatility index is
more common to characterize bloodflow in arteries feeding
higher resistance vascular beds such as the fasting intes-
tinal tract.13,17 Temporal parameters such as hepatic
artery (HA) acceleration time and acceleration index are
not common; nevertheless, they recently were shown
to correlate with portal vein pressure.18

For the characterization of bloodflow in veins, the
maximal velocity and mean velocity are used. For descrip-
tion of the bloodflow in veins, qualitative characteristics
such as direction and phasicity are employed.16 Duplex
ultrasound provides mean flow velocity, and the cross-
sectional area of the vessel and volume bloodflow can
be calculated in both arteries and veins. It was shown
that portal flow quantitative Doppler measurements could
be reproducible if operators receive appropriate training.19

Congestion index of the PV, introduced by Moriyasu in
1986,20 is the ratio between the cross-sectional area and
the bloodflow velocity of the portal vein; it shows weak
correlation with the portal vein pressure and severity of
the liver cirrhosis.18,21 Doppler perfusion index is the
ratio of hepatic artery to total liver bloodflow. It may be
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TABLE 47-1. Ultrasound Findings Consistent With Chronic Liver Diseases and PH 
on Different Ultrasound Scanning Modes

B-Mode Doppler US  

PWD CDI 

Chronic liver diseases and cirrhosis ● Decreased bloodflow velocity in PV ● Flow direction in PV, branches, and 
(predispose to PH): ● Loss of respiratory variations of tributaries

● Nodularity of HV and intrahepatic bloodflow in PV ● Location and size of PC
PV contour ● Presence of hepatofugal flow in PV ● Thrombosis of the hepatic vessels

● Splenomegaly ● Hepatofugal flow in PC
● Hypertrophy of the HA ● Decreased pulsatility in hepatic veins
● Congestive splenomegaly ● Decreased pulsatility in SMA
● Ascites ● Increased pulsatility in hepatic 
● Hypertrophy of the caudate lobe arteries
● Increased diameters of PV and 

tributaries

Portal hypertension:
● Lack of respiratory variations of 

PV
● Presence of PC—thrombosis of 

the PV
● Portal hypertensive gastropathy

PH, portal hypertension; HV, hepatic vein; PV, portal vein; HA, hepatic artery; PC, portosystemic collaterals; US, ultrasound; PWD, pulsed wave
Doppler; SMA, superior mesenteric artery; CDI, color Doppler imaging.



used for detection of liver metastases as the arterial
component increases in metastatic liver disease.22

In the liver, Doppler US largely has been used in order
to establish the volume and direction of portal flow; the
character of flow in tumors; and the patency and stenoses
of the native and transplant hepatic artery, portal vein,
and hepatic veins. Investigators have recently expanded
the use of duplex imaging in evaluation of liver disease. 

CDI is based on the same duplex imaging principles,
employing multiple Doppler gates to cover certain
anatomic areas. It provides combination of cross-section
anatomy and functional imaging. This method identifies
blood vessels not seen on conventional B-mode scanning,
and depicts their lumens with color-coded information
about the direction and speed of bloodflow.23 In theory,
power Doppler imaging is up to three times more sensi-
tive to the slow flow and may be used for initial evalua-
tion of the regions in which portosystemic collaterals are
suspected.6,24 It does not provide directional informa-
tion, so either the CDI or pulsed wave Doppler should
be used further to certify hepatofugal flow. 

Anatomy

The liver has a unique double blood supply: Approxi-
mately 70% to 75% of the blood comes from the portal
vein and the remaining 25% to 30% from the hepatic
artery.25

Branches of the portal vein, hepatic artery, bile ducts,
lymphatics, and nerves are surrounded by connective
tissue and enter the porta hepatis and branch further
throughout the liver in the portal tracts. The portal triad
includes the artery, vein, and bile duct. There are few
anastomoses between intrahepatic portal vein branches;
most of them are less than 2 mm in diameter, whereas the
hepatic arteries and their branches typically do not anas-
tomose beyond the liver porta.26 The interlobular veins
and arteries branch around the periphery of the hepatic
lobule and then end in the hepatic sinusoids. The hepatic
sinusoids empty into the central veins; they leave the
hepatic lobule and fuse to form larger hepatic veins that
eventually drain into the inferior vena cava.25–27

Arterial Supply

The liver receives its entire arterial blood supply from
the common HA that begins from the celiac artery. The
celiac artery originates from the aorta above the pan-
creatic neck; after a short 1 to 2 cm anterior course, it
gives three branches: the left gastric, the splenic, and
the common hepatic artery. The latter courses to the
right and gives off the gastroduodenal artery. Beyond
this level, the common HA is called the proper hepatic
artery; it travels with the main portal vein and common
bile duct in the hepatogastric ligament toward the porta

hepatis. On ultrasound scans, the proper hepatic artery
typically projects above the main PV and common bile
duct (Fig. 47-1, A). The proper HA approaches the liver
porta and branches into the right and left hepatic
arteries. The middle HA usually originates from the left
HA and feeds the quadrate lobe of the liver, but its origin
from the right HA is also common. Analysis of the
blood supply of the liver by Michels showed that the
conventional celiac artery textbook anatomy occurs
only in about 55% of the population. Almost half of all
patients have either a replaced or an accessory right,
left, or common hepatic artery.28 All the possible anatomic
variations must be kept in mind when the examiner is
facing difficulties in locating the HA or in differentiating
between various arteries in the hepatopancreatic zone. 

Figure 47-1. Normal portal vein. A, Oblique sagital view of
the main portal vein measuring 9 mm in diameter. Common
hepatic artery (white arrow) projects just above the main portal
vein (PV). Note the proximity of the PV to the inferior vena
cava (IVC). B, Triplex scan of the normal portal vein. Con-
tinuous hepatopetal flow measuring time averaged maximum
velocity of 28 cm/sec, which equals the mean velocity of 
16 cm/sec. Small flow components above the baseline are
produced because of helical (spiral) flow pattern in the PV.
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Portal Vein and Tributaries

The PV develops from the umbilical and the vitelline
veins, and it measures 6 to 8 cm in length. Various
congenital abnormalities of the PV (e.g., duplication,
aneurysm, anomalous pulmonary venous drainage, and
abnormal ventral position) have been described. Agenesis
of the right or left portal vein is the most commonly
reported congenital anomaly.29–31

The PV is formed behind the neck of the pancreas by
the confluence of the splenic and superior mesenteric
veins. In about a half of the population, the inferior mesen-
teric vein enters the splenic vein; in the remainder it either
joins the junction of the splenic and superior mesen-
teric veins or joins the superior mesenteric vein.27 As the
PV enters the lesser omentum it receives the left gastric
(former called the coronary) vein, the right gastric vein,
and the superior pancreaticoduodenal vein. The normal
upper diameter limit of the PV, based on US studies, is
considered to be less than 13 mm (see Fig. 47-1, A). A
diameter greater than 20 mm is consistent with PV
aneurysm.32,33 Normal diameters of splenic, superior
mesenteric, and inferior mesenteric veins are up to 10,
13, and 8 mm, respectively.34

The PV is the largest-caliber intrahepatic vessel, making
it the easiest to identify by ultrasound and to trace up
to the third order branches. As the PV enters the liver at
the porta hepatis, it divides into right and left portal veins.
The right PV, which varies from 0 to 3 cm in length,
usually receives the cystic vein of the gallbladder before
dividing into anterior and posterior segmental branches
(Fig. 47-2). The left PV goes horizontally to the left as
its transverse part. It then turns directly forward to the
fissure of the ligamentum venosum to form its umbilical

portion near the ligamentum teres (Fig. 47-3). In approxi-
mately 20% of the population, internal PV branching
pattern is not as described, with the trifurcation of the
portal vein been the most common variation.30

Hepatic Veins

The three major hepatic veins run along planes that sepa-
rate each of the four major liver segments (Fig. 47-4, A).
The left HV courses in the intersegmental plane between
the medial and lateral segments and drains the lateral
segment and a small part of the medial segment. The
middle HV goes through the interlobar plane and divides
the liver into the left and the right lobes. In about 85%
of patients, the middle HV joins the left HV before the
latter reaches the inferior vena cava (IVC). In the other
15%, the middle HV enters independently into the IVC.35

The right HV courses between the anterior and poste-
rior segments of the right lobe between the bifurcation
of the right PV into its anterior and posterior segmental
branches. 

Lymphatics

The liver has the largest lymphatic drainage of any body
organ.26 It begins in the space of Disse and then com-
municates with the interlobular lymphatics, which join
together to form the large lymphatics that drain from the
porta of the liver to the celiac lymph nodes. Substantially
less developed lymphatics follow the HV and IVC into
the posterior mediastinum. Inflammatory abdominal
conditions and chronic liver lymphadenopathy are
characterized by enlarged regional lymph nodes with
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Figure 47-2. Hepatofugal flow in the right anterior portal
vein branch. Right anterior branch of the hepatic artery 
flow direction is opposite to the portal vein. Normal
hepatopetal flow in right posterior PV branch is still
preserved.

Figure 47-3. Group 5 portosystemic collaterals. Prominent
paraumbilical vein starting off the umbilical portion of the left
portal vein (arrow). Volume flow in the shunt is calculated and
equals 534 mL/min.



an anteroposterior diameter exceeding 1.0 cm. Cassani
and colleagues found this condition present in up to
57% of cases in chronic liver diseases.36 Common sites
are the liver hilum and hepatoduodenal ligament going
to the celiac axis (Fig. 47-5). Other regions are much
less common. 

Portal Hypertension 

Portal hypertension is a common syndrome characterized
by an increase of the pressure gradient between the PV
and the IVC above the normal range of 2 to 6 mmHg.37

A pressure gradient of more than 6 mmHg is abnormal,

and a pressure gradient above 10 mmHg is consistent with
clinically significant portal hypertension and high risk
of variceal bleeding.2,3 With an IVC pressure in healthy
individuals of up to 8 mmHg, the mean portal blood
pressure should be less than 10 to 12 mmHg.37–39

PH is the consequence of increased portal resistance
and increased blood inflow. Under normal conditions the
main source of resistance is the liver, but the normal liver
resistance to portal bloodflow is very low. When the resist-
ance is increased, a bigger pressure gradient is needed to
maintain the same bloodflow, and therefore PH develops.
In that case, excess blood inflow from PV tributaries
(caused by visceral vasodilatation and splenomegaly)
is harmful because it contributes to further increase of
the pressure gradient.37,40,41
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Figure 47-4. Hepatic veins. A, Transverse view of the three main hepatic veins and IVC (white arrow). Right (R), middle (M), and
left (L) veins are seen as “bunny” on color Doppler imaging points to the IVC. The right hepatic vein is not filled with color because
of perpendicular incidence of the Doppler beam. B, Normal highly pulsatile Doppler waveform in the middle hepatic vein. Two
prominent antegrade waves: systolic (S) and diastolic (D) interchange with two small antegrade waves a and v. C, Hepatic veins
in posthepatic portal hypertension. Reversed systolic wave (S) caused by right heart failure and tricuspid valve regurgitation. 
D, Hepatic veins in advanced cirrhosis. Hepatic veins are small caliber, and abnormal nonpulsatile dampened Doppler waveform
in middle hepatic vein is present.
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Classification of PH is based on the anatomic location
of obstruction to the PV flow. Depending on the site of
the increased resistance, PH is classified as prehepatic,
when the obstruction is somewhere in the portal vein
or its tributaries; intrahepatic, when the obstruction is
located somewhere in the liver; and posthepatic, when
the obstruction is in the liver veins, IVC, or even further
because of increased blood pressure in the right heart.39

Diagnosis of Portal Hypertension

Many modalities are in use to diagnose PH, but no one
method seems to be ideal. Laboratory tests are of little
value. Instrumental investigations are applied to get func-
tional information (e.g., to measure portal and variceal
pressure), anatomic information (e.g., the presence and
location of portosystemic collaterals), or both.42–46 These
are based on imaging and may be invasive or noninva-
sive. Noninvasive diagnostic modalities are ultrasound,
computed tomography (CT), magnetic resonance
imaging (MRI), and radionuclide scanning. Invasive
diagnostic modalities are the angiographic procedures.
During the last decade, the use of angiography declined
with the advent of Doppler ultrasound, CT, and MR.
Nevertheless, it remains the gold standard for preopera-
tive imaging of the portal venous system.2,3,44,46

Intrahepatic Portal Hypertension

Chronic liver diseases change function and structure of
the liver and eventually result in liver cirrhosis (LC). The
etiological factors leading to LC and portal hypertension
in order of prevalence are listed in Table 47-2. In LC the
micro- and macro-architecture of the liver is distorted,
leading to an increased resistance to bloodflow.47 The

causes of increased hepatic resistance to bloodflow may
be classified as (1) structural, related to distorted archi-
tecture, and basically irreversible; or (2) functional,
related to changes in venous and endothelial cell tone,
which are rapidly reversible and can be modulated
pharmacologically.47–50
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TABLE 47-2. Causes of Intrahepatic 
Portal Hypertension

Chronic Liver Disease Other

Viral hepatitis B and C Liver tumors

Alcoholic liver disease Idiopathic portal hypertension

Autoimmune hepatitis Shistosomatosis

Primary biliary cirrhosis Radiation

Primary sclerosing 
cholangitis

Drug induced (toxic) 
hepatitis

Hemochromatosis 

Wilson’s disease

Extrahepatic cholestasis 

Posthepatic venous 
congestion (as a 
cause of LC)

Hypervitaminosis A 

LC, liver cirrhosis.

Figure 47-5. Portal vein in portal hypertension. A, Dilated main portal vein measuring almost 17 mm diameter. Enlarged lymph
nodes are seen above the PV (arrow). B, Continuous slow hepatopetal flow in the main PV (mean velocity 13 cm/sec) in liver
cirrhosis patient consistent with portal hypertension. Note enlarged lymph nodes (arrow) in the hepatoduodenal ligament.
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Clinical manifestations of LC include ascites; hepatic
encephalopathy; variceal bleeding; spontaneous bacte-
rial peritonitis; hematologic changes; jaundice; hyper-
dynamic circulation; splenomegaly; portal hypertensive
gastropathy; and hepatopulmonary, portopulmonary, and
hepatorenal syndromes.40,41,51,52 All these appear to be
direct manifestations of hepatocellular insufficiency and
portal hypertension syndromes.41 Some complications
(e.g., variceal bleeding) are predominantly defined by
portal hypertension, whereas others (e.g., hepatic
encephalopathy and hepatic failure) result from both.

Portal Vein System and Portal 
Systemic Collaterals

In liver cirrhosis, when PH is present, the PV trunk and
its tributaries usually become dilated (see Fig. 47-5, A).
Absolute diameters of the PV and its branches are the
first markers of PH described back in 1982 by Bolondi.16

The cut-off of upper PV diameter of 13 mm seems to be
specific but not sensitive enough to rely on.7 The intra-
hepatic portion of the PV and its branches may be com-

pressed by regenerative nodules.5 In advanced LC and/or
with the presence of hypercoagulable states, the PV
may become thrombosed and then partially recanalized
(Fig. 47-6, A through C), presenting as “cavernous trans-
formation.”7,53

Normal PV flow in healthy individuals is characterized
by continuous laminar hepatopetal flow with low respi-
ratory, cardiac cycle, and posture-related variations.
Increased PV pulsatility occasionally could be present
in the normal population.54 Mean PV flow velocity is
reported to be around 15 to 18 cm/sec55 and should not
be confused with time averaged maximum velocity (see
Fig. 47-1, B). With the progression of PH flow, veloci-
ties decrease (see Fig. 47-5, B), and it was shown that
PV blood velocity less than 10 cm/sec correlates with
poor prognosis in LC patients.55

The portal vein and its tributaries typically have no
valves to prevent reverse flow. When resistance to blood-
flow is increased, it cannot handle the same portal
bloodflow without an elevated portal-systemic pressure
gradient. Many of PV tributaries establish anastomotic
connections with the inferior and superior vena cava
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Figure 47-6. Chronic portal vein thrombosis. Cavernous trans-
formation of the left portal vein on (A) B-mode and (B) color
Doppler imaging c (arrow). C, Prominent multiple collateral
veins (arrow) where main portal vein should be located.



and shunt blood around a portal vein obstruction or the
diseased liver. In this case, portosystemic collaterals (PC)
develop as flow in some bigger veins changes its direction
from normal hepatopetal (toward the liver) into hepatofu-
gal (away from the liver) (Fig. 47-7, A), and small venules
enlarge and serve as significant shunts.27 The diameter
of the portal vein may decrease to normal limits with
development of PC.5 Presence of hepatofugal flow in
PV system and PC are diagnostic for PH and may alter
therapeutic management of LC patients.37 Intrahepatic
to extrahepatic collateral veins may preserve hepatopetal
flow in the intrahepatic PV branch drained by the col-
lateral or even in the main PV. This is a common finding
in the left branch of the portal vein when the prominent
paraumbilical collaterals are present. 

It must be emphasized that the presence of PC does
not always mean that the patient has PH; this is espe-
cially true considering prehepatic blockade. In the case
of acute PV obstruction, which is later relieved by inter-
vention, PC may stay big enough to be visualized by
ultrasound. However, hepatofugal flow in those may be
absent, and PV pressures may be normal. On the other

hand, PH may manifest clinically after stress (e.g., blood
volume overload) when portal pressure is within the
normal range under the usual investigative fasting con-
ditions.56,57 Normal liver functioning at low PV pressures
switches to the “portal circulatory dysfunction” state in
early liver disease, with normal pressures but abnormal
responses to the circulatory stress.56,58 Hepatofugal flow
in patients with chronic liver disease usually develops
gradually: At first it appears in one or several seg-
mental PV branches as reversed flow component with
respiratory variations (see Fig. 47-2). Eventually, with
the progression of the underlying liver disease, fully
reversed PV flow may develop. Reversal flow com-
ponent with every cardiac cycle is characteristic to
posthepatic PH (Fig. 47-8, A, B). 

The statement that PC are present is based on
following gray scale and Doppler imaging criteria:

1. Abnormal hypoechoic tortuous tubular or oval
cystic structures (varices) on B-mode

2. Varices demonstrated by CDI

3. Presence of hepatofugal flow in PV tributaries
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Figure 47-7. Group 3 portosystemic collaterals. A, Reversed
(hepatofugal) flow in the main portal vein. B, Splenic vein (SV)
feeding large splenorenal collaterals (varices). C, Large col-
lateral vein between the right kidney and the lower pole of the
spleen shunting blood from the splenic hilum to the lumbar
and epigastric veins.



Five major anatomic areas should be meticulously
examined to locate PC.

Group 1. Collaterals posterior to the left lobe of the liver
from the confluence of the PV to the gastroesophageal
(GE) junction: left gastric vein (LGV) collaterals and GE
varices (Fig. 47-9, A and B). Doppler imaging of the GE
collaterals is usually affected by motion artifacts caused
by the pulsations transmitted from the heart; nevertheless,
sensitivity of the CDI diagnosing GE varices may be as
high as 80%.59

The left gastric vein (former called the coronary gastric
vein) is a direct tributary of the portal vein. It drains
the abdominal part of the esophagus, where it usually
anastomoses through the submucosal esophageal plexus
with tributaries of the azygos venous system that drain

the thoracic esophagus into the superior vena cava. PH
causes a considerable distention of these submucosal
veins, producing esophageal varices.37 The right gastric
vein is small and does not seem to become a large col-
lateral route. Occasionally, a distinct vein is seen in PH
along the splenic vein and is considered one of the mul-
tiple LGV. In most cases it drains to the GE junction like
the typical LGV.60 Other routes (e.g., the so-called
paraesophageal collaterals, draining directly to the left
subclavian vein, to the portopulmonary by way of a
pulmonary vein, and to the left renal vein) have been
reported but are much less common and are usually
impossible to visualize by ultrasound.60–62

Group 2. Collaterals from the anteromedial side of the
spleen to the splenic hilum, where gastrosplenic liga-
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Figure 47-9. Group 1 portosystemic collaterals. A, Left gastric vein (small arrow) originating from the confluence of the portal
vein (large arrow). B, Varicosity posterior to the left liver lobe extending toward the gastroesophageal junction (arrow) in the
sagital plane.
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Figure 47-8. To and fro flow in posthepatic portal hypertension. A, Color Doppler imaging shows hepatopetal flow direction in
the left portal vein (arrow) interchanging with (B) hepatofugal flow in the same left portal vein.
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ment is situated; and the short gastric veins collaterals
(Fig. 47-10, A and B). These collaterals generally are
easier to image by ultrasonography than are the left gastric
vein and esophageal varices because of their proximity
to the abdominal wall. 

The short gastric veins usually supply gastric fundal
varices when esophageal varices are supplied usually by
LGV.63 The presence of the fundal varices and short gastric
veins correlates with lower portal pressures, rather than
when esophageal/cardiac varices, which supplied by
LGV, are present.64

Group 3. Collaterals around the upper pole of the left
kidney, left kidney vein, and splenic hilum; splenorenal
collaterals (see Fig. 47-7, B) and lower pole of the spleen
and lateral abdominal wall; and lumbar collaterals (see
Fig. 47-7, C).

The splenic vein is located very close to the left renal
vein. In PH, splenorenal collaterals can be formed with
the left renal vein or communicate in the retroperi-
toneal fat around the kidney with veins of both the
renal and lumbar tributaries of the inferior vena cava
and hemiazygos vein.42,43,60,61,65 Reversed flow in the
splenic vein should prompt the investigator that these
PC are present.

The other possibility for the splenic vein is to form
collaterals through the short gastric veins toward the
left gastric vein and the GE junction.42,43 In this case,
depending on whether the communications with the
left renal vein are present, it can either feed the GE
varices or, by contrast, drain them to the left renal vein.

Group 4. Collaterals fed by superior mesenteric vein or
inferior mesenteric vein when hepatofugal flow in those
veins is present (Fig. 47-11, A and B). These are varices
in the retroperitoneum around the IVC, posterior and
inferior to the pancreas, that drain the superior mesen-
teric vein and inferior mesenteric vein to IVC collaterals.

Superior mesenteric vein branches in the mesenterium
can form direct communications with the IVC and hemi-
azygos vein. These communications are called the veins
of Retzius.60,61

Inferior mesenteric vein forms anastomoses with the
hemorrhoidal plexuses and can anastomose with the left
testicular (ovarian) vein, which drains into the IVC.40,66,67

Group 5. The region from the umbilical portion of the
left PV to the anterior abdominal wall and diaphragm
for the paraumbilical vein, and the coronary ligament
of the liver collaterals (see Fig. 47-3).

Paraumbilical Veins. There are small veins around the
ligamentum teres that communicate with the umbilical
portion of the left branch of portal vein. The original
umbilical vein is occluded after birth with dense con-
nective tissue and cannot be reopened. In PH, usually
only one vein becomes considerably distended and com-
municates at the umbilicus with superficial abdominal
veins to produce the classical caput medusae appearance.
These superficial veins can drain either superiorly into
the superior vena cava through the axillary-subclavian
system, or inferiorly into the inferior vena cava through
the femoral-iliac system.68–72 Slow hepatofugal flow (less
than 5 cm/sec) may be detected in healthy people in
umbilical ligament fissure as well, when the pressures
in the portal system are normal.73

Other PC. Omental veins and varices occasionally can
be fed by short gastric veins and are more common
when portal vein thrombosis is present (Fig. 47-12).
Gallbladder varices have been reported in patients with
portal hypertension.43,61,74

Direct intrahepatic communications can form between
the portal and hepatic veins (Fig. 47-13, A and B). They
probably represent dilated sinusoids and are found rarely
in advanced cirrhosis.27,31,75
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Figure 47-10. Group 2 portosystemic collaterals. A, Short gastric veins are visualized around the anteromedial margin of the
spleen. B, Large portosystemic shunt draining blood from the gastrosplenic ligament to the superior epigastric veins.
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Rarely, intrahepatic branches of the left portal vein can
form significant transhepatic collaterals (see Fig. 47-16,
B) with the extrahepatic veins coursing to the esophagus
or IVC.61,76 In patients who have had prior abdominal
surgery, peristomal collaterals may develop at the peris-

tomal mucocutaneous junction or at the peristomal
adhesions.61

The presence of PC contributes to two major prob-
lems: development of portal-systemic encephalopathy,
caused by shunting of intestinal blood directly into the
systemic circulation; and formation of varices and variceal
bleeding. The varices are usually formed in locations
where significant amount of shunting to the systemic
circulation is present. Clinically, the most important site
of PC varices is the gastroesophageal junction, because
bleeding from these appears to be a primary direct cause
of mortality among LC patients.3,77,78 Bleeding from
other than GE varices (e.g., mesenteric and hemorrhoid
plexus) appears to be rare and is not a significant problem
(less than 7%).43 It is solely caused by PH, and strongly
correlates with the pressure in the PV system. The
bleeding does not occur when the pressure is below 
12 mmHg.2,3,47,79 PV congestion index and HA acceleration
index correlate with portal pressures; however, Doppler
US does not provide reliable pressure measurements.17,19

The primary feeding collateral for GE varices is LGV.
The paraumbilical vein, fundal varices, and short gastric
veins with splenorenal collaterals appear to be benefi-
cial in reducing incidence of variceal bleeding because
they divert bloodflow from the GE varices and decom-
press the PV system.5,43
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Figure 47-11. Group 4 portosystemic collaterals. A, Hepatofu-
gal flow direction in the inferior mesenteric vein originating
from the portal vein confluence (arrow). B, The mesenterium
varicose veins (arrow) in the left lower abdominal quadrant
are seen on color Doppler imaging in the same patient.
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B

Figure 47-12. Other portosystemic collaterals. Omental varices
just beneath the abdominal wall (arrow) imaged with linear
array 7-MHz transducer.



Arterial Changes in Portal Hypertension

In LC, portal blood inflow to the liver decreases and
hepatic arteries become unique blood provider to the
liver. The hepatic artery hypertrophies and becomes
markedly dilated in its intra- and extrahepatic course.
Dilated branches, displaced by regenerative nodules
within the liver and shortened because of loss of liver
parenchyma, are very tortuous, presenting as a
“corkscrew” on imaging studies.4,5 Normal HA flow is low
resistance (RI less than 0.7) compared with parenchymal
organs (Fig. 47-14). The increase in hepatic artery RI was
shown to correlate with severity of LC.5,11,80 Lafortune and
colleagues80 demonstrated a normal increase in hepatic
artery RI in healthy subjects shortly after a meal; this
increase was not observed in patients with cirrhosis. 

In advanced cirrhosis, HA form direct communica-
tions with the PV and contribute in the increase of PV

pressure; this is also typical for Osler-Rendu-Weber
disease (Fig. 47-15).5 In those branches of the HA where
direct shunting to lower-pressure portal or hepatic venous
systems is present, the RI decreases dramatically; at the
same time, RI values in other segments may be within
normal limits. 

Visceral vasodilatation is a classical hemodynamic
feature in LC. It contributes to increased portal blood-
flow to the diseased liver and maintains increased portal
pressure.37–39 Alvarez and colleagues in 1991 first reported
that the superior mesenteric artery (SMA) pulsatility index
was reduced in LC.81 The SMA is indirectly responsible
for at least half of portal vein inflow, and it plays an
important role in visceral vasodilatation and portal
hypertension.82,83
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Figure 47-13. Spontaneous intrahepatic portosystemic
shunt. A, Continuous flow in the prominent intrahepatic shunt
connecting the right anterior branch of the portal vein and the
middle hepatic vein. B, Middle hepatic vein outflow is markedly
increased with loss of the characteristic waveform pattern in
the same patient.
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Figure 47-14. Normal hepatic artery. Normal low resistance
Doppler waveform (RI-0.67) in the left hepatic artery.

Figure 47-15. Rendu-Osler-Weber disease. Prominent tortuous
right hepatic artery branch, with high velocity A-V flow to the
hepatic veins. Note the high color Doppler scale (70 cm/sec),
indicating high velocities characteristic for arteriovenous
shunting.



Hepatic Veins in Portal Hypertension

Normal HV have a pulsatile multiphasic flow pattern
comparable to IVC (see Fig. 47-4, B). Any changes in the
IVC flow waveforms will change HV flow accordingly,
provided that HV are patent (see Fig. 47-4, C). In LC,
hepatic veins become narrowed and the contour of the
walls is irregular because of external compression from
regenerative cirrhotic nodules.84,85 Pulsatility in the HV
may become damped by the rigid fibrous liver parenchyma
(see Fig. 47-4, D). Development of the direct shunting
from the PV or HA also could change normal flow
patterns in the HV (see Fig. 47-13, B). Occlusion of the
hepatic veins or Budd-Chiari syndrome may occur in
late stages of LC, with development of hepatocellular
carcinoma (Fig. 47-16, A and C).86,87

Prehepatic Portal Hypertension

The main cause of prehepatic PH is thrombosis of the
PV, splenic vein, and mesenteric veins. Extrinsic com-
pression by nearby masses and congenital anomalies of
the portal system are much less common.7 The main

causes of PV thrombosis in the adult population are
considered to be malignancy caused by invasion, external
compression of the venous structures, and LC.88,89

Inflammatory conditions in the abdominal cavity pre-
dispose to portal vein thrombosis, which is more com-
mon in pediatric patients. Omphalitis, pylephlebitis
after umbilical vein catheterization, apendicitis, typhli-
tis, sepsis, and dehydration could cause acute PV
thrombosis in neonates.90 It is relatively easy to identify
by ultrasound because of proximity of the vasculature
of the liver. Surgical manipulations in the abdominal
cavity, trauma, and pancreatitis are other identifiable
causes of PV thrombosis. The coagulation disorders are
found in as high as 69% of cases of mesenteric throm-
bosis, and it appears to be that PV thrombosis is
usually caused by multiple factors.88,91 On the other
hand, in patients with antiphospholipid antibody syn-
drome, mesenteric vein thrombosis was found in 5.1%
of patients.89 The clinical picture is usually determined
by the location and extent of the thrombus, and it
varies from symptom-free to acute life-threatening
complications.
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Figure 47-16. Budd-Chiari syndrome. A, Hepatic veins are
impossible to visualize on B-mode. Small collateral vein (arrow)
directly connecting the left portal vein and the inferior vena
cava. B, Other prominent transhepatic collateral connecting
the left portal vein with the diaphragmatic and superior
epigastric veins. C, Multiple “spider” veins in the area of the
caudate lobe of the liver (arrow).



it may be absent when thrombosis is proximal, develops
gradually, and good collateral outflow is present.4–7

Posthepatic Portal Hypertension

Increased blood pressure in IVC because of severe coro-
nary heart disease, cardiomyopathy, constrictive peri-
carditis, or valvular heart disease will increase the pres-
sures in the portal system. Any increase of the mean
blood pressure in IVC above 10 mmHg should result in
a mean PV blood pressure well above 10 mmHg, which
is consistent with PH. Nevertheless, the hepatoportal
pressure gradient remains normal as long as the liver is
intact. The hepatic veins are dilated on B-mode scan, and
the right HV exceeds 0.9 to 1.0 cm in diameter with
abnormal waveform present.7 PV Doppler waveform may
be pulsatile with short flow reversal component (to and
fro flow pattern) present during every cardiac cycle (see
Fig. 47-8, A and B). 

These patients may exhibit a clinical picure called
Budd-Chiari syndrome; it is similar to IVC or major HV
thrombosis. It is characterized by hepatomegaly, ascites,
and right upper abdominal quadrant pain. The Budd-
Chiari syndrome first described by Budd in 1849 was
attributed to thrombosis of the HV. Later it became syn-
onymous with any obstruction to venous blood outflow
from the liver.93

The term veno-oclusive disease of the liver is usually
reserved to the nonthrombotic occlusion of small branches
of hepatic veins when the major HV remain patent and
normal flow patterns are preserved. It is most commonly
caused in the United States and Europe by chemotherapy
and radiotherapy before bone marrow transplantation.94

Classic Budd-Chiari syndrome caused by hypercoagu-
lable states is common in Western countries, whereas
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The main characteristics of thrombosis are failure to
identify flow in the PV or its branches by CDI (Fig. 47-17,
A) or flow around the thrombus with focal color filling
defects in the nonocclusive thrombosis are; these should
be confirmed by PWD. Acute thrombosis of the portal
vein and branches could be difficult to access on B-mode
scan if the thrombus is hypoechoic. The investigator
must be aware that in patients with acute or chronic liver
disease, flow velocities in the intrahepatic PV could be
very low or even undetectable (stagnant). This could be
misinterpreted as PV thrombosis; therefore, the Doppler
scale and wall filter settings should be as low as
possible. In case of malignant thrombosis, intrathrombus
flow can be detected (Fig. 47-17, B) and flow in unaf-
fected PV areas may be well preserved. In chronic stage
of thrombosis, the thrombus becomes more hypere-
choic, retracts, and the so-called “cavernous transfor-
mation” of the PV may develop53 (see Fig. 47-6, A
through C). Multiple tubular serpiginous channels over-
taking the place of the normal PV characterize cavernous
transformation. Bloodflow is readily identified by CDI
in those periportal collaterals and in the partially
recanalized thrombus. Registering hepatopetal flow
direction and velocities may be confusing because of
tortuosity of the vessels. In some areas affected by
thrombosis, partial or complete lysis of thrombus may
be seen with patent lumen and markedly thickened
hyperechoic walls of the PV. 

Thrombosis of the PV can produce any of the PC
described earlier. For the isolated SV thrombosis when
the main PV is patent, the anterior gastric vein often
serves as a main collateral, connecting splenic hilum with
the distal PV; this is well visualized on transverse plane
by CDI just below the abdominal wall.92 Congestive
splenomegaly is a common finding in SV thrombosis, but

Figure 47-17. Acute portal vein thrombosis. A, Blank iso-hypo echoic thrombus in the left portal vein (arrow). B, Isoechoic
thrombus in the left portal vein with internal flow (vertical arrow) characteristic for malignancy.

A B



the majority of cases in the Far East and in South African
blacks are caused by membranous obstruction and pri-
mary thrombosis of the IVC. Clinically, obstruction of
the IVC is less severe than is thrombosis of the main
hepatic veins until it involves hepatic veins.93,95

Budd-Chiari syndrome sonographically is characterized
by thrombus in one or more hepatic veins. In chronic
stage it is often difficult to see the thrombus in the HV.
Failure to visualize HV and stenosis of the HV followed
by prestenotic dilatation and thickening of the walls are
the most common B-mode findings (see Fig. 47-16, A).
When the thrombus is confined to one of the HV, clinical
symptoms may be absent, and it could be just an inci-
dental finding. When all three main HV are involved, the
classic triad described by Chiari is seen. Doppler facili-
tates evaluation of the affected veins by demonstrating
reversed flow, lack of pulsatility, and absence of flow in
the presence of complete thrombosis.86,87 The collateral
pattern identified by CDI differs depending on the site
and magnitude of the obstruction. When the thrombosis
is inside the HV, intrahepatic collaterals to the PV branches
and systemic veins around the confluence of the HV
and enlarged caudate lobe “spider web” are seen (see
Fig. 47-16, C). When primarily the IVC is involved, lum-
bar veins serve as collaterals bypassing the obstructed
IVC. Portal bloodflow may be affected: Flow velocities
are reduced, to and fro flow pattern is common, and PS
described previously may develop. Hepatic artery resist-
ance index is also increased because venous outflow is
compromised.7,84–87

Role of Doppler US in Surgical
Planning and Surveillance

US is widely used in the management of patients suf-
fering from diseases of the hepatoportal system. It is a
good tool for patient selection and surveillance after
surgical procedures and drug treatment.96,97 It has minimal
discomfort, and lowers the cost compared with other
imaging methods. The portal flow velocity, volume flow,
and congestion index of the main PV are the most
common measurements used to evaluate effectiveness
of different drugs (e.g., beta blockers and nitrates) in
lowering portal pressure and prevent GE bleeding.96

However, there is no good correlation between those
parameters and pressures in the PV system.98 Evaluation
of the SMA flow, to assess changes of the blood inflow
that contribute to portal pressure elevation, is also
helpful.82,83 Doppler US can also be used to monitor the
effects of the thrombolysis and anticoagulation of
hepatoportal thrombosis.

Most often Doppler US is used for the planning and
surveillance of surgical procedures (e.g., percutaneous
and endovascular treatment of the hepatic tumors, resec-
tion of the liver, surgical portal systemic shunts, trans-

jugular intrahepatic portosystemic shunts, and liver
transplantation). The preoperative Doppler evaluation
is very important because it helps to choose the proper
procedure, and it enables the operator to have a refer-
ence point to evaluate the effect of the treatment.99 The
main objectives to be achieved by ultrasound imaging
before any surgical interventions on hepatoportal
vasculature are: 

● Anatomic characteristics and measurements of the
portal vein, hepatic veins, and hepatic artery (in
combination with CT and MRI)

● Patency (thrombosis, external compression) of those
vascular structures; proximity and involvement
with tumors, if any

● Flow patterns: phasicity in hepatic veins, direction
and velocities in the portal vein, velocities and resist-
ance index of the hepatic artery for comparison
after interventions

● Presence, location, and size of PC

Surgical Portosystemic Shunts 

Most common surgical portosystemic shunts to reduce PV
pressure are small-bore H-graft interposition portocaval,
side-to-side portocaval, mesocaval, and distal splenore-
nal shunts.90 Mesoatrial shunts are used to control Budd-
Chiari syndrome when it is causing PH. The major reason
to use the Doppler ultrasound is to determine the patency
of the shunt. Flow in the anastomosis or interposition
prosthetic shunt is usually turbulent, and velocities vary
in large extent depending on the bore diameter (Fig. 47-18).
Currently there are no established velocity criteria for
surgical shunt stenoses. Imaging of the region of anas-
tomosis with CDI is usually possible in proximal surgi-
cally created shunts; failure by a skilled sonographer to
visualize the functioning anastomosis is usually con-
sistent with the shunt occlusion. Doppler US depicts
changes in intra- and extrahepatic portal vein bloodflow.
After the creation of the portosystemic shunt, flow
directions in the intrahepatic PV branches and main PV
depend on the location of the shunt (proximal or distal)
and diameter of the anastomosis.57,100 If the main goal
of the operation is to reduce portal pressure to a maxi-
mum, as happens with the large diameter side-to-side
portosystemic shunt, intrahepatic PV branches will exhibit
full hepapatofugal flow, whereas preanastomotic PV
tributaries will have vigorous hepatopetal flow. Hyper-
dynamic high velocity inflow from the dilated hepatic
artery becomes prominent in the first week after surgery
and compensates for the loss of portal flow (known as
hepatic buffer response).101

A well-functioning distal splenorenal shunt causes
hepatofugal flow in the splenic vein, shunting part of the
portal inflow away from the liver to the left renal vein.
Flow velocities in the main portal vein are reduced. When
the anastomosis fails, flow direction in the splenic vein
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returns to hepatopetal. Small diameter side-to-side portal
vein, mesocaval, and H-graft interposition shunts are
created to preserve adequate liver perfusion by the PV.
The expected reduction in portal pressures may prevent
or reduce GE bleeding. Flow directions in the main PV
and the intrahepatic PV branches are supposed to be
hepatopetal.100

However, visualization of the anastomosis is much
more complicated in distal splenorenal shunts; therefore,
indirect characteristics related to flow in the PV tribu-
taries should be used. Evaluation of the flow patterns
shortly after surgery is useful for the follow-up.

TIPS

During the last 10 years there has been a dramatic
decrease in open surgery–created shunts because of the

advent of the transjugular intrahepatic portosystemic
shunts (TIPS) procedure. During this procedure, the
right portal vein usually is connected with the right or
middle hepatic vein using a stent or a stent-graft.102–104

Main indications for TIPS are to control the GE bleeding
and refractory ascites. Most recently, TIPS has been shown
to improve renal function in hepatorenal syndrome.105

However, it appears that neither TIPS nor surgically created
shunts improve survival of the patients.106 Surgically
created partial and selective shunts seem to be preferred
over TIPS in patients with well-preserved liver function.
The continuous surveillance after this procedure is espe-
cially important because shunt failure rates caused by
stenosis and occlusion are reported to be 25% to 50%
in 1 year.103 Visualization of the TIPS is usually easy
because the liver serves as a nice acoustic window. The
material of the shunt itself may affect intraluminal flow
visualization and flow measurements. Imaging modali-
ties and protocols to assess patency of the TIPS are dif-
ferent from center to center. The most common Doppler
parameters to diagnose hemodynamically significant
TIPS stenosis are as follows:

1. Maximum shunt velocity below 50 to 60 cm/sec,
or higher than 200 to 250 cm/sec107–109

2. Decrease of shunt velocity by 50 cm/sec and
change of flow direction in portal vein branches
in comparison with the examination performed
just after the shunt placement109,110

3. Inability to obtain Doppler signal in the shunt 
is consistent with shunt occlusion107,108,110,111

(Fig. 47-19) 

Using these parameters, sensitivity and specificity
approaches 100% in some references, and in most centers,
exceeds 90%.112,113 Another report has shown poor results
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Figure 47-18. Surgical mesocaval portosystemic shunt. 
A, Patent mesocaval shunt from the superior mesenteric vein
(arrow) to the inferior vena cava. B, The pattern of flow
velocity is very high and continuous; this picture is from a
different patient.
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Figure 47-19. Thrombosis of a portosystemic shunt few months
after its insertion. The shunt contains homogenous material
and there is absence of Doppler signal. The patient subse-
quently underwent a successful liver transplantation. 



(sensitivity 35%, specificity 83%), suggesting that Doppler
ultrasound should be replaced by venography for the
TIPS surveillance.114

Liver Transplantation

Since 1968, when Starzl performed first liver transplan-
tation, this has become a widely used, common surgical
procedure for treatment of end-stage liver diseases (and,
occasionally, for hepatic malignancy).115 About 5000
transplantations were performed in the United States in
2001, with a 5-year survival in selected centers
approaching 90%.116,117

The most common technique is orthotropic liver trans-
plantation of the whole cadaver liver. Because of a short-
age of the liver donors, other techniques are being
increasingly employed. These include split liver trans-
plantation, in which one liver is divided to treat two
patients; living donor left lobe (usually two and three
segments) for pediatric patients; and right lobe living
donor transplantation in adults. Living donor transplan-
tation of the left hepatic lobe in adults is common in
Asian countries where cadaver transplantation is prob-
lematic because of cultural and religious beliefs. Marginal
liver and domino transplantations are performed as well
to deal with extreme organ shortage.117

During orthotropic liver transplantation, the recipient’s
liver is removed and all three donor liver vascular sys-
tems and the bile duct are connected to the recipient,
creating at least four vascular anastomoses. The hepatic
portion of the IVC of the donor is connected to the recipi-
ent’s, creating two end-to-end anastomoses: (1) proximal
(suprahepatic or cranial); and (2) distal (infrahepatic or
caudal). The recipient hepatic part of the IVC is removed
with the diseased liver. If there is a large mismatch
between the IVC diameters of the donor and recipient,
a “piggyback” technique may be used in which the proxi-
mal part of the donor IVC is anastomosed end-to-side
to the recipient’s spared IVC, and the distal part of the
donor’s IVC is closed. When only the right hepatic lobe
is transplanted, the right hepatic vein is connected end-
to-end to the recipient’s right hepatic vein or directly to
the IVC. In the left lobe transplantation, left hepatic vein
anastomosis is performed accordingly.

Donor portal vein typically is connected end-to-end
to the recipient’s PV. If this anastomosis is impossible
because of congenital abnormalities, or because of throm-
bosis of the main PV, the anastomosis may be created
to another patent portal tributary, usually the superior
mesenteric vein. In transplantation of one lobe of the
liver, the donor right or left portal vein is connected to
the recipient’s main portal vein. 

The donor hepatic artery is usually mobilized in its
maximum length (including celiac artery and small aortic
patch) to connect it to the recipient’s common hepatic
artery. As mentioned previously, anatomic variations of
the liver arteries are very common, hence additional

anastomoses and interposition grafts may be employed
in connecting donor and recipient arterial systems.

Biliary anastomosis is performed end-to-end on a T-
tube catheter, which is left in place for a couple of weeks.
When the bile duct length is insufficient, which happens
when only one lobe of the liver is transplanted from a
living donor, an anastomosis is performed to the Roux-
en-Y jejunal loop. Bile ducts of the transplanted liver are
supplied solely by the transplanted artery. Arterial col-
laterals are absent in early stages after transplantation,
so the patency of the arterial system is crucial for the
biliary system.118,119

Ultrasound evaluation before transplantation must
follow the same common rules discussed above for any
surgical intervention on the hepatoportal vasculature. The
documentation of large PC collaterals is very important
because if those are not ligated, portal perfusion of the
transplanted liver may be compromised after transplan-
tation. Ultrasound is helpful to exclude diffuse and focal
liver diseases in living donors and for the follow-up after
removal of one of the liver lobes.

Unfortunately, is not possible to plan a liver trans-
plantation and rely solely on ultrasound imaging. The
combination of different imaging modalities used in trans-
plantation protocols varies from center to center. Plain
angiography, CT, CT angiography, MRI, and MR
angiography are usually employed to check vascular
anatomy and obtain volumetric data.118,119

Post-transplantation Doppler ultrasound is primarily
employed to evaluate the patency of the surgically created
anastomoses between the donor liver and the recipient’s
vasculature. A detailed description of the operation per-
formed, preferentially with schematic drawings, will make
the examination much faster (easier) and more reliable.
In the early postoperative period examination is com-
monly performed as a bedside procedure. Bandages
and drain tubes make it difficult to get a good acoustic
window for the vascular structures, so removal of some
bandages is usually necessary.

The examination of the transplanted liver vasculature
is best started from the portal system. Ultrasound exami-
nation is started from the B-mode imaging to evaluate
changes in liver parenchyma (focal liver lesions) and
perihepatic fluid collections. Any infrahepatic fluid collec-
tion in the porta hepatis area should be differentiated
from possible portal vein and hepatic artery aneurysms
using Doppler (CDI). Flow patterns in the main portal
vein, intrahepatic branches, and extrahepatic tributaries
are documented to exclude acute portal vein thrombosis.
Flow velocities in the anastomosis area and proximal
and distal portal vein should be recorded to serve as a
reference for future examinations. Increased velocities
and disturbed flow on CDI in the anastomotic area are
a common finding, usually caused by the discrepancy
of portal vein sizes in the donor and recipient, and by
some angulations (kinking) of the anastomosed portal
vein. Size discrepancies are especially common in pedi-
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atric patients with biliary atresia treated by the Kasai
procedure.120,121 Significant kinking demonstrated by CDI
may occur if the length of the portal vein is excessive.
There are no published criteria to classify portal vein
stenosis. The authors think that an increase in blood
velocities by up to two times is acceptable, whereas an
increase of more than three times should be evaluated
with angiographic imaging modalities.

The most common vascular complications are
stenosis and occlusion of the hepatic artery, reported to
be as high as 25% to 30% in living donor pediatric
patients116,118; however, the introduction of microsurgery
techniques has reduced the incidence to below 5%. In
adult cadaveric liver transplantation it varies from
1.5% to 9%.116–122

Early occlusion results in loss of the transplant (and
retransplantation) if revascularization procedures are not
performed in time. Doppler US performed in asympto-
matic post-transplant patients in the first days after
transplantation could detect hepatic artery thrombosis
and save the transplanted liver.118,119,121 The examination
of the hepatic artery should start from the documen-
tation of its patency. Failure to visualize a transplanted
artery in its usual course does not necessarily mean
that the artery is occluded because the location could
be significantly altered during surgery. Visualization of
normal flow in the intrahepatic branches may suggest
that the common HA is patent, and an attempt to trace
it by CDI in retrograde fashion should be made. When
the main artery is identified and confirmed to be patent,
the region of the anastomosis should be interrogated
with PWD to rule out stenosis. Velocities higher than
200 cm/sec are consistent with hemodynamically sig-
nificant hepatic artery stenosis.119 If there is history of
multiple anastomoses, all those areas should be meticu-
lously examined. During the first days after transplan-
tation the arterial waveform is usually high resistance,
probably because of postoperative liver edema. At the
end of the first week, resistance gradually decreases to
normal values (RI less than 0.7).118 An increase in HA
resistance in the late post-transplantation period may
be caused by the rejection or by the recurrence of
chronic liver disease. Those findings are unspecific,
however, and diagnosis of the rejection should rely on
liver biopsy.

When the area of anastomosis is impossible to visualize,
and low resistance dampened poststenotic arterial wave-
form in intrahepatic branches is present, stenosis in the
common hepatic artery must be suspected and angiogra-
phy should be considered. Hepatofugal direction of the
bloodflow in some intrahepatic arteries may be observed
because the liver receives transcapsular collaterals from
the diaphragmatic surface57 in the presence of proximal
HA occlusion.

A pseudoaneurysm of the hepatic artery is one of the
possible rare arterial complications and should be differen-
tiated from the subhepatic fluid collections by CDI. A-V

fistulas and arteriobiliary fistula have been reported via
anecdotal data in post-transplant patients.120,121

Finally, hepatic veins and the IVC are examined for
patency. Complications such as thrombosis of the hepatic
veins and IVC or stenosis of the anastomosis are very
rare.122 The transplanted liver hepatic veins exhibit the
same phasic flow characteristic as in the normal liver.
Loss of the phasicity and development of the continuous
monophasic flow distal to the interrogation point may
be caused by IVC stenosis or obstruction. Such stenosis
usually develops in the anastomotic area (Fig. 47-20).
Intraoperative US is widely used in many medical centers
to confirm patency of the arterial and venous anasto-
moses in the operating room. In living donors it is used
to identify the plane of resection, anatomic variations
of the hepatic veins, and hepatic artery and portal vein
branching.123

Miscellaneous 

Contrast Agents

Ultrasound contrast agents (USCA) are very small gas
bubbles ranging from 1 to 10 μm in diameter. This size
allows them to cross the pulmonary barrier and enter
the arterial circulation when injected intravenously. They
increase acoustic backscatter and Doppler signal from
blood pool up to 30 dB and can be detected by B-mode
imaging in large vessels and by Doppler in smaller vessels.
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Figure 47-20. Significant IVC stenosis at the cavo-caval anas-
tomosis. The patient presented with abdominal pain and
bilateral lower extremity swelling. The diameter of the IVC
was reduced to 3.8 mm at the area of stenosis, and it was
significantly smaller than the distal diameter at 15.3 mm. The
diameter stenosis was estimated to be around 75%. The peak
vein velocity before and after the stenosis was 191 cm/sec and
16 cm/sec, giving a post- to prestenotic velocity ratio of 12.



Some of them, because of their nonlinear behavior, emit
second harmonic frequencies. Others break, emitting
high-intensity harmonic signals under the influence of
high acoustic energy transmitted from ultrasound scan-
head; these can be imaged by B-mode harmonic scan-
ning, CDI, and power Doppler harmonic imaging.12,124–126

Different chemical substances stabilize the microbubbles
so they are in the bloodstream from seconds to an hour.
USCA can be used to facilitate examination in several
ways: 

● Help to visualize patency of deep-lying hepatic
vessels in technically difficult patients

● Improve detection of TIPS and surgical portosystemic
shunt stenosis

● Enhance arterial and venous imaging in liver
transplant

● Depict vascularization patterns and improve early
detection and differentiation of hepatic neoplasms,
especially those that are small and deep

● Evaluate perfusion parameters and opacification
patterns because US contrast transit time in liver
parenchyma and tumors is similar to that used in
contrast-enhanced CT of the liver

Other USCA, which are still experimental and are
not available for clinical practice, include tissue specific
agents that are taken up selectively by the reticuloen-
dothelial system (RES). These could be used to differen-
tiate normal tissue of the liver and spleen from tumors
lacking an RES. Another type that could be used to
evaluate fresh thrombus in early stages is aerosomes
with a ligand to activated platelets.127–131

USCA are currently under intense investigation for
many clinical applications; however, their use for routine

US examinations is under question because it significantly
increases examination costs and time. 

Doppler Characteristics of Benign 
and Malignant Liver Tumors

Liver masses are found as an incidental finding on any
imaging modality, or when there is an examination to
rule out malignancy in the presence of symptoms and
risk factors (Table 47-3). The use of Doppler ultrasound
in combination with other imaging modalities such as
CT and MRI could facilitate the differentiation of tumors
from other lesions by the presence or absence of flow
and distinctive vascularisation patterns (e.g., size and
number of identifiable vessels, type of vessels [arteries
or veins], and central or peripheral branching). When
vessels are present, the quantitative characteristics of
flow velocities, resistance index in intratumor arteries,
and velocity ratios of tumor to normal hepatic arteries
may be used.132 However, Doppler characteristics are
influenced by many factors (e.g., size of the lesion, prox-
imity to US transducer, quality of US equipment, and
operator skills). It cannot replace biopsy for definite
diagnosis.126,133–136

Currently, hepatocellular carcinoma (HCC) is the
most common primary malignant hepatic tumor. Main
risk factors in the United States and Europe are infec-
tion with hepatitis virus B and C and alcoholic liver
cirrhosis, whereas the primary risk factor in Asia and
Africa aree exposure to carcinogens. In its natural course,
LC regenerative nodules progress into low-grade dys-
plastic nodules, then into high-grade dysplastic nodules,
and eventually turn into HCC.134,135 Ultrasound differen-
tiation between these is often impossible, and even
guided liver biopsy findings are not reliable.137,138 HCC
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TABLE 47-3. Most Common Focal Liver Lesions Identifiable by Ultrasound

Benign Tumors Malignant Tumors Focal Nontumorous Lesions  

Cavernous and capillary hemangioma HCC Abscess

Simple biliary cyst Cholangiocarcinoma Lymphoma Echinococus

Biliary cystadenoma Cystadenocarcinoma Hematoma

Focal nodular hyperplasia (FNH) Angiosarcoma HA aneurysm

Hepatadenoma regenerative Kaposi sarcoma Infarction
(dysplastic) cirrhotic nodules

Hamartoma Metastases Peliosis hepatis

Lipoma Focal fatty infiltration (sparing)

Pediatric Pediatric Connective tissue (ligament and 

Hemangioendothelioma Hepatoblastoma diaphragmatic) interpositions

HCC, hepatocellular carcinoma; HA, hepatic artery.



is a hypervascular tumor with a typical “basket” flow
pattern (Fig. 47-21) identifiable in larger masses.137

High velocity arterial flow is characteristic to HCC and
has been described to be greater than 90 cm/sec.138

Doppler US is particularly useful in evaluating the
involvement of neighboring vascular structures (e.g.,
extrinsic compression or invasion by the tumor).
Doppler US was shown in studies to be equal to MRI in
preoperative evaluation of the vascular involvement by
the HCC.123,139 Involvement of vascular structures is
typical for HCC, and both portal and hepatic veins may
be invaded. Malignant thrombus close to PV bifur-
cation, invading proximal hepatic veins and the IVC,
makes liver resection impossible. If the thrombus is
confined to one of the liver lobes, resection can still be
performed.115

The most common benign liver tumor is cavernous
hemangioma: It is a well-demarcated, homogenous,
hyperechoic mass. Internal vessels usually are not seen
in small tumors. Color flash or diffuse blush in the heman-
giomas may be seen by power Doppler imaging or when
USCA are employed, but they are not characteristic to
the lesion.132,133

The liver is the second-most common site of metas-
tasis (after regional lymph nodes) for many malignant
tumors. Metastases from the different sites have different
echo patterns and different vascularization. It is very
difficult to differentiate primary malignant and benign
liver tumors from the metastases.136 Peak flow arterial
velocities above 40 cm/sec were shown to be charac-
teristic to malignant liver tumors.132 The presence of inter-
nal flow is more characteristic to HCC than to metastatic
tumors. Internal flow was shown to be present in 33%
of liver metastases, compared with 75% of detectable
intratumor flow in HCC.138 In the presence of diffuse

small-liver metastases, measurement of Doppler perfusion
index may be of value.22

Liver Infarction

Because of its unique dual blood supply, infarction of
the liver is rare when the normal ratio of arterial to
portal bloodflow is preserved. When the arterial part of
bloodflow becomes more important (e.g., in liver cirrhosis
or transplanted liver), the occlusion of the hepatic
artery or its branches results in liver infarction. It may
be a wedge-shaped peripheral lesion or a rounded, cen-
trally located mass, usually hypoechoic on B-mode. In
immunocompromised patients, abscess formation may
be observed in the infarcted area. It is difficult to dif-
ferentiate hepatic infarction from the other focal liver
lesions. When hepatic artery occlusion is present, and
a new intrahepatic mass develops shortly after, liver
infarction should be suspected.120,121

Aneurysms and Arteriovenous Fistulae

Aneurysms and pseudoaneurysms of the hepatic artery
are second (after splenic) among the visceral aneurysms.
Hepatic artery true aneurysms are usually extrahepatic
and are located in the common hepatic artery; they may
be congenital or caused by atherosclerosis, vasculitis, or
infection.31 Intrahepatic pseudoaneurysms are usually
traumatic and caused by liver biopsy. Extrahepatic
pseudoaneurysms are most common after liver trans-
plantation.121,140,141 A characteristic swirling flow pattern
in the aneurysm sack is visualized by CDI and recorded
by PWD (Fig. 47-22). The neck of the pseudoaneurysm
may be identified with flow to and from the pseudo-
aneurysm sack. 
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Figure 47-21. Hepatocellular carcinoma. Solid isoechoic liver
mass with hypoechoic halo on B-mode measuring 3 cm in
diameter. On the right, split-screen power Doppler imaging
depicts the characteristic hypervascular “basket” pattern.

Figure 47-22. Hepatic artery aneurysm. Extrahepatic sacular
hepatic artery aneurysm (large arrow).



An intrahepatic arteriovenous fistula between the
PV and hepatic artery is usually caused by trauma and
rupture of the hepatic artery pseudoaneurysm after liver
biopsy or therapeutic intravascular interventions. Large
arteriovenous fistulas may cause severe portal hyperten-
sion, rapid development of PC, and bleeding from GE
varices.140–142 High-intensity signal with intense aliasing
is detected by CDI. Spectral Doppler shows high-velocity,
very low-resistance, turbulent flow typical for A-V fistula.
Small A-V connections between the hepatic artery and
portal system, as well as between hepatic artery and
hepatic veins, may form in advanced LC, Rendu-Osler-
Weber disease (see Fig. 47-15), large HCC, and heman-
giomas.140

Gas in the Portal System

Portal venous gas is characterized by small, hypere-
choic, freely moving reflectors that sometimes produce
reverberation artifact in the portal system. Inflammatory
bowel diseases, abscesses, ileus, and abdominal trauma
usually causes it.31 The intrahepatic pattern closely resem-
bles the one observed in aerobilia; therefore, visualiza-
tion of the gas in extrahepatic PV helps to make the
correct diagnosis.
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be constructed in at least 50% of all new kidney failure
patients electing to receive hemodialysis as their initial
form of renal replacement therapy. Ultimately, 40% of
prevalent patients should have a native (arteriovenous)
AV fistula.”4 Despite these national recommendations,
only about 30% of patients beginning hemodialysis in
the United States currently have an autogenous AVF as
their primary dialysis access site.5

Multiple studies have demonstrated that autogenous
AVFs demonstrate superior overall patency and lower
revision rates when compared with prosthetic grafts.6–8

Autogenous fistulae are less prone to recurrent stenoses,
thrombosis, or infection.9 However, some investigators
have reported that if failure to mature is included in
assessing autogenous fistulae patency, there are no dif-
ferences in access rates and overall function when com-
pared with prosthetic grafts.10,11 Demographic factors
that decrease fistula maturation include advanced age,
female sex, African American race, diabetes mellitus,
and obesity. All these factors are associated with small
vessels with diminished bloodflow.12

Some 350,000 end-stage renal disease (ESRD) patients
were receiving hemodialysis in the United States in 1999

Introduction

Preoperative Evaluation

Postoperative Evaluation

Conclusions

Introduction

ascular access procedures and their subsequent
complications represent a major cause of morbidity,
hospitalization, and cost for chronic hemodialysis
patients.1–3 According to the The National Kidney Foun-
dation Dialysis Outcomes Quality Initiative (DOQI)
Clinical Practice Guidelines for Vascular Access, the ideal
dialysis access graft would prove durable, provide superior
hemodialysis, demonstrate a low incidence of infection,
and require few interventions to maintain patency. This
document suggests that autogenous arteriovenous fistulae
(AVFs) approximate the ideal access graft. As a result,
its authors recommend that “primary AV fistulae should
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according to the U.S. Renal Data System.13 Presently, the
incidence of new hemodialysis patients is increasing at
an average rate of 6% per year, with concurrent increases
in patient age and comorbidities. Currently, over 70% of
patients beginning dialysis have three or more comorbid
conditions.14

Preoperative Evaluation

It is clear from previous reports that fistula creation
without some form of preoperative evaluation is asso-
ciated with a high failure-to-mature rate and, subse-
quently, an inability to successfully access the fistula
for hemodialysis.11 Therefore, in order to increase the
proportion of functional autogenous fistulae, the authors’
group has proposed and evaluated the utility of pre-
operative noninvasive assessment of the upper extremity
arterial and venous anatomy before dialysis access
surgery. 

Over the past 30 years, ultrasound has played an
increasing role in the evaluation of vascular pathology.
In the 1980s, mobile systems and higher-frequency trans-
ducers became available, allowing better imaging, with
direct application for vascular access evaluation. By the
1990s, the ability to diagnose stenotic lesions and predict
access failure was well reported.15,16 With these improve-
ments, as well as the favorable experience with lower
extremity Doppler ultrasound (DU) vein mapping for distal
revascularization, the authors began to utilize routine
preoperative noninvasive imaging of the upper extremity
to enhance the ability to identify suitable arteries and
veins for hemodialysis access. 

Since 1994, the authors’ group at the University of
Medicine and Dentistry of New Jersey–New Jersey Medical
School (UMDNJ-NJMS) has utilized the noninvasive
vascular laboratory to assess the arterial and venous
anatomy of the upper extremity. Based on the anatomic
criteria identified in the vascular laboratory, the optimal
type of dialysis access as well as the anatomic site were
determined for each individual patient. Utilizing this
approach, the number of autogenous AVFs increased
from 14% to 63%, whereas the number of prosthetic
grafts placed decreased from 38% to 8.3%.17 In addition,
preoperative physical examination alone was found to
be insufficient for identifying suitable veins for auto-
genous access in 54% of patients. 

Since the publication of this initial experience, other
investigators have reported a similar experience.12,18–20

Allon and colleagues12 reported a significant increase in
the placement of autogenous AVF (from 34% to 64%)
after preoperative vascular mapping was implemented.
Although primary access failure was higher for fistulas
than for prosthetic grafts (46% vs. 21%), the subsequent
long-term failure rate was significantly higher for bridge
grafts than for AVF. Likewise, Robbin and colleagues20

reported an increase in autogenous fistula creation (from
32% to 58%) with preoperative ultrasound vascular
mapping. 

Patient Assessment

Evaluation of the patient’s general medical condition
includes a careful review of cardiovascular factors such
as the presence of atherosclerotic risk factors (e.g., dia-
betes, hypertension, hyperlipidemia, coronary artery
disease, and cigarette smoking) that may severely impact
both inflow and outflow vessels. 

A review of prior dialysis procedures is essential
because it may reveal potential difficulties in establishing
suitable access. Of particular concern is the central venous
system because previous central venous catheters can
lead to unrecognized outflow obstruction in up to 30%
of patients.21

In addition, prior prosthetic graft placement does
not preclude future AVF creation. A review of patients
with failed prosthetic AV grafts referred to UMDNJ-
NJMS from outside institutions indicated that over 40%
of these patients were candidates for autogenous AVFs.
Of these patients, 25% had suitable veins ipsilateral to
the failed prosthetic AV graft.

Patient Examination

The examination of the patient undergoing evaluation
for dialysis access should focus on the adequacy of the
inflow artery and outflow vein. The inflow artery must
be capable of providing adequate and reliable flow while
not compromising distal perfusion to the hand. Brachial,
radial, and ulnar pulses should be noted, and the Allen
test, with a subsequent waveform analysis in the vascular
laboratory, should be performed to confirm collateral
patency of the palmar arch.

Adequacy of the venous outflow vein is also critical.
Application of a tourniquet may enable veins to dilate
and identify accessory veins that may impair AVF matu-
ration. Evidence of central vein stenosis should also be
sought. Specific signs of central vein stenosis (e.g.,
swollen arm, shoulder, or breast, or dilated collateral
veins) are easily recognizable but are generally absent
unless the stenosis is severe or acute.

Although the physical examination is a key component
of preoperative access planning, it is often inadequate
in obese patients and is limited in assessing deeper veins
such as the basilic vein. In addition, physical examina-
tion is unlikely to identify areas of stenosis, postphlebitic
vein wall fibrosis, or nonocclusive thrombosis of veins
from previous venopuncture. 

Noninvasive Vascular Imaging

The authors’ protocol for the noninvasive imaging of the
upper extremity includes DU visualization of the super-

514 Part Three: Miscellaneous



ficial and deep venous systems and a cursory arterial
examination. 

Ultrasound Technique

Vein mapping is performed with the patient supine and
the arm dependent. The scan is initiated at the wrist of
the nondominant arm with a tourniquet placed initially
just above the wrist. In addition to using warm ultra-
sound gel, tapping and stroking maneuvers are used to
facilitate venodilation. The veins are insonated with a
5-MHz or 7-MHz linear transducer. Veins are evaluated
for any evidence of focal thrombotic, stenotic, or atretic
segments. Veins are also assessed for diameter, com-
pressibility, patency, and wall thickening. The tourniquet
is sequentially moved up the arm to allow full visualiza-
tion of the forearm and antecubital veins. Continuity of
the venous system through the axillary and subclavian
veins is also determined. Subclavian and jugular venous
Doppler waveforms are analyzed for indirect evidence
of central venous abnormalities. Indirect evidence of
stenosis or occlusion includes diminished respiratory
phasicity and diminished transmitted cardiac pulsatility.
If one side is abnormal, the contralateral side is examined.

Following determination of venous anatomy accept-
ability, the radial, ulnar, and brachial arteries are quickly
scanned with duplex ultrasonography. The scan is a
cursory examination that allows for the identification of
gross areas of stenosis or arterial variants such as high
bifurcation of the brachial artery. Segmental arterial pres-
sure measurements are no longer performed because of
the low incidence of upper extremity inflow lesions and
the prolonged time required for a complete arterial
examination. Evaluation of the dominant arm is
performed only when the nondominant arm evaluation
is unacceptable.

Table 48-1 defines the authors’ minimal anatomic
requirements for construction of an autogenous fistula.

Postoperative Evaluation

According to the K/DOQI Work Group Guideline 10,
“physical examination of an access graft should be
performed weekly and should include, but not be limited
to, inspection and palpation for pulse and thrill at the
arterial, mid-, and venous sections of the graft.”4 In
addition, regular access surveillance was recommended
by a variety of techniques. These included, in order of
decreasing preference, the following: monthly measure-
ment of intra-access flow (measured by ultrasound
dilution, conductance dilution, thermal dilution, or
Doppler) or static venous dialysis pressure; monthly
measurement of dynamic venous pressures; measurement
of access recirculation by using urea concentrations or
dilution techniques; and physical examination, evaluating

for persistent swelling of the arm, clotting of the graft,
prolonged bleeding after needle withdrawal, or altered
characteristics of pulse or thrill in a graft.

Duplex Ultrasound Surveillance

Diagnostic imaging is suggested to further evaluate any
persistent abnormality. Duplex ultrasound of dialysis access
is well suited to directly identify stenotic or occluded
segments within the arterial inflow, conduit, and venous
outflow.22 The accuracy of DU for identification of access
complications has been well established and confirmed
by invasive imaging in multiple studies.15,23–25

Most studies have used direct measurement of diameter
reduction by B-mode and color-flow imaging. Because
of the turbulent, elevated flow rates through a high-
volume arteriovenous fistula or graft, determination of
threshold velocities corresponding to significant stenosis
can be difficult to interpret. Tordoir and colleagues15

measured frequency shifts obtained from Doppler and
were able to define threshold values for angiographic
diameter-reducing stenosis. Likewise, Older and col-
leagues25 also developed Doppler criteria showing that
83% of greater than 50% diameter reducing lesions
were detected with peak systolic velocities greater than
400 cm/sec or a peak systolic velocity ratio greater 
than 3.

Despite possessing an acceptable accuracy for detec-
tion of access stenosis, DU remains unproven for predicting
thrombotic failure. Several investigators have reported
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TABLE 48-1. Duplex Ultrasound Selection
Criteria for Use of Upper Extremity
Arteries and Veins for Dialysis Access
Procedures

Venous Examination

Venous luminal diameter 2.5 mm for AF

Venous luminal diameter 4.0 mm for BG

Absence of segmental stenoses or occluded segments

Continuity with the deep venous system in the upper arm

Absence of ipsilateral central venous stenosis or occlusion

Arterial Examination

Absence of pressure differential 20 mmHg between arms

Arterial lumen diameter 2.0 mm

Patent palmar arch 

AF, autogenous fistula; BG, bridging graft.
Reprinted with permission from Silva MB Jr, Hobson RW II, Pappas PJ,

et al: A strategy for increasing use of autogenous hemodialysis
access procedures: Impact of preoperative noninvasive evaluation. 
J Vasc Surg 27:302–308, 1998.



that high-grade stenoses identified by DU in bridge grafts
were associated with significantly decreased patency
rates at 6 months.16,26 However, Lumsden and colleagues
questioned the efficacy of performing prophylactic
angioplasty on all patients with DU-detected significant
stenosis within prosthetic bridging grafts.27 Patients
with 50% stenosis or greater were randomized to elective
angioplasty or clinical follow-up. Lifetable analysis showed
no difference in outcomes, suggesting that the presence
of an access stenosis may not necessarily predispose to
conduit failure.

Conclusions

The K/DOQI Clinical Practice Guidelines have provided
a standard that all those involved with dialysis access
must attempt to reach. In order to reach these goals,
careful preoperative evaluation and planning is required.
Early referral for access placement, careful physical
examination, and a meticulous preoperative duplex are
important tools for meeting these guidelines. Further
access management can subsequently be based on duplex
ultrasound, allowing for a noninvasive, mobile, and
relatively convenient method of clinical evaluation.
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Neurogenic Thoracic Outlet
Syndrome

Mechanical compression of the brachial plexus is the
principal cause of the symptoms that make up this entity.
A variety of anatomic problems may produce compression
of the brachial plexus. These include cervical ribs,1 first
rib, anterior scalene muscles, congenital myofascial bands
and ligaments, and scar related to previous trauma
(Table 49-1).

Compression of the nerve roots by these structures
produces symptoms of the neurogenic thoracic outlet
syndrome. These include shoulder girdle and arm pain
associated with numbness and paresthesias in the ulnar
distribution of the forearm and hand. If longstanding,
these patients may also have wasting in thenar eminence
of the hand. Thankfully, most patients do not present
with extensive symptoms such as muscle wasting. The
more common presentation is that of pain in the shoulder
girdle and radiating down the arm. It is often worsened
when patients work with their arms overhead.

Several other disorders may also have symptoms similar
to these and thus should be kept in mind (Table 49-2).
These include nerve compression disorders (e.g., carpal
tunnel syndrome or ulnar nerve entrapment), cervical
spine problems (e.g., disk herniation or spondylolysis
producing radicular symptoms), and primary muscu-
loskeletal disorders (e.g., rotator cuff tears, tendinitis, or
myositis). Because these entities may produce symptoms

Neurogenic

Arterial

Venous 

horacic outlet syndrome (TOS) encompasses a
group of disorders of the upper extremity caused by
compression of one of the structures in the thoracic
outlet. Compression may impinge upon the brachial
plexus, the subclavian artery, or the subclavian vein.
Thus there are three types of thoracic outlet syndromes:
neurogenic, arterial, and venous. The neurogenic type
of thoracic outlet syndrome consists mainly of pain;
paresthesia; and, often, weakness of the upper extremity
and hand usually aggravated when the hands are used
over the head. This type of thoracic outlet syndrome
accounts for 90% to 95% of all patients. The arterial
variant of thoracic outlet syndrome is rare and accounts
for less than 5% of the cases. Bony compression of the
artery results in poststenotic dilatation and aneurysm
formation. These patients will generally present with
thromboembolic complications related to the change in
arterial structure. The venous variant also results from
bony compression of the subclavian vein. Chronic
repetitive trauma to the vein produces its eventual
thrombosis. Each of these entities is considered briefly
in this chapter.
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very similar to the neurogenic thoracic outlet syndrome,
they need to be excluded by careful physical examination
and appropriate ancillary tests.

Diagnosis

The diagnosis of neurogenic thoracic outlet syndrome
in patients without identifiable anatomic abnormalities
is based upon the history and physical examination. The
history should include whether the symptoms followed
a specific trauma such as an auto accident or accident
at work. Up to 70% of patients will have a history of
trauma or work-related injury. Inquiry should be made
as to the impact of the symptoms on the activities of daily
living. Actions such as carrying objects, wearing or
carrying items with shoulder straps, shampooing hair,
or driving a car often cannot be done using the affected
extremity. It is important to obtain information on what
therapy has been tried and for what duration because
often these patients are seen after their initial trial of
conservative management. Often, patients are sent for
strengthening exercises rather than stretching, and this
may aggravate the situation. These patients are then
deemed nonresponders to conservative therapy. 

A thorough physical examination is a necessity in
arriving at a correct diagnosis. The patient’s posture and
the presence of any deformities should be noted. The
neck and shoulder girdle should be examined for pain
or spasm in the trapezius muscle or in the paraspinal
region of the neck. The hand and fingers are examined,
and grip strength is assessed. Individual tests for carpal
tunnel syndrome (e.g., the Phalen test) are performed.
Tenderness of the ulnar nerve at the elbow may indicate
ulnar nerve entrapment. 

Characteristic findings of thoracic outlet include supra-
clavicular tenderness. This can be elicited by palpating
directly over the anterior scalene muscle or more pos-
teriorly over the brachial plexus. A positive response
reproduces the symptoms of pain and paresthesias
radiating from the neck down the arm. The elevated
arm stress test is a useful maneuver to try and elicit the
symptoms of thoracic outlet compression. The patient
is instructed to place both arms in 90 degrees of abduc-
tion and external rotation, with the shoulders braced
posteriorly. The patient is then instructed to open and
close the hands for three minutes. Test results are con-
sidered positive if the symptoms are reproduced. Most
patients with neurogenic thoracic outlet syndrome will
not be able to complete this test. 

The diagnosis of thoracic outlet syndrome is usually
made on clinical grounds based upon the history and
physical examination. However, several ancillary tests
may be useful to exclude other potential diagnoses that
may produce similar symptoms.

A variety of diagnostic tests have been advocated for
evaluation of the patients with presumed neurogenic
thoracic outlet syndrome. Unfortunately, none of these
tests is specific for thoracic outlet nerve compression.
Diagnostic tests in this setting serve as ways to exclude
other pathologies that may be producing the symptoms.
Plain x-ray studies of the chest and cervical spine should
be obtained. These will provide evidence of cervical
ribs; abnormal transverse processes; and, perhaps, old
bony trauma. Evidence of arthritic conditions of the spine
should be noted, as should signs of degenerative disk
disease of the spine. In patients with radicular symptoms
wherein disk herniation may be suspected, magnetic
resonance imaging (MRI) may be helpful. Newer MRI
techniques employing brachial plexus coils allow deter-
mination of the site of compression and of which patients
would benefit from rib resection or neurolysis.2 Elec-
trophysiologic studies (e.g., ulnar nerve conduction or
electromyography) may be helpful in excluding other
conditions, but no standard exists and there is a wide
range of normal values. In practice, the authors have not
found these tests to be useful in arriving at the diagnosis;
many patients are referred having already had these
tests performed. Sensory-evoked potentials have been
proposed as a way to determine which patients may
benefit from nerve decompression, but results have
been disappointing.3
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TABLE 49-1. Anatomic Structures That May
Compress Nerves in the Thoracic Outlet 

Bony Soft Tissue

Cervical rib Anomalous anterior scalene 
insertion

Long C7 transverse Anomalous middle scalene 
process insertion

Abnormal first rib Scalene muscle interdigitations

Scalene muscle hypertrophy

Scalenus minimus

Abnormal ligaments or fibrous 
bands  

TABLE 49-2. Disorders Producing Symptoms
Similar to Neurogenic Thoracic Outlet
Syndrome

Carpal tunnel syndrome Shoulder disorders

Ulnar nerve compression Tendinitis

Cervical disk disease Rotator cuff tears

Cervical spondylolysis Myositis

Reflex sympathetic dystrophy Biceps tendinitis

Raynaud’s disease Deltoid bursitis  



Once the diagnosis has been reached, the initial course
of treatment for neurogenic thoracic outlet should be
conservative and nonoperative. Initial treatment should
include analgesics; anti-inflammatory medications; and
muscle relaxants, if muscle spasm is present. Physical
therapy should consist of heat application and ultrasound
therapy. Patients should avoid postures or activities that
aggravate their symptoms. Strengthening exercises should
be limited to those involving the shoulder girdle to improve
posture and open the thoracic outlet. Trigger point injec-
tions or scalene blocks may grant temporary relief and
break the pain cycle the patients may be in while conser-
vative measures start to provide relief. In patients with
relatively new onset of symptoms, a trial of 3 to 6 months
is warranted before embarking on surgical therapy. 

Operative Approach

The goal of surgical therapy for neurogenic thoracic outlet
is to remove the point of compression on the brachial
plexus. Several treatments are purported to achieve this
end, including some combination of scalenotomy,
scalenectomy, first rib resection, and neurolysis. Practically
speaking, the treatment depends on the operative findings,
and the surgery is therefore an exploration. Treatment
depends on the structure compressing the nerves. The
authors elect to use the supraclavicular approach because
it provides the versatility needed to perform all these
procedures for thoracic outlet decompression. 

To perform supraclavicular thoracic outlet decom-
pression, the patient is placed supine on the operating
room table with the neck extended and the head turned
away from the operative site. A curvilinear incision is
made at the base of the neck 1 cm above the clavicle.
The platysma is divided, and superior and inferior flaps
are created. The external jugular vein is divided and
the scalene fat pad mobilized from the jugular vein and
clavicle laterally. The omohyoid muscle is resected.
Mobilization of these structures reveals the underlying
anterior scalene muscle. The phrenic nerve should be
identified and protected because it runs on the anterior
scalene from lateral to medial. The scalene muscle is
then divided at its attachment to the first rib, using care
to protect the underlying artery. The anterior scalene
muscle is then removed by continuing the dissection
superiorly. The underlying brachial plexus will be
observed, as will its interdigitations with muscle. Any
muscle fibers that interdigitate with the middle scalene
and the trunks of the plexus are also divided. The dis-
section proceeds superiorly until the anterior scalene is
disconnected at its insertion on the transverse process.
Neurolysis is then performed by removing all muscle
fibers and connective tissue within the nerve trunk
sheaths. Using a periosteal elevator, the anterior surface
of the first rib is cleared, and using a rongeur, the rib is
divided and removed anteriorly as far medial as the
costochondral junction. Posteriorly, the rib is removed

until the plexus is clear. In the authors’ experience, rib
removal is optional as long as inspection at the time of
surgery reveals that it does not cause the actual com-
pression. The wound is closed over an active drain,
and a compressive bandage is placed over the wound. 

Arterial Thoracic Outlet Syndrome

Arterial thoracic outlet develops because of repetitive
extrinsic compression of the subclavian artery. With this
compression the artery often develops poststenotic dilata-
tion or frank aneurysms. The typical pathogenesis then
is focal compression, dilation, ulceration, and thrombus
formation. Therefore most of these patients will present
with thromboembolic symptoms. The majority of patients
will present with ischemic complications secondary to
repeated episodes of embolization.4

Physical examination of these patients should include
a thorough vascular and neurologic examination. Pulse
volume recordings with digital assessment is beneficial
to determine the extent of embolization. Cervical spine
films and plain chest x-ray should be obtained to evaluate
for the presence of a cervical rib or long C7 process.
Arteriography should be undertaken to include the
arch and the runoff to the hand to evaluate the digital
vessels. 

Most patients presenting with symptomatic arterial
compromise will require first rib resection or resection
of cervical rib and abnormal fibrous bands, if encoun-
tered. The abnormal segment of the artery can then be
replaced with a prosthetic graft. Often, patients with
digital symptoms may benefit from concomitant cervical
sympathectomy.

Venous Thoracic Outlet Syndrome

Effort thrombosis of the subclavian vein is a general
condition sometimes referred to as Paget-Schroetter
syndrome. The syndrome is produced by repetitive trauma
of the subclavian vein in the thoracic outlet. In this
area the subclavian tendon and costocoracoid ligament
follow the course of the clavicle, extending laterally from
their origin at the claviculosternal and first chondral
junction. During abduction of the arm these structures
compress the vein against the first rib and scalenus
anticus muscle. Patients with primary subclavian vein
thrombosis are characteristically healthy, young, active
individuals. Typically, they are male, usually in their
30s, with the dominant extremity involved. Most patients
present with an antecedent history of unusual upper
extremity positioning before the development of symp-
toms.5 There is a wide range of severity and disability
that can be produced by this thrombotic process. In
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general, the degree of disability is related to the length
of the thrombosed segment and the subsequent activity
level of the involved extremity. In many reports, only a
small minority of patients will have little or no dis-
comfort and swelling. This may reflect the fact that
some patients undergo spontaneous recanalization or
may include patients who have little continued active
use of the extremity. Close to 50% of these patients are
considered to have disabling symptoms that limit
occupational or recreational activities.

Virchow’s triad of stasis, intimal damage, and hyper-
coagulability readily explains the pathophysiology of
this syndrome. Intimal damage can be produced by the
chronic irritation of the vein by surrounding structures
at the thoracic outlet. Thus treatment algorithms for this
problem should include early restoration of vein patency,
decompression of the thoracic outlet to correct repetitive
trauma to the vein, and treatment to restore the vein to
normal caliber. 

Current accepted practice is to give patients identi-
fied with this syndrome thrombolytic therapy for initial
dissolution of the thrombus.6,7 When venous patency is
restored and positional venography demonstrates extrinsic
compression of the vein, operative decompression of
the thoracic outlet should be performed as described

earlier. However, patients who undergo this decompres-
sion should also have venolysis performed to remove any
chronic scarring that may be present around the vein.

Beyond thrombolysis and thoracic outlet decompres-
sion is the decision on how to mange the residual vein
stenosis. Several methods for correcting intrinsic stenosis
exist, including venolysis, patch angioplasty, bypass of
the stenotic segment, and percutaneous transluminal
angioplasty (PTA) with or without stent placement.8 At
the authors’ institution the preference is for a catheter-
based approach so that after lytic therapy and thoracic
outlet decompression, patients with residual stenosis
are treated with angioplasty and intraluminal stenting,
when persistent stenosis exists.9

After initial diagnosis by history, physical examination,
and duplex ultrasound, patients undergo venography
and lytic therapy (Fig. 49-1). Venography is repeated every
6 hours until no further dissolution is seen (usually less
than 24 hours). Following dissolution, patients are main-
tained on heparin and undergo thoracic outlet decom-
pression. Patients who the have residual stenosis after
thoracic outlet decompression undergo angioplasty
(Fig. 49-2). If persistent stenosis is present after PTA,
patients have stents placed and completion venography
performed (Figs. 49-3 and 49-4).
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Figure 49-1. Subclavian venogram after 12 hours of thrombolytic treatment. Significant stenosis present in the patent subcla-
vian vein. (From Kreienberg PB, Chang BB, Darling RC III, et al: Thrombolytic and surgical decompression or stent therapy for
subclavian vein thrombosis. In Pearce WH, Yao JST [eds]: Advances in Surgery. New York: McGraw-Hill, 2002.)
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Figure 49-2. Patient in Figure 49-1 after angioplasty of residual stenosis (10-mm balloon inflated to 10 atmospheres). Note
persistent stenosis. (From Kreienberg PB, Chang BB, Darling RC III, et al: Thrombolytic and surgical decompression or stent
therapy for subclavian vein thrombosis. In Pearce WH, Yao JST [eds]: Advances in Surgery. New York: McGraw-Hill, 2002.)

Figure 49-3. Placement of 12 × 40 Wallstent for residual stenosis after angioplasty. (From Kreienberg PB, Chang BB, Darling RC
III, et al: Thrombolytic and surgical decompression or stent therapy for subclavian vein thrombosis. In Pearce WH, Yao JST [eds]:
Advances in Surgery. New York: McGraw-Hill, 2002.)



Patients are then maintained on coumadin for 6 months.
This is then discontinued unless a hypercoagulable
condition exists.
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Figure 49-4. Completion venogram after angioplasty and venous stent placement. (From Kreienberg PB, Chang BB, Darling RC
III, et al: Thrombolytic and surgical decompression or stent therapy for subclavian vein thrombosis. In Pearce WH, Yao JST [eds]:
Advances in Surgery. New York: McGraw-Hill, 2002.)
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more widespread implementation of this modality relies
on the effectiveness of IVUS to improve outcomes and
minimize periprocedural complications when compared
with alternative imaging modalities. This chapter reviews
the design and function of available IVUS catheters,
imaging techniques, and interpretation, and the present
and future clinical utility in peripheral endovascular
interventions. 

Design and Function

The first IVUS prototypes were used to measure intra-
cardiac dimensions and cardiac motion in the 1950s,
using A-mode transducers fixed to large intraluminal
catheters. Various devices (A-, B-, and M-mode) were
developed for both intravascular and transesophageal
imaging of vascular structures. Not until the early 1970s
was intraluminal, cross-sectional imaging of vessels
reported, using a multielement array transducer. To obtain
a 360-degree cross-sectional image, the ultrasound
beam is scanned through a full circle and the beam
direction and deflection on the display is synchronized.
This is achieved by one of three means: (1) a rotating
transducer within the catheter connected to a motor in
the ultrasound unit; (2) a rotating mirror around a fixed
transducer; or (3) a phased array transducer, where
multiple transducers are electronically switched.

Design and Function

Methods and Techniques

Clinical Utility

Future Developments

ntravascular ultrasound (IVUS) was developed when
miniaturized piezoelectric transducers were positioned
at the tip of intraluminal catheters to allow for high-
resolution, ultrasonic imaging of various cardiac, vascular,
and hollow organ structures. Coupled with real-time com-
puterized processing systems, IVUS catheters enable
luminal and transmural cross-sectional imaging of blood
vessels with high dimensional accuracy, as well as detailed
information about lesion morphology (Table 50-1). The
concomitant rapid expansion of minimally invasive
endovascular techniques in both the coronary and
peripheral vasculature has added numerous new roles
for IVUS. Precise knowledge of lesion morphology and
accurate visualization of vessel wall anatomy are required
for endovascular procedures, and because angiography
is limited by its ability to display only the outline of the
vessel lumen, IVUS has emerged as a useful adjunct. In
addition to providing diagnostic information, IVUS enables
optimal choice of appropriate angioplasty technique,
endovascular device guidance, and controlled assessment
of the efficacy of interventions. Further acceptance and
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Current multielement IVUS catheters operate in a high-
resolution B-mode and use frequencies in the range of
10 to 40 MHz, with the higher frequencies providing
higher resolution but at the cost of decreased field of
view and depth of penetration. The plane of imaging is
perpendicular to the long axis of the catheter and pro-
vides a full 360-degree image of the blood vessel. A prob-
lem of the early phased-array devices was the electronic
noise caused by the multiple wires within the catheter
itself; this was because each of the elements was an inde-
pendent mini-transducer needing its own connections.
This problem was later overcome by incorporating a
miniature integrated circuit at the tip of the catheter that
provided sequenced transmission and reception without
the need for numerous electrical circuits traveling the
full length of the catheter. In addition to reducing the
electric noise, this modification simplified the manufac-
turing complexity and improved the flexibility and length
restrictions of the catheter.

A problem of these imaging catheters, common to all
high-frequency ultrasound devices to some extent, is the

inability to image structures in the immediate vicinity
of the transducer (i.e., in the “near field”). Because the
imaging crystals in a phased-array configuration are in
almost direct contact with the structure being imaged,
a bright circumferential artifact known as the “ring-down”
surrounds the catheter. The ring-down artifact can be
electronically removed with software adjustments, but
structures within the masked region are not imaged.

Methods and Techniques

Access

The IVUS catheters can be introduced either percuta-
neously, through a standard vascular access sheath (5
to 10 Fr); or via an arteriotomy or venotomy during an
open procedure. If large vessels proximal to the arteri-
otomy are to be imaged (e.g., aortoiliac imaging via a
femoral cutdown), introduction through a hemostatic
sheath reduces blood loss and prevents catheter damage
during insertion. In most situations a retrograde common
femoral artery puncture provides access to the aortoiliac
segments, entire thoracic and abdominal aorta, and the
coronary vasculature. Percutaneous brachial or axillary
puncture provides access to upper limb vessels and may
be more convenient for interrogating the thoracic aorta
and aortic arch during the treatment of dissections. 

IVUS catheters are available in lengths up to 125 cm,
with size ranges for noncoronary catheters ranging from
6.2 to 8.0 Fr (Table 50-2). The larger 10- to 12-MHz
catheters can image up to 6 cm in diameter, whereas
smaller 3-Fr and wire configurations have a more limited
lateral resolution. Of the various catheters currently avail-
able, the authors’ institution has utilized the Volcano
catheter (Jomed, Rancho Cordova, CA) and the Atlantis PV
and SoniCath (Boston Scientific, Natick, MA) (Fig. 50-1).
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TABLE 50-1. Lesion Morphology: Data
Acquired by IVUS

Luminal diameters and cross-sectional area

Wall thickness

Lesion length, shape, and volume

Lesion position within the lumen: concentric vs. eccentric

Lesion type: fibrous (soft) vs. calcific (hard)

Presence and extent of flap, dissection, or ulceration

Presence and volume of thrombus  

TABLE 50-2. Specifications of Commonly Used IVUS Catheters 

Size (French) Frequency (MHz) Length (cm) Introducer Sheath (Fr) Guidewire (in)  

3.4 20 135 6 Fr 0.018 

8.2* 10 90 9 Fr 0.038

Volcano Therapeutics Inc., Rancho Cordova, CA

3.2 20 135 6 Fr 0.018 

6* 12.5 95 8 Fr 0.035 

6 20 95 8 Fr 0.035

8* 15 95 8 Fr 0.035

Boston Scientific, Natick, MA 

* Peripheral vascular use.



Image Acquisition

IVUS catheters are advanced over a 0.025- or 0.035-inch
guidewire, which allows more controlled maneuvering
within the lumen of the vessel, particularly in tortuous
or tightly stenotic vessels. Because of the configuration
of the older mechanical rotating catheters, a central
guidewire channel is not possible; these catheters have
a variety of monorail and coaxial lumen options for over-

the-wire applications. Multielement array devices use a
central guidewire channel, which offers advantages for
catheter delivery.

Careful positioning of the catheter tip within the vessel
and appropriate size matching of the device to the artery
caliber are essential to optimal visualization. Image quality
is best when the catheter is parallel to the vessel wall
and the ultrasound beam is directed at 90 degrees to the
luminal surface. Eccentric positioning of the catheter
within the vessel cross-section causes the wall closer to
the imaging chamber to appear more hyperechoic than
the distant wall, resulting in an artifactual difference in
wall thickness. Catheter centering is especially difficult
in tortuous vessels, and rotational alignment may also be
partly lost as the catheter meanders through the vessel.
The best-quality images are generally obtained as the
catheter is withdrawn through the lumen rather than
during advancement.

Gray scale, real-time images are displayed on a monitor
and can be recorded digitally. Measurements of vessel
dimensions, luminal diameters, and cross-sectional areas
can be performed by an on-line processing unit that cal-
culates the area of the lumen outlined on still images on
the monitor. A digitized pad can also be used to calculate
the area from calibrated photographs of the images.

Color-Flow IVUS

One important limitation to standard IVUS catheters is its
inability to clearly delineate bloodflow. A new computer
software program ChromaFlo (Endosonics, Rancho
Cordova, CA) is able to detect differences in the position
of echogenic blood particles between images to deter-
mine flow states and to colorize the images. The software
was evaluated in a study of 100 interventions, and it
allowed for better recognition of the true lumen and
bloodflow after angioplasty and stenting.1 The origin of
larger aortic arch branches is also more clearly outlined
during interventions of the thoracic aorta. Searching for
an entry site during endovascular treatment of chronic
dissections or pseudoaneurysms has been aided by the
color-flow IVUS (Fig. 50-2). Being able to detect flow
would also be of obvious theoretical advantage during
surveillance of aortic stent-grafts in looking for an
endoleak, although this has yet to be well studied.

Clinical Utility

Diagnostic Applications

Two-dimensional images produced by IVUS not only
outline the luminal and adventitial surfaces of vessel
segments but also discriminate between normal and
diseased components. In muscular arteries, the media
appears as an echolucent layer sandwiched between the
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Figure 50-1. Commonly used peripheral vascular IVUS
catheters. A, Visions PV (Volcano Therapeutics Inc., Rancho
Cordova, CA); B, Atlantis PV (C = catheter, GW = guidewire, 
F = flush port) (Boston Scientific, Natick, MA); C, Sonicath
Ultra (Boston Scientific, Natick, MA, USA). Note the two types
of configuration, over the wire (A and B) and the monorail
system (C).



more echodense intima and adventitia; it defines the outer
limits of any noncalcified plaque, with the luminal cir-
cumference defining the inner limits (Fig. 50-3). This
allows accurate localization and measurement of the thick-
ness of the plaque. Small lesions (e.g.,  intimal flaps or
tears) are well visualized because of their high fibrous
tissue content and the contrasting echoic properties of
surrounding blood, as well as the pulsatile bloodflow
variation seen because IVUS is performed in real-time.
Intraluminal thrombus can be distinguished from under-
lying vessel wall; it typically appears as a highly echogenic,

homogenous mass with varying image attenuation beyond
its location. IVUS devices are also sensitive in differen-
tiating calcified and noncalcified vascular lesions. Because
the ultrasound energy is strongly reflected by calcified
plaque, it appears as a bright image with dense acoustic
shadowing behind it. 

Luminal dimensions and wall thickness determined
by IVUS of normal and minimally diseased arteries both
in vitro and in vivo are accurate to within 0.05 mm. Deter-
mination of outer vessel diameter may be less accurate,
with error margins of up to 0.5 mm. Additional studies
have compared contrast angiography and IVUS for deter-
mining luminal dimensions of human arteries.2 The
luminal cross-sectional areas calculated from biplanar
angiograms and measured from IVUS correlate well for
normal or minimally diseased arteries, as well as for mildly
elliptical lumens. In severely diseased vessels, however,
angiography tends to underestimate the severity of athero-
sclerosis in the wall compared with IVUS.3

IVUS has also been used in the diagnostic assessment
of several other pathologic vascular lesions. Accelerated
intimal thickening in the coronary arteries of cardiac
transplant recipients has been documented by IVUS when
angiograms appear normal. IVUS has also been used to
determine candidacy for pulmonary thromboendarterec-
tomy as treatment for pulmonary hypertension in patients
with chronic pulmonary thromboembolic disease. Intra-
vascular tumors (e.g., vena caval extensions of renal
cell carcinoma) can also be localized by IVUS to aid in
planning resection. IVUS has been utilized in the trauma
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Figure 50-2. A, Color-flow IVUS image of proximal pseudo-
aneurysm of previously repaired thoracic aortic aneurysm
showing breakdown of anastamosis. B, Stent-graft coverage
of pseudoaneurysm. Arrow indicates previous entry site now
without flow from lumen.

Figure 50-3. Image of superficial femoral artery and distinct
wall layers of muscular arteries (I = intima, M = media, A =
adventitia). Note the large pseudoaneurysm on the color-flow
image. This patient was treated with a stent to cover the neck
of the pseudoaneurysm.

A

B



setting, accurately determining whether patients who
have equivocal aortograms after blunt thoracic trauma
have true operable lesions.4

Therapeutic Interventions

Long-term success of vascular procedures requires restora-
tion of near-normal hemodynamic conditions across
diseased vessel segments as a result of adequate enlarge-
ment of luminal diameters. Conventional angiography is
limited in its ability to provide sensitive data regarding the
effects of endovascular therapies. For meaningful critical
assessment of minimally invasive catheter-based methods,
both the plaque extent and consistency and the distribu-
tion of residual lesions following an intervention must
be known. The advantage afforded by IVUS in evaluating
lesion morphology involves accurate assessment of not
only luminal dimensions but also of transmural lesion
characteristics. Delineation by IVUS of the spatial distri-
bution of the lesion in a concentric or eccentric pattern
and the presence of a soft (fibrous) or hard (calcified)
plaque may influence the choice of endovascular therapy
as well as predict the risk of immediate or late compli-
cations (e.g., perforation, thrombosis, or restenosis). Evalua-
tion of lesion volume before and after the procedure by
IVUS provides a quantitative method to estimate the
amount of lesion debulking or displacement and a refer-
ence point from which to assess the lesion recurrence/
restenosis. IVUS also fulfills many of the necessary require-
ments of a guidance system for endovascular procedures
(i.e., precise delivery and positioning of devices within
target lesions). IVUS is particularly helpful in assessing the
relationship of the ostia of branch vessels to the lesion
that can be used as landmarks during procedures.

Percutaneous Transluminal Angioplasty

Adjunctive use of IVUS during percutaneous transluminal
angioplasty (PTA) has provided a useful perspective in
treating coronary and peripheral arterial occlusive disease.
In a study of PTA in 16 patients with lesions of the super-
ficial femoral artery, IVUS accurately detected the pres-
ence of dissections, plaque fractures, internal elastic
lamina ruptures, and thinning of the media that occurred
during PTA.5 IVUS showed in these patients that luminal
enlargement after PTA is produced by stretching of the
arterial wall, whereas the volume of the lesion remains
relatively constant. 

The risk of restenosis after percutaneous coronary
angioplasty (PTCA) has also been correlated to IVUS
findings. Early restenosis following PTCA is associated
with luminal thrombus, extensive dissection, and over-
sized balloon dilatation; whereas late restenosis correlates
with residual stenosis greater than 30%, small residual
lumen, undersized balloon use, concentric fibrous plaque,
absence of dissection, and absence of calcification.6

These factors are all readily identified by IVUS and illus-

trate the potential that IVUS has for enhancing PTCA
procedures by allowing periprocedural decisions to be
made regarding the need for additional interventions.
Balloon size for PTA is often underestimated when
selection is made using quantitative angiography alone,
and optimal balloon size is more accurately determined
by IVUS.7 More recently, improved outcomes were docu-
mented when utilizing IVUS to delineate post-PTA dissec-
tions that were significant enough to require stents (greater
than 60% residual stenosis).8

Intravascular Stents

Common indications for stent deployment after angio-
plasty are deep arterial wall dissections, elastic recoil,
residual stenosis, a significant residual pressure gradient
across the lesion, or plaque ulceration with local throm-
bus accumulation. Intravascular stents increase the
patency of arterial occlusive lesions that have undergone
angioplasty by reducing technical failure and restenosis
rates; however, placing stents is not without risk. Inade-
quate stent expansion can lead to early thrombosis or
stent migration, whereas overexpansion can result in
excessive intimal hyperplasia or vessel perforation. 

IVUS has been useful in establishing the need for
stenting as well as in guiding stent deployment for both
coronary and peripheral lesions. Studies have demon-
strated that IVUS noted adequate stent expansion in
only 13% to 20% of treated coronary lesions (satisfactory
result by angiography); these required further stent
expansion by balloon dilatation.9 In peripheral vessels,
angiography-guided stent deployment results in incorrect
positioning or expansion in as many as 20% to 40% of
cases. A recent long-term follow-up study of 52 patients
who underwent balloon angioplasty and stenting of iliac
stenoses documented improved long-term patency by
defining the appropriate angioplasty diameter end-point
and adequacy of stent deployment.10 The residual lumen
area is known to be a variable important in predicting
long-term patency of endovascular procedures, and opti-
mizing luminal dimensions by stenting is crucial.

IVUS has also been studied in carotid stenting; it was
found to be complementary to angiography by more
accurately visualizing stent placement and vessel wall
morphology, information which is critical to deciding
whether to end the procedure or proceed with further
stenting.11 IVUS can quantitatively provide accurate cross-
sectional area that defines percent area stenosis at the
level of the lesion. Long-term studies are still lacking as
to whether IVUS will improve outcomes or decrease
complication rates from carotid stenting.

Abdominal Aortic Aneurysm
Endovascular Grafts

Perhaps the most important application of IVUS is in
the endoluminal exclusion of abdominal and thoracic
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aortic aneurysms. The success of these interventions
depends on appropriate patient selection, accurate pre-
operative and intraoperative visualization of the anatomy
of the aorta, and the proper physical deployment of the
devices. Experimental studies have shown that IVUS is
extremely useful in choosing the site for stent-graft
deployment by accurately identifying branch arteries
and determining the luminal dimensions of the aorta.12

IVUS also can detect whether full stent-graft expansion
has occurred, and can provide information regarding sur-
face topography, alignment, and movement of the graft
material in the aortic lumen. In addition, several obser-
vations are commonly apparent only on IVUS; these
include incomplete stent fixation (as evidenced by inde-
pendent arterial wall pulsation at the stent interface),
folding of unstented portions of a particular prosthesis,
and motion with arterial pulsations (Fig. 50-4). Iden-
tification of such technical problems allows immediate
intraoperative troubleshooting and the possibility of
balloon dilatation or placement of an additional modular
piece.

In the authors’ own experimental series,13 incomplete
proximal balloon-expandable stent expansion was deter-
mined by IVUS in 20% of cases of endograft deployment
with no apparent abnormality seen on angiography. This
is an important observation, because underexpansion at
the proximal or distal fixation sites can lead to endoleaks
or device migration. Some 30% to 40% of abdominal
aortic aneurysm (AAA) patients treated with endovas-
cular grafts have been found to require a different
diameter stent-graft on the basis of IVUS measurements

over preoperative CT angiography.14 The more accurate
sizing and length measurements that IVUS provides
have been suggested to lead to fewer endoleaks and
secondary interventions.15

It is possible to place certain devices by IVUS guidance
alone. Although cinefluoroscopy and IVUS are comple-
mentary in enabling expedient deployment of stent-grafts,
an additional important benefit of IVUS is the potential
to reduce fluoroscopy time and contrast, minimizing the
radiation exposure to both personnel and the patient
and minimizing the risk of renal failure. Some centers
that use IVUS during aortic endovascular interventions
no longer routinely perform angiography, and have not
noted increased complications.16 Longer-term studies are
certainly necessary to show that routine use of IVUS during
AAA repair improves outcomes and is cost-effective.

Aortic Dissections

Endovascular interventions for acute and chronic type
B dissections provide an appealing alternative to open
techniques that are plagued by high morbidity and mor-
tality.17 The deployment of an endovascular stent-graft
can cover an entry site, obliterate a dissection flap, and
restore bloodflow to the true lumen. IVUS confirms
placement of the guidewire within the true lumen, can
accurately size proximal and distal necks, and can accu-
rately identify the anatomic landmarks of the dissec-
tion including determining the true and false lumens
(Fig. 50-5). Limiting contrast in these patients is often
desirable because renal compromise may be part of the
pathophysiology of the dissection, and repair has been
guided by IVUS alone.18 As the spectrum of treating these
devastating disorders broadens with newer endovascular
techniques, the ability of IVUS to accurately delineate
the anatomy will remain a necessary adjunct in the
treatment of aortic dissections. 

Venous Interventions

IVUS has also been studied in endovascular interventions
of the venous system. Transfemoral venography for iliac
vein obstruction has numerous limitations, and IVUS
imaging yields findings not obvious on venography (e.g.,
intraluminal webs, or external compression and subse-
quent deformity). More importantly, IVUS provides accu-
rate assessment of degree of iliac vein stenosis, which
venography underestimates by as much as 30%.19 This
allows more appropriately sized venous stents to be placed
after venoplasty.

The placement of vena caval filters for pulmonary
embolus prophylaxis has also been optimized by the use
of IVUS. Critically ill patients that are not candidates for
transport to an angiographic suite can undergo bedside
IVC filter placement with IVUS guiding the accurate
deployment of the filter.20 This obviates the need for
cumbersome fluoroscopic machinery at the patient’s bed-
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Figure 50-4. IVUS clearly demonstrates incomplete stent-
graft expansion as a separation of the stent from the artery
wall.



side, and reduces the need for contrast in critically ill
patients who may have underlying renal dysfunction.
Placement of IVC filters under IVUS is currently an attrac-
tive alternative to traditional methods of insertion, and
the cost of the IVUS may be offset by the avoidance of
angiographic suite costs.

Future Developments

Miniaturization, cost-effective manufacturing, and develop-
ment of user-friendly IVUS devices are needed to
enhance the utility of IVUS during vascular interventions.
Development of endovascular devices with combined
interventional components and IVUS transducers in the
stent delivery system capable of real-time imaging during
the procedure would simplify catheter exchanges, inter-
ventional techniques, and lesion assessment. Alterations
in ultrasound probe placement are being developed to
improve upon resolution in markedly tortuous vessels.21

Finally, refinements in computer software and hardware
will further reduce processing times and improve 2-D
and 3-D image quality. 

In summary, IVUS has developed rapidly from a purely
diagnostic imaging modality to become an important tool
capable of guiding and assessing a multitude of endovas-
cular interventions. As interventions become increasingly
complex, success will be related to the degree of accu-
racy of the guidance system employed during the proce-
dure. IVUS is an integral component of current and future
endovascular interventions at many centers, and although
its use is currently somewhat limited by cost, its demon-
strated utility may rapidly justify its clinical use.
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Medicare Program

General Policies

In the late 1980s, Congress reacted to the escalating
costs of the Medicare program. The Omnibus Budget
Reconciliation Act of 1989 called for the establishment
of a national fee schedule to be used for all Medicare
payments. The Health Care Financing Administration
(HCFA), which was later renamed Centers for Medicare
and Medical Services (CMS), adopted the methodology
of the Resource-Based Relative Value Scale (RBRVS),
developed by the study group under Hsiao at the Harvard
School of Public Health. The new system provided a
relative value for each current procedure terminology
(CPT) code. For services such as diagnostic testing, rela-
tive values were provided for the technical component
(payment for the cost of performing the test) and for a
physician payment to cover services by the doctor pro-
viding the interpretation. Geographic adjustment factors
(GAF) were developed to compensate for variations in
practice costs in different parts of the country. This
percentage was multiplied by the base relative value to
determine the local relative value. The effect of the GAF
ranged from a decrease of 18% to an increase of 24%

Introduction

Medicare Program

Other Programs

Introduction

ntil the mid-1970s there was limited payment for
vascular laboratory testing. At that point, with the rapid
growth in clinical application of noninvasive techniques,
insurance carriers started to provide payment for these
services. There was no uniform methodology applied to
determining the amount of reimbursement: Individual
insurance companies developed their own payment plans
using the common “usual, customary, and reasonable
charges” principle. The charges billed by an individual
physician were combined with the average charge for
the same service by others in the area to come up with
the actual amount paid. Under this system, payments
to different physicians could vary widely. Linking the
payment to previous charges resulted in the practice of
annually increasing charges as a way of driving up the
payments. 
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for the CPT codes describing noninvasive vascular proce-
dures. The adjusted relative value was then multiplied
by a dollar conversion factor to yield to actual amount
of reimbursement. The “Final Rule” was published in
November 1991 and became effective in January 1992.
The immediate result was a substantial decrease in the
payments to vascular laboratories for Medicare patients.

The creation of a national fee schedule resulted in
fixing the specific dollar amount that would be paid for
a given test; however, it did not determine whether or
not a specific test would be paid for or not paid for.
Payment policies determine the acceptable (or not accept-
able) indications for a specific diagnostic test, as well as
the frequency with which a given test can be repeated.
HCFA passed most of the responsibility for payment
policies to the local carriers. The most common system
used by carriers is to publish a Local Medical Review
Policy (LMRP) that specifies the conditions under which
payments will be made. An important result of the dele-
gation of these policies to the local level is that there
have been wide variations in the conditions under which
laboratories will be reimbursed for noninvasive testing
of Medicare patients. Over the past 10 years, there have
been efforts towards standardization of payment poli-
cies, but significant state-to-state variations still exist. 

An important exception to the local control of payment
policy is the National Correct Coding Initiative (NCCI).
This initiative publishes combinations of CPT codes that
are not paid when billed for simultaneous services. A
private contractor for HCFA originally developed NCCI,
and periodic updates continue to be carried out. Because
of the private contract arrangement, it is not possible for
members of national professional groups to have input
before changes are made. The professional groups can
only intervene after publication of an update by protest-
ing inappropriate CPT code combinations, and some
adjustments do result.

An ongoing source of frustration for many vascular
laboratories is the consistent denial of some of the tests
billed to Medicare. In many cases the initial denial is
caused by restrictions of local payment policies. The
most simple of these is repeated testing that is more
frequent than allowed. Although the carriers refuse to
disclose what their routine minimum repeat period is, for
most practical purposes, it is 6 months. Routine follow-
up examinations will be denied if done less than 6 months
from the last examination. An exception that can (and
should be appealed) is the situation where there is a
clinical change in the patient’s status requiring re-
evaluation. If an appeal is to be made, one must be sure
to have accurate documentation of the patient’s change
in status in order to back up the process. Another common
problem is the rejection of a test when the patient has
had the same test performed in another laboratory. At
the present time, there has not been any solution to the
problem of having to repeat tests because of unreliability
of other facilities. One possibility to consider is to have

the patient sign a waiver (Advanced Notice to Beneficiary)
so that the person can be billed directly for the sum once
the denial is received. This option is often not possible
because the patient will either forget to mention the pre-
vious test or will refuse to sign a waiver that creates the
possibility of having to pay the entire charged amount.

The other type of general problem comes with denial
of claims for nonapproved indications. For a number of
years, carriers have had a list of ICD9 codes that are
considered approved indications for any given CPT code.
In practice, a computer automatically matches the billed
CPT code to the list of approved ICD9 codes. If a match
is not found, the claim is automatically denied with no
further review. An important point to remember is that,
with few exceptions, Medicare does not pay for screening
examinations. It actually takes an “act of Congress” to
add a routine screening examination to the authorized list
of Medicare benefits. There are beginning to be some
exceptions made in the case of some screening proce-
dures before major operations, but carriers will probably
limit the screening tests to patients undergoing cardiac
or major organ transplant surgery. There are specific
indications that are considered appropriate by most vas-
cular surgeons but that do not necessarily get included
in local payment policies. Included in this category are
vein mapping before bypass procedures, radial artery
mapping for coronary operations, vein mapping for plan-
ning dialysis fistula construction, and postoperative
surveillance of distal bypass grafts. Some carriers have
decided to allow some or all of these indications in their
local policies. Even when the test is permitted, it often
may be difficult to know how to code the procedure. For
example, the carrier for Southern California decided to
include postcarotid endarterectomy surveillance as an
allowable test but instructed that it should be coded
with “carotid stenosis” as the primary diagnostic code
(433.10) and “following surgery, unspecified” (V67.00)
as the secondary code. Unfortunately, it is necessary to
address these reimbursement problems on a carrier-by-
carrier basis. This clarification is most effectively obtained
by the Carrier Advisory Committee representative for
vascular surgery; this person is considered the established
liaison between the specialty and the carrier. This rep-
resentative should specifically inquire about problem
reimbursement areas and get specific instructions from
the carrier as how these indications should be coded. It
is important to remember that what works in one state
may not work in another. 

In 2002 there were two expansions of the regulations
covering diagnostic testing. The first relates to ordering
of tests; a treating physician or nurse practitioner must
order all tests. The laboratory cannot perform a test that
has not been ordered by the practitioner. The policy speci-
fies that the order can take the form of a written docu-
ment (may be sent by fax), an electronic order, or a tele-
phone call. If a telephone call is used, both the requesting
physician and the testing facility must document the
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telephone call in the respective copies of the patient’s
records. If an inappropriate test is ordered, or if the
findings of the ordered test point to the need for further
testing, a substitute or additional examination cannot
be done without a specific order.

The other addition is a clarification of the coding for
diagnosis or indication for the test. All orders for a test
must include a diagnosis; the submitted claim must include
a primary diagnosis. If the results of the test confirm
the diagnosis of the referring physician, then this code
is to be used. If the test does not confirm the diagnosis
on the order, then the signs or symptoms prompting the
test should be the primary code. Incidental findings can
be listed, but only as secondary diagnoses. Tests ordered
in the absence of signs or symptoms are screening tests,
and the primary diagnosis code must reflect this fact. If
a screening test yields a positive finding, this result can
be coded, but only as a secondary diagnosis. (Some
laboratories have misinterpreted this regulation as
allowing to bill for screening tests when pathology is
found. This is clearly an error.) 

Medicare Part B Policies

All services provided outside of a hospital are paid under
the Part B program. For noninvasive laboratories, this
coverage includes all office-based and freestanding facili-
ties. Since 1992 both the physician work and the tech-
nical components are based upon the fee schedule. Over
the years there has been little change in the mechanisms
and rules for Part B payments.

An important change was the definition of the Inde-
pendent Diagnostic Testing Facility (IDTF) in 1997. This
entity was created to replace the earlier, poorly defined
Independent Physiological Laboratory, a category
covering freestanding operations not associated with an
office practice. Current regulations require that all units
not linked to a hospital or a physician office must register
with the local carrier as an IDTF. The local carrier is
charged with verifying that medical supervision, technical
personnel, and equipment used meet the standards for
the specific tests to be performed. The carrier must per-
form a site visit to verify that the listed testing is indeed
performed as reported. A special feature of the rules is
the requirement that all nonphysician personnel per-
forming tests must be certified. Although payment poli-
cies in some states require technologist certification, this
regulation applies to all IDTFs regardless of location.
The regulations were tightened in May 2001 to require
that office-based laboratories that perform a substantial
proportion of the workload on outside patients (i.e.,
patients referred just for noninvasive testing but not
otherwise a part of the office practice) must register as
IDTFs. (An indication from CMS officials suggests that
“substantial” is more than 30% of patients examined.)
Whereas Medicare claims for patients who are a part of
the office practice can be billed under the group practice

number, the outside patients must be billed using the
separate IDTF number.

Medicare Part A Policies

Payment for hospital-based testing services is more com-
plex. Since the introduction of the RBRVS, the physician
work component has been paid under the Part B pro-
gram with the amount determined entirely by the fee
schedule. The technical component (TC) for inpatient
testing is not reimbursed but is considered to be included
in the global hospital payment under the diagnosis-related
group (DRG) system. On the other hand, the TC for
outpatient tests is billed to the Part A carrier, which in
a number of regions is different from the Part B carrier.
To further add to the confusion, in areas where the
carriers are different, the payment policies may differ,
resulting in the anomaly that one hospital laboratory
may be reimbursed for a procedure while a nonhospital
facility across the street may be denied payment. Until
recently, there was a further anomaly: The payment for
TC by Part A was not controlled by the fee schedule but
was a continuation of the “usual, customary, and rea-
sonable” methodology of earlier years. As a result, many
hospital-based laboratories received a TC payment that
was considerably higher than that imposed by the fee
schedule. 

The Balanced Budget Act of 1997 mandated establish-
ment of a prospective payment system to define payments
for outpatient services, including the TC of noninvasive
tests. The relevant CPT codes were assigned categories
called ambulatory payment classifications (APCs). A
payment rate for each APC was calculated based upon
average cost data submitted by hospitals. Unlike the fee
schedule, the APC payments are not linked to the conver-
sion factor and do not have an adjustment for geo-
graphic differences. The Final Rule for the system was
published in April 2000. Although the APC system finally
standardizes Part A payment of TC, there are anomalies:
the amount paid for complete duplex scans is lower than
is reimbursed under the Part B fee schedule; on the
other hand, the APC category is the same for complete
and limited examinations, so that reimbursement for
limited studies is substantially better for hospital facili-
ties (Table 51-1). The authors wonder whether these
anomalies will result in “gaming” of the new system by
performing more limited studies. Contrary to past
payment policies, the APC methodology creates a clear
disincentive to performing complete studies. 

Other Programs

Initially, the fee schedule was intended only for Medicare
payments. During the creation of RBRVS, the American
Medical Association strongly opposed application of
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the guidelines outside the federal program; however, by
summer 1993 the organization reversed this policy. As
predicted by many people, it was not long before other
payers linked their reimbursements to the fee schedule,
often paying some percentage of Medicare rates. These
carriers have different payment policies that are often
more liberal. One problem in dealing with nongovern-
ment groups is that many do not publish their payment
policies so that it is hard to deal with denied claims.
The extensive growth of large scale contracting has also
hurt vascular laboratories. Facilities within hospitals or
large clinics may be forced to accept a discounted reim-
bursement negotiated as part of a large institutional

contract. This type of merchandising can also hurt
freestanding laboratories by the refusal of providers to
negotiate contracts with individuals or small group
providers.

SUGGESTED READINGS

In the past year, many of the publications covering Medicare rules
and regulations have been made available on the Internet. In addition,
most local carriers have established Web pages containing detailed
information. These are particularly useful for finding such details as
LMRPs and other information on payment policies. The following are
useful Web sites:

1. The general Medicare site: www.cms.hhs.gov  
2. Medicare payment systems: cms.hhs.gov/paymentsystems/
3. CMS program manuals, transmittals, and memoranda: cms.hhs.

gov/manuals/
4. Medicare Policy Integrity Manual (all the details of the rules):

cms.hhs.gov/manuals/108_pim/pim83toc.asp 
5. Hospital Outpatient Prospective Payment System (specifics about

APCs): www.cms.hhs.gov/providers/hopps/fr2000.asp 
6. CMS-related laws and regulations: cms.hhs.gov/regulations/ 
7. CMS Medicare Learning Network (OPPS): cms.hhs.gov/

medlearn/refopps.asp 
8. CMS files for download: cms.hhs.gov/providers/pufdownload/

default.asp#rvu
9. Quarterly provider update on Medicare issues: cms.hhs.gov/

providerupdate/ 
10. Detailed coding guideline: www.cdc.gov/nchs/datawh/ftpserv/

ftpicd9.htm#guide 
11. Physicians and Health Care Practitioner’s home page: cms.hhs.

gov/physicians/
12. CMS Medical Review (LMRP) home page: www.cms.hhs.gov/

providers/mr/lmrp.asp 
13. CMS: intermediary/carrier directory: cms.hhs.gov/contacts/

incardir.asp 
14. LMRP home page (policies for each carrier): www.lmrp.net/ 
15. Current federal legislation: thomas.loc.gov/home/thomas.html 
16. Federal Register: www.access.gpo.gov/su_docs/aces/aces140.html
17. Excluded parties list: www.epls.gov/
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TABLE 51-1. Comparison of Fee Schedule and
APC Technical Component Payments in
2003

Procedure CPT APC TC/ Part B TC/APC

Physiologic/ 93923 096 $110 $ 95 
multilevel

Physiologic/ 93922 096 $ 70 $ 95 
single level

Carotid scan/ 93880 267 $161 $134 
complete

Carotid scan/ 93882 267 $109 $134 
limited

Venous scan/ 93975 267 $208 $134
complete

Venous scan/ 93976 267 $122 $134
limited 
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limited growth, vascular surgeons have adopted to change
and are therefore surviving and thriving. Because their
economic survival depends on expression of complex
procedures as 5-digit numbers (Current Procedural Ter-
minology or CPT codes), this rapid growth spurt required
simultaneous creation of many new codes based in the
constructs of component coding. 

For decades, Medicare taught surgeons that one opera-
tion should be reported with one code, regardless of the
number of additional hours or incremental steps required
for its successful completion. Relative values are defined
for the “typical patient,” and for surgeons performing
complex operations, the typical patient concept ensures
a huge bias for the payor. Although a skilled surgeon
may shave a few minutes of time from “typical” during
a straightforward operation, there is almost no limit on
additional time requirements for a very complex surgical
case. Thus, Medicare’s argument that the hard cases
and the easy cases all balance out around the typical
patient is patently untrue for surgery. The curve of time
and complexity is not bell-shaped, and surgeons subsi-
dize the payor during every case that is substantially
more difficult than typical. 

As interventional techniques enter the world of vas-
cular surgery, so does component coding. This system,
assigned to intervention decades ago, assigns very specific

The CPT Manual

Selective Catheterization Codes

CPT Modifiers

S and I Codes

Intervention Codes

Endovascular Repair of Abdominal Aortic
Aneurysm

Endovascular Repair of Descending Thoracic
Aortic Aneurysm

Carotid Stents 

Open Surgical Procedures

New CPT Codes for 2004

CPT Code Applications for 2005

Reimbursement

Conclusions

he specialty of vascular surgery has evolved along
with the treatment of arterial disease. Unlike some spe-
cialties where the treatment modalities defined and then
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codes to very specific smaller procedures, with the under-
standing that if a more complex procedure is per-
formed, more than one code will be reported. To prevent
duplicate payment for pre- and postservice work, mul-
tiple procedure payment reduction rules apply to the
interventional procedure codes, allowing appropriate
reduction. Even with this downward payment adjust-
ment, however, providers of these services realize a
refreshing link between honest work and reimburse-
ment. In contrast to the surgical dogma of “one opera-
tion equals one code” regardless of how many extra
hours the surgeon may spend, component coding pro-
vides a much more linear relationship between work
and reimbursement. Although it is true that any par-
ticular intervention can require much more time than
typical, the assignment of codes to smaller packets of
work serves to prevent some of the huge inequities
seen in traditional surgical billing. In addition, when
multiple providers participate in one case, component
coding offers the ability to parse the work to the correct
provider. A single downside of component coding is
that more cognitive knowledge is required to complete
the coding itself. The information in this chapter will
assist with that task.

The CPT Manual

The American Medical Association owns CPT, and all
CPT codes and their descriptors are copyrighted.1 The
CPT manual is updated and revised each year in a
formal process guided by the CPT Editorial Panel. The
process by which new or revised CPT codes are created
requires a minimum of 15 months from application to
publication, and it may take much longer than that.
There is no guarantee that CPT code submission will
result in code creation; in fact, there is a very substan-
tial failure rate. Vascular surgery attempted creation of
a CPT code to report angioscopy for several years
without success until the Society for Vascular Surgery
(SVS) decided a substantial amount of intellectual
capital needed to be spent on learning the process.
Subsequently, SVS learned the key ingredients of suc-
cessful CPT application writing, and in 1998 CPT 35400,
Angioscopy during therapeutic intervention, was
added. Timing was fortuitous because the subsequent
6 years saw an explosion in vascular surgery tech-
nology. With SVS CPT Advisor Anton Sidawy at the
rudder, vascular surgery was able to parallel tech-
nology development with CPT code development. This
meant that clinically established new procedures could
flourish because there was a means to report and be
reimbursed. SVS has submitted over 40 applications for
new or revised Category I CPT codes in the past 
7 years, and has never been turned down. This is an
unparalleled record, one to be proud of. Vascular

surgeons need to thank the leaders of SVS for their
insight in supporting this activity.

Selective Catheterization Codes

Vascular surgery codes are found in the Surgery/Cardio-
vascular System section of the CPT manual, in a sub-
section labeled “Arteries and Veins,” starting with CPT
34001. Interventions that include transluminal angioplasty,
stent placement, and injection procedures are found in
the middle of this section. As counterintuitive as it may
sound at first to surgeons, these catheterization and inter-
vention codes are called “surgical” codes in the inter-
ventional world to distinguish them from radiologic
supervision and interpretration codes (see following text).
The rules of component coding apply to interventional
“surgical” codes. With familiarity, component coding is
logical and straightforward, but to the “one operation
equals one code” surgeon this is a strange new world.
The crux of arterial and venous coding conventions is
to report the highest order artery that is catheterized
intentionally in each vascular family. For arterial report-
ing, the aorta is considered a nonselective catheterization;
first, second, and third order selective catheterization
refers to the number of arterial branch points that must
be negotiated, starting in the aorta, to reach the target
artery. For example, catheterization of the innominate
artery from the aorta is a first order selective (CPT
36215), whereas the right subclavian from the aorta is
second order (CPT 36216), and advancing the catheter
into the right vertebral is a third order selective
catheterization (CPT 36217). Only the highest selective
catheterization in each vascular family is reported. In
this example, 36217 would be the only reported catheteri-
zation code. Because catheterization of multiple vascular
families is reportable, one must undertake the same
exercise for each successive vascular family selectively
catheterized during the same procedure. There are two
groups of selective arterial cath codes, one for thoracic
or brachiocephalic branches (CPT 36215–36218); and
the other to represent abdominal, pelvic, or lower
extremity branches (CPT 36245–36248).

CPT Modifiers

Modifiers are crucially important in interventional and
open surgical coding because they allow the provider to
explain to the payor that multiple procedures are being
reported in a rightful and honest manner. Modifiers are
2-digit alphanumerics, and they are listed on the inside
cover of the CPT manual. The skilled coder has memo-
rized most of these. Three commonly used modifiers are
“-59” (distinct procedural service), “-LT” (left side), and
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“-RT” (right side). Two examples in the cerebrovascular
system will demonstrate the utility of modifiers. Selective
catheterization of the left and right internal carotids would
be reported with 36216 for the left internal (second
order) and 36217 for the right internal (third order). If
submitted simply as unmodified 36216 and 36217, the
payor’s software program will reject payment for 36216
under the assumption that the provider erroneously
requested payment for a second and third order catheteri-
zation within the same vascular family. Application of
modifiers 36216-LT and 36217-RT allows the payor’s soft-
ware to recognize that these are selective catheteriza-
tions in separate vascular families, and payment denial
will be avoided. A similar situation arises with selective
catheterization of the left common carotid (36215) and
the left subclavian (36215). The software will reject pay-
ment for the second 36215 if no modifier is appended.
Because both arteries are on the left, use of LT and RT
modifiers is not appropriate. In this situation adding 
-59 to one of the 36215 codes (i.e., 36215 and 36215-59)
is the correct approach and should result in payment
for both (albeit with multiple procedure payment
reduction). 

S and I Codes

Radiologic supervision and interpretation codes are
used to report cognitive aspects of arteriography,
venography, and vascular interventions. Appropriate
use of these codes implies that all required views have
been obtained, images have been retained (hard copy
or digital), and a thorough interpretation has been
recorded. For diagnostic studies, details of selective
catheterization plus enumeration of normal and
abnormal findings is crucial. For therapeutic interven-
tions, the equivalent level of detail must be included.
Providers who report S and I codes without supplying
substantial detail are at risk should a postpayment
audit occur.

S and I codes may or may not link tightly to the
catheterization codes. An example of one-to-one link-
age is 75960, the intravascular stent S and I code.
75960 is reported each time a “surgical” stent deploy-
ment code is reported. CPT 37205 represents tran-
scatheter placement of an intravascular stent, percu-
taneous, initial vessel. Thus 37205 and 75960 would be
reported by a provider who deploys a common iliac
stent and also performs the associated radiologic S and
I. If a stent were also deployed in the external iliac
artery of the same patient, CPT 37206 would be
reported to represent stenting the second artery, and
75960 would be reported again for the associated S and
I. An important caveat is that stents are reported “per
vessel,” not “per stent.” Thus if one were to pile six
stents in the left common iliac artery during a single

procedure, only one stent deployment code and one S
and I code would be reportable. Another important point
is that multiples of the same S and I may be reported
on the same day for the same patient. For instance, if
stents were deployed percutaneously in both common
iliacs and both external iliacs in the same patient
during one procedure, the provider would report 37205
for stenting the first vessel, 37206 for stenting the addi-
tional vessel, and two 37206-59s to represent stents in
two different additional vessels. CPT 75960 would be
reported four times in this example, and modifiers
would not be required for the S and I. 

Intervention Codes

Transcatheter stent deployment codes (CPT 37205–
37208) have already been introduced. Other inter-
ventional codes typically used by vascular surgeons
include 35450–35476, transluminal angioplasty;
35480–35495, transluminal atherectomy; 37201,
transcatheter infusion of thrombolytic therapy; 37203,
transcatheter retrieval of intravascular foreign body;
37204, transcatheter occlusion or embolization; and
37250, intravascular ultrasound. Each of these has an
associated S and I code. Component coding rules apply
for all.

Endovascular Repair of
Abdominal Aortic Aneurysm

The large family of codes used to report minimally inva-
sive endovascular repair of infrarenal abdominal aortic
aneurysm (AAA) or dissection is the product of a huge
collaborative effort between SVS and Society of Inter-
ventional Radiology (SIR). The family of codes was
introduced in the 2001 CPT manual, and the reporting
structure follows the guidelines of component coding.
Familiarity with this section of CPT is a necessity for
surgeons who perform endovascular AAA repair. Par-
ticularly close attention must be given to the three
introductory paragraphs in this section of the manual
because they contain important reporting conventions.
In brief, a typical endovascular AAA repair performed
with open femoral artery exposure will be reported
with four CPT codes, reflecting major activities. These
are: (1) open arterial exposure, usually femoral; (2)
introduction of catheter(s) into the aorta; (3) deploy-
ment of the endovascular device; and (4) radiologic S
and I. Although this list was presented in temporal
sequence, the actual reporting would begin with the
primary code representing deployment of the main
endovascular device. Thus a typical CPT report for
Food and Drug Administration (FDA)-approved devices
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such as Medtronic AneuRx or Gore Excluder would 
be: 

● 34802 (Endovascular repair of infrarenal AAA using
modular bifurcated prosthesis, one docking limb)

● 34812-50 (Open femoral artery exposure for delivery
of endovascular prosthesis, by groin incision) with
the -50 modifier used to signify bilateral

● 36200-50 (Introduction of catheter, aorta) with the
-50 indicating catheters introduced from both groins

● 75952 (Endovascular repair of infrarenal AAA or
dissection, radiologic supervision, and interpretation)

Important reporting conventions for endovascular AAA
repair include the fact that all angioplasty and stenting
performed within the target zone of the endovascular
prosthesis is not separately reportable. Thus, if an addi-
tional stent is required to prop open a narrow or kinked
iliac limb, the surgeon cannot report that stent separately.
Likewise, if a balloon angioplasty is required in a com-
mon iliac artery stenosis to allow the device carrier to
pass into the aorta, that angioplasty is not separately
reportable if the iliac limb of the device spans the angio-
plasty site. On the other hand, if angioplasty is required
in the external iliac artery to allow passage of the device,
and if that external iliac is not covered by the device or
extensions at completion of the procedure, the angioplasty
is separately reportable. In this situation, addition of
the -59 modifier to the angioplasty code and the angio-
plasty S and I would be required for payment. Likewise,
if a renal artery stent is performed simultaneous with
endovascular AAA repair, both the stent and its asso-
ciated S and I are reportable with -59 modifiers attached.
Finally, deployment of a proximal or distal extension
prosthesis (34825, 34826) is separately reportable during
endovascular AAA repair, and there is a specific S and

I code for the extension (75953). Reporting extensions
is done by vessel, not by stent. Thus, three proximal
aortic extensions would be reported with only one
34825/75953 coding pair, whereas one extension in the
aorta and one extension in the iliac would be reported
as 34825 (extension in first vessel), 34826 (extension in
additional vessel), and two 75953s (two extension S
and Is).

Additional codes have been added to the endovascular
section each year. These include 34805 to represent AAA
repair using an aortouniiliac or unifemoral prosthesis;
34833 to report open iliac artery exposure with creation
of a conduit; 34834 for open brachial artery exposure used
to assist deployment of an infrarenal or aortic endovas-
cular prosthesis; and 34900 for endovascular graft
placement for repair of iliac artery aneurysm, pseudo-
aneurysm, arteriovenous (AV) malformation, or trauma.
A code application submitted for 2005 will represent
endovascular AAA repair using a modular bifurcated
prosthesis (two docking limbs). If approved, this code
will be used to report the Cook Zenith endovascular
device. 

Endovascular Repair 
of Descending Thoracic 
Aortic Aneurysm

As this chapter is being written, several national
prospective trials of new thoracic endografts are getting
under way. Because these devices are not FDA-approved,
they are reported with Category III CPT codes, and the
thoracic endograft code family (0033T–0040T) was intro-
duced in 2003 (Table 52-1). The Category III designa-
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TABLE 52-1. Category III Thoracic Endograft T-Code Family

Category III Code Shortened CPT Descriptor 

0033T Endovascular repair of descending thoracic aortic aneurysm, pseudoaneurysm, or dissection; 
involving coverage of left subclavian artery origin, initial endoprosthesis

0034T Endovascular repair of descending thoracic aortic aneurysm, pseudoaneurysm, or dissection; not 
involving coverage of left subclavian artery origin, initial endoprosthesis 

0035T Placement of proximal or distal extension prosthesis for endovascular repair of descending thoracic 
aortic aneurysm, pseudoaneurysm, or dissection, initial extension 

0036T Each additional extension (ZZZ add-on code) 

0037T Open subclavian to carotid artery transposition performed in conjunction with endovascular 
thoracic aneurysm repair, by neck incision, unilateral

0038T S and I for endovascular thoracic repair covering left subclavian

0039T S and I for endovascular thoracic repair not covering subclavian 

0040T S and I for extension prosthesis, each extension



tion refers to a set of temporary codes (T-codes) used
to report emerging technology, services, and proce-
dures. Cat III codes are not priced nationally, and for
most there is no national coverage policy. The decision
whether or not to cover Cat III procedures has been
specifically delegated by Centers for Medicare and
Medicaid Services (CMS) to the regional Medicare
carriers.2

In general, it is fair to say that most regional Medicare
carrier medical directors (CMDs) are predisposed to
covering T-code procedures that are associated with a
strong likelihood for clinical benefit, and one can
hardly imagine a new procedure with greater poten-
tial benefit than endovascular thoracic aneurysm
repair. Nevertheless, the default coverage policy is
noncoverage. If surgeons hope to be paid for thoracic
endograft procedures during these trials, they must
contact their respective CMDs before the procedures
are performed to explain why a positive coverage
determination is appropriate. Physicians who do not
contact their CMDs to discuss coverage will most
assuredly not be paid. The same advice holds for
hospitals in that billing department principals should
contact their fiscal intermediaries in advance to discuss
coverage.

Carotid Stents

Carotid angioplasty and stenting holds the distinction of
having a national noncoverage decision from Medicare.3

Under this policy, Medicare will not pay for carotid
angioplasty and stenting unless the procedure is con-
ducted under auspices of an IDE-approved trial. In the CPT
realm, carotid stenting is represented by T-codes
0005T–0007T. In order for coverage and payment to
evolve from its current approved trial-only status, three
events must take place. First, the FDA must designate

site-specific approval of a carotid stent. At the time of
this writing, one stent/embolic protection device package
is scheduled to undergo FDA consideration in the near
future. Second, CMS must reverse its noncoverage policy.
Although a coalition of eight medical and surgical spe-
cialty societies requested reconsideration for high-risk
patients, CMS is unlikely to act until a final decision is
reached by the FDA. Third, CPT must develop Category
I CPT codes, and relative value units must be deter-
mined. During the summer and fall of 2003 the same
coalition of specialty societies collaborated on a
Category I CPT application for carotid stent placement
with embolic protection, with a second application
submitted for carotid stent without embolic protection.
The status of these potential codes and the develop-
ment of physician work relative value units (RVUs) 
will evolve throughout 2004 and, if successful, the new
codes may appear in the 2005 CPT manual. As noted,
however, creation of Category I codes will not result 
in Medicare payment unless FDA device approval 
and reversal of the noncoverage decision also come to
pass.

Open Surgical Procedures

Many of the new CPT codes created based on SVS
applications represent new and revised open surgical
procedures. Lower extremity distal bypass grafts using
vein conduit represent a family of codes for which
Medicare reimbursement remains woefully inadequate,
but to some extent, SVS has helped compensate for 
this by creating new add-on codes as ancillary
procedures evolve. Table 52-2 provides a list of add-
on codes that should be reported when a surgeon 
finds one or more of these additional steps necessary 
to create a bypass with maximal limb-salvage 
potential. 
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TABLE 52-2. Ancillary Procedures During Lower Extremity Bypass Surgery 

CPT Code Shortened CPT Descriptors (List Separately in Addition to Code for Primary Procedure  

35400 Angioscopy (noncoronary vessels or grafts) during therapeutic intervention

35500 Harvest of upper extremity vein, one segment, for lower extremity or coronary artery bypass procedure

35572 Harvest of femoropopliteal vein, one segment, for vascular reconstruction procedure (e.g., aortic, vena 
caval, coronary, peripheral artery)

35682 Bypass graft; autogenous composite, two segments of veins from two locations 

35683 Bypass graft; autogenous composite, three or more segments of veins from two or more locations 

35685 Placement of vein patch or cuff at distal anastomosis of bypass graft, synthetic conduit 

35686 Creation of distal arteriovenous fistula during lower extremity bypass surgery (nonhemodialysis) 



New CPT Codes for 2004

Nine new Category I CPT vascular codes were created
in 2004. These span applications of endovascular sur-
gery, open upper extremity bypass surgery, an aortic
reconstruction add-on code, and venous stab phlebec-
tomy (Table 52-3). 

CPT Code Applications for 2005

The SVS has submitted four Category I and four Category
III CPT code applications for 2005. Already mentioned
is the multispecialty collaborative effort for two CPT
codes to report cervical carotid stent deployment. SVS and
SIR collaborated on the aforementioned application for
a three-piece modular aortic endograft repair code to be
used for the FDA-approved Cook Zenith device. SVS also
requested creation of a Category I code to report upper
arm native hemodialysis access brachiocephalic fistula
requiring two incisions and a subcutaneous tunnel. 

Category III applications were submitted by SVS to
report a family of T-codes to report endovascular AAA
repair using a fenestrated device.

Finally, although SVS did not participate in the CPT
application, new Category I codes have been requested
to report radiofrequency and laser ablation of incompe-
tent saphenous veins.

Reimbursement

Only reimbursement from CMS will be addressed here.
The single most important driver of reimbursement is

accurate coding. Surgeons must learn to code traditional
open surgery and intervention with equal skill. Under-
coding leaves deserved money in the carrier’s checking
account, whereas overcoding places the surgeon at risk
should a postpayment audit be undertaken. Inaccurate
coding will result in inappropriate denials. Accurate
coding is truly the first key.

Second, surgeons must learn about the National
Correct Coding Initiative. NCCI is the formal name for
what more commonly is known as “bundling.” The
60,000 NCCI edit pairs block payment for a second pro-
cedure based on Medicare’s impression that the work of
the second procedure is embodied in the initial or main
procedure. NCCI edits come in two forms, with CCI indi-
cator “0,” meaning the two procedures will never be paid
simultaneously; or “1,” meaning that under certain clinical
circumstances the two procedures may be paid together.
Providers must append the CPT modifier -59 if they
believe the clinical circumstances merit simultaneous
payment, and a strong justification must exist. An easy-
to-use, searchable CD is available from the National
Technical Information Service (NTIS) at 800-553-6847.
Product number is SUB 5411, and a single issue CD costs
less than $100. NCCI edits are now also available on the
Internet, but these are not easily searchable. The Web
site is hppt://cms.hhs.gov/physicians/cciedits/default.asp

Finally, a number of publications list Medicare RVUs
and payments. One of the easiest to use is published by
the American Medical Association.4

Conclusions

Vascular surgeons can no longer afford to code their pro-
cedures in a haphazard manner. Although the complexity
of coding is increasing at least as fast as the complexity
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TABLE 52-3. New 2004 Vascular Surgery Category I CPT Codes

CPT Code Shortened CPT Descriptors 

34805 Endovascular repair of infrarenal abdominal aortic aneurysm or dissection; using aortouniiliac or aorto-
unifemoral prosthesis 

35510 Bypass graft, with vein; carotid-brachial 

35512 Bypass graft, with vein; subclavian-brachial 

35522 Bypass graft, with vein; axillary-brachial 

35525 Bypass graft, with vein; brachial-brachial 

35697 Reimplantation, visceral artery to infrarenal aortic prosthesis, each artery (list separately in addition to code 
for primary procedure)

36838 Distal revascularization and interval ligation (DRIL), upper extremity hemodialysis access (steal syndrome)  

37765 Stab phlebectomy of varicose veins, one extremity; 10–20 stab incisions 

37766 Stab phlebectomy of varicose veins, one extremity; more than 20 stab incisions  



of the procedures surgeons perform, it is crucial to learn
the details of coding. New codes are created each year,
and existing codes are revised. Vascular surgical practice
is composed of Medicare beneficiaries, and Medicare pay-
ments are not keeping up with inflation. Accurate coding
is the best start toward maintaining a viable practice. 
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having the same test repeated in another physician’s office.
For the physician and hospital point, it provides economy
of scale and avoids the need for duplication of expen-
sive diagnostic instruments. Physicians can share offices
and examination and conference rooms. Furthermore,
they can potentially share the use of properly designed
endovascular suites. Test results are readily available
for review with patients and other specialists. Probably
the most important aspect of this concept is the ability for
the health care team to have direct face-to-face consul-
tation and coordination of patient care issues. The pur-
pose of this chapter is to give an overview of the role of
an integrated vascular laboratory in the vascular center.

The Vascular Laboratory

Atherosclerosis, with its complications, is responsible
for a significant number of deaths annually in the United
States and developed countries.6,7 In the United States,
heart and cerebrovascular diseases are ranked first and
third, respectively, among the leading causes of death.
Many professional societies* have launched initiatives

The Vascular Laboratory

Cerebrovascular Disease

Peripheral Arterial Occlusive Disease

Mesenteric and Renovascular Disease

Coronary Artery Disease

Iatrogenic Pseudoaneurysms

Varicose Veins and Venous Insufficiency

Clinical Research and Studies

Conclusions

n the last few years, a number of patient care issues
and market forces have provided an impetus to some
leading institutions of medical excellence to form vascular
centers.1–3 Several professional societies* have collabo-
rated to hold an annual postgraduate symposium, bringing
experts from the United States and Europe to discuss and
promote the concept of the vascular center.4 The idea
is to have all the medical and surgical specialists, ancil-
lary personnel, as well as testing facilities and equip-
ment in one locale. The advantage, from the patient’s
point of view, is the convenience of “one-stop shopping.”5

It avoids the all too common occurrence of visiting numer-
ous specialists in different locations, and of sometimes
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to educate the public about heart and peripheral vascular
occlusive disease. The theme of early diagnosis and pre-
vention has been underscored. The vascular laboratory
plays a central role in the diagnosis and management
of vascular disease.8

There have been many epidemiologic studies describ-
ing the intersection of disease entities in patients with
systemic atherosclerosis. Dormandy and colleagues9

reviewed several studies that show the significant overlap
of medical conditions (e.g., coronary artery disease, cere-
brovascular disease, and peripheral arterial occlusive
disease) such that 3% to 14% of patients with any one
condition have a potential of having one or more
coexisting disease (Fig. 53-1). 

Cerebrovascular Disease

Carotid duplex scanning is probably the most important
diagnostic tool to evaluate patients with cerebrovascular

disease (Fig. 53-2). Many centers of excellence depend on
duplex scanning alone to select patients for endarterec-
tomy without the need for angiography.10 Angiography
or magnetic resonance angiography (MRA) remains useful
for some equivocal cases. Carotid duplex scans are also
used intraoperatively as a quality assurance tool. Post-
operatively, these patients are also followed in the vas-
cular lab with scans at regular intervals. Carotid duplex
scans are also useful as a screening tool for patients
with other manifestations of atherosclerosis.11 Measure-
ment of intima-media thickness can help assess the
patient’s overall potential risk of cardiovascular disease.
Furthermore, many patients with coronary artery
disease or peripheral arterial occlusive disease have an
asymptomatic carotid bruit that deserves further
investigation. 

Peripheral Arterial 
Occlusive Disease

Recording the ankle-brachial index is the first step in the
diagnosis of peripheral arterial occlusive disease (PAOD).
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Figure 53-1. Inter-relationship of atherosclerotic disease:
coronary artery disease, cerebrovascular disease, and
peripheral arterial occlusive disease (From Dormandy J, Heeck
L, Vig S: Lower extremity arteriosclerosis as a reflection of a
systemic process: Implications for concomitant coronary and
carotid disease. Semin Vasc Surg 12:118–122, 1999.)

Figure 53-2. The central position of the Vascular Laboratory
in the Vascular Center. CAD = coronary artery disease, CVD =
cerebrovascular disease, PAOD = peripheral arterial occlusive
disease, RVD = renovascular disease, MVD = mesenteric
vascular disease, VV = varicose veins, AAA = abdominal aortic
aneurysm.
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Additional physiologic tests (e.g., pulse volume record-
ings) help in defining the location and cause of obstruc-
tion. The information derived from the ankle-brachial
ratio helps the clinician prioritize and streamline addi-
tional testing (e.g., angiography or magnetic resonance
angiography). 

Many vascular laboratories are using color-flow arterial
mapping as the only preoperative arterial study before
recommending bypass. In the author’s lab, vein mapping
is often used, especially when looking for alternative
donor sites such as the upper extremity. Transcutaneous
oxygen measurement is often helpful to estimate the
healing potential of a wound or the proper amputation
level after failed bypass. 

The availabilty of multiple diagnostic tools certainly
enhances the ability of the vascular lab to contribute
significantly to the increasing number of wound care
centers. 

Mesenteric and Renovascular
Disease

Vascular clinicians encounter a small number of patients
(less than 5% in the author’s practice) with abdominal
complaints that lead to investigation of the mesenteric
circulation. Ideally, a color-flow scan of the celiac and
superior mesenteric artery (SMA) would be the first
test to determine the presence of significant obstruction
in these vessels.

An increasing number of patients with poorly con-
trolled hypertension are referred to the vascular lab for
renal artery scanning. Although renal duplex scanning
has proven to be one of the most challenging techniques
to master, it still plays an important role in managing
hypertensive patients. After intervention, whether by
endovascular techniques or surgical bypass, scanning
remains the ideal follow-up test.

Coronary Artery Disease

Patients presenting with a first myocardial infarction
may harbor asymptomatic cerebrovascular disease or
PAOD. The importance of identifying patients who
could benefit from a combined coronary artery bypass
and carotid endarterectomy is not lost on anyone
because stroke is one of the most devastating compli-
cations after heart surgery. In patients who have decreased
femoral pulses on physical examination, or absent
popliteal and pedal pulses, preoperative ankle-brachial
index or arterial mapping will help the surgeon select
the best location to harvest the saphenous vein to
avoid postoperative harvest site complications. Alterna-
tively, if no suitable venous conduit is available, the

search for alternatives such as the radial or inferior
epigastric arteries can be initiated.

Iatrogenic Pseudoaneurysms

With the increasing number of percutaneous interven-
tions for coronary artery disease, as well as for PAOD
and cerebrovascular disease, the number of iatrogenic
complications at the access site seems to be increasing.
The use of larger sheath sizes and the initiation of
antiocoagulants or antiplatelet agents postprocedure also
contribute to the problem. Most femoral or brachial
pseudoaneurysms can be treated with thrombin
injection, a procedure performed in the vascular lab or
at bedside.

Varicose Veins and Venous
Insufficiency

Since the introduction of minimally invasive techniques
to treat varicose veins (e.g., radiofrequency ablation and
laser-powered phlebectomy), patient acceptance appears
to have grown. With these techniques, varicose vein
ablation is an office-based procedure that can be safely
done with proper imaging. Most of these procedures
employ color-flow scanning to identify the saphenous
vein in the leg for percutaneous puncture and injection
of anesthetic solution. The saphenofemoral junction
also needs to be clearly identified to avoid injury when
the ablation catheters are passed proximally. Many
physicians are now turning to portable machines for
their obvious convenience and to avoid tying up the
larger units that serve as the workhorses of the lab.

Clinical Research and Studies

The importance of the vascular laboratory to facilitate
clinical research in atherosclerosis and vascular diseases
cannot be overstated.12 Indeed, it was pioneering labs,
similar to the ones at the University of Washington and
at St. Mary’s Hospital in London, that tested early ver-
sions of currently available instruments. Without a properly
equipped lab, it would not be possible to conduct trials
of drugs for claudication or studies on the natural his-
tory of vascular disease. Through objective noninvasive
studies in the lab, physicians are empowered to compare
emerging treatments for vascular disease such as
subendofascial perforator ligation (SEPS) or powered
phlebectomy. Directors of vascular laboratories will
have to embrace change and evolve with the constantly
changing technologies. 
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Conclusions

The vascular laboratory occupies a central position in
the vascular center to aid in screening, diagnosis, 
and management of patients presenting with vascular
disease. The concept of the vascular center is to
centralize patient entry into the health care system and
provide efficient delivery of appropriate medical
treatment. 
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the additional utilities that such a vascular lab “database”
offers.

What Is a Database?

The dictionary description of a database is a collection
of data arranged for ease and speed of search and
retrieval. In general, this requires a specific software pro-
gram to be constructed to handle the requirements of the
data to be studied. Once developed, this software program
can be used to manipulate the data for many uses. Further,
the program will also expedite the input of data. What
this implies for the vascular lab is a software program
that will allow the following:

1. Rapid data acquisition

2. Electronic storage of the data

3. Clinical report generation and transmittal of the
report to the referring physician or test-ordering
entity

4. Manipulation of the data to increase productivity of
the lab and to improve patient care opportunities.

What Is a Database?

Why Does a Vascular Lab Need a Database?

How Does a Database Improve Data Acquisition
and Storage?

Clinical Report Generation

Data Manipulation

What to Do if You Don’t Want to Purchase 
an Established, Commercially Available 
Database

The Ten Commandments of Databases: Do’s 
and Don’ts

s in nearly all aspects of daily life, computers can
now also improve the functional efficiency of the vas-
cular laboratory. However, not only are these benefits
simply those of expediency, but rather the computer
can offer many other valuable tools and opportunities.
Accordingly, this chapter explores not only the com-
puterization of the data generated by the lab, but also
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Why Does a Vascular Lab Need 
a Database?

In the performance of the daily routine of testing, the
vascular lab generates a huge volume of data. This includes
demographic data about the patient (e.g., name, address,
billing information, and referring doctor particulars). It
also includes test results and conclusions. For the labo-
ratory to function efficiently, data may also be required
about personnel, time and duration of tests, costs incurred,
and payments received. To improve accuracy of testing,
statistical data such as correlation with “gold standards”
will also be necessary especially if ICAVL (Intersocietal
Commission for the Accreditation of Vascular Labora-
tories) accreditation is to be achieved.

Although all this data can be maintained without use
of a computer, the time, effort, and cost can become
insurmountable, leading to lapses that can negatively
impact all aspects of the laboratory’s function.

How Does a Database Improve
Data Acquisition and Storage?

In a paper-based lab the technologist must write down all
information. This is often expedited by using preprinted
forms with checkboxes, but often time is wasted in having
to write out information. Further, errors can often result
from handwriting problems. In a computerized database,
data is entered directly (and usually, rapidly) using drop
down fields, which offer choices for commonly used
text or numbers (Fig. 54-1). In many cases, most of the
currently available commercial vascular lab software
programs also will perform some routine tasks automati-
cally such as calculating values (e.g., ankle=brachial
pressure indexes or resistance indexes). Programs will
also allow commonly used phrases to be selected without
having to retype them each time. This is especially helpful
when generating the conclusions for the test (Fig. 54-2).
Some programs will also have facilities to allow graphi-
cal representation of lesions such as carotid plaque and
narrowing (see Fig. 54-2). Many will have features to
allow whole tests to be copied so that only new and
changed data need be entered, an enormous time saver!
Increasingly, some of the most sophisticated programs
will also “grab” data from the testing device directly so
that the technologist does not have to enter any test
data. 

Busy vascular labs that are not computerized generate
large amounts of paper that require significant storage
space. With the cost of space now approaching $20 to
$50/sq. ft in many areas, storage expenses can become
prohibitive. Further, finding data, even in a well-organized
system, can often be extremely time-consuming and
frustrating. However, hard drives are becoming larger and

cheaper, enabling years of data to be stored on a simple
home computer where it can be rapidly retrieved and
shared.

Clinical Report Generation

The vascular laboratory database accumulates all the
information garnered about the patient. This includes
demographic data, test indications, clinical manifes-
tations, family histories, medications, test data, and
conclusions. This can be manipulated by the software
into a clinical report format, which can be sent to the
referring entity (Fig. 54-3). Some software programs
come with the reports already formatted for the various
tests. Others can be customized to the preferences of
the vascular lab. These reports can be printed and 
sent via standard mail to the referring entities.
However, they can also be immediately faxed or sent
via e-mail. 

Data Manipulation

One of the main advantages of a computerized database
registry is the ability to get immediate data not only
about individual patients but also about the laboratory
function as a whole. It must be realized that every field
that is entered is also a data point that can be recalled
for quality assurance, research, or any other intellectual
pursuit. This allows the director to evaluate parameters
such as timeliness of tests and report generation, patterns
of referral, and test volumes. Data that may improve lab
accuracy (e.g., false-negative tests and clinical correlations)
can be constantly and readily reviewed on an ongoing
basis. Programs may also offer scheduling modules and
recall lists for patients who have missed scheduled appoint-
ments. Some will even generate form letters to the
missing patients. Most commercially available programs
will also provide most or all of the information required
for ICAVL. 

The database can also be used for research by those
so inclined. Some programs will allow all data fields to
be searched alone or in combination. Thus an example
would be to query the database to find all diabetic patients
who had an aneurysm greater than 5 cm who also had
a left carotid stenosis of greater than 80%. 

What You Need to Set Up 
a Database

The requirements of the vascular laboratory database
will vary depending on the size and complexity of the
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lab. The following factors need to be considered before
establishing the database:

1. The number of computer stations that will be used

2. The geographic location of these stations (e.g.,
same floor in the same building or different
buildings across town)

3. Number of techs and interpreting physicians

4. Requirements for transmittal and sharing of data
(e.g., fax, internet, phone, e-mail)

5. Patient privacy issues and HIPAA (Health Insurance
Portability and Accountability Act of 1996)
compliance

6. Number of tests anticipated per year

7. Compatibility with hospital data systems for in-
hospital labs

It also helps to have a budget and to have at least
one employee who has basic computer experience.

Once these factors have been determined, computers
can be set up and networked as necessary. Although net-
working (i.e., joining computers together so that data
can be shared) has become much easier with recent
technologic advances, it generally will be advantageous
to employ a network administrator. Most hospitals will
have such personnel. Private labs may need to seek
outside help.
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Figure 54-1. Screen capture of a database screen showing data fields. Data can be entered by clicking on a field allowing a
yes/no answer, or by selecting from choices in a drop-down menu, as seen on the right of the screen where the location of
numbness (e.g., no, right hand, or right arm) can be selected. Drop-down choices allow rapid entry of text in a consistent format
and prevent errors in spelling and transcription. (Courtesy of AtriumNet Vaslab, Nashua, NH.) 



There are now many vascular lab software pro-
grams. Each has its own strengths and applicability to
an individual laboratory’s function. Most of these
programs can be tried before purchase. Costs vary; it is
important that the purchaser fully understands the 
pros and cons of each so that an educated purchase
decision can be made. Some of the more popular

programs (in alphabetical order) are AtriumNet Vaslab
(Atrium Medical Corporation, Nashua, NH); Vascubase
(Consensus Medical Systems, Seattle, WA); CustomLab
(Reston, VA); Datacheck (DataStar Systems, Inc,
Crystal Lake, IL); In Record Time (Ashland, VA); and
WinVDB (Cardio-Vascular Evaluation Systems, Spring,
TX). 
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Figure 54-2. Screen capture of a database that allows graphical representation of plaque. The program also provides a drop-
down field with a list of many stock conclusions that can be used to describe the blockage. (Courtesy of AtriumNet Vaslab,
Nashua, NH.)



Figure 54-3. Representative cerebrovascular duplex scan clinical report sent to referring physicians.



What to Do if You Don’t Want 
to Purchase an Established,
Commercially Available Database

Some vascular labs may prefer to start from scratch and
custom design their own programs. There are programs
that are generic database compilers, such as Microsoft
Access and Microsoft Excel (Bellevue, WA). Even novices
can sometimes develop simple databases using these
programs. However, in general, these will not be adequate
for anything more than basic data collection. Software
programmers can use these to develop complex data-
bases; this can be very costly, but may be more suitable
for some institutions. Under these circumstances, the
lab personnel must be sure in advance of what infor-
mation they want to collect and process, and in what
format it needs to be collected. It is advisable to lay out
a diagram of all the features that will be required. Like
building a house, it is more costly to make changes or
additions after the framework has been completed.
Further, if data has been collected and then must be
modified, serious errors may result.

The Ten Commandments of
Databases: Do’s and Don’ts

1. Learn the software before entering patient infor-
mation. It is advisable to be aware of all the fea-
tures of the software before entering definitive
patient data. Accordingly, it is mandatory that one
read the instruction manual that comes with the
package. Many users jump right in without doing
this, only to find that their valuable data is not
functional. Before starting, most programs will
require some basic information to be entered. This
will usually include information such as names
of technologists and reading physicians and demo-
graphics about the lab. In order to become well
versed in the program, try entering some test
patient data using easily identifiable imaginary
patient names. Then use the “delete-patient”
feature before entering actual patient data.

2. Always back up the program. Data should be
backed up daily. Most programs will have a back-
up facility included with the software. Ideally, a
copy of the data should be maintained away
from the laboratory as well. This can be done by
copying the data to a storage medium such as a
CD that can be kept off-site. There are also data

storage areas that can be accessed for a fee
through the Internet. 

3. Try to live with the software that you buy and
avoid customization if possible. When the soft-
ware company updates their product or brings
out a new version, customized features may not
be supported. On the other hand, some programs
will allow the user to add fields to collect data or
information that the programmers may not have
thought of. For example, the laboratory may want
to collect information about their patients’ cho-
lesterol levels. These are called user-defined fields
and will be supported by future upgrades. The
ability to add such fields without assistance from
programmers is a very valuable benefit offered
by such software. However, before adding such
a field, always think about what your goal is in
seeking this added information and make sure
you define in advance the choices that can be
entered into the field. If only free-form text can be
entered, always doublecheck spelling, because
just one misspelled letter will prevent that data
from being retrieved at a later date.

4. Keep up with the latest versions. Changes in
Medicare rules, new research advances, and ICAVL
requirements are constantly changing the labo-
ratory environment. Out-of-date software can
result in unusable information.

5. Get in the habit of entering the data directly into
the computer rather than writing information
down and then entering data. This will prevent
transcription errors from occurring.

6. Use the shortcuts that the program may offer. For
example, some programs will allow an old test to
be copied to a new data sheet when a patient comes
back for a repeat study. Then only new data or
changes need be entered.

7. For users who are not “mouse” proficient, learn
to use the keyboard shortcut keys.

8. Remember the adage that “garbage in is garbage
out.” Proof your entries!

9. Use all the features that the program provides
you. Many programs are very sophisticated and
can produce organizational aids such as logbooks
and activity reports. Maintaining paper trails in
addition to the electronic data is an unnecessary
waste of time.

10. Don’t despair when you first start using these
programs; they will become second nature with
time. 
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AAA: abdominal aortic aneurysm
ABI: ankle brachial index
ACA: anterior cerebral artery
ACC: American College of Cardiolgy
ACR: American College of Radiology
ACS: American College of Surgeons
AHA: American Heart Association
APG: air plethysmography
ASHD: atherosclerotic heart disease
AT: acceleration time
AVF: arteriovenous fistula
AVP: ambulatory venous pressure
AXBIFEM: axillobifemoral bypass

B-mode: brightness mode in ultrasound

CA: celiac artery
CAD: coronary artery disease
CBT: carotid body tumor
CC: cubic centimeter, equal to a milliliter
CCA: common carotid artery
CEA: carotid endarterectomy
CEAP: classification of venous

insufficiency (clinical, etiologic,
anatomic, pathophysiologic)

CFA: common femoral artery
CFS: color-flow scanning
CFV: common femoral vein
CHA: common hepatic artery
CHF: chronic heart failure
CIA: common iliac artery (CIV for the vein)
CM: centimeter
CPT: current procedural terminology
CRF: chronic renal failure
CT: computerized tomography
CTA: computerized tomography

angiography
CVA: cerebrovascular accident
CVI: chronic venous insufficiency
CW Doppler: continuous-wave Doppler

DFA: deep femoral artery
(DFV for the vein)

DP: pressure difference (gradient)
DSA: digital subtraction angiography

DU: duplex ultrasound
DVT: deep vein thrombosis

ECA: external carotid artery
EDV: end-diastolic velocity
EF: ejection fraction
EIA: external iliac artery (EIV for the vein)
ESRD: end-stage renal disease

FA: false aneurysm (or pseudoaneurysm)
FEM-FEM: femorofemoral (e.g., fem-fem

bypass)
FEM-POP: femoropopliteal (e.g., fem-pop

bypass)
FMD: fibromuscular dysplasia

(also flow-mediated dilatation)
FV: femoral vein

GSV: great saphenous vein

ICA: internal carotid artery
ICAVL: Intersocietal Commission for the

Accreditation of Vascular
Laboratories

ICD-9: International Classification of
Diseases, 9th edition

ICU: intensive care unit
IIA: internal iliac artery (IIV for the vein)
IJV: internal jugular vein
IMA: inferior mesenteric artery
IMT: intimamedia thickness
ISCVS: International Society for

Cardiovascular Surgery
IVC: inferior vena cava

LR: likelihood ratio

MCA: middle cerebral artery
ML: milliliter (equal to one cubic

centimeter)
MM: millimeter
MRA: magnetic resonance angiography
MRI: magnetic resonance imaging

NPV: negative predictive value

OR: odds ratio

PAOD: peripheral arterial occlusive disease
PE: pulmonary embolism
PI: pulsatility index
PPG: photoplethysmography
PPV: positive predictive value
PRF: pulse repetition frequency
PSV: peak systolic velocity
PV: portal vein
PVD: peripheral vascular disease
PVR: pulse volume recording
PTA: percutaneous transluminal angioplasty
PTFE: polytetrafluoroethylene (generic

structure for graft material such as
Goretex and Impra)

RAR: renal aortic ratio
RI: restistivity index
RR: relative risk
RT: refilling time
RVF: residual volume fraction

SFA: superficial femoral artery
SIR: Society for Interventional Radiology
SMA: superior mesenteric artery
SMV: superior mesenteric vein
SSV: small saphenous vein (formerly

lesser saphenous vein)
SVC: superior vena cava
SVS: Society for Vascular Surgery
SVT: superficial vein thrombosis

TAV: time average velocity
TCD: transcranial Doppler
TIA: transient ischemic attack
TOS: thoracic outlet syndrome

VA: vertebral artery
VA: Veterans Administration
VF or Q: volume flow
VFI: venous filling index
Vr: velocity ratio
VTE: venous thromboembolism
VV: venous volume
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A
AAN (American Academy of Neurology),

25, 33
Abciximab, for prevention of embolism

with carotid endarterectomy,
122–123

Abdominal aortic aneurysm (AAA), 17f
angiography of

CT, 392
diagnostic, 374, 375f, 376f
prior to endovascular repair, 398, 398t
prior to open repair, 390–392, 392f
screening, 382

computed tomography of, 372f–374f, 373,
390, 391f

spiral, 398–399, 399f–403f, 404
diagnosis of, 372, 372f–376f, 373–374
doxycycline for, 386
endovascular repair of

codes for, 538–539, 538t
endoleak after. See Endoleak.
historical background of, 397–398
intravascular ultrasound in, 527–528,

528f
open vs., 398, 398t
patient selection for, 398, 398t
preoperative evaluation prior to,

397–404
angiography in, 398, 398t
of iliac arteries, 403–404
of proximal neck, 399–402
of renal and venous anomalies, 403
of visceral vessels, 402–403
spiral CT in, 398–399, 399f–403f

surveillance after, 404, 421–425
alternative strategies for, 423–424
database in, 425
imaging modalities for, 422–423,

424f, 425f
parameters and tests in, 424t
patient education in, 424
protocols for, 421–422, 422f

Note: Page numbers followed by f indicate figures; those followed by t indicate tables.

epidemiology of, 381
inflammatory, 391f
intima-media thickness and, 162
lower extremity arterial disease due to,

225, 226f
MRI of, 392–393, 393f
open repair of, 389–394

angiography prior to, 390–392, 392f
computed tomography prior to, 390,

391f
CT angiography prior to, 392
endovascular vs., 398, 398t
historical background of, 389, 397
MRI prior to, 392–393, 393f
shear stress and wall tension in, 393,

394f
ultrasound prior to, 389–390, 390f

risk factors for, 382–385, 386
screening for, 381–386

and treatment of coexisting vascular
disease, 386

cost-effectiveness of, 385–386
follow-up of, 385
methods of, 381–382, 382f, 383f
mortality reduction due to, 385–386
studies of, 382–385, 384t
target populations for, 382–385, 384t

shear stress and wall tension in, 393,
394f

ultrasonography of, 373, 389–390, 390f
with accessory renal artery, 403, 403f
with horseshoe or pelvic kidney, 390,

391f, 392, 392f, 403, 423f
with retroaortic left renal vein, 390, 391f

Abdominal ultrasonography, of abdominal
aortic aneurysms, 373

Abdominal x-ray
of endoleak, 410, 411f
of endovascular abdominal aortic

aneurysm repair, 422, 424t
ABI. See Ankle-brachial index (ABI).
Abscesses, upper extremity, 472

ACAS (Asymptomatic Carotid Atherosclerosis
Study), 77, 78, 85, 91, 92, 95, 96,
100, 108, 111, 115

Accreditation, 33–36, 34f
Accreditation Council for Graduate Medical

Education (ACGME), 27–28
Accuracy, of diagnostic testing, 37–41

categorical data in, 40, 40t
continuous data in, 40–41, 41f
likelihood ratios in, 38t, 39–40, 40t
predictive value in, 38–39, 38t, 39f, 39t
reference standard in, 37–38
reproducibility in, 40
sensitivity and specificity in, 38, 38t, 39,

39f, 42
ACGME (Accreditation Council for Graduate

Medical Education), 27–28
ACR (American College of Radiology), 26, 33
ACSRS (Asymptomatic Carotid Stenosis and

Risk of Stroke) Study, 138, 146–147,
147t

Acute myocardial infarction, and lower
extremity arterial disease, 224–225

ADAM (Aneurysm Detection and
Management Trial), 382, 384, 384t,
385

Advanced Notice to Beneficiary, 532
Age

and claudication, 208–209, 208t, 209f
and intima-media thickness, 161
arterial wall remodeling with, 17

Air plethysmography (APG), of chronic
venous disease, 450

AIUM (American Institute of Ultrasound
in Medicine), 33, 69

ALARA (as low as reasonably allowable),
70

Aliasing, 55t, 57, 58f–60f
Alignment targets, 60
Amaurosis fugax, carotid plaque and, 145
Ambulatory payment classifications (APCs),

533, 534t
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Ambulatory venous pressure (AVP),
in chronic venous disease, 449

American Academy of Neurology (AAN),
25, 33

American Association of Neurological
Surgeons, 33

American College of Cardiology, 26, 33
American College of Radiology (ACR), 26,

33
American Institute of Ultrasound in Medicine

(AIUM), 33, 69
American Registry of Diagnostic Medical

Sonographers (ARDMS), 24, 28, 32
American Registry of Radiologic

Technologists, 32
American Society of Neuroimaging, 33
Amlodipine, intima-media thickness and,

166t, 168–169
Amputations, transcutaneous oxygen partial

pressures and healing of, 252
Analog processing, 60–61, 64f–66f
AneuRx graft, 423f
Aneurysm(s)

abdominal aortic. See Abdominal aortic
aneurysm (AAA).

arterial, 16, 17f
axillary, 377
brachial, 328, 377–378
carotid, 99, 376–377
defined, 371
dorsalis pedis, 379
femoral, 228, 229f, 378–379, 379f
gastric, 377t
gastroduodenal, 377t
gastroepiploic, 377t
hepatic, 374, 377f, 377t, 508–509, 508f
iliac, 225–226

diagnosis of, 372–373, 372f
spiral CT of, 401f

in neck, 376–377, 377f
intestinal, 377t
lower extremity, 378–379, 379f
mesenteric, 374, 377t
of celiac trunk, 374, 377t
of vertebral artery, 194, 194f
pancreaticoduodenal, 377t
popliteal, 226–227, 228, 229f, 240f, 378
pseudo-

carotid, 376–377, 378f
femoral, 379, 380f
iatrogenic, 545
iliac, 374, 376f
intravascular ultrasound of, 526f
lower extremity, 319–322, 320f, 321f,

322t, 379, 380f
of hepatic artery, 508
upper extremity, 330f, 377, 474

radial, 328, 377–378
renal, 374, 378f
splenic, 374, 377t
subclavian, 377
subscapular artery, 329f
ulnar, 377–378
upper extremity, 328, 329f, 330f,

377–378, 474
visceral

diagnosis of, 374–375, 377f, 377t, 378f
surgical management of, 375–376

Aneurysm Detection and Management Trial
(ADAM), 382, 384, 384t, 385

Angiography
contrast

of lower extremity arterial disease,
300–303, 303t, 304f

of renal and mesenteric
revascularizations, 367

CT
of abdominal aortic aneurysm, 392,

398–399, 399f–403f, 404
of carotid artery stenosis, 108–109,

108f, 109f
of carotid disease, 86f, 87
of lower extremity arterial occlusive

disease, 204
of renal and mesenteric

revascularizations, 367, 367f
of visceral aneurysms, 375

digital subtraction
of carotid artery stenosis, 111
of lower extremity arterial disease,

302–303
of renal and mesenteric

revascularizations, 367
magnetic resonance

contrast-enhanced
lower extremity, 293–296, 294f, 295f,

300
of carotid artery stenosis, 109, 110,

110f
of abdominal aortic aneurysm,

392–393, 393f
of carotid artery stenosis, 87–88, 88f,

109–111, 110f, 111f
of lower extremity arterial disease,

299–305
advantages of, 299–300
contraindications to, 304–305
contrast angiography vs., 300–303,

303t, 304f
future of, 305
in diabetics, 300, 301f
in preoperative planning, 293–296,

294f, 295f, 300–303, 301f, 302f
limitations of, 304–306, 305f
techniques for, 293–296, 294f, 295f,

300
to detect restenosis after grafting,

303, 304f
variable quality of, 203–204, 204f

of renal revascularization, 365–366
of vertebrobasilar insufficiency,

194–195, 195f
of abdominal aortic aneurysm

diagnostic, 374, 375f, 376f
prior to endovascular repair, 398, 

398t
prior to open repair, 390–392, 392f
screening, 382

of carotid disease, 85–86
drawbacks of, 132

of carotid endarterectomy, 149–150
of femoral aneurysms, 378–379
of vertebrobasilar insufficiency, 194f, 195,

196f
phase contrast, of lower extremity arterial

disease, 300

Angioplasty
carotid

coding for, 539
evaluation prior to, 184
indications for, 183, 184t
intravascular ultrasound for, 527
limits of and contraindications to, 183,

184t
restenosis after, 188–189, 188t
stent migration and deformation in,

186–188, 186f–187f
surveillance and follow-up after,

186f–187f, 189–191, 189f, 190f
technique of, 184–188, 185f–187f
transcranial Doppler of, 126–127
vs. carotid endarterectomy, 185, 185f
vs. endarterectomy, 91

for venous thoracic outlet syndrome, 520,
521f, 522f

percutaneous transluminal
duplex scanning for, 272–274, 273t
for renal artery stenosis, 338, 338f,

341–342, 348
intravascular ultrasound with, 527

Angioscopy
of carotid endarterectomy, 150, 152t
of infrainguinal vein bypass graft, 280

Anisotropic resolution, 69, 69f
Ankle systolic pressure (ASP), 4

in critical limb ischemia, 248–249
Ankle-brachial index (ABI), 4

for claudication, 211–212, 212f, 213t
for critical limb ischemia, 247
for infrainguinal vein bypass graft, 282,

284
for lower extremity arterial disease,

217–219, 219t, 221, 221t
for peripheral vascular trauma, 258–259
intima-media thickness and, 162

Annular array, 68
Antecubital vein thrombosis, 470, 470t
Anterior tibial artery, thrombosis of, 230f
Anterior tibial veins, duplex ultrasound of,

432
Anticoagulation

for deep venous thrombosis
and recurrence, 441–442
duration of, 442–443
of calf, 441

for lower extremity arterial disease,
232–234, 233f

Antihypertensives, intima-media thickness
and, 166t–167t

Antiretrovial medications, intima-media
thickness and, 168t

Aortic aneurysm, abdominal. See
Abdominal aortic aneurysm (AAA).

Aortic dissections, intravascular ultrasound
of, 528, 529f

Aortic stenosis, percutaneous transluminal
angioplasty for, 273t

Aortocoronary bypass graft, thrombosis
after, 230f

Aortoiliac ultrasound imaging, before
infrainguinal revascularization, 
239

APCs (ambulatory payment classifications),
533, 534t
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APDVS (Association of Program Directors
in Vascular Surgery), 25, 25t

APG (air plethysmography), of chronic
venous disease, 450

Arch cannulation, transcranial Doppler for,
124

ARDMS (American Registry of Diagnostic
Medical Sonographers), 24, 28, 32

Area under curve (AUC), 39
ARIC (Atherosclerosis Risk in Communities

Study), 161
Arm/foot pressure differential, in chronic

venous disease, 456
Arterial hemodynamics, 11–17

age and, 17
aneurysms in, 16, 17f
clinical applications of, 9
fluid energy in, 11
hypertension in, 17
inertia in, 12
pressure flow relationships in, 14–16
pulsatile flow in, 12–13
resistance in, 13
steady flow in, 12
stenosis and critical stenosis in, 13–14,

14f–16f
turbulence in, 12
viscosity in, 11–12

Arterial insufficiency, hemodynamics of, 11
Arterial stenosis, hemodynamics of, 13–14,

14f–16f
Arterial wall remodeling, with age, 17
Arterial waveform, cardiac cycle in relation

to, 10, 10f
Arteriography, 5

contrast
of lower extremity arterial occlusive

disease, 202, 202f
of renovascular disease, 334

duplex, of lower extremity arterial
occlusive disease, 202–203, 203f

of arteriovenous fistula, 316f
of carotid endarterectomy, 149–150
of endoleak, 409f, 410, 414–415, 415f, 416f
of infrainguinal revascularization,

237–238, 242–243, 280, 288
of lower extremity arterial occlusive

disease, 202–203, 203f, 231–232
of peripheral vascular trauma, 257–259

Arteriovenous fistulas (AVFs), 307–317
acquired, 307, 308
arteriography of, 316f
combined physiologic testing for, 311
computed tomography of, 313, 314f
congenital, 307, 308
due to trauma, 308
duplex scanning of, 311–312
for hemodialysis. See Hemodialysis access.
general considerations with, 307–308
hemodynamic considerations with, 309
hepatic, 509
MRI of, 313–315, 314f–316f
pulsatile venous segments due to, 19f
radionuclide scanning of, 312–313
segmental limb pressures for, 309
segmental plethysmography for, 310, 310f
velocity waveform analysis for, 310–311,

311f

Arteriovenous shunting, radionuclide
quantification of, 312–313

Arteritides, 107
Arteritis, Takayasu’s, of carotid artery, 99,

101f
Artery-to-artery embolism, 227
Arthritis, vs. claudication, 211, 211t
As low as reasonably allowable (ALARA),

70
Ascending venography, of chronic venous

disease, 454
ASP (ankle systolic pressure), 4

in critical limb ischemia, 248–249
Association of Program Directors in Vascular

Surgery (APDVS), 25, 25t
Asymptomatic Carotid Atherosclerosis Study

(ACAS), 77, 78, 85, 91, 92, 95, 96,
100, 108, 111, 115

Asymptomatic Carotid Stenosis and Risk of
Stroke (ACSRS) Study, 138, 146–147,
147t

Atherosclerosis
carotid artery

B-flow imaging of, 77–78, 77f
clinical presentation of, 91–92
echolucent and echogenic, 95, 95f

cost of, 158
renal artery stenosis due to, 333, 334f,

338–339
Atherosclerosis Risk in Communities Study

(ARIC), 161
Atherosclerotic disease, inter-relationship

of, 544, 544f
Atlantis catheter, 524, 525f
Atorvastatin, intima-media thickness and,

166t, 167t
Atrial fibrillation, and lower extremity

arterial disease, 225
Atrial systole, 10
Attenuation, 53–54, 55

compensation for, 55
AUC (area under curve), 39
AVFs. See Arteriovenous fistulas (AVFs).
AVP (ambulatory venous pressure),

in chronic venous disease, 449
Axillary aneurysms, 377
Axillary artery injuries, distal embolization

due to, 328
Axillary vein thrombosis, 470, 470t, 473f

B
Baker’s cysts, 436, 437f
Balanced Budget Act, 533
Balloon angioplasty, for carotid stenosis,

123
Bardeen, John, 60
Baseline shift, 59f
Basilic vein thrombosis, 470, 470t
Beam, ultrasound, 48
Beam former, ultrasound, 48, 68–69
Before-after study, 44
“Bell-bottom” technique, 401f, 404
Bergan, J., 4
Bernstein, E., 4
B-flow imaging, 74–76, 75f

clinical applications of, 76–78, 77f, 79f
history of, 73

Bias, 41–42

Biliary cyst, 507t
Biliary cystadenoma, 507t
Binary numbers, 62t
Biopsy, for infrainguinal vein bypass graft,

281–282
Blinding, 41
Blood

impedance of, 51t
viscosity of, 11–12

Blood lipids, and intima-media thickness,
161

Blood pressure, and intima-media thickness,
161

Bloodflow
measurement of, 14–16
velocity of, 13

B-mode image normalization, for carotid
plaque, 132–137

classification after, 133, 137–138, 138f,
138t

pitfalls of, 136–137
reproducibility studies of, 137
technique of, 133–136, 134f–136f

B-mode ultrasound imaging, 55, 56f, 66f,
68f

angle of, 69, 69f
guided endovascular interventions with,

263
of abdominal aortic aneurysm, 372f, 382,

382f, 383f
of bloodflow, 74–76, 75f

clinical applications of, 76–78, 77f, 79f
history of, 73

of carotid endarterectomy, 152t
of endoleak, 410–411, 411f, 412, 413f
of hepatoportal circulation, 490t
of iliac aneurysm, 372f
of intima-media thickness, 158–159, 160t
of mesenteric arteries, 352, 352f

Body habitus, and intima-media thickness,
161

Body mass index, and intima-media
thickness, 161

Bone, impedance of, 51t
Boundary condition, 50
Brachial aneurysms, 328, 377–378
Brachial plexus, compression of, 517–519,

518t
Brachial pseudoaneurysm, 330f
Brachial vein thrombosis, 470, 470t, 472f
Brainstem ischemia. See Vertebrobasilar

insufficiency (VBI).
Brattain, Walter, 60
Breathing, effect on venous hemodynamics

of, 18
Broadband ultrasound transmission burst,

54f
Brooks, Barney, 5
Brown, T.G., 5
Bruits, 13

carotid, 92
Budd-Chiari syndrome, 501, 501f, 502–503
Burst(s), ultrasound transmission, 54, 54f
Burst envelope, 54f
Bypass graft(s)

aortocoronary, thrombosis after, 230f
coronary artery, 93
femoropopliteal, thrombosis of, 228, 230f
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Bypass graft(s) (Continued)
infrainguinal vein. See Infrainguinal

revascularization.
superior mesenteric artery, duplex

scanning after, 357f
thrombosis of, 228, 230f

C
CA. See Celiac artery (CA).
CAAHEP (Commission on Accreditation of

Allied Health Education Programs),
24

CABG (coronary artery bypass graft), 93
CAD (coronary artery disease)

claudication and, 210
role of vascular laboratory in, 545

Calf pump, 18
Calf vein thrombosis, 431–432

duplex ultrasound follow-up for, 441
Candesartan, intima-media thickness and,

167t
Capillary hemangioma, of liver, 507t
Captopril renal scintigraphy, 334, 342, 346
Carbon dioxide (CO2) challenge, for

vasomotor reactivity in cerebral
circulation, 113, 118–119, 118f–120f

Carcinoma, hepatocellular, 507–508, 508f
Cardiac activity, effect on venous

hemodynamics of, 18
Cardiac cycle, 9–10

and arterial waveform, 10, 10f
and venous pressure waves, 11, 11f

Cardiac hemodynamics, 9–11, 10f, 11f
Cardiac surgery, transcranial Doppler for,

124, 124f
Cardiac thrombi, lower extremity arterial

disease due to, 224–225
Cardiovascular Credentialing International

(CCI), 32
Cardiovascular health study (CHS), 162
Carotid and Vertebral Artery Transluminal

Angioplasty Study (CAVATAS), 126
Carotid aneurysms, 99, 376–377
Carotid angioplasty and stenting (CAS)

coding for, 539
evaluation prior to, 184
indications for, 183, 184t
intravascular ultrasound for, 527
limits of and contraindications to, 183,

184t
restenosis after, 188–189, 188t
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in symptomatic patients, 91–92
indications for, 91–93
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Cranley, John, 4
Credentialing, 32, 33
Critical limb ischemia (CLI), 247–254

ankle systolic pressure in, 248–249
ankle-brachial index for, 247
clinical manifestations of, 247, 248
defined, 247, 248
diagnostic criteria for, 248–249
pathophysiology of, 247–248
skin perfusion pressures in, 249–252,

249f–251f, 250t, 253
transcutaneous oxygen partial pressures

in, 249, 252–254, 253f
Critical stenosis, 13
CT. See Computed tomography (CT).
CT angiography. See Computed tomographic

angiography (CTA).
CTA. See Computed tomographic

angiography (CTA).

560 Index



Current procedure terminology (CPT)
codes, 531, 533, 535, 536–540

and reimbursement, 535–536, 540
for carotid stents, 539
for endovascular repair

of abdominal aortic aneurysm, 537–538
of descending thoracic aortic

aneurysm, 538–539, 538t
for interventions, 537
for open surgical procedures, 539, 539f
manual of, 536
modifiers in, 536–537
new, 540, 540t
S and I, 537
selective catheterization, 536
temporary (T), 538–539, 538t

Cut-off point, of test, 39
CVD. See Cerebrovascular disease (CVD);

Chronic venous disease (CVD).
Cyst(s)

Baker’s, 436, 437f
biliary, 507t
upper extremity, 474

Cystadenoma, biliary, 507t

D
Damping, 64f
Darling, R. Clement, 4
Data
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