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Preface 
 
 
 
As our lives become busier it can be difficult to find the time to keep up with 
changes in medical practice. This is a particular challenge for radiologists 
because imaging technology waits for no one. No sooner have we become 
comfortable with one technique than it is replaced by another that is heralded as 
faster, better, and safer. But change and the challenges that accompany it are 
what make radiology the most attractive of all medical specialities.      
 This book is designed to summarise the most significant recent 
developments in gastrointestinal and abdominal radiology. It is not meant to be a 
review of the esoteric or obscure but rather a practical and common sense guide 
to new techniques that will be useful in everyday clinical practice. In planning 
the content of this book our aim was to cover a wide range of developments 
including those in abdominal ultrasound, CT, MRI, nuclear medicine, and 
interventional techniques. Practical information is provided, ranging from how 
to perform a particular technique through to image interpretation, with numerous 
handy tips thrown in and backed up by a little science where appropriate.  
 We have included contributions from authors of different backgrounds from 
both sides of the Atlantic so that this book has a truly international appeal. With 
so many competing demands on their time and expertise, we were very fortunate 
to have enlisted their help. Each has a proven track record in their specialty and 
is a recognised leader in the field: we are very grateful to them, especially for 
their speedy work. 
 We are acutely aware that what is today’s “hot topic” rapidly becomes 
tomorrow's old news. For this reason we have attempted to keep this review as 
up-to-date as possible. At a time when radiologists face escalating workloads 
and demands, both clinical and administrative, we hope that this book will 
provide easy reading, and a concise but authoritative update for those interested 
in abdominal imaging. 
 

 Steve Halligan 
 Helen M. Fenlon 
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CT Colonography (Virtual Colonoscopy)

John Bruzzi and Helen Fenlon

Mater Misericordiae Hospital, Dublin, Ireland

INTRODUCTION

CT colonography is a relatively new technique for imaging the entire colon
using thin-section computed tomography (CT). First introduced in 1994
(1), it was immediately popularized as a form of ‘‘virtual colonoscopy’’
because of its capability to reconstruct the acquired images into three-
dimensional (3D) views of the colonic lumen, allowing dynamic navigation
through the colon in a manner simulating a ‘‘real’’ colonoscopy. Initial
reports of diagnostic accuracies of CT colonography exceeding those of
barium enema and approaching those of conventional colonoscopy
generated intense excitement among radiologists and gastroenterologists
alike (2^7). Further experience with the technique has led to widespread
debate about the nature of colon cancer and revised thinking on the aims of
colon surveillance. As CT colonography continues to undergo worldwide
assessment and rapid re¢nement, it is increasingly being accepted as a
routine tool for colon examination. This review of the performance of CT
colonography to date will focus on the practical applications of the techni-
que, pitfalls in image interpretation, and will attempt to discuss both con-
sensus and controversial viewpoints on the role of CT colonography in
colorectal cancer detection.

1



IMAGE ACQUISITION IN CT COLONOGRAPHY

CT colonography is based on acquiring thin-section CT slices of a clean,
well-distended colon. For optimal studies, examinations are best
performed using a multi-detector CT scanner. Patients should be scanned
in both supine and prone positions to maximize visualization of the entire
colonic lumen.

Patient Preparation

Adequate bowel cleansing is of utmost importance prior to CT colono-
graphy. Retained fecal material can simulate polyps and masses or hinder
the detection of real pathology.

The most satisfactory experience with bowel cathartic agents has
been with picosulfate-based preparations such as Fleet-Prep (De Witt
International, David Mayers Ltd, Dublin, Ireland), which are traditionally
used for barium enemas. Polyethylene glycol solutions, such as Kleen-Prep
(Helsinki Birex Pharmaceuticals, Dublin, Ireland), which are commonly
employed for conventional colonoscopy leave a large amount of residual
£uid in the colon that can hide submerged pathology and hinder polyp
detection.

A major component of patient discomfort associated with colon tests
is attributable to the bowel cleansing process. Because patient acceptance
of the technique is vital if CT colonography is to succeed as a tool for colon
cancer screening, there has been widespread interest in developing ways of
performing CT colonography with minimal or no bowel preparation.
Encouraging results have been reported using oral contrast agents such as
dilute barium sulfate or iodine-based solutions that become admixed with
fecal material, thereby ‘tagging’ stool contents (8,9). At the moment, the
optimal regime appears to involve diet modi¢cation and regular ingestion
of oral contrast medium over a 48-hour period.

Muscle Relaxants

Although spasmolytic agents such as hyoscine n-butylbromide (Buscopan,
Boehringer Ingelheim, Berkshire, UK) and glucagon (Eli Lilly, Indianapolis,
Indiana) have been shown to be e¡ective in overcoming spasm and
improving colonic distension for barium enema, these agents have not
been shown to bene¢t either colonic distention or polyp detection at CT
colonography (10,11). They may have a selective role in patients who are
known to su¡er from diverticular disease, who are more susceptible to
muscle spasm, but this is usually not known prospectively (12). While a
reduction in colonic spasm should improve patient tolerance of rectal air
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insu¥ation, this has not been formally addressed. At the moment, avail-
able evidence does not support the routine use of spasmolytic agents for
CT colonography and so one can avoid the added cost, need for direct
venous injection or placement of a cannula, and potential associated side
e¡ects.

Scanning Parameters and Technique

For best results, patients should be scanned using a multidetector CT
scanner, which can cover the entire abdomen and pelvis in a single breath-
hold at a narrow collimation. CT colonography can be performed using a
single-slice helical CT scanner, but this may involve use of thicker slices
and=or multiple breath-holds or continuous breathing, which may result in
artefact from respiratory movement and imperfect image overlap.

Patients are placed in a lateral decubitus position on the scanning
table and a soft-tipped enema tube inserted into the rectum. In£ation of
the tube balloon is recommended to prevent air leakage. Air is then
insu¥ated into the colon using a hand pump up to maximum patient
tolerance (generally 40^50 pu¡s). Carbon dioxide has been advocated by
some investigators as being preferable to air, as it is reabsorbed by the
mucosa relatively quickly and theoretically produces less patient discom-
fort (13). However, carbon dioxide must be administered from a gas
cylinder increasing the complexity of the procedure and should be
performed by a radiologist rather than by a radiographer.

The degree of distension of the colon can be assessed on the scout
image and further air insu¥ated if necessary. The enema tube is left in place,
and the patient is scanned in both supine and prone positions. Further air
may be insu¥ated between supine and prone scans to overcome any loss of
air from the rectum. Scanning the patient in two di¡erent positions leads
to a redistribution of air and £uid within the colon, causing previously
collapsed or submerged segments to open up, resulting in improved overall
distension and better visualization of the entire colon. Studies have
repeatedly emphasized the importance of this maneuver, highlighting the
increased accuracy and con¢dence of polyp detection as a consequence of
improved colonic distension (5,14).

Typical scanning parameters on a multislice CT scanner are
70^100mA, 120 kVp, 2.5 mm� 4 collimation, and slice width reconstruc-
tions of 3mm.

Radiation Dose Considerations

The radiation dose from CT colonography has been estimated to be
equivalent to that incurred from a barium enema (15,16). Because of the
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inherent high-contrast resolution between luminal air and mucosal soft
tissue at CT colonography, the mA can be reduced to as low as 50mA or
even further without signi¢cantly a¡ecting image quality or diagnostic
accuracy (15^17). With implementation of the recent European
Communities (Medical Ionising Radiation Protection) Regulations 2002,
attention has been focused onminimizing radiation dose exposure fromCT
colonography. This is particularly important in young patients who are at
increased risk from colon cancer because of hereditary factors, who may
require frequent colon examinations. It also becomes an issue if CT
colonography is to be used in whole population screening programs. With
further debate over the questionable bene¢t of detecting small polyps and
greater research into the diagnostic performance of low-dose CT colono-
graphy, it is likely that CT colonography can be routinely performed at
acceptably low radiation exposure values.

IMAGE INTERPRETATION

Image Display

Most studies now show that images from CT colonography studies can be
reviewed primarily as axial 2D images, a format immediately familiar to
most radiologists. Because of the large number of axial slices acquired and
the nature of the interpretation process itself, studies should be read on a
computer workstation rather than from hardcopy. By using a technique
called lumen tracking, whereby the interpreting radiologist scrolls through
the axial images, concentrating solely on the colonic lumen as it changes
from slice to slice, the entire colon can be thoroughlymapped and examined
from rectum to cecum (Fig. 1).

With current software capabilities, datasets from CT colonography
studies can be additionally processed to provide a range of 2D and 3D
display options. CT colonography has been popularized because of the
ability to examine the colonic endolumen using 3D perspective^rendered
techniques, allowing the radiologist to navigate through the colon in a simu-
lated virtual colonoscopy (Fig. 2). The prospect of a quick, noninvasive
method of examining the entire colon that produced images comparable to
conventional colonoscopy had immediate appeal for referring gastroenter-
ologists and the public alike. Early experience in the interpretation of CT
colonography studies found that the use of 3D images complemented axial
2D images as the primary reading method, increasing reader con¢dence
and leading to greater diagnostic accuracy in polyp detection (18,19).

There have been di¡ering opinions, however, on the optimal employ-
ment of 3D images. A virtual £y-through examination of the entire colon is
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FIGURE 1 Supine scan in a patient with a well-distended colon. Haustral folds in
the cecum are sharply defined gracile structures easily differentiated from
polyps.

FIGURE 2 Three-dimensional endoluminal view of a normal well-distended
descending colon demonstrating the normal appearance of haustral folds and a
small volume of residual endoluminal fluid.
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a laborious and time-consuming process, requiring a great deal of user
interaction for navigation through tortuous or poorly distended segments
of bowel. Reading times of 30^60minutes per study using such techniques
are not uncommon, which is impractical in most busy clinical radiology
centers (2).

Most centers now reserve limited 3D endoluminal views for problem
solving in situations where pathology is suspected on the axial 2D views
(3,16,20). This improves reader con¢dence in reporting subtle
abnormalities and adds little in terms of interpretation times. However, it
still requires some familiarity with 3D image manipulation and is unlikely
to improve detection of larger polyps.

If CT colonography is to become a routine tool for examining the
colon and is to be incorporated into standard radiology practice, it must be
performed and interpreted in amanner that is fast, practical, and accessible
to most radiologists. The method of lumen tracking using supine and prone
2D axial images alone can be rapidly learned and does not require
additional software for complex image manipulation (Fig. 3). With
experience, studies can be interpreted in 10minutes or less, allowing CT
colonography to become part of a radiologist’s regular workload. This is a
particularly important point in busy clinical practices where prompt
interpretation of CT colonography studies is required, in order to identify
patients who need to undergo conventional colonoscopy on the same day,
thereby avoiding repeat bowel cleansing for the patient. In our own
institution, it is now our policy to read CT colonography studies using only
2D axial images. Since the clinical importance of small polyps is question-
able, our primary aim is to detect polyps larger than 5mm in size, thereby
deferring further colon examination for a number of years in patients with
normal colons at CT colonography.

A range of more complex image-processing methods has been used in
CT colonography including those that display the colonic lumen as a £at
surface (21), but these have not been embraced in clinical practice primarily
due to limited familiarity with such techniques. Automated computer-
aided detection of colonic polyps is an exciting possibility and is
undergoing active development (22^24).

Polyp Detection and Interpretation Pitfalls

Following an initial period of training with lumen tracking techniques and
familiarization with the normal appearance of the air-distended colon, 2D
axial CT images can be rapidly read with a high degree of con¢dence.
Images should be reviewed both at lung and at soft tissue window settings.
Lung windows provide maximum contrast resolution between the colonic
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FIGURE 3 The value of dual positioning. (A) Residual fluid in the ascending and
descending colon limits adequate visualization of the underlying colonic mucosa
with the patient supine. (B) With the patient in the prone position, there is
redistribution of fluid and air, allowing the same segments of colon to be clearly
visualized.
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mucosa and endoluminal air, while soft tissue settings provide additional
information about the nature of bowel wall abnormalities and are necessary
for evaluation of extracolonic structures.

Polyps are identi¢ed as focal polypoid or sessile protrusions from the
colonic mucosa (Figs. 4,5). These can be distinguished from normal
haustral folds, which appear as continuous bands of mucosa that are seen
on several successive slices spiraling around the colonic lumen. Confusion
sometimes arises between polyps and other structures such as residual fecal
material, inverted diverticuli and impressions from adjacent extracolonic
organs such as the liver, spleen, kidneys, or loops of small bowel. Use of soft
tissue settings helps resolve such di⁄culties by demonstrating the presence
of air in stool, fat in inverted diverticuli, and detail of extracolonic anatomy
(Fig. 6).

Polyps are usually missed because of perceptual errors, exacerbated
by technical factors such as poor distension or retained intraluminal £uid
or stool. Polyps may be submerged by £uid ormay be di⁄cult to distinguish
from haustral folds in partially collapsed segments of bowel; alternatively,
unusually prominent or bulbous haustral folds can be mistaken for polyps.
This is a particular problem in the sigmoid colon in patients with diverti-
cular disease where folds may appear thickened and at the £exures where
folds may be opposed. In most cases, errors can be avoided by comparing
supine and prone images, where a shift in endoluminal contents or an
improvement in distension can clarify the nature of lesions in question or
reveal previously unsuspected pathology.

FIGURE 4 Axial 2D image demonstrating a 6mm polyp in the sigmoid colon.
Adequate colonic distension is required to help differentiate polyps from thickened
or bulbous haustral folds particularly in the sigmoid colon.
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An unusually prominent ileocecal valve can also be mistaken for a
cecal mass. However, by detecting the presence of fat in the valve or by
recognizing the relationship of the valve to the terminal ileum, its true
nature can usually be con¢dently determined.

The greatest di⁄culty arises in segments of colon a¡ected by severe
diverticular disease. In such patients, distension is usually poor, and it may
be impossible to distinguish a diverticular stricture or marked bowel wall
muscle thickening with spasm from an annular carcinoma. Where doubt
exists and the issue cannot be resolved by CT colonography, patients
should be referred for conventional endoscopy. CT colonography has also

FIGURE 5 (A) A tiny polyp < 5mm in diameter can be identified near the hepatic
flexure because of adequate colonic distension and a dry mucosal surface.
(B) A significant volume of endoluminal fluid almost obscures a small polyp in the
sigmoid colon. For this reason, bowel cleansing is better performed with phosph-
soda preparations than with polyethylene glycol solutions such as Klean-Prep.
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FIGURE 6 (A) Supine scan viewed at lung windows demonstrates a 5mm polypoid
lesion in the descending colon. (B) When viewed at soft tissue window settings, fat
is identified within this polypoid lesion confirming that this represents an inverted
diverticulum rather than a polyp.
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been criticized for its poor sensitivity for £at polyps (25). There are reports
that £at colonic lesions are more common than previously suspected,
although this may apply more to Asian populations than in the West.
Particular attention should be paid to any asymmetry in colonic wall
thickness and to peri-colic fat stranding. Further research is required as to
the exact prevalence of £at polyps in the population and ways of improving
their detection.

CT COLONOGRAPHY AS A DIAGNOSTIC TEST

Reported sensitivity ranges of CT colonography for polyps > 9, 6^9, and
< 6mm are 70^100%, 47^82%, and 26^59%, respectively. Results from
some of the larger studies are outlined in Table 1. Speci¢city rates are
similar, ranging from 90 to 96%, 63 to 96%, and 80 to 92%, respectively.
Amore important index of clinical e⁄cacy of CT colonography is its ability
to accurately identify patients who have polyps and who require
colonoscopy and biopsy or polypectomy (referred to as the per-patient
performance). Reported per-patient sensitivities and speci¢cities are
generally higher than the per-polyp performance.

To date published results of CT colonography are from studies of
patients at greater than average risk of colon cancer, performed in academic
centers, and using a variety of methods for image interpretation. The actual
performance of CT colonography in a mixed population of patients at
varying risk of cancer as seen in routine clinical practice is therefore di⁄cult
to assess. Furthermore, there have been no published large-scale studies of
CT colonography in an average risk screening population, although several
such trials are in progress. It is therefore di⁄cult to make de¢nite
recommendations about the role of CT colonography in existing diagnostic
or screening algorithms.

TABLE 1 Diagnostic Accuracy of CT Colonography in Published Series

% sensitivity per polyp % specificity per patient

No. patients >10mm 6–9mm <6mm >10mm 6–9mm <6mm Ref.

70 70 63 26 90 63 80 2
100 91 82 55 96 92 N=A 4
200 100 65 33 90 96 92 28
180 75 47 N=A 93 72 N=A 5
300 90 80 59 N=A N=A N=A 6
165 92 82 50 N=A N=A N=A 7
105 93 70 12 N=A N=A N=A 16
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No direct comparisons have been made between CT colonography
and double contrast barium enema. However, the National Polyp Study
group showed that the overall sensitivity of double contrast barium enema
for polyps >1 cm is no higher than 48% (26). This would support the
general opinion that CT colonography has a higher diagnostic accuracy
compared with barium enema for polyp detection (Fig. 7). In certain
situations, CT colonography has a clear advantage over either colonoscopy
or barium enema. In the presence of a known obstructing colonic neoplasm
where evaluation of the proximal colon is important to outrule synchronous
tumors, CT colonography has been shown to be superior to either conven-
tional colonoscopy or barium enema and should now be the test of choice
in such cases (27^29) (Fig. 8).

In patients with known or a high probability of colon cancer, CT
colonography has an advantage over other techniques in being able to
image extracolonic disease. By administering IV contrast and scanning at
a higher mA in these patients, CT colonography can simultaneously assess
peri-colic tumor in¢ltration, the presence of nodal disease, and the
presence of liver metastases, thereby avoiding a repeat CT staging
examination (30,31).

CT COLONOGRAPHY AS A SCREENING TOOL

Colon cancer is the second leading cause of death in the United States.
Current colon cancer screening recommendations include annual fecal
occult blood testing, £exible sigmoidoscopy every 5 years, double contrast
barium enema every 5^10 years, or conventional colonsoscopy every 10
years. Neither of the latter two strategies has undergone validation in large
screening trials in average risk populations. Likewise, there have not yet
been any published reports from large-scale, multi-institutional screening
trials of CT colonography, although several are underway. The attraction
of CT colonography appears to be its ability to non-invasively exclude the
presence of clinically signi¢cant polyps with a high degree of accuracy,
thereby deferring further colon examinations for a number of years.
Furthermore, recent experience has shown that CT colonography can be
performed at low radiation doses without signi¢cantly impairing diagnostic
performance and, as such, deserves consideration for inclusion in any
screening strategy (15,16).

Frequency and timing of referral for colonoscopy following an
abnormal CT colonography study are important determinants of the
success of any colon cancer screening program. For many patients,
same-day referral to the endoscopy suite for removal or biopsy of polyps or
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FIGURE 7 CT colonography images can be viewed in the axial plane, as 2D
multiplanar images and as 3D perspective rendered views of the endolumen.
(A–C) 2D multiplanar views of a 2 cm polyp in the ascending colon. (D) 3D
surface-rendered view of the same polyp.

CT Colonography 13



masses detected at CT colonoscopy would be preferable, thereby avoiding
the need for a second bowel preparation. This strategy, however, would
require CT colonography studies to be read immediately and for patients
to be accommodated for colonoscopy at very short notice. This has
considerable implications for the organization of a screening program. On
the other hand, with patients taking a more proactive role in their clinical
management, there is currently a trend away from this approach. Increased
patient advocacymeans that cliniciansmay no longer be the sole arbitrators
of what constitutes a signi¢cant polyp, and patients may wish to defer
colonoscopy until they have had time to consider the signi¢cance of the
results of their CT colonography study. It should be kept in mind that the
clinical signi¢cance of polyps smaller than 5mm is doubtful. Many of these
polyps are hyperplastic rather than adenomatous, with no malignant
potential, and the necessity and bene¢t of removing such polyps is clinically
and economically questionable. Only 0.01% of polyps < 5mm have any
malignant potential, and appropriately informed patients may well elect
not to proceed to colonoscopy for their removal (32).

Because the speci¢city of CT colonography for polyps < 5mm is also
poor, it can be argued that diminutive polyps should not be reported at CT
colonography, thereby avoiding an excessive rate of referral for
unnecessary colonoscopy (32). The primary aim of CT colonography,

FIGURE 8 In patients with obstructing colonic neoplasms, the proximal colon can
be difficult or impossible to evaluate using either colonoscopy or barium enema.
Adequate air distension and visualization of the proximal colon can be achieved
at CT colonography, as demonstrated in this patient with an obstructing carcinoma
in the sigmoid colon.
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therefore, would be to detect polyps > 5mmwith a high degree of accuracy,
thereby identifying patients who require colonoscopy without an unduly
high false-positive rate. A high rate of referral for unnecessary colonoscopy
has important implications both in terms of patient morbidity and the
economic feasibility of a screening program.

Cost-e¡ectiveness and patient compliance are major determinants
when considering a feasible screening tool. Sonnenberg et al. calculated
that for CT colonography to be a cost-e¡ective screening tool at a
postulated minimum sensitivity of 60%, it must be associated with a
compliance rate of 15^20% greater than colonoscopy or a procedural cost
of 54% less than colonoscopy (33). Currently, CT colonography is seen in a
positive light by the general public as a noninvasive colon test, and further
development of prepless CT colonography will greatly add to this appeal.
By reviewing 2D axial images onlywithout undue reliance onmore complex
3D images, more radiologists will be willing to read CT colonography
studies and in less time, which could be mirrored by a reduction in billing
costs to levels approaching those of a conventional CT of abdomen
and pelvis.

CONCLUSION

CT colonography is a safe, noninvasive, and accurate method of examining
the colon that can be easily learned by any practicing radiologist. Current
experience suggests that its sensitivity exceeds that of double contrast
barium enema and approaches that of conventional colonoscopy, but it
remains to be seen if these results can be reproduced in the general
community outside of academic centers. For CT colonography to become
a widespread tool for routine imaging of the colon, it must be fast, practical
for any radiologist to perform following basic training, and easily incorpo-
rated into a busy clinical workload. The demand for CT colonography is
likely to increasewith greater patient awareness. Indeed, increasing patient
advocacy may require a change in the way screening programs are designed
and in the aims of colon screening. A true indication of the diagnostic
performance of CT colonography in mixed and average risk populations
will depend on the results of larger ongoing studies.
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BACKGROUND

Colorectal cancer remains associated with considerable morbidity and
mortality. In the United States alone, more than 130,000 newly diagnosed
patients and 50,000 deaths are attributed to colorectal cancer each year
(1). The majority of colon cancers develop from nonmalignant colonic
adenomas or polyps (2). Thus, cancer screening programs targeting
precancerous colonic polyps with subsequent endoscopic polypectomy
are designed to reduce the cancer mortality by more than 80%. Colorectal
screening for polypsmay therefore be considered one of themost promising
preventive measures in medicine (3).

With regard to detection of precancerous lesions of the colon,
conventional colonoscopy is considered the gold standard (4). However,
even in countries with free access to this diagnostic modality, participation
in cancer screening programs is inadequate. While various psychological
factors inhibit the acceptance of cancer screening programs in general,
e¡orts targeting the colon have been particularly unsuccessful. Non-
invasive cancer screening programs such as testing of fecal occult blood
are burdened with both a low sensitivity and speci¢city in the detection of
precancerous as well as cancerous lesions (5). Endoscopic screening
programs are characterized by high sensitivity and speci¢city but lack
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su⁄cient acceptance by the target populations (6). Among the causes for
poor compliance, one issue relates to the discomfort associated with the
preparation for the procedure (i.e., bowel cleansing and dietary restriction
prior to colonoscopy). In addition, anticipation of an endoscopic study of
the colon is associated by the majority of the population with an unpleasant
expectation focusing on procedure-related pain, discomfort, and the risk
of complications such as bowel perforation. Even if these expectations do
not fully re£ect reality, it is a matter of fact that colonoscopy is poorly
utilized by the target population even if it is o¡ered as a cancer screening
procedure free of charge (6). Thus, the impact of colonoscopy on colonic
cancer morbidity and mortality remains limited. This has motivated the
development and evaluation of alternative strategies to assess the colon,
including virtual colonography.

Virtual colonography (VC) is based on either computed tomography
(CT) or magnetic resonance (MR) three-dimensional (3D) data sets. Based
on cross-sectional images, this type of exam o¡ers several advantages over
conventional colonoscopy, the most signi¢cant of which relates to the lack
of procedural pain and discomfort. In contrast to conventional colono-
scopic analysis, VC is not limited to endoscopic viewing. Rather, the 3D
data sets can be assessed interactively in the multiplanar reformation mode
on a workstation, displaying the colonic morphology from any desired
angle. This type of multiplanar reformation analysis depicts the colonic
lumen and colonic wall in relation to the surrounding abdominal structures.
Lesions in the colon can thus be more accurately localized (7). Even in the
presence of stenotic tumors, the entire colon can be assessed, which often
is not possible in conventional colonoscopy. A further advantage of virtual
colonography based on CT orMRI is the simultaneous assessment of other
abdominal organs. In the case of patients with suspected colorectal tumors,
imaging of the liver must be considered a welcome addition.

Recent studies have shown CT and MR colonography to be e¡ective
regarding the detection of clinically relevant polyps exceeding 8mm in size
[8^12]. In contrast to conventional colonoscopy, neither CT nor MR
colonography requires the administration of analgesics or sedatives (13).
Both cross-sectional techniques are less painful than conventional colono-
scopy. Angtuaco et al. demonstrated that more than 60% of potential
patients preferred virtual colonography over conventional colonoscopy
when both methods were o¡ered (14).

Despite promising results, the future of CT colonography as a
screening method is uncertain: the CT examination may expose patients to
considerable doses of ionizing radiation. Since a screening examination of
the colon should be repeated at regular intervals (every 3^5 years) , this
radiation issue may even evolve into a public health concern. Hence the
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European Commission on Radiation Safety has decreed that examinations
based on the use of ionizing radiation should not be used for screening
purposes (15). Therefore, it seems reasonable to focus onMRI for colorec-
tal screening. The technique is not associated with any radiation exposure
or other harmful side e¡ects. Furthermore, contrast agents applied in
conjunction with MRI exams are characterized by a more favorable safety
pro¢le than CT contrast agents as they lack any nephrotoxicity and are
associated with far fewer anaphylactoid reactions (16,17).

TECHNICAL CONSIDERATIONS

Similar to contrast-enhanced 3D MR angiography, MR colonography
(MRC) is based on the principles of ultrafast, T1-weighted 3D GRE
acquisitions (9). Hence, an MR scanner equipped with high-performance
gradients is required. The acquired 3D MR data set usually consist of 96
contiguous coronal sections, ranging in thickness between 1.5 and 2mm.
Acquisition time amounts to less than 25 seconds. The technique is based
on the use of short repetition (TR 1.6^3.8ms) and echo times (0.6^1.6 ms).
The achievable minimum TR should be shorter than 5ms; otherwise, the
acquisition of a 3D data set cannot be collected within the con¢nes of a
breathhold. In conjunction with a ¢eld of view of 400� 400mm and an
imagingmatrix of 460� 512, the spatial resolution involves an interpolated
voxel size of nearly 1� 1� 1.6mm.

To permit homogeneous signal transmission and reception over the
entire colon with high contrast-to-noise (CNR) values, a combination of

FIGURE1 A combination of two phased-array coils is used for MRC. Thus, coverage
of the entire colon in conjunction with homogenous signal reception is guaranteed.
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two phased-array surface coils should be used covering the entire colon
(Fig. 1). Since colonic lesions often cannot be di¡erentiated from stool,
the patient has to undergo bowel preparation in a manner similar to that
required for conventional colonoscopy. To limit patient discomfort related
to extended fasting, MRC should be performed in the morning. Prior to
the examination, the patient should be screened for contraindications to
MRI such as presence of metallic implants, cardiac pacemakers, or severe
claustrophobia. The presence of hip prostheses, which normally is not
regarded as a contraindication to MRI, impedes a complete analysis of the
rectum and sigmoid colon. Therefore, these patients should not be
examined byMRC.

To date, two distinct techniques are in clinical use forMRC. Based on
the signal within the colonic lumen, they can be considered either as bright
lumen or dark lumenMRC.

BRIGHT LUMEN MR COLONOGRAPHY

Applying this technique the colon is ¢lled in the prone position via a rectal
catheter (Fig. 2) with 2000^2500mL of a water-based enema. The water is
labeled 1:100 with a gadolinium containing contrast agent and adminis-
tered using 100 cmof hydrostatic pressure (Fig. 3). To reduce bowelmotion
and alleviate colonic spasm, MRC mandates the intravenous administra-
tion of a spasmolytic agent (e.g., scopolamine or glucagon) just prior to
bowel ¢lling. In contrast to conventional colonoscopy, neither analgesic
agents nor sedatives are required. After ¢nishing the bowel ¢lling process,

FIGURE 2 Set of enema bag and rectal catheter for MR colonography.
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a 3D data set of the abdomen encompassing the entire colon is acquired. To
compensate for the presence of residual air exhibiting a signal void within
the colon, the 3D acquisition needs to be performed in both the prone and
supine positions.When the procedure is complete the enema bag is lowered
to facilitate colon emptying, the rectal tube removed, and the patient can
leave the scanner room.

On the 3D gradient echo data sets, only the colonic lumen that
contains the enema material is bright, whereas all other tissues remain low
in signal intensity (Fig. 4). The resulting contrast between the colonic
lumen and surrounding structures is the basis for subsequent virtual
colonographic viewing (Fig. 5). Di¡erential diagnostic considerations for
luminal ¢lling defects within the bright colonic lumen include residual air,
residual fecal material, or a polypoid colonic mass. Di¡erentiating features
of residual air and stool include their change in position from the prone to
the supine data set. On the other hand, polyps remain largely unchanged in

FIGURE 3 To ensure sufficient bowel distension, the liquid enema is applied using
100 cm of hydrostatic pressure.
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FIGURE 4 T1w GRE data sets of bright-lumen MRC displayed in maximum-
intensity projection. Only the gadolinium containing colonic lumen is bright,
whereas all other tissues show a low signal intensity. Due to the 3D property of
the data, the colon can be analysed from different perspectives.

FIGURE 5 The high contrast between the colonic wall and colonic lumen is the
basis for virtual colonographic viewing.
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position in both prone and supine data sets. Based on lesion size and
morphology, detected masses can further be characterized as either a polyp
or carcinoma. Regardless, colonoscopy is indicated if a mass is identi¢ed.
The MRC protocol can be further ampli¢ed by the acquisition of 2D
gradient-echo data sets following the intravenous application of a
gadolinium-containing contrast compound. This permits a more compre-
hensive assessment of extracolonic abdominal organs and enhances the
ability to detect hepatic metastases.

A new technique for bright lumen MRC is based on the acquisition
of TrueFISP sequences. Using a rectal water-enema, contrast is generated
in a manner comparable to the use of a paramagnetic contrast enema and
acquisition of T1w GRE sequences (Fig. 6). Since residual air exhibits no
signal within the colon, the TrueFISP acquisition must also be performed
in both prone and supine position (Fig. 7). Since the TrueFISP technique
requires neither the administration of intravenous or rectal paramagnetic
contrast medium, it is economically attractive. In addition, this sequence
is rather insensitive to motion artifacts. However, initial study results indi-
cate a considerable number of false-positive ¢ndings using this sequence
due to di⁄culty di¡erentiating residual stool from colorectal masses
(Fig. 8).

FIGURE 6 Bright lumen MRC in conjunction with TrueFISP imaging. This
technique lacks the need of rectal or i.v. administration of paramagnetic
contrast.
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DARK LUMEN MR COLONOGRAPHY

The detection of colorectal lesions with bright lumen MRC relies on
visualizing ¢lling defects within the column of intraluminal contrast
material. This technique has proven e¡ective in most cases. However, it
may be associatedwith both false-positive and false-negative results: polyps
with a long stalkmaymove su⁄ciently to simulate residual stool, while stool
adherent to the colonic wall may notmove at all and thus be falsely reported
as a polyp.Dark lumenMRC,however, is basedon contrast being generated
between a brightly enhancing colonic wall and a homogeneously dark
colonic lumen (18). The technique di¡ers frombright lumenMRC in several
aspects:

1. Instead of using a gadolinium enema, only tap water is instilled
rectally, rendering low-signal on T1-weighted 3D GRE
acquisitions.

2. To obtain a bright colonic wall, a paramagnetic contrast
compound is administered intravenously. 3D data sets are
collected prior to IV contrast and after a 75-second delay.

3. Since residual air exhibits no signal in the colonic lumen, the
examination needs to be performed in only one position (either
supine or prone).

FIGURE 7 Bright lumen MRC needs to be performed both in prone (A) and supine
position (B), because residual air inhibits the analysis of the entire colonic wall
(arrow).
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Compared to bright lumen MRC, dark lumen MRC o¡ers several
advantages including reduced examination and postprocessing times
because acquisition of only one 3D data set is required. Furthermore, the
dark lumen technique copes with the problem of residual stool in an
e¡ective way: if the lesion enhances it is a polyp or carcinoma, if it does not
enhance it represents stool (Figs. 9^11). Suspicious lesions are analyzed
by comparing signal intensities on the pre- and postcontrast images. If
analysis is limited to the post-contrast data set, bright stool could be
misinterpreted as a polyp. Comparison with the pre-contrast images
documents lack of contrast enhancement, which assures the correct
diagnosis.

Enhancement of colorectal masses following administration of IV
contrast material has been described in conjunction with both MRC (19)
and CT colonography (20). The use of IV contrast material signi¢cantly
improves reader con¢dence in the assessment of bowel wall conspicuity
and the ability to depict medium-sized polyps in suboptimally prepared

FIGURE 8 Bright lumen MRC in conjunction with TrueFISP imaging. Since
colorectal polyps impress as filling defects (black arrow), it may be difficult to
distinguish them from residual fecal material (white arrows).
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FIGURE 9 Dark lumen MRC. A colorectal polyp (arrow) can be accurately detected
on the T1w GRE data sets due to a significant contrast uptake comparing the
pre-contrast scan (A) with the postcontrast images (B).

FIGURE 10 Dark lumen MRC. Colorectal cancer (arrow) shows a contrast uptake
comparing precontrast scans (A) and postcontrast images (B).
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colons. The enhancement observed within polyps exceeds that of the
normal colonic wall. This may aid in di¡erentiating even very small polyps
from thickened haustral folds.

Dark lumenMRCalso permits a direct analysis of the bowelwall. This
facilitates evaluation of in£ammatory changes in patients with in£amma-
tory bowel disease such as ulcerative colitis or Crohn’s disease (Fig. 12).
Increased enhancement following contrast and bowel wall thickening
demonstrated on contrast-enhanced T1-weighted images has been shown
to correlate well with the degree of in£ammation in the small bowel (21).
Hence, the dark lumen approach may expand the list of indications for
MRC to include in£ammatory bowel disease in the future.

Use of IV paramagnetic contrast agents also provides a more
reliable assessment of extracolonic abdominal organs contained within
the ¢eld of view. By combining pre- and postcontrast T1-weighted
imaging, the liver can be accurately evaluated for the presence and nat-
ure of coexisting pathology. Furthermore, dark lumen MRC o¡ers
further possibilities concerning agents used for large bowel distention.
Although the administration of water as a rectal enema does not
adversely e¡ect patient comfort in most cases, a modi¢ed strategy could
be based on the use of gases like CO2 (22) or room air (23). These gases
are signaless and provide high contrast compared with the contrast-
enhanced colonic wall and masses. This approach has been shown to be
feasible in preliminary studies.

FIGURE11 Dark lumen MRC. In contrast to colorectal pathologies, residual stool is
bright on both precontrast scans (A) and postcontrast scans (B).
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IMAGE INTERPRETATION

An MRC examination can be completed within 20 minutes, including the
time for patient positioning, image planning, and data acquisition. The
acquired 3D data sets are postprocessed using commercially available soft-
ware and hardware. A complete analysis of an MRC examination still
requires nearly 15minutes of interactive image viewing on a high-
performance workstation. Initially anMRC examination should be viewed in
themultiplanar reformation mode, scrolling through the prone 3D data set in
all three orthogonal planes. For bright lumen MRC, this assessment needs
to be supplemented by viewing the supine data set. The data should then
be assessed based on virtual endoscopic renderings displaying the inside of
the colonic lumen. A virtual endoscopic £y-through allows the observer to
focus on the colon facilitating detection of small lesions protruding into
the colonic lumen. Furthermore, the three-dimensional depth perception
allows the assessment of haustral fold morphology, thereby enhancing the
observer’s ability to distinguish polyps from haustra. To assure complete
visualization of both sides of haustral folds, the virtual £y-through should

FIGURE 12 Dark lumen MRC in patient with Crohn’s disease. This techniques
permits the detection of inflammatory changes due to the direct analysis of the
colonic wall. A thickened bowel wall and an increased contrast uptake (arrows)
on the postcontrast scans can be observed.
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be performed in an antegrade as well as retrograde direction. Regarding
the detection of polyps at MRC, virtual endoscopic viewing renders
improved sensitivity and speci¢city values compared with inspection
of the individual cross-sectional images alone (24). In addition, a three-
dimensional plastic e¡ect can be produced on the monitor using
shutter-glasses and specialized stereo-viewing software (Fig. 13).

MR COLONOGRAPHY: DIAGNOSTIC ACCURACY

The diagnostic performance of bright lumen MRC has been assessed in
several studies using conventional colonoscopy as the standard of reference
(8,10,25). While most mass lesions < 5mm in size were missed, almost all
lesions >10mm were correctly identi¢ed. In a study by Pappalardo et al.
(10), MRC detected a greater number of polyps >10mm in size than
conventional colonoscopy (Fig. 14) by identifying additional polyps in
regions of the colon not reached by colonoscopy.

Direct observational data on growth rates indicate that polyps
< 10mm in size remain fairly constant in size over 3^5 years and are not
prone to malignant degeneration (26,27). Therefore, it seems reasonable
to concentrate on lesions larger than 10mm. Hence, one could argue that
MRC is almost as reliable as conventional colonoscopy with regard to the
assessment of colonic lesions at risk for malignant degeneration. Neverthe-
less, attempts are underway to increase the spatial resolution of the 3D data
sets and so improve the diagnostic accuracy of MRC for lesions between
5 and 10mm in size. Technique re¢nements encompass the use of even

FIGURE 13 A three-dimensional plastic effect can be produced at the workstation
by using a special software and shutter-glasses (stereo viewing).
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shorter repetition times in conjunction with zero ¢lling routines and the
implementation of parallel imaging techniques (28). Regardless of these
e¡orts, it is likely that very small lesions will continue to be missed in the
future. Furthermore, MRC will continue to have di⁄culty demonstrating
£at lesions, which recently have been shown to be more prevalent than
previously believed (29).

BOWEL CLEANSING

Since colorectal lesions often cannot be accurately di¡erentiated from
stool, virtual colonography requires bowel purgation in a manner similar
to conventional colonoscopy. Various oral agents for bowel cleansing are
used in practice. Although some substances have been found to evoke fewer
side e¡ects (30,31), bowel preparation in general negatively impacts on
patient acceptance. Patients complain of symptoms ranging from ‘‘feeling
unwell’’ to ‘‘inability to sleep’’ (32). Thomeer et al. examined 124 patients
undergoing virtual colonography with prior bowel cleansing (33). When
asked about discomfort associated with the examination, the majority of
patients rated bowel cleansing as the most unpleasant part of the examina-
tion (Fig. 15). If colonic cleansing could be avoided, patient acceptance
of virtual endoscopy should be considerably enhanced. Hence, virtual
colonography should be combined with ‘‘virtual bowel cleansing.’’

Virtual bowel cleansing can be achieved in conjunction with MRC by
fecal tagging, a method that results in a change in the signal characteristics
of feces to assimilate those of the applied rectal enema. The latter is

FIGURE 14 Diagnostic accuracy of bright lumen-MRC depending on the size of
colorectal lesions. A considerable number of polyps smaller than 10mm are
missed by MRC. However, the total number of detected colorectal lesions
>10mm is similar for MRC and conventional colonoscopy (CC). (Modified
from 10.)
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required for adequate colonic distension. Thus, stool becomes virtually
invisible with fecal tagging as it is indistinguishable from the rectal enema
on MR images. To accomplish fecal tagging, patients have to ingest a
contrast agent within a certain time range prior to the examination. The
contrast agent adheres to the foodstu¡ modulating the MRI signal
characteristics of the bowel contents. An ideal tagging agent should be
cheap, nontoxicwhen applied orally, and, of course, it should not negatively
a¡ect patients’ acceptance and compliance. Di¡erent models based on
di¡erent contrast mechanisms have been evaluated.

At ¢rst, the principle of fecal tagging was demonstrated on the basis
of bright-lumen MRC (34). For fecal tagging, the signal intensity of stool
has to be augmented to simulate the bright rectal enema. By adding a T1-
shortening, gadolinium-based MR contrast agent to regular meals prior
to the MR examination, better harmonization of signal properties
between fecal material and the Gd-based enema can be achieved. MR
imaging following the administration of a gadolinium-containing enema
provides a homogeneously bright colonic lumen. Gadolinium includes
some properties required for a tagging agent: the oral administration of
a paramagnetic MR contrast agent has been shown to be safe (35).
Furthermore, there is no absorption through mucosal surfaces, the agent
is stable over a wide range of pH values (36), and the ingestion of gadoli-
nium is well accepted by patients as it is £avorless and odorless (37).
However, the clinical implementation of bright fecal tagging is hindered
by the high cost of the gadolinium-based paramagnetic contrast agent.
The use of less expensive tagging agents such as chocolate or fruit juices
(38) does not result in a su⁄ciently high increase in signal intensity in
the colonic content.

A second strategy for fecal tagging is based on rendering the colonic
lumen dark (39,40). For this form of fecal tagging, 200mL of a highly

FIGURE 15 Preference of patients for both virtual and conventional colonoscopy.
The majority of patients rated virtual colonography as more pleasant. (Modified
From Ref. 33.)
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concentrated barium sulfate contrast agent (Micropaque; Guerbet,
Sulzbach, Germany) (1 g barium sulfate=mL) is taken with each of four to
¢ve main meals prior toMRC. Patients are instructed to avoid all ¢ber-rich
foodstu¡ and nourishments with high concentration of manganese such as
chocolate or fruits during this period, because manganese leads to an
increased signal intensity in T1w sequences. Barium-based fecal tagging is
combined with dark lumen MRC (Fig. 16): the colon is distended with
a rectally administered water enema or gas, and paramagnetic contrast is
administered intravenously to render the colonic wall and colorectal mass
lesions bright.

Barium sulfate is a well-known diagnostic contrast compound, still in
common use as an oral agent for esophageal, gastric, and small bowel
radiography. Compared to Gd-based contrast compounds, it is far less
expensive and characterized by an even better safety pro¢le. Anaphylactoid
reactions or other adverse side e¡ects are hardly known. Barium is not
absorbed and mixes well with stool. Thus, it ful¢lls all the requirements of
an ideal oral tagging agent forMRC.

The barium-based fecal tagging concept has been evaluated in a pilot
patient study (40). Dark lumen MRC in conjunction with barium-based
fecal tagging detected all polyps larger than 8mm in a population of
24 patients with known or suspected colorectal tumors. Overall sensitivity
of MRC amounted to 89.3% for the detection of colorectal masses, and
speci¢city was 100%. Although further work is required to con¢rm these

FIGURE 16 Dark lumen MRC in conjunction with barium-based fecal tagging.
Signal characteristics of fecal material are modified by the ingestion of barium
sulfate prior to MRC. Thus, stool can hardly be distinguished from the rectal
enema.
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results, it seems that barium-tagged MRC has tremendous potential to
emerge as the examination strategy of choice for the detection of polyps in
asymptomatic subjects. The technique appears to combine excellent
diagnostic accuracy with high patient acceptance based on a painless
examination with no need for colonic cleansing.

FUTURE DIRECTIONS

Future work will focus on improving the spatial resolution of the
T1-weighted 3D data sets. Parallel imaging strategies, promising to double
spatial resolution without increasing data collection times, will be
implemented. This should improve the detection of polyps between 5 and
10mm in size. Other work will center on improving the barium-based
fecal tagging concept in conjunction with dark lumen MRC, assuring
homogeneously dark signal of colonic contents. Administration of the
barium agent will be optimized with regard to volume, concentration, and
timing. Furthermore, the e¡ect of adding other signal reducing agents and
their incorporation into premixed meals will be examined.
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INTRODUCTION

As the body’s largest solid organ, the liver remains the primary focus of
the gastrointestinal radiologist interested in magnetic resonance imaging
(MRI) or computed tomography (CT). The liver is susceptible to a wide
variety of neoplastic and nonneoplastic conditions of major clinical
importance. While up to now MR imaging of the liver has been restricted
to a role of ‘‘problem solver,’’ only applied when dynamic bolus
contrast-enhanced CT was inconclusive or in cases where iodinated
contrast material is contraindicated, recent re¢nements in MR technology
have advanced MR imaging as a primary hepatic imaging tool. Over the
last decade, MRI has continued to evolve and mature with the develop-
ment of new improved hardware, imaging sequences, and tissue-speci¢c
contrast agents. Advances in MR pulse sequences, phased array body
coils, imaging speed, and gradient architecture have made MRI the
optimal modality for the detection and characterization of focal and
di¡use liver pathology.

This chapter will focus on the techniques of MR imaging of the
liver and highlight the characteristic MR appearance of a vast array of
pathological entities involving the liver.
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TECHNIQUES

Magnetic resonance imaging is capable of providing superior soft tissue con-
trast when compared to other hepatic imaging methods. This versatile and
variable soft tissue contrast can bemanipulated to focus on either improving
detection or characterization of hepatic disease entities. Imaging strategies
for the liver should focus on maximizing these two goals while minimizing
imaging time and artifacts. The use of multiple pulse sequences providing
complementary information is usually required. In general, a combination
of T1- and T2-weighted sequences is obtained to gather su⁄cient data. Con-
trast agents should be routinely administered to increase both lesion detec-
tion and characterization. In the ideal MR imaging sequence, the spatial
resolution is maximized within a short acquisition time, while the signal-to-
noise ratio is kept su⁄ciently high. Recent advances in both MR imaging
hardware and software allow for a complete evaluation of the hepatic par-
enchyma, vasculature, and biliary tree in a reasonable amount of time with-
out substantial artifacts. In fact, most of the newer techniques are capable
of reducing imaging artifacts related to motion because of the substantial
reduction in imaging time allowing for breath-hold imaging.

Artifact Reduction

Respiratory motion artifact is one of the more di⁄cult challenges in
abdominal imaging. Faster pulse sequences have been developed to reduce
imaging time and to decrease artifacts related to motion (Fig. 1). With the
introduction of high-performance gradient systems and fast pulse

FIGURE1 Breath-hold imaging. (a) Turbo spin-echo T2-weighted image of the liver
(acquisition time: 3 minutes). Due to the presence of motion and respiratory
artifacts, the small hemangioma (arrow) in the right lobe of the liver is not well
defined. (b) Axial half-Fourier single-shot turbo spin-echo T2-weighted HASTE
image (acquisition time: 18 seconds) in the same patient shows absence of motion
artifacts. Note sharp delineation of hepatic hemangioma (arrow).
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sequences, breath-hold imaging is now possible for both T1- and
T2-weighted protocols. Reductions in imaging time, however, are usually
accompanied by a decrease in signal-to-noise ratio. Phased array surface
coils are available to counteract the reduction in signal and improve overall
image quality (1), allowing for production of diagnostic breath-hold T2-
weighed sequences (2^4). Advantages of the phased-array technology are
improved signal-to-noise ratios allowing a smaller ¢eld of view and thus
higher resolution images compared with use of the whole-volume body coil
(5,6). As a consequence, a signi¢cant improvement in the lesion-to-liver
contrast and a better lesion detection ratio is obtained (5). One of the disad-
vantages of using surface coils is the resultant high signal intensity that
results from the close proximity of the coil to subcutaneous fat. This high
signal can result in increased respiratory motion artifact by increasing the
intensity of the ghosting artifact. Minimization of this artifact can be
achieved by using postprocessing ¢lters available within the pulse
sequences, by reducing scan time su⁄ciently to accomplish imaging during
a single breath-hold, or by the addition of fat suppression techniques (4,7).
An alternative to fat suppression is the use of spatial presaturation bands
placed over the subcutaneous tissues.

Pulse Sequences

Standard liver MRI begins with a survey image. Depending on the
individual MR manufacturer, the options for the survey sequence may be
limited. Ideally, one would choose a multiplanar (axial, sagittal, coronal)
survey that provides spatial information in all three planes allowing for
localization of the liver borders and biliary tree. These sequences provide
little additional information other than spatial localization. Alternatively,
a thick section coronal breath-hold T2-weighted sequence can be used
providing both anatomical localization and gross lesion detection.

Routine hepatic imaging should include sequences that provide
excellent anatomical localization, hepatic lesion detection, hepatic lesion
characterization, and disease staging. This requires a combination of T1,
T2, and contrast enhanced sequences.

T1-Weighted Sequences

The normal liver demonstrates a higher or similar signal intensity compared
to muscle or T1-weighted images due to the presence of a larger amount of
free water binding protein within hepatocytes (8) (Fig. 2). Most focal hepa-
tic lesions (metastases, cysts, and hemangioma) have a longer T1 and thus
have lower signal intensity compared with surrounding normal hepatic tis-
sue (Fig. 3). However, lesions arising from hepatocellular tissue including
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FIGURE 2 T1-weighted sequences. (a) Axial and (b) coronal spoiled gradient echo
T1-weighted FLASH images illustrate the appearance of the normal liver: it
demonstrates a higher signal intensity compared to muscle and spleen due to
the presence of a larger amount of free water binding protein within hepatocytes.

FIGURE 3 Focal hepatic lesions on T1-weighted images. (a) Coronal spoiled gra-
dient echo T1-weighted FLASH image of the liver in a patient with colon cancer
shows well-defined metastatic lesion (arrow) with lower signal intensity when
compared to normal hepatic tissue. (b) Axial spoiled gradient echo T1-weighted
FLASH image of the liver in another patient with focal nodular hyperplasia shows
a well-defined lesion (black arrows) that is isointense, due to its hepatocellular
origin, compared to normal hepatic tissue. Note intrahepatic venous collateral
due to mass effect of the lesion on the hepatic veins (white arrows).
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adenoma, focal nodular hyperplasia (FNH), regenerative nodule, and well-
di¡erentiated hepatocellular carcinoma (HCC) are isointense or even
hyperintense comparedwith liver parenchyma (9). This hyperintense signal
intensity (as a result of increased glycogen content or fatty change) within
a liver mass is suggestive, but not speci¢c, for a lesion of hepatocellular ori-
gin. Rarely, other lesions can contain high signal from fat. These include
intrahepatic lipoma, angiomyelolipoma, and metastases of liposarcoma
and teratocarcinoma (10). Melanoma (due to the paramagnetic e¡ects of
melanin) and hemorrhagic lesions such as hepatic adenoma, biliary cyst,
and hepatocellular carcinoma (due to the paramagnetic e¡ect of methemo-
globin) can also present as hyperintense masses (11,12) (Fig. 4).

Unenhanced T1-weighted imaging is best performed using a breath-
hold gradient echo sequence with a short TR and short TE (13,14). These
sequences (FLASH�Siemens, Erlangen, Germany; SPGR�GE Medical
systems, Milwaukee, WI) generate an echo by gradient reversal rather than
by a 180� refocusing pulse. The TR is chosen su⁄cient to scan the liver in a
multislice acquisition, and a short TE (< 5ms) and a high £ip angle
(> 60�) are mandatory for T1-weighting (15). This technique allows exami-
nation of the liver in 16^30 seconds with 11^15 sections (16). In one of the
sequences used, the TE should be chosen to ensure that fat and water are

FIGURE 4 Focal hepatic lesions on T1-weighted images. (a) Axial spoiled gradient
echo T1-weighted FLASH image of the liver in a patient with metastatic melanoma
shows an ill-defined lesion in the right hepatic lobe. Areas of high signal intensity
within the lesion are due to the paramagnetic effect of melanin. (b) Axial spoiled
gradient echo T1-weighted image shows large hyperintense lesion, consistent with
a hemorrhagic cyst, in this patient with AD hepatorenal polycystic disease. The
high signal intensity is due to the paramagnetic effect of methemoglobin.
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in-phase (4.6 ms at 1.5 T), which increases the background signal of liver.
The higher background signal for liver increases lesion conspicuity since
most lesions are hypointense to liver parenchyma. Out-of-phase imaging
(TE equal to 2.3ms at 1.5 T) should also be performed in order to detect
microscopic lipid within focal fatty change or lesions of hepatocellular
origin such as HCC (14,17,18) (Fig. 5).

Ultra-fast, subsecond T1-weighted imaging is also possible using
magnetization prepared (inversion-recovery) gradient-echo sequences
[turbo fast low-angle shot (TurboFLASH), Siemens; turbo-¢eld-echo
(TFE), Philips] (2,19,20). These sequences produce images with strong
T1-weighting, negligible artifacts related to motion, and minimal
phase-encoding artifacts from £owing blood. These sequences are,
however, very sensitive to choices of parameters and the order of raw data
collection (20). Because the spatial resolution is inferior, these techniques
are not recommended to replace spoiled gradient echo imaging except
when the motion artifacts require ultra-fast imaging (2).

Contrast-enhanced gradient echo T1-weighted imaging following the
injection of gadolinium-based contrast agents have become key sequences
for both the characterization and detection of liver lesions (21,22) as
well as the evaluation of the vascular supply (23). The ability to acquire
images in a short period of time allows for multiphasic imaging in the
arterial, portal, and equilibrium phases. The pattern of enhancement
within the various phases of imaging has a very important role in lesion

FIGURE 5 In- and-out-of-phase T1-weighted imaging. (a) In-phase breath-hold
T1-weighted gradient-echo image shows the liver to be brighter in signal intensity
than the spleen and paraspinal muscles. (b) Out-of-phase image demonstrates a
significant drop in signal intensity of the liver. This low signal intensity is character-
istic of diffuse fatty change. Note the typical ‘‘India ink’’ artifact where the abdo-
minal organs interface the retroperitoneal fat (arrows).
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characterization since many di¡erent enhancement and washout patterns
are characteristic for a variety of focal liver lesions, thus frequently
allowing a speci¢c diagnosis (24,25). The details of these enhancement
patterns are presented elsewhere in this chapter.

T2-Weighted Imaging

T2-weighted sequences, especially newer breath-hold techniques, remain
important in the detection of focal liver lesions and in di¡erentiating
benign from malignant conditions 4,26^29. Because most hepatic
neoplasms have a longer T2 relaxation time than liver, they demonstrate
high signal intensity on T2-weighted images. T2-weighted imaging is
performed with a longer TR (>2000ms) and TE (>100ms) compared
with the T1-weighted sequences. Images obtained with conventional SE
pulse sequences require an acquisition time of greater than 10 minutes and
are usually compromised by motion artifacts. For these reasons, various
modi¢cations of fast spin-echo sequences have completely replaced
conventional T2-weighted sequences.

Fast SE (FSE) or turbo SE (TSE) imaging can be performed in signi¢-
cantly less time, namely 3^4 minutes versus the 12^16 minutes necessary
for conventional T2-weighted sequences. This decrease in acquisition time
with FSE and TSE sequences is possible because multiple (8^256) lines of
K-space are sampled within each TR interval as opposed to standard SE,
where only one line is sampled for each TR. There is continuing evidence
regarding the superiority of FSE techniques over conventional SE
sequences, with several studies showing that FSE sequences compare
favorably to conventional SE sequences for focal liver lesion detection
and characterization (27,28). The most important di¡erences in image
appearance between FSE and conventional SE images are a decrease of
the magnetic susceptibility e¡ect of iron and other metals and an increase
of the signal intensity of fat on FSE images (30,31). The routine use of fat
suppression for fast T2-weighted imaging improves lesion conspicuity and
reduces ghost artifact frommotion of the abdominal wall (4,27).

Respiratory motion artifacts can be reduced or eliminated by the use
of respiratory triggering or breath-hold imaging. Respiratory-triggering
allows the acquisition to be timed to the respiratory cycle such that mea-
surement occurs during the quiet phase of breathing. Breath-hold imaging
requires faster sequences and can be used to obtain T2-weighted images of
the entire liver in one or two breath-holds. With the HASTE sequence
(half-Fourier acquisition single-shot turbo spin-echo), individual images
can be obtained in about one second since only half of K-space (half Fourier
imaging) is sampled (32). Kanematsu et al. (27) reported that fat-sup-
pressed respiratory-triggered fast spin-echo was the preferred sequence
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for the detection of liver lesions when compared to conventional SE,
breath-hold FSE, and echo-planar imaging. However, Augui et al. (29)
reported the use of a fast-recovery fast SE sequence (FRFSE) with
improved signal-to-noise and contrast-to-noise ratios compared with both
breath-hold half-Fourier and non^breath-hold respiratory-triggered ima-
ging. The FRFSE sequence uses a fast-recovery modi¢cation (180� pulse
followed by a �90� pulse) in order to force the residual magnetization into
the longitudinal axis instead of allowing it to recover with T1 processes
(29). Although future investigations are needed to con¢rm the preliminary
data, studies suggest that ultra-fast imaging sequences can replace other
T2-weighted imaging techniques (4,29,33).

Biliary Imaging (MR Cholangiography)

The basic principle underlying all MR cholangiography (MRC) techni-
ques is that the T2 relaxation time of bile is extremely long, approximately
20 times longer than surrounding fat and parenchymal tissues. Therefore,
on heavily T2-weighted sequences, £uid within the biliary tree remains of
relatively high signal while the background tissues are suppressed (34).
Background suppression can be further enhanced with the use of fat sup-
pression. MRC is usually performed using one of the hybrid rapid acquisi-
tions with relaxation enhancement (RARE) sequences or its derivatives
(35,35). Early techniques used primarily 2D fast spin-echo (FSE) (36)
and 3D FSE (37) acquired in the coronal plane, which were then post-
processed using the maximum intensity pixel projection (MIP)
algorithm. Long acquisition times and motion artifacts limited these
sequences.

The introduction of single shot RARE (38^40) techniques and single
shot HASTE (41,42) imaging has reduced imaging times to within a single
breath-hold. The tradeo¡ associated with these more rapid sequences is a
loss of spatial resolution. Soto et al. (43) compared the performance of three
pulse sequences (3D FSE, single slab HASTE, and multislice HASTE)
commonly used forMRCand found the threeMRC sequences had similarly
high sensitivities and speci¢cities for the detection of choledocholithiasis.
The breath-hold techniques are best applied in two forms: a single
thick coronal (or axial) slab and a multislice thin coronal sequence (34).
Because of the short imaging times. it seems prudent to combine both
single-slab and multislice breath-hold sequences to capitalize on the
relative advantages of each (34,43).

The thick slab sequence produces an image in less than 2 seconds
providing a rapid overview of the biliary tree without the need for post-
processing (Fig. 6). The slab thickness varies between 30 and 80mm and
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should be repeated in various degrees of obliquity to avoid overlapping
£uid structures. One potential pitfall of the single slab technique is
that bright £uid surrounding a ¢lling defect can potentially obscure
visualization.

The multislice sequence can be acquired in approximately 10^35
seconds and allows the acquisition of multiple thin contiguous slices.
Slice thickness is usually set to the minimum value that still provides ade-
quate signal-to-noise ratio (SNR). The multiple slices can be postpro-
cessed into a projectional view using the MIP algorithm. However, these
‘‘raw data’’ slices should be carefully reviewed to detect subtle ¢lling
defects or structures that could be overlooked in theMIP image or thick slab
image (34).

MR CONTRAST AGENTS

Several types of contrast agents have been clinically investigated for
MR imaging of the liver. According to their biodistribution pattern,
four major categories can be recognized: (a) extracellular agents,
(b) reticuloendothelial agents, (c) hepatocyte-speci¢c agents, and (d) intra-
vascular contrast agents (44,45). Regarding magnetic activity, contrast
agents can also be classi¢ed into two groups pending the predominant e¡ect
on relaxation times. Paramagnetic contrast agents with extracellular or
hepatobiliary distribution contain gadolinium ormanganese and especially
shorten T1 and, thus, increase the signal intensity of the liver on

FIGURE 6 MR cholangiography. Oblique coronal projective MR cholangiographic
image in a patient with abnormal liver function tests shows mild dilation of the
biliary tree due to sphincter of Oddi dysfunction.
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T1-weighted images (T1 agents). Superparamagnetic iron oxides (SPIO) or
reticuloendothelial contrast agents, on the other hand, especially shorten
T2 (45), and consequently the liver signal intensity is decreased on
T2-weighted images (T2 agents). Finally, the intravascular contrast agents
or ultrasmall superparamagnetic iron oxide (USPI0) can be used either as
a T1 agent on T1-weighted images or as a T2 agent on T2-weighted images
due to a balanced relaxivity pro¢le (45).

Extracellular Contrast Agents

Gadolinium (Gd) chelates, the ¢rst contrast agents available for clinical
use, are initially distributed in the intravascular space but then rapidly
¢ltered into the extracellular or interstitial space of normal and abnormal
tissues. Because of this rapid equilibration, utilization of imaging techni-
ques with high temporal resolution (as are breath-hold GRE T1-weighted
sequences) after bolus injection of the gadolinium chelate is mandatory to
capture the rapid changes in contrast distribution (46). The extremely nar-
row imaging window also explains the limited role of gadolinium-enhanced
T1-weighted imaging in lesion detection. With the exemption of extremely
hypo- or hypervascularmasses,many lesionsmay bemissed due to the simi-
larity between lesion enhancement and enhancement of the surrounding
liver. For example, some studies showed that dynamic-gadolinium
enhanced images do not detect more liver metastases than an unenhanced
MR imaging examination (47,48).

Extracellular gadolinium-containing contrast agents play a very
important role in tissue characterization as di¡erent enhancement and
washout patterns exist corresponding to di¡erences in the intravascular
and extracellular spaces of a variety of focal liver lesions, frequently
allowing a speci¢c diagnosis to bemade (49,50) (Fig. 7). The details of these
enhancement patterns are presented elsewhere in this chapter.

Reticuloendothelial Cell-Specific Contrast Agents

When injected into the bloodstream, superparamagnetic crystalline-coated
iron oxides particles (SPIO) or ferumoxides (Feridex IV and Endorem)
are speci¢cally taken up by the endothelial and Kup¡er cells of the liver.
Because of osmolarity constraints, ferumoxides are administered slowly as
a drip infusion over 30 minutes after dilution. Most focal hepatic lesions,
especially metastases, are devoid of reticuloendothelial cells and contrast
sharpely with the adjacent normal liver parenchyma, which is darkened by
iron oxide phagocytosis on T2-weighted images. As a result, there is a
signi¢cant increase in contrast-to-noise ratio, lesion’s signal-to-noise ratio,
and consequently better lesion demarcation and lesion detection. Many
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studies have shown an improvement in lesion detection on SPIO-
enhanced T2-weighted images compared with spiral CT and unen-
hanced T2-weighted images (51,52). Although, as mentioned before, the
predominant e¡ect of SPIO agents is T2 shortening, shortening of T1
can also be observed, especially in the early phase following intravenous
administration of low concentrations.

Pulse sequences especially sensitive to the presence of iron oxide
are T2�-weighted gradient echo images, due to their high sensitivity for
magnetic ¢eld heterogeneity (53). There is no consensus yet concerning
the optimal T2� GRE sequence to be used. Some authors have demon-
strated that even relatively T1-weighted GRE images (£ip angle 75�) are
superior for lesion detectionwhen comparedwith breath-hold T2-weighted
FSE sequences following the injection of ferumoxides (54) (Fig. 8).

SPIO-enhanced imaging can also be helpful in lesion characteriza-
tion. Most FNHs and some adenomas and well-di¡erentiated HCC
accumulate ferumoxides due to the presence of Kup¡er cells, with a
corresponding decrease in signal intensity on post-contrast T2-weighted
images (55) (Fig. 9). Also, in lesions in which blood pooling occurs, as in
hemangiomas, a decrease in signal intensity on T2-weighed images is
reported (56).

FIGURE 7 Extracellular contrast agents (gadolinium-chelates). (a) Axial arterial-
phase gadolinum-enhanced T1-weighted gradient-echo image shows a well-
defined lesion in segments 4 and 8 of the liver. The lesion shows peripheral
rim-like enhancement. (b) Delayed-phase gadolinum-enhanced T1-weighted
gradient-echo image shows persistent enhancement of the lesion compared to
the surrounding liver. This enhacement pattern is characteristic for intrahepatic
cholangiocarcinoma.
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Hepatobiliary Contrast Agents

Hepatobiliary contrast agents are a heterogeneous group of soluble para-
magnetic molecules predominantly a¡ecting T1 contrast. They are taken
up by the hepatocytes by either organic anion transporters (Gd-BOPTA,
Gd-EOB-DPTA) or the similarity between the contrast agent and vitamin
B6 (Mn-DPDP) and are ¢nally exceted in bile (45). In contrast to extra-
cellular contrast agents, hepatobiliary molecules cause prolonged liver
enhancement and, therefore, provide a wide imaging window of several
hours. Due to the speci¢city for hepatic tissue, T1-weighted images show

FIGURE 8 Hepatospecific contrast agents (iron oxides particles). (a) Axial un-
enhanced T2-weighted HASTE image in a patient with colon cancer and status
post right hepatectomy shows the presence of a 2-cm liver metastasis in the left
hepatic lobe next to the resection margin. (b) Axial T2-weighted HASTE image
obtained after IV administration of SPIO shows darkening of liver and spleen but
no significant increased conspicuity of the lesion. (c) Axial T2*-weighted GRE
image shows increased conspicuity of the lesion due to the increased susceptibility
of this sequence for iron.
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increased signal in normal liver tissue without enhancement of nonhepato-
cellular lesions (metastases, lymphoma, intrahepatic cholangiocarcinoma)
and, therefore, increase lesion-to-liver contrast and lesion detection on
T1-weighted images (44) (Fig. 10). HCC, hepatic adenoma, FNH, and
regenerative nodules enhance with hepatobiliary contrast agents since they
are composed of hepatocytes. HCC enhancement patterns are complex
and nonuniform with greater enhancement characteristic of well-di¡eren-
tiated lesions (57).

Compared with Mn-DPDP, the gadolinium chelates with hepatobili-
ary retention (Gd-BOPTA, Gd-EOB-DTPA) have the advantage that they
can be administered as a bolus to perform dynamic studies and thus add
diagnostic information based on the di¡erences in enhancement pattern.
The speci¢c biliary excretion of hepatobiliary contrast agents has the
potential for improving thedelineationof thebiliary tree,whichmaybehelpful
in the diagnosis of biliary in¢ltration by hepatic liver lesions and to increase
the diagnostic accurracy in patientswith associated biliary diseases (58).

Intravascular (Blood Pool) Agents

In contrast to all other contrast agents discussed above, dextran-coated
ultrasmall superparamagnetic iron oxide particles or USPIO (e.g., AMI-
227) are molecules with a long half-time in blood (appoximately 200min)
and thus are very suitable for use as intravascular (bloodpool) contrast
agents (59). Because of the di¡erences in blood volume per unit weight
between normal liver and solid hepatic tumors, improved detection of focal
liver lesions can be achieved. Furthermore, sinceUSPIO particles generate

FIGURE 9 Hepatospecific contrast agents (iron oxides particles). (a) Axial un-
enhanced fast-spin-echo T2-weighted image shows the presence of a 4-cm
FNH. (b) Axial T2-weighted fast-spin-echo image obtained after IV administration
of SPIO shows darkening of liver and spleen and significant decreased signal
intensity of the lesion.
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a relatively strong T1 and T2 relaxivity, these contrast agents can be used
either as a negative agent (on T2-weighted images) or as a positive agent
(on T1-weighted images) (59).

FOCAL LIVER LESIONS

Benign Liver Lesions

Hepatic (Biliary) Cyst

Hepatic biliary cysts are common and reported to be present in 1^14% of
people in autopsy series (60). Although they are almost always asympto-
matic, large cysts (>10 cm) may become symptomatic from extrinsic

FIGURE 10 Hepatospecific contrast agents (hepatobiliary contrast agents). (a)
Axial contrast-enhanced CT image in a patient with metastatic colon cancer shows
faint hypodense focal liver lesions suggestive for liver metastases. (b) Axial
early-phase contrast-enhanced T1-weighted image obtained after intravenous
admininstration of gadolinium-EOB shows hypovascular character of the lesions.
(c) Contrast-enhanced T1-weighted image obtained 20 minutes after contrast
administration shows intense uptake of contrast by normal liver parenchyma,
which increases the conspicuity of the liver metastases.
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compression on adjacent structures and cause abdominal fullness, nausea,
vomiting, or obstructive jaundice (61). Typically, liver function tests are
normal, because the overall functioning volume of hepatic parenchyma is
adequate. Hepatic cysts are either solitary or multiple as part of autosomal
dominant (adults) or recessive (children) polycystic liver disease. Although
hepatic cysts are found in 40% of cases with autosomal dominant polycystic
disease involving the kidneys, they may be seen without radiological
evidence of renal involvement (10%)

Histopathologically, a simple hepatic cyst is de¢ned as a single,
unilocular cyst lined by a single layer of cuboidal, bile duct epithelium. The
wall is a thin layer of ¢brous tissue and the adjacent liver is normal. Grossly,
the wall is 1mm or less in thickness (62,63).

FIGURE 11 Hepatic cyst. (a) Coronal heavily T2-weighted image shows well-
defined homogenous lesion in the lateral segment of the left hepatic lobe. (b)
Corresponding axial unenhanced T1-weighted image shows homogenous appear-
ance. (c) Axial contrast-enhanced T1-weighted image shows no enhancement.
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Due to their £uid content, hepatic cysts are homogeneous and
show no enhancement following administration of contrast material
(60,61,64). They are typically round or ovoid shaped, well delineated, and
have thin, smooth walls, without septations (64). Hepatic cysts reveal very
low signal intensity on T1-weighted and very high signal intensity on
T2-weighted images, respectively (65) (Fig. 11). The signal typically
increases on so-called heavily T2-weighted images (65). In case of intracys-
tic hemorrhage, a rare complication, when mixed blood products are
present, the lesion’s signal intensity is high on both T1- and T2-weighted
images with a £uid-£uid level frequently seen (66).

Hemangioma

Cavernous hemangioma is the most common benign hepatic tumor and the
second most common tumor seen in the liver after metastases (67). The
incidence of hemangiomas in the general population has been estimated to
range from 1% to approximately 20% (67). Hemangioma is more common
in women than in men (ratio 5:1) and can be seen in any age group (67).
They are usually asymptomatic (85%) and incidentally detected (67,68).
They can, however, produce symptoms of abdominal pain, nausea, or
vomiting as a result of extrinsic compression of adjacent structures,
rupture, hemorrhage, or thrombosis. A hemangioma is usually solitary
(80%), typically measures less than 4 cm in diameter, and is most often
peripherally located. With the exception of hemangiomas in pregnant
females, where enlargement secondary to the estrogen e¡ect may occur,
stability of the lesions is an important hallmark (69). A giant hemangioma
is de¢ned as greater than 10 cm in diameter and often contains a central
cleftlike area of ¢brosis or cystic degeneration (67).

Pathologically, hemangiomas consist of large well-de¢ned areas of
blood-¢lled spaces lined by a single layer of endothelium and separated by
¢brous septae. Areas of cystic degeneration, ¢brosis, thrombosis, and
occasional calci¢cations may be present (62,63).

MR imaging ¢ndings in hemangiomas re£ect the vascular nature of
the lesion (70^74). On T1- and T2-weighted images, respectively, the
lesions show decreased andmarkedly increased homogeneous signal inten-
sity compared to normal liver tissue (71^74). Atypically, a heterogeneous
appearance may be present in case of intratumoral ¢brosis, hemorrhage,
or thrombosis (75). Because of their high water content and subsequent
prolonged T2 relaxation time, hemangiomas classically show an increase
in signal intensity on heavily T2-weighted images (70^74). The use of
heavily T2-weighted images in the work-up of focal liver lesions has been
associated with a sensitivity of 100%, accuracy of 97%, and speci¢city of
92% for the diagnosis of hemangioma (70^74) (Fig. 12).

54 Mortelé et al.



FIGURE 12 Hemangioma. (a) Coronal heavily T2-weighted image shows well-
defined homogenous lesion in the right hepatic lobe. Note associated capsular
retraction. Corresponding (b) axial T2-weighted, (c) heavily T2-weighted, and (d)
unenhanced T1-weighted image shows homogenous appearance of the lesion.
(e) Axial early-phase contrast-enhanced T1-weighted image shows peripheral
incomplete nodular enhancement. (f) Axial delayed-phase contrast-enhanced
T1-weighted image shows fill-in with persistent enhancement of the lesion.
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Dynamic T1-weighted imaging following intravenous administration
of gadolinium chelate classically shows a peripheral, nodular, centripetal
enhancement pattern progressing to homogeneity (70^74). Immediate and
complete enhancement is usually seen in small lesions, while in 94%of giant
hemangiomas a persistent hypointense center is present on the delayed
images, the latter due to variable degree of ¢brosis and cystic degeneration
(70). Hemangiomas do not show uptake of SPIO or Mn-DPDP because
they do not contain Kup¡er cells or normal hepatocytes. However,
following administration of ultrasmall superparamagnetic iron oxide
(USPIO), a speci¢c enhancement pattern is noticed (76). On T1-weighted
images, hemangiomas enhance immediately due to their vascularity and
become isointense with normal liver (76). On T2-weighted images, heman-
giomas demonstrate decreased signal intensity and may become isointense
to the liver at higher doses of USPIO (76).

Focal Nodular Hyperplasia

Focal nodular hyperplasia (FNH) is a benign tumor-like condition that is
predominantly (80^95%) diagnosed in females during their 3rd to 5th dec-
ade of life, although it has been described in other age groups and males as
well (77,78). FNH accounts for approximately 8% of all primary hepatic
tumors and is the second most common benign liver tumor after heman-
gioma (77,78). FNH is usually discovered incidentally in asymptomatic
patients. In less than one third of patients, clinical symptoms, such as right
upper quadrant or epigastric pain, lead to their discovery. To date, the
etiology and pathogenesis of FNH is not well understood: a congenital
vascular malformation or vascular injury has been suggested as the under-
lying mechanism for secondary hepatocellular hyperplasia (77). Although
oral contraceptive use has been linked to the growth of FNH, its exact
in£uence remains controversial. Data from a recent large study suggested
that neither size, number of lesions, nor growth of FNH is in£uenced by oral
contraceptives (79). Typically, the growth of FNH remains proportional
to its blood supply, and, therefore, necrosis or hemorrhage is extremely
unusual.

Histopathologically, FNH is a well-circumscribed, nonencapsulated,
usually solitary mass composed of nodules of hyperplastic hepatocytes
and Kup¡er’s cells surrounding a central vascular scar, the latter
typically containing prominent vessels, bile ductules, and in£ammatory
cells, all embedded in a loose myxomatous ¢brous stroma (62,63). The
size of the lesions may range between 1 and 15 cm, but most lesions are
smaller than 5 cm, with a mean diameter of 3^4 cm at the time of diagnosis
(78).
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Typical MRI features of FNH include iso- or hypointensity on T1-
weighted images (94^100%), mild hyperintensity or isointensity on T2-
weighted (94^100%) images, homogeneity (96%), and the presence of a
central scar which appears hypointense on T-1 and hyperintense on T2-
weighted images (84%) (80,81) (Fig. 13). The latter is due to the presence
of vascular channels, bile ductules, and increased edema within the myxo-
matous tissue. Following administration of gadolinium, the enhancement
pro¢le is identical to that seen on contrast-enhanced CT images: dramatic
enhancement in the arterial phase, followed by isointensity of the lesion
during the portal venous phase (80). On delayed phase imaging, the central
scar shows high signal intensity, due to the accumulation of contrast mate-
rial (80,81). Recently, the use of reticuloendothelial MR contrast agents,
such as SPIO particles, has markedly expanded the role ofMRI in the char-
acterization of FNH (84). Since FNH contains Kup¡er cells, it will show

FIGURE 13 Focal nodular hyperplasia. (a) T1-weighted image of a 44-year-old
woman shows a nearly isointense lesion in the right lobe of the liver. (b) On
T2-weighted image this same lesion is mildly hyperintense with a hyperintense
scar. (c) Axial arterial-phase contrast-enhanced MR image shows early and homo-
geneous enhancement of the lesion (except central scar). (d) Axial delayed-
phase contrast-enhanced MR image shows enhancement of the central scar
and wash-out of the lesion.
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loss of signal on T2-weighted images due to contrast uptake. Furthermore,
the degree of signal loss seen in FNH on SPIO-enhanced T2-weighted
images is signi¢cantly greater than for other focal liver lesions. Hepatobili-
ary MR contrast agents, such as Mn-DPDP and Gd-EOB-DTPA, are also
helpful in characterizing FNH (84). Since FNH consists of hepatocytes, it
will show uptake of the contrast agent, resulting in hyper- or isointensity of
the lesion relative to the liver on T1-weighted images (84).

Although atypical imaging features are the exception rather than the
rule, di¡erentiation of FNH that lack characteristic ¢ndings from other
primary and secondary hepatic lesions is sometimes di⁄cult (85).
Atypically, FNH may present as a large lesion, sometimes multiple, and
may demonstrate internal necrosis, hemorrhagic foci, and fatty in¢ltration
(85). Other rare imaging features include nonvisualization of the central
scar, nonenhancement of the central scar, pseudocapsular enhancement
on delayed imaging, and hypointensity of the scar on T2-weighted images.
The latter, presumably due to obliteration or absence of vascular channels
within the scar, is important to recognize since it may mimick the
collageneous scar seen in ¢brolamellar carcinoma, HCC, or intrahepatic
cholangiocarcinoma (85).

Hepatocellular Adenoma

Hepatocellular adenoma (HCA) is a rare, benign liver neoplasm strongly
associated with oral contraceptive and androgen steroid use (86,87).
Generally, it is estimated to occur in 1 of 1,000,000 people. HCA is most
commonly discovered in women of child-bearing age who have a history of
prolonged use of oral contraceptives (86,87). In this subgroup, its incidence
is increased to 3 per 100,000 people. HCA can also occur spontaneously or
be associated with underlying metabolic diseases, such as type I glycogen
storage disease and diabetes mellitus (88). Identi¢cation of hepatic
adenomas is important because of the associated risk of life-threatening
hemorrhage (89). This results from the fact that HCA, in contrast to FNH,
has the propensity to outgrow its arterial vascular supply, resulting in
hemorrhage, necrosis, and occasionally rupture. Withdrawal of estrogen
medication may result in regression of the tumor, although it may require a
period of several months (90).

Usually solitary (80%), hepatic adenoma consists histopathologically
of an encapsulated proliferation of normal or nearly normal hepatocytes
lacking well-de¢ned bile ducts, portal venous tracts, and terminal hepatic
veins (62,63). Intracellular fat and glycogen, intratumoral necrosis, hemor-
rhage, peliosis, or large subcapsular vessels are common features detected
on gross examination (62,63).
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MR imaging classically shows a heterogeneous (93%) mass, with
predominantly hyperintense signal intensity on T2-weighted images
(47^75%), and variable signal intensity on T1-weighted images, according to
the presence of fatty change and hemorrhage (increased signal), or necrosis
(decreased signal) (Fig. 14) (91^93). Approximately 30% of HCA have a
peripheral rim, hypointense on both T1-and T2-weighted images, corres-
ponding toa¢brous capsule.Ondynamic gadolinium-enhancedT1-weighted
images, 86% of adenomas show early arterial enhancement, secondary to
their hepatic arterial blood supply. Adenomas in some cases may take up
SPIO, resulting in a decreased signal on T2-weighted images (82).

Hepatic adenomatosis is a rare entity characterized by the presence
of multiple (more than 10) HCAs in an otherwise normal liver and is
considered a distinct entity because of di¡erent clinico-pathological
features (94,95). First, hepatic adenomatosis is unrelated to oral contracep-
tive use. Second, it a¡ects men and women equally. Finally, an increase
in serum alkaline phosphatase and gamma-glutamyl transpeptidase is
common in adenomatosis. The imaging and histopathological features of
individual adenomatous lesions are similar to those reported in young
womenwho are taking oral contraceptives (96). TheMR features of hepatic
adenomatosis include evidence of hypervascularity (63%), intratumoral
fat (80% at MR), and decreased conspicuity at portal venous and delayed-

FIGURE 14 Hepatocellular adenoma. Axial unenhanced T1-weighted MR image
shows a large heterogeneous mass arising from segment 4 of the liver. The high
signal intensity areas are consistent with presence of methemoglobin. Note also
low signal intensity fibrous capsule bordering the mass.
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phase imaging (96). Fifty percent of patients also have congenital or
acquired hepatic vascular abnormalities.

Biliary Hamartoma (von Meyenburg Complex)

Bile duct hamartomas or von Meyenburg complexes develop when
embryonic bile ducts fail to involute (97). They are usually encountered as
an incidental ¢nding at laparatomy, autopsy, or imaging studies (98). An
estimated incidence of 1^3% has been reported in autopsy series (97,98).
The association between biliary hamartomas and other ductal plate
abnormalities, such as hepatic ¢brosis and polycystic liver disease, has
been described. Although biliary hamartomas have no clinical mani-
festations and are in general de¢ned as benign lesions, association with
malignancies has been reported in literature (99). Usually, they are stable
and without signi¢cant growth over time. On gross pathology, they present
as greyish-white nodular lesions scattered throughout the liver
parenchyma, typicallymeasuring between 0.1 and 0.5 cm in diameter (100).

On MRI, biliary hamartoma is usually hypointense compared to
liver parenchyma on T1-weighted images and strongly hyperintense on
T2-weighted images (101^104) (Fig. 15). On heavily T2-weighted images,
the signal intensity increases further reaching almost the intensity of £uid.
Biliary hamartoma does not exhibit a characteristic pattern of enhance-
ment after intravenous administration of gadolinium. Some authors have
reported homogeneous enchancement of these lesions, while others could
not ¢nd any enchancement following gadolinium administration. Recently,
a thin rim of enhancement, correlating pathologically with the compressed
liver parenchyma that surrounds these lesions, has been described in some
cases.

FIGURE 15 Biliary hamartoma. Coronal T2-weighted MR image shows numerous
subcentimenter hyperintense lesions scattered throughout the liver.
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Biliary Cystadenoma

Biliary cystadenomas are rare, usually slow-growing, multilocular cystic
tumors, comprising less than 5% of intrahepatic cystic masses of biliary
origin (105,106). Although generally intrahepatic, extrahepatic locations
have been described. They occur predominantly in middle-aged women
(mean age: 38 years) and are considered premalignant lesions.

Biliary cystadenomas range in size from 1.5 to 35 cm and are charac-
terized by the presence of a cystic mass with a well-de¢ned thick ¢brous
capsule, mural nodules, and rarely capsular calci¢cation (62,63). The £uid
within the tumor can be proteinaceous, mucinous, and occasionaly gelati-
nous, purulent, or hemorrhagic due to trauma. Polypoid, pedunculated
excrescences are seen more commonly in biliary cystadenocarcinoma than
in cystadenomas, although papillary areas and polypoid projections have
been described in cystadenoma without frank malignancy.

Although the MRI descriptions of hepatic biliary cystadenoma
are limited, the characteristics of an uncomplicated biliary cystadenoma
correlate well with the pathological features: a £uid-containing multi-
loculated mass, revealing homogeneous low-signal and high-signal intensi-
ties on the T1- and T2-weighted images, respectively (Fig. 16) (107,108).
Variable signal intensities on both T1- and T2-weighted images depend on
the presence of solid components, hemorrhage, and high protein content
(107). The septations are evident on T2-weighted images as low signal
intensity bands separating the high signal intensity locules (108).

Biliary cystadenomas cannot be distinguished from cystadenocarci-
noma by imaging characteristics alone. This distinction is not essential,
since surgical resection is the treatment of choice for both.

FIGURE 16 Biliary cystadenoma=carcinoma. Axial contrast-enhanced MR image
shows exophytically located multiloculated cystic mass arising from the right lobe
of the liver. Subsequent resection revealed biliary cystadenocarcinoma.
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Angiomyolipoma

Angiomyolipomas are lesions composed of angiomyomatous and fatty
components (109). In the abdomen, angiomyolipomas typically occur in
the kidney, with hepatic involvement being very unusual (110). There is a
higher incidence of angiomyolipoma in patients with tuberous sclerosis,
an autosomal dominant phakomatosis clinically characterized by mental
retardation, seizures, and skin lesions (adenoma sebaceum) (111).

MRI imaging clearly demonstrates the presence of the fatty
component in angiomyolipomas (Fig. 17) (112^115). Angiomyolipomas
are highly hyperintense on T1- and FSE T2-weighted images. On MRI,
angiomyolipoma consists of two parts: an angiomyomatous component
and a fatty component. In contrast to the absence of enhancement with
contrast material seen in hepatic lipoma, enhancement of a part of the
lesion following gadolinium administration is suggestive of the presence
an angiomatous component. These angiomatous parts have been character-
ized to have a ‘‘macroaneurysmal’’ appearance by angiography, which is
also apparent onMRI.

Mesenchymal Hamartoma

Mesenchymal hamartoma of the liver (MHL) is a rare developmental cystic
tumor, most likely to occur between 15 and 24 months of age with a male-
to-female ratio of 2:1 (116,117). It usually involves the right lobe and can
grow to large sizes (16 cm being an average tumor size). Clinically, slow,
progressive, painless abdominal enlargement is seen. Sometimes rapid
enlargement may occur because of rapid accumulation of £uid in the cyst,

FIGURE 17 Angiomyolipoma. (a) Axial T2-weighted MR image in a patient with
tuberous sclerosis shows the presence of a large hyperintense mass in the right
lobe of the liver. (b) Corresponding axial unenhanced T1-weighted MR image
shows the mass to be hyperintense due to its fatty nature.
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and this may occasionally cause respiratory distress and edema of the lower
extremities.

Histopathologically, the lesion is composed of immature mesen
chymal cells, bile ducts, and hepatocytes. Grossly the tumor reveals a mass
consisting of solid and cystic components of variable size, without a
capsule.

The MRI features usually re£ect the predominantly cystic nature
of this tumor (Fig. 18) (117).MHL typically demonstrates low signal inten-
sity on T1-weighted images with high signal intensity on T2-weighted
images. Varying signal intensities due to varying concentration of protein
contained in the cysts can be present.

Infantile Hemangioendothelioma

Infantile hemangioendothelioma (IHE) is the most common benign vascu-
lar tumor of infancy (116). Usually the masses are made up of multiple
spongy nodules, with a solitary nodule being uncommon (62,63). The
majority of patients with IHE present as young infants between 1 and 6
months of age, with less than 5% of cases detected beyond 1 year of age
(116). IHE is predominantly seen in girls, with a female-to-male ratio of
2:1. Albeit benign, the condition can be manifested by congestive heart
failure, platelet sequestration, disseminated intravascular coagulopathy,
spontaneous rupture with resultant hemoperitoneum, and more rarely
malignant transformation (118).

Microscopically, IHE consists of a proliferation of multiple anato-
mosing vascular spaces with an endothelial cell lining (62,63). Areas of
hemorrhagic necrosis, dystrophic calci¢cation, thrombosis, or ¢brosis are
common.

FIGURE 18 Mesenchymal hamartoma. Axial unenhanced T1-weighted MR image
in a 3-year-old boy shows the presence of a large cystic mass in the right lobe
of the liver.
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On noncontrast MRI, IHE is been described to be heterogeneous on
both T1- and T2-weighted images because of the presence of hemorrhage,
necrosis, and ¢brosis (Fig. 19) (118,119). The vascular nature of the lesion
is established by various degrees of high signal intensity on T2-weighted
images similar to that of an adult hemangioma. Dynamic gadolinium-
enhanced MRI features also correlate well with those of an adult
giant hemangioma and are characterized by an early dense peripheral
nodular enhancement of the tumor followed by variable delayed central
enhancement.

Rare Benign Tumors

Some uncommon benign tumors of the liver are mentioned here for
completeness. They are of limited radiological importance, and their MR
imaging ¢ndings have been described primarily in small series.

Inflammatory pseudotumor (IPT) is a rare benign entity patho-
logically characterized by proliferating ¢brovascular tissue and in¢ltrating
chronic in£ammatory cells (120). Many causative hypotheses, such as
vascular and infectious etiologies, have been suggested, but the exact
pathogenesis remains unclear (120). Usually, IPT presents as a solitary
mass with a slight male predominance. Hepatic IPT has been described
in all age groups although the highest incidence occurs in young adults
(120). Clinical manifestations of IPT include fever, malaise, weight loss,
and right upper quadrant pain. Laboratory data often reveal evidence of

FIGURE 19 Infantile hemangioendothelioma. Axial unenhanced T1-weighted MR
image in a 7-month-old boy with cardiac failure shows the presence of multiple
low signal intensity masses scattered throughout all liver segments.
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an in£ammatory process indicated by leukocytosis, an elevated erythro-
cyte sedimentation rate, and a positive C-reactive protein (120). The
prognosis of IPT is usually good with either spontaneous recovery or
recovery following conservative therapy (steroids, antibiotics, nonsteroi-
dal anti-in£ammatory drugs) or surgery. Reports illustrating the MRI fea-
tures of IPT are exceedingly rare. Signal intensity characteristics on both
noncontrast T1- and T2-weighted images vary from hypointense to hyper-
intense (120). The most common ¢nding on unenhanced MRI is, how-
ever, hyperintensity on T2-weighted images. Following administration
of gadolinium chelates, two di¡erent enhancement patterns have been
described: a hypovascular mass with peripheral rim-like enhancement
or an irregular and intensely enhancing lesion with rapid contrast
washout (120).

Lipomasare exceedingly rare benignmesenchymal tumors, with only a
few reports in the radiological literature (121).Because these lesions remain
asymptomatic, they are usually incidentally detected. Intrahepatic lipomas
appear onMRI as masses with high signal intensity on T1-weighted images
with only aminimal signal decrease on T2-weighted sequences (121).

Lymphangioma is de¢ned as a mass or multiple masses (lymphan-
giomatosis) composed of prominent lymphatic channels that compress the
normal hepatic parenchyma (122). Lymphangiomatosis is usually part of a
systemic syndrome in which other organs, including the spleen, skeleton,
soft tissues, lung, and=or brain, are also involved. Imaging features include
the presence of cystic, well-delineated lesions without enhancement
following gadolinium administration.

Leiomyoma, a well-circumscribed smooth muscle tumor, is an extre-
mely rare lesion in the liver and has no speci¢c radiological characteristics
(123). Several cases of leiomyoma have been described in patients infected
with HIV, suggesting that there may be a clinical association between these
two entities. On MRI, leiomyomas are hypointense and hyperintense
relative to the liver on T1- and T2-weighted images, respectively.

Malignant Liver Lesions

Hepatocellular Carcinoma

Hepatocellular carcinoma (HCC), a malignant neoplasm derived from
hepatocytes, is the most common primary epithelial neoplasm of the liver
(63,124). The cause and incidence vary greatly throughout the world.
Generally, the pathogenesis of HCC occurs by two separate and distinct
pathways (125). In low-incidence areas (western Europe and North
America), underlying cirrhosis from either alcoholism, hemochromatosis,
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or hepatitis is the most common causative factor (125). Development of
HCC in chronic liver disease is more common in men than in women, and
HCC is usually diagnosed in patients between 60 and 80 years of age (124).
In high-incidence regions (Japan, China, Africa) development of HCC
is predominantly a response to hepatitis B and a£atoxin ingestion (63).
In these areas patients present usually at a younger age (30^50 years) (124).

Histopathologically, most HCC present as one or more focal masses,
with di¡use hepatic involvement being exceptional. Tumor encapsulation,
internal necrosis and hemorrhage, and vascular or biliary invasion are
frequently seen. Less common features are fatty or cystic metamorphosis,
or scar formation.

Hepatocellular carcinoma has a variable appearance onMR imaging.
On T2-weighted images, typical cases of HCC demonstrate a mild hyper-
intensity relative to normal liver (Fig. 20). The variable signal intensity seen
on T1-weighted images depends on the presence or absence of steatosis or

FIGURE 20 Hepatocellular carcinoma. (a) Axial T2-weighted MR image in a patient
with cirrhosis shows the presence of a well-defined hyperintense mass in the right
lobe of the liver. (b) In-phase breath-hold T1-weighted gradient-echo image shows
the lesion to be hyperintense. (c) Out-of-phase T1-weighted image demonstrates a
significant drop in signal intensity of the lesion consistent with fatty metamor-
phosis. (d) Axial arterial-phase contrast-enhanced MR image shows central
enhancement of the lesion.
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hemorrhage (126,127). High signal intensity on T2-weighted images is
especially useful in the setting of underlying cirrhosis to help di¡erentiate
HCC from regenerating nodules. The latter typically have a low intensity
on T2-weighted images due to accumulation of iron (63). In tumors with
encapsulation, a low-signal intensity rim representing ¢brous tissue is
detectable on the T1-weighted images. OnT2-weighted images, this ¢brous
capsule appears as a double layer: the inner low signal intensity layer repre-
sents ¢brous tissue, while the outer high signal intensity rim is thought to
be due to compressed vessels and bile ducts (126). Following intravenous
administration of gadolinium, smaller lesions tend to be hypervascular
(with important early enhancement). Larger lesions are more hypovascular
and reveal a mosaic-like enhancement pattern. Signs of vascular invasion
and arterial-portal shunting are frequently present (124).

Fibrolamellar Hepatocellular Carcinoma

Fibrolamellar carcinoma is an uncommon slowly growing variant of
hepatocellular carcinoma that has distinct clinical, histological, and
radiological features (128). It is found in younger patients, is less
frequently associated with underlying liver disease (0^22%), and has a
better prognosis (128).

Pathologically, ¢brolamellar carcinoma is characterized by lamellar
bands of ¢brous connective tissue surrounding malignant hepatocytes with
granular eosinophylic cytoplasm. In contrast to HCC, hemorrhage and
necrosis are unusual (128).

On MRI, ¢brolamellar carcinoma is classically a large (10^20 cm),
well-de¢ned lobulated mass with central scar (80%) and dystrophic
calci¢cation (55%) (Fig. 21) (63,128). Although usually solitary, satellite

FIGURE 21 Fibrolamellar carcinoma. Axial contrast-enhanced MR image shows
large mass occupying the right lobe of the liver with a large non-enhancing fibrotic
central scar.
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nodulesmay be present (124). Intrahepatic ductal dilatation and portal vein
invasion may be seen. On T1- and T2-weighted images, the lesion is usually
isointense to normal liver. Some reports describe a slightly hyperintense or
hypointense appearance of ¢brolamellar carcinoma on T2-weighted
images (63). The central scar, if present, is classically hypointense on both
T1- and T2-weighted images, which may help distinguish this entity from
FNH (63,125). Some reports, however, indicate that the central scar in
¢brolamellar carcinomamayoccasionally bebright onT2-weighted images,
making the distinction with FNH impossible (129). Dynamic gadolinium-
enhanced images show early di¡use heterogeneous enhancement with
return to homogeneous, isointense signal intensity in the delayed
phase (124).

Intrahepatic (Peripheral) Cholangiocarcinoma

Intrahepatic cholangiocarcinoma is a primary adenocarcinoma originating
in small and distal bile ducts. Although a relatively uncommon tumor, it
represents 5^30% of primary malignant liver tumors and is the secondmost
common hepatic malignant neoplasm after HCC (130^133). It accounts
for 10% of all cholangiocarcinomas,most of which involve the common bile
duct and hilum (131,132). A variety of underlying liver diseases, including
Caroli’s disease, sclerosing cholangitis, hepatolithiasis, and Thorotrast
deposition, may predicpose to the development of intrahepatic
cholangiocarcinoma (131,132). In addition, association between periph-
eral cholangiocarcinoma and clonorchiasis has also been reported. The
average age of the patients with intrahepatic cholangiocarcinoma ranges
from 50 to 60 years, with no strong gender di¡erences (130). Because of its
peripheral location relative to the main hepatic ducts, jaundice is seldom
present at presentation (134).

Tumors are homogeneously hypointensive relative to liver paran-
chyma on T1-weighted spin-echo images (100%) and heterogeneous
but generally high in signal on T2-weighted spin-echo images (Fig. 22)
(130^133). Comparison with pathological examination reveals that lesion
signal intensity of T2-weighted images is due mostly to the amount of ¢bro-
sis, necrosis, and mucous secretion within the lesion (131,133). On
dynamic MR studies, tumors characteristically have minimal or moderate
rim enhancement with progressive and concentric ¢lling (75%), which can
be homogeneous and complete, inhomogeneous and complete, or incom-
plete (130^134). Homogeneous complete enhancement is seen mainly in
small tumors (2^4 cm) (133) and is probably due to a smaller amount of
nonenhancing ¢brous stroma component (133).

Other MRI features of intrahepatic cholangiocarcinoma are invasion
of the portal veins, usually without evidence of tumor thrombus (25^75%),
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focal liver atrophy (43%), dilatation of intrahepatic bile ducts (29%),
capsular retraction (21%), and small central calci¢cations (131^133).
Some authors report the presence of a thin hypointense rim in the
outermost periphery of the tumors in some patients on delayed-phase
contrast-enhanced MR images. The presence of this hypointense rim is
thought to be due to minimal relative hypervascularity of the tumor
periphery, resulting in early washout of contrast medium from the more
peripheral portion of the tumor on delayed phase images.

Undifferentiated Embryonal Sarcoma

Undi¡erentiated embryonal sarcoma (UES) is a rare malignant hepatic
tumor, which occurs predominantly in older children and adolescents
(mean age: 12 years), although it can present in young adults as well
(135,136). It is the fourth most common hepatic neoplasm in children

FIGURE 22 Intrahepatic cholangiocarcinoma. Axial T2-weighted image shows
large slightly hyperintese mass in the left lobe of the liver. Note associated capsu-
lar retraction, mild biliary ductal dilatation, and central hypointensity in the mass
indicating fibrosis. (b) Axial arterial-phase contrast-enhanced MR image shows
enhancement of the periphery of the mass. (c) Axial delayed-phase contrast-
enhanced MR image shows persistent enhancement of the central portions of
the mass due to the fibrosis.
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after hepatoblastoma, infantile hemangioendothelioma (IHE), and hepato-
cellular carcinoma (HCC) (135,136).

On cross-sectional imaging the tumor is seen as a large (10^25 cm),
solitary, predominantly cysticmass withwell-de¢ned borders, occasionally
having a pseudocapule that separates the mass from normal liver
(135,136). Calci¢cation has been reported in only one case. Although at
gross examination UES appears predominantly solid (83%), MRI images
usually display a discordant cystic appearance, due to the high water
content of the myxoid stroma typical of UES (135,136). Therefore, on MR
imaging, large portions of the mass are hypointense on T1-weighted images
and have high signal intensity on T2-weighted images (Fig. 23) (135,136).
The presence of streaky areas of high signal intensity of T1-weighted images
and low signal intensity on T2-weighted images represent intratumoral
hemorrhage (135,136). On postcontrast enhanced MR images, hetero-
geneous enhancement is present in the solid, usually peripheral portions of
the mass, especially on delayed images (135,136).

Thorotrast-Induced Angiosarcoma

Thorotrast is a 25% aqueous colloidal suspension of thorium dioxide,
a mixture of 11 radioisotopes, which emits 90% of its energy as alpha-
particles (137,138). Following intravascular administration, thorotrast,
which has a biological half-life of more than 400 years, is phagocytized
by reticuloendothelial cells including Kup¡er cells in the liver and spleen
(137,138). Thorotrast was introduced as a radiographic contrast agent in
1928, predominantly used for cerebral angiography and hepatolienogra-
phy (137,138). Early in the 1950s it became apparent that a number of

FIGURE 23 Undifferentiated embryonal sarcoma. Axial T2-weighted image
obtained in a 27-year-old female shows well-defined hyperintense lesion in the
posterior aspect of the right lobe of the liver. (b) Axial contrast-enhanced MR
image shows enhancement of the solid portions of the mass.
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pathological conditions could be associated with the previous use of
Thorotrast (137). Reported ¢ndings are local granulomas at the site of
injection, development of hepatic ¢brosis usually 15 years after expo-
sure, and development of a myriad of malignant tumors 20^30 years after
Thorotrast administration (137). Hepatic neoplasms are, next to blood
dyscrasias, the most signi¢cant long-term complications of Thorotrast
(137). The most common neoplasm induced by Thorotrast is angiosar-
coma, a malignant tumor of the reticuloendothelial system (138). Angio-
sarcoma represents approximately 25% of the liver tumors in patients
with proven thorium exposure, whereas in general population angiosar-
coma accounts for only 1.8% of all primary hepatic neoplasma (137).
Di¡erential diagnosis of a hepatic mass in the presence of Thorotrast
exposure should include hepatocellular carcinoma and intrahepatic
cholangiocarcinoma (137).

Previous Thorotrast administration reveals a characteristic CT
appearance of the liver, spleen, and abdominal lymph nodes, producing
a reticular to homogeneous high attenuating radiopacity of the organs
mentioned above (138). In most cases described, the unopaci¢ed tumor is
easily identi¢ed by its displacement of the remainder opaci¢ed liver
parenchyma (138). On dynamic contrast-enhanced CT images,
angiosarcoma shows an enhancement pattern similar to that of a giant
hemangioma with early intense peripheral enhancement and centripetal
¢ll-in of the lesion (137). Smaller lesions, however, can show a homoge-
neous enhancement. MRI is inferior to CT in demonstrating evidence of
previous Thorotrast exposure. MRI features of hepatic angiosarcoma are
non-speci¢c showing low signal intensity and high signal intensity on
T1- and T2-weighted images, respectively (139).

Epithelioid Hemangioendothelioma

Epithelioid hemangioendothelioma (EHE) is a rare vascular tumor of inter-
mediate malignancy usually discovered in adults (mean age: 39^45 years)
(140,141). It is described as arising in soft tissues, lung, bone, liver and
spleen (140). Histopathologically, the tumor is composed of epithelioid
and dentritic cells within a tumor matrix that may become sclerotic,
hyalinized, and calci¢ed (140). Intratumoral necrosis and hemorrhage are
common ¢ndings (140). In the liver, the tumor typically consists of
multiple peripherally located coalescencing nodules, measuring 1^10 cm
(140,141). In contrast to almost all other primary liver neoplasms, except
intrahepatic cholangiocarcinoma, these tumors do not cause bulging of
the hepatic capsule, but retract the hepatic surface inwards (140).

On MRI, viable tumor peripheries are moderately hyperintense
on T2-weighted images (Fig. 24). The central area of the tumor shows a
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variable signal intensity, depending upon the presence of edematous con-
nective tissue (hyperintense signal) or hemorrhage and calci¢cation
(hypointense signal) (140). Post^gadolinium-enhanced T1-weighted
images classically show a peripheral moderate enhancement and a delayed
central enhancement. MRI can also depict invasion of intrahepatic
branches of the portal vein or tributaries of the hepatic veins (140).

Metastases

Metastases to the liver are the most common malignant hepatic lesions
encountered in clinical practice but often have a nonspeci¢c appearance.
In general, metastatic disease of the liver has components that are
isointense to the spleen on both T1- and T2-weighted images (142). Thus,
liver metastates usually demonstrate lower signal intensity than liver on
T1-weighted images and higher signal intensity on T2-weighted images.
Patterns of enhancement after administration of gadolinium include
rim-enhancement, heterogeneous di¡use enhancement, and peripheral
washout on equilibrium phase images (142) (Fig. 25).

Liver metastases may have a cystic appearance. These ‘‘cystic’’
metastases may be seen with adenocarcinomas such as mucinous carci-
noma of the colon (142). Metastatic tumors having rapid growth leading to
necrosis and cystic degeneration include carcinoid, sarcoma, melanoma,
and lung carcinoma. In these patients, contrast-enhanced studies should
be performed since these metastases can simulate a hemangioma or cyst
on heavily T2-weighted images (142) (Fig. 26).

Hypervascular metastases include metastatic deposits from breast,
islet cell, and renal cell neoplasms, as well as sarcoma, melanoma, and
lymphoma (142). According to their hypervascularity and predominant

FIGURE 24 Epithelioid hemangioendothelioma (EHE). Axial T2-weighted image
shows multiple peripherally located hyperintense lesions (suggesting hypervascu-
larity) with associated capsular retraction in this 17-year-old boy. Combination of
imaging features and clinicodemographic data is consistent with EHE.
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arterial blood supply, these lesions enhance rapidly and intensively com-
pared with liver on postcontrast MRI images obtained during the arterial
phase of hepatic enhancement. Generally, hypervascular metastases
demonstrate irregular rim or central enhancement (143). A study per-
formed by Leslie et al. (143) showed that the majority (92%) of hyper-
vascular metastases in their series was characterized by nonglobular
enhancement, and none of the metastases showed an isodense enhance-
ment in relation to the aorta, a feature detected in 62% of the hemangiomas
(143). Other studies also con¢rmed the ability of MRI to di¡erentiate
hypervascular metastases from hemangiomas (144).

Ovarian metastases commonly spread by peritoneal seeding
rather than hematogeneously (145). They will, therefore, appear on
cross-sectional images as cystic serosal implants on both the visceral peri-
toneal surface of the liver and the parietal peritoneum of the diaphragm
(145). This is in contradistinction to most other cystic hepatic lesions,
which are intraparenchymal. Metastases to the peritoneal surface of the
liver and intraparenchymal liver metastases have been reported to occur in
about 10% of patients with ovarian carcinoma (145).

DIFFUSE LIVER DISEASES

Cirrhosis

Cirrhosis is a di¡use, progressive process of liver ¢brosis, pathologically
characterized by architectural distortion and nodular regenerative change
(146). The spectrum of nodules may range from benign regenerative
nodules (RN) to HCC, and the regeneration pattern can be cathegorized as

FIGURE 25 Liver metastasis. Delayed-phase axial contrast-enhanced MR image
shows peripheral wash-out of the contrast in this patient with metastatic colon
cancer. The peripheral wash-out is suggestive for a malignant lesion.
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either micronodular (nodules <3mm in size), macronodular (nodules
>3mm in size), or mixed (146,147). Alcohol-related liver disease and
hemochromatosis typically results inmicronodular cirrhosis, whereas viral
hepatitis usually presents as macronodular regenerative change (147).

FIGURE 26 Cystic liver metastasis. (a) T1-weighted MR image shows hypointense
metastasis in the right lobe of the liver. (b) Corresponding T2-weighted image
shows the metastasis to be hyperintense. (c) Axial contrast-enhanced MR image
shows hypovascular aspect of the central portion of the metastasis.
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Universally, all types of progressive ¢brosis evoke hepatic failure, portal
hypertension, and the complications associated with the latter, such as
varices and hemorrhage.

Because of the small size of regenerative nodules, cross-sectional
imaging usually does not allow reliable distinction between micronodular
and macronodular cirrhosis (148). However, when nodularity is detectable
by imaging, especially byMR imaging, it is most likely to result from under-
lying macronodular disease. The presence of other intra- and extrahepatic
imaging ¢ndings of cirrhosis (e.g., surface nodularity, hepatic morpho-
logical, changes, splenomegaly, ascites, portosystemic collaterals) depends
on the severity of the underlying chronic liver disorder (149). Enlargement
of the hilar periportal space, in the absence of other conventional signs, has
been described as a helpful sign in the diagnosis of early cirrhosis (150). This
enlargement of the hilar periportal space results fromatrophy of themedical
segment of the left hepatic lobe, presumably caused by selective reduced
portal venous in£ow (150). More pronounced lobar or segmental changes
of hepatic morphology are seen in advanced cirrhosis. These include
atrophy of the right hepatic lobe and left medial segment, enlargement of
the caudate lobe and left lateral segment, and the expandedgallbladder fossa
sign (151). Although a caudate^to^right lobe ratio equal to or greater than
0.65 is 90% speci¢c for the presence of advanced cirrhosis, this ratio does
not help in identi¢ng the presence of early cirrhosis (149). Morphological
changes usually occur in all types of cirrhosis, but certain features are seen
more commonly with certain etiologies: enlargement of the lateral segment
of the left lobe in combination with atrophy of the right lobe andmedial seg-
ment of the left lobe is usually associated with viral-induced disease,
whereas caudate lobe enlargement is primarily causedby alcoholic cirrhosis
or primary sclerosing cholangitis (149). The expanded gallbladder fossa
sign, caused by one or more of the above morphological changes, has been
describedasoneof themost speci¢c indicatorsof cirrhosis,with a speci¢city
and positive prodictive value of 98% (152).

Accurate identi¢cation of di¡erent types of hepatocellular nodules
arising in the cirrhotic liver in crucial. Unlike regenerative nodules, dys-
plastic nodules are considered premaligant and precursors of HCC, and,
therefore, their presence may indicate more advanced disease or preclude
treatment options (e.g., liver transplantation) (148). Nowadays, MR ima-
ging is by far the most speci¢c imaging technique for di¡erentiating the dif-
ferent types of nodules based on characteristic features, such as signal
intensity and enhancement pattern. Regenerative nodules, like normal
liver, invariably have a portal venous blood supply with minimal contribu-
tion from the hepatic artery (153,154). As a consequence, they are usually
isointense with other background nodules on both T1- and T2-weighted
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images, and they show no predominant enhancement pattern following
gadolinum administration (Fig. 27). Since, although less commonly, regen-
erative nodules may be hyperintense on T1-weighted images (due to
increased glycogen or fat) or hypointense on T1- and T2-weighted images
(due to iron deposition), regenerative nodulesmay not always be distinghu-
ished from dysplastic nodules (148,155). Fortunately, however, unlike the
majority of HCC, regenerative nodules are almost never hyperintense on
T2-weighted images.

Dysplastic nodules (DN) are neoplastic premalignant nodules found
in approximately 25% of cirrhotic livers. Usually, they can be distinguished
pathologically from ordinary regeneration nodules based on their size
(usually >8mm), color, or texture (153,154). Low-grade dysplastic
nodules are characterized by cell dysplasia without atypia, whereas high-
grade dysplastic nodules may have cytologic atypia (148). The latter may
also contain focal areas of HCC, the so-called dysplastic nodule with sub-
focus of HCC (156). Like regeneration nodules, the main blood supply
to dysplastic nodules is from the portal venous system. However, many
investigators have demonstrated that aminority, especially with high-grade
dysplasia, may also be fed by hepatic arteries, and therefore, present as
hypervascular lesions on contrast-enhanced CT and MRI studies (148).
The signal intensity characteristics of dysplastic nodules slightly overlap
with both RN and HCC, although some common patterns exist. A DN is
typically homogeneously hyperintense on T1-weighted images, hypo-
intense on T2-weighted images, shows portal-venous phase enhancement,
is smaller than 3 cm, and has no capsule (Fig. 28) (148). In cases of DNs
with foci of HCC, the classic appearnce is that of a ‘‘nodule within a
nodule,’’ consisting of a high signal intensity focus of HCC within a low
signal intensity dysplastic nodule on T2-weighted images (Fig. 29) (156).

FIGURE 27 Cirrhosis. Coronal T1-weighted image shows multiple isointense
regenerative nodules in the liver separated by low signal intensity fibrosis. Note
small hyperintense dysplastic nodule.
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FIGURE 28 Dysplastic nodule. (a) T1-weighted MR image shows hyperintense
dysplastic nodule in the right lobe of the liver. (b) Corresponding T2-weighted
image shows the DN to be low signal intensity. (c) Axial contrast-enhanced MR
image shows hypovascular aspect of the DN.

FIGURE 29 Dysplastic nodule (DN) with early HCC. (a) T1-weighted MR image
shows hyperintense dysplastic nodule in the left lobe of the liver. Note low signal
intensity nodule in the inferior aspect of the DN. (b) Corresponding T2-weighted
image shows the DN to be low signal intensity and the area corresponding with
early HCC to be hyperintense.
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Extrahepatic signs of cirrhosis include features of portal hyper-
tension, such as splenomegaly and the formation of portosystemic
collateral vessels, and ¢ndings related to hepatocellular dysfunction
(ascites, small bowel edema, gallbladder wall thickening) (146). Nowadays,
MR angiography provides useful information regarding the presence,
location, and £ow pattern in porto-systemic shunts. These ¢ndings are
useful for diagnostic purposes (e.g., detection of bleeding varices) and for
treatment planning (e.g., prior to TIPS placement, shunt surgery).

Other Metabolic and Storage Disorders

Steatosis

Hepatic steatosis results from a variety of abnormal processes including
increased production or mobilization of fatty acids (e.g., obesity, steroid
use) or decreased hepatic clearance of fatty acids due to hepatocellular
injury (e.g., alcoholic liver disease, viral hepatitis) (157). Histopathologi-
cally, the hallmark of all forms of fatty liver is the accumulation of fat
globules within the hepatocytes. The distribution of steatosis can be
variable, ranging from focal, to regional, to di¡use. Di¡use steatosis is
common and estimated to occur in approximately 30% of obese patients
(158). Patients with steatosis are usually asymptomatic, although
some individuals may present with right upper quadrant pain due to
hepatomegaly or abnormal liver function parameters (159).

Undoubtedly themost sensitive technique to detect microscopic fatty
change of the liver is the use of gradient echo MR pulse sequences (160).
With these sequences, by varying the echo time to image water and fat in
and out phase, chemical shift between water and lipid protons can be
demonstrated (161). With in-phase imaging the water and lipid protons
are in phase and their intravoxel signal intensities are additive, whereas
with out-of-phase imaging the intravoxel signal intensities of water and fat
are out of phase and cancel each other out (160,161). As a consequence, on
out-of-phase images, areas with a signi¢cant amount of intracellular fat will
show a lower signal intensity than on the corresponding in-phase images,
and this loss of signal intensity between the two types of images allows to
establish the diagnosis of fatty change of the liver (160,161). Characteristi-
cally, out-of-phase images are identi¢able by the presence of a thick black
rim, also called ‘‘India ink,’’ or ‘‘boundary’’ artifact, at the boundary of
tissues that contain both water and fat protons (Fig. 30) (161).

Hepatic fatty change is, however, not always uniformbut can present as
a focal area of steatosis in an otherwise normal liver (focal steatosis) or as
subtotal fatty change with sparing of certain areas (focal sparing) (162^165).
Both abnormalities may cause considerable diagnostic confusion, especially
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in the work-up of focal liver lesions. In patients with focal fatty sparing, it is
assumed that the spared regions do not have a normal portal blood supply
and, therefore, do not receive lipid-rich blood from the gut (164). Because
of their underlying vascular aberrance, most of these spared areas have a
typical location (162). Characteristic examples include focal fatty sparing of
the medial segment of the left liver lobe, which results from blood supply
through the gastric veins, and sparing around the falciform ligament due to
aberrant blood supply from the internal thoracic artery (162,164). Other
typical locations include areas adjacent to the gallbladder fossa, the
subcapsular region, or adjacent to the porta hepatis. The etiology of focal
fatty change is more controversial (163). It is hypothesized that decreased
delivery of unknown substances from the portal vein or relative ischemia

FIGURE 30 Steatosis. (a) In-phase breath-hold T1-weighted gradient-echo image
shows the liver to be brighter in signal intensity than the spleen and paraspinal
muscles. (b) Out-of-phase image demonstrates a significant drop in signal inten-
sity of the liver consistent with diffuse fatty change.

FIGURE 31 Focal fatty change. Out-of-phase T1-weighted MR image shows seg-
mental decreased signal intensity in the left liver lobe due to focal fatty change.
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from the paucity of portal blood supply are the main causative factors
(Fig. 31).

OnMR imaging, several features enable correct identi¢cation of focal
fatty change or focal spared areas: (1) the typical periligamentous and
periportal location, (2) lack ofmass e¡ect, (3) sharply angulated boundaries
of the area, (4) nonspherical shape, (5) absence of vascular displacement
or distorsion, (6) lobar or segmental distribution, and (7) using chemical-
shift imaging with its high speci¢city for tissue characterization (163).

Iron Overload

Iron overload states are categorized as hemochromatosis, where the iron
accumulates preferentially within the hepatocytes, and hemosiderosis,
where it is deposited in the reticuloendothelial or Kup¡er cells (166).

Primary hemochromatosis. Hereditary or primary hemochromatosis
is an autosomal recessive disorder of iron metabolism characterized by
abnormal absorption of iron from the gut with subsequent excessive
deposition of iron into the hepatocytes, pancreatic acinar cells, myo-
cardium, joints, endocrine glands, and skin (167). In addition, the reticulo-
endothelial system (RES) cells in patients with primary hemochromatosis
are abnormal and unable to store processed iron e¡ectively (166,167). As a
consequence, patients with primary hemochromatosis will not accumulate
iron in the RES. Advanced primary hemochromatosis leads to hepatic cell
death, ¢brosis and eventually micronodular cirrhosis. Clinical ¢ndings of
cirrhosis and its complications (portal hypertension, development of
HCC) usually predominate in patients with long-lasting disease (168).
Although the diagnosis of hemochromatosis is usually made by
chromosomal analysis, imaging, and especially MRI, is still valuable in
quantifying the iron deposition and in the follow-up of the patients.

MRI is far more speci¢c than any other imaging modality for the
characterization of iron overload due to the unique magnetic susceptibility
e¡ect of iron (169,170). The superparamagnetic e¡ect of accumulated iron
in the hepatocytes results in signi¢cant reduction of signal intensity of
the liver parenchyma on T2-weighted images (Fig. 32) (170). T2�-weighted
gradient-echo sequences are the most sensitive sequences to magnetic sus-
ceptibility e¡ects of ferritin and hemosiderin because of their lack of a 180
degree refocusing pulse (170). Comparison of the signal intensity of liver
with that of paraspinal muscles, which are normally less intense than liver
and not prone to excessive iron accumulation, provides an useful internal
control: if the signal intensity of liver is less (on all sequences) than that of
paraspinal muscle, it should be considered abnormal (170). HCC, compli-
cating 35% of untreated patients with advanced hemochromatosis, are
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usually easily detected on both T1- and T2-weighted images due to the
decreased signal intensity of the background liver parenchyma.

Hemosiderosis. In patients with hemosiderosis or siderosis, either
due to transfusional iron overload states or dyserythropoiesis (e.g., thalas-
semia major, sideroblastic anemia, pyruvate kinase de¢ciency, chronic
liver disease), the excessive iron is processed and accumulates in organs
containing reticuloendothelial cells, including liver, spleen, and bone mar-
row (Fig. 33) (171). As a result, although the distribution of iron in patients
with siderosis is demonstrated in the liver as di¡use low signal intensity
changes similar to those seen in primary hemochromatosis, extrahepatic
signal intensity changes in the spleen and bone marrow enableMR imaging

FIGURE 32 Hemochromatosis. Axial contrast-enhanced MR image shows
decreased signal intensity of liver and pancreas, and normal signal intensity of
the spleen and bone marrow in this patient with primary hemochromatosis.

FIGURE 33 Hemosiderosis. Axial T2-weighted image shows decreased signal
intensity of both liver and splenn, as also bone marrow, in this patient with trans-
fusional iron overload.
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to distinguish primary hemochromatrosis from hemosiderosis (171).
Although in general the clinical signi¢cance of transfusional iron overload
states is negligible, patients with chronic tranfusional needs can develop,
due to saturation of the RE system, so-called secondary hemochromatosis,
which can have symptoms similar to those of the primary form (171).

Wilson’s Disease

Wilson’s disease, also known as hepatolenticular degeneration, is a rare
autosomal recessive abnormality of copper metabolism characterized by
accumulation of toxic levels of copper in the brain, cornea (Kayser-
Fleischer rings), and liver, the latter due to impaired biliary excretion
(172). Wilson’s disease is predominantly seen in young people, and bio-
chemically, ‘‘free’’ serum and hepatic copper levels are increased whereas
serum levels of ceruloplasmin, the copper-binding protein, are typically
decreased (172). Hepatic deposition of copper, predominantly seen in
periportal areas and along the hepatic sinusoids, evokes an in£ammatory
reaction resulting in acute hepatitis with fatty change (48). Subsequently,
chronic active hepatitis ¢nally resulting in liver ¢brosis and eventually
macronodular cirrhosis develops.

During the early stage of the disease, before severe cirrhosis has
evolved, and due to the paramagnetism of ionic copper, MR imaging can
be valuable by demonstrating focal copper depositions as multiple nodular
lesions, typically appearing hyperintense and hypointense on T1- and
T2- weighted images, respectively (173,174).

Diffuse Neoplastic Diseases

Metastatic Disease

Neoplastic in¢ltration due to di¡use metastatic disease can occur with
many primary tumors. Melanoma, malignant islet cell tumors, pancreatic
adenocarcinoma, breast carcinoma, and colonic adenocarcinoma are some
of the more commonly encountered causes of di¡use hepatic metastatic
disease (175).

At MRI, lesions are typically hyperintense on T2-weighted images,
hypointense on T1-weighted images, and appear hypo-or hyperintense
following gadolinium administration, depending on their vascularity
(Fig. 34). Hypovascular lesions, such as metastases from colorectal adeno-
carcinoma, are best detected on portal venous phase contrast-enhanced
images (176). Hypervasuclar metastases, including islet cell tumors, mela-
noma, sarcoma, renal cell carcinoma, and certain subtypes of breast and
lung carcinoma, enhance more rapidly than normal liver and require arter-
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ial phase enhanced imaging for accurate depiction (176). Infrequently, dif-
fuse metastatic involvement is very discrete and only detectable through
indirect features, such as di¡use parenchymal heterogeneity, vascular and
architectural distortion, or alterations of the liver contour (177). The latter,
seen particularly in patients with treated breast cancermetastases, has been
reported as the ‘‘pseudocirrhosis’’ sign (177). Superparamagnetic iron
oxides particles are extremely useful in the detection of hepatic metastatic
disease, since no Kuppfer cells are present in metastases and, therefore,
lack of uptake of contrast medium in the lesions increases signi¢cantly the
tumor conspicuity (51).

Lymphoma

Lymphoma can involve the liver both as a primary and secondary tumor.
Primary lymphoma of the liver is, however, exceedingly rare and classically
manifests as a focal mass (178). The liver is more often secondarily involved
in bothHodgkin’s and non-Hodgkin’s lymphoma (178). Typically, the liver
parenchyma is di¡usely in¢ltrated with microscopic nests of neoplastic
cells without signi¢cant architectural distortion, and, therefore, lympho-
mateous involvement is di⁄cult to detect by means of imaging along (178).

Reported MR imaging features of hepatic lymphoma are nonspeci¢c
(179). Di¡use in¢ltration may reveal a slight increase of liver parenchyma
signal intensity on T2-weighted images, whereas focal masses appear
relatively hypo- and hyperintense relative to background liver on T1- and
T2-weighted images, respectively (179). The presence of associated
abnormalities, such as splenomegaly and lymphadenopathy, may be a
useful aid in narrowing the di¡erential diagnosis.

FIGURE 34 Diffuse cystic metastasis solid and papillary pancreatic tumor (SPT).
(a) Axial T2-weighted image shows numerous hyperintense nodules scattered
throughout the liver consistent with cystic metastases in a patient with SPT. (b)
Axial contrast-enhanced MR image shows lack of enhancement of the central
portion of the lesions due to their cystic nature.
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Diffuse Hepatic Vascular Diseases

Budd-Chiari Syndrome

Budd-Chiari syndrome is characterized by hepatic venous out£ow
obstruction, resulting in progressive hepatic failure, ascites, and portal
hypertension (180). Characteristic clinical manifestations are hepato-
megaly from liver congestion, ascites developing due to liver dysfunction,
and abdominal pain from hepatomegaly (180). A variety of etiologies
may cause the Budd-Chiari syndrome including, in decreasing order of
frequently, idiopathic causes, hematologic disorders, myelopro£iferative
diseases, other hypercoagulable states (oral contraceptives, pregnancy,
or postpartum states), tumoral conditions (HCC, renal carcinoma, and
metastatic disease), infectious, traumatic, and congenital causes (mem-
braneous webs or diaphragms), the latter referring to the so called
‘‘primary’’ Budd-Chiari syndrome (180). Several investigators classi¢ed
the entity also by the location of the venous out£ow obstruction. Type I
patients have obstruction or occlusion at the level of the IVC with or with-
out secondary hepatic vein occlusion, whereas Type II Budd-Chiari syn-
drome refers to primarily occluded hepatic veins (180). Type III involves
obstruction at the level of the small centrilobular venules and has been
considered a di¡erent entity, hepatic veno-occlusive disease, by many
authors (180).

MR imaging ¢ndings associated with Budd-Chiari syndrome include
direct ¢ndings of hepatic venous obstruction, secondary morphological
changes of the liver parenchyma, and extrahepatic features. Direct ¢ndings
of venous occlusion include visualization of intraluminal material (web,
thrombus, tumor) within the hepatic veins (Fig. 35) (180). Absence of
hepatic vein £ow or localized £ow disturbances caused by incomplete
venous obstruction on MR venography are also useful ¢ndings (180).
Additional direct features supporting the diagnosis are the presence of
intraparenchymal collaterals between the hepatic veins and the portal veins
or IVC, formed in an attempt to bypass the obstructed £ow, and narrowing
or nonvisualization of the hepatic veins or IVC (Fig. 36) (180). In cases with
obstruction or stricture of the IVC, dilation of the azygos system is another
important imaging ¢nding. The hepatic venous out£ow obstruction and
resulting venous back pressure e¡ect usually have striking impact on liver
morphology. In an acute setting, the areas normally drained by the
obstructed veins appear swollen due to congestion (180). Enhancement in
these portions is typically heterogenous, mottled and delayed on contrast-
enhanced MR images since blood is prohibited from di¡using readily
throughout the liver (181^183). Since the caudate lobehas a separate venous
drainage directly into the IVC, it exhibits compensatory enlargement and
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has an increased enhancement compared with the rest of the liver (182). In
chronic stages, the a¡ected areas become ¢brosed and shrink in size (31).
Extrahepatic imaging ¢ndings in patientswith acuteBudd-Chiari syndrome
include ascites, pleural £uid and gallbladder wall edema, and in more
chronic cases, because of the development of portal hypertension, the
presence of portosystemic collaterals and splenomegaly (180).

Hepatic veno-occlusive disease is another cause of hepatic venous
out£ow obstruction but di¡ers from Budd-Chiari syndrome since, as
mentioned above, the disease involves di¡use in£ammation and oblitera-
tion of the postsinusoidal venules whereas the major hepatic veins and
inferior vena cava remain patent (184). It is usually associated with the
use of radiation and chemotherapy (182). To date, the MRI ¢ndings in
patients with hepatic veno-occlusive disease have only been described
sporadically (185). MRI may demonstrate some important features in

FIGURE 35 Budd-Chiari Syndrome. Axial contrast-enhanced MR image shows low
signal intensity clot in the suprahepatic portion of the inferior vena cava.

FIGURE 36 Budd-Chiari Syndrome. Axial unenhanced GRASS image shows
multiple intrahepatic collaterals (white dots) that try to shunt the blood between
the thrombosed sushepatic veins.
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di¡erentiating hepatic veno-occlusive disease from Budd-Chiari syn-
drome: (1) the IVC and major hepatic veins remain patent, and (2) no pre-
dominant enlargement or heterogenous enhancement of the caudate lobe
is seen (Fig. 37).

Passive Hepatic Congestion

Severe right-sided heart failure due to severe congestive heart failure
or pericardial tamponade may result in passive hepatic congestion. On
contrast-enhanced cross-sectional imaging studies, passive hepatic
congestion can be recognized as a heterogeneous mosaiclike enhancement
with re£ux of contrast from the right atrium into the IVC or hepatic veins
(182). Thus, in contrast to Budd-Chiari syndrome the hepatic veins are
distended and enlarged rather than obstructed or compressed.

CONCLUSION

Because of the re¢nement of breath-hold pulse sequences and the introduc-
tion of liver-speci¢c contrast agents, MR imaging of the liver has exceeded
its preliminary role of a problem-solving modality in the evaluation of focal
and di¡use liver pathology.

In this chapter we have reviewed the currently available MR pulse
sequences and liver-speci¢c contrast agents. In a practical approach, we
have also tried to delineate the characteristic MRI ¢ndings of a gamut of
usual and unusual focal liver lesions and di¡use hepatic abnormalities.
Recognition and familiarity with the most relevant MRI features of each
disorder allows the di¡erential diagnosis to be narrowed substantially.

FIGURE 37 Veno-occlusive disease (VOD). (a) Axial T2-weighted image shows
mild heterogeneity of the liver parenchyma, especially in the peripheral portion.
Aslo, note increased signal intensity of the liver due to congestion. (b) Axial
delayed phase contrast-enhanced MR image shows peripheral heterogeneous
enhancement of the liver due to obstruction of the postsinusoidal venules in this
patient with VOD due to herbal tea consumption.
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INTRODUCTION

Ultrasound microbubble contrast agents were originally developed to
improve or rescue Doppler studies where there is low volume=slow £ow or
the signals are weak because of attenuation by overlying tissues.Microbub-
bles are composed of air or complex gas particles of less than 10 mm in
diameter which are stable enough to cross capillary beds and provide safe,
e¡ective systemic acoustic enhancement when given intravenously. Recent
technological advances have produced novel imaging modes which exploit
the nonlinear behavior of microbubble contrast agents and have dramati-
cally extended the clinical and research applications of ultrasound. Ultra-
sound ( US) is commonly the ¢rst imaging modality used in the diagnosis
and assessment of both focal and di¡use liver disease. However, US is less
sensitive than computed tomography (CT) and magnetic resonance (MR)
in the detection of metastatic liver disease, and all imaging modalities are
inaccurate in the diagnosis of cirrhosis. The advent of US microbubbles
imaged with contrast-speci¢c modes promises to improve the sensitivity

99



and speci¢city of ultrasound in the detection and characterization of focal
liver lesions to rival that of other cross-sectional modalities. This chapter
reviews the current and potential applications of ultrasound contrast agents
in the diagnosis of focal and di¡use liver disease.

MICROBUBBLE CONTRAST AGENTS

Ultrasound, unlike all other imaging modalities, has lacked e¡ective
contrast agents until comparatively recently. This was recti¢ed in the
1990s with the introduction of microbubbles that have revolutionized
clinical and research applications in this ¢eld (1^3). Microbubbles are
made less than 10 mm in diameter so they can cross capillary beds and
are safe, e¡ective echo enhancers. When administered intravenously,
microbubbles remain within the vascular compartment, though some
agents have been shown to exhibit a hepatosplenic-speci¢c phase (Table 1).
To be e¡ective as clinical tools, microbubblesmust survive passage through
the cardiopulmonary circulation to produce useful systemic enhancement.
Microbubbles consist of a gas (usually air or a per£uorocarbon), stabilized
by an ingenious range of methods (Table 1). When given intravenously,
microbubbles produce marked augmentation of the ultrasound signal for
several minutes, in grey-scale and Doppler, of up to 25 dB (greater than
300-fold increase). Levovist (SH U 508A; Schering AG, Germany) is
licensed in many countries worldwide and consists of galactose
microaggregates whose surfaces provide nidation sites on which air
bubbles formwhen it is suspended in water; stabilized by a trace of palmitic
acid. SonoVue (Bracco, Italy) is a blood pool agent containing sulfur
hexa£uoride, which prolongs longevity due to its lower solubility and has
recently been licensed for clinical use in Europe. Additionally some agents
have a late liver-splenic tropic phase where the bubbles accumulate in
normal liver and splenic parenchyma 2^5 minutes after injection when
the vascular enhancement has faded.

Microbubbles known to exhibit liver-speci¢c behavior are Levovist
(4,5), Sonavist (both Schering AG, Germany)(6), and Sonazoid
(NC100100; Amersham, UK) (7) (Table 1). In the late phase the bubbles
are stationary or extremely slow moving, as shown by the absence of
conventional Doppler signals. The mechanism of hepatic accumulation is
not completely understood. Possible explanations are mediation by the
reticuloendothelial system phagocytosis or pooling and endothelial adher-
ence in the liver sinusoids. Late phase imaging is optimally achieved using
microbubble speci¢c nonlinear imaging techniques, described below, to
produce maximal lesion to background contrast di¡erentiation.
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INTERACTIONS OF MICROBUBBLES
WITH ULTRASOUND WAVES

The interactions ofmicrobubbles with an ultrasound beam are complex (8).
Since a microbubble is more compressible than soft tissue, alternating
expansion and contraction occurs when it is exposed to an oscillating
acoustic signal. At low acoustic power these oscillations are equal and
symmetrical (linear behavior) and the frequency of the scattered signal is
unaltered with the scattering intensity linearly related to that of the incident
beam. As the acoustic power increases [mechanical index (MI) > 0.3],
more complex nonlinear interactions occur as the expansion and
contraction phases become unequal because the microbubbles resist

TABLE 1 Classification of Ultrasound Microbubbles

Microbubble Gas Stabilization Company

Blood pool agents
Levovist
(SHU 508A)a

Air Palmitic acid Schering

Echovista Air None Schering
Albunexb Air Sonicated

albumin
Tyco

Quantison Air Dried albumin Andaris Ltd
Imavist
(Imagent, AFO150)

Perfluorohexane Surfactant Schering

Optisona

(FS069)
Perfluoropropane Sonicated

albumin
Tyco=
Amersham

Echogen
(QW3600)

Dodecafluoropentane Liquid droplet,
surfactant

Sonus

SonoVue (BR1)a Sulfur hexafluoride Phospholipids Bracco
Definity,
(DMP115)

Perfluoropropane Phospholipids Bristol-Myers
Squibb

BR14 Perfluorobutane Phospholipids Bracco
Liver-specific

agents
Levovist
(SHU 508A)a

Air Palmitic acid Schering

Sonavist
(SHU 563A)

Air Cyanoacrylate Schering

SonazoidTM

(NC100100)
Perfluorocarbon Not public

information
Amersham

aLicensed for clinical use.
bNo longer commercially available
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compression more strongly than expansion. Microbubbles resonate (in
the diagnostic ultrasound range 1^20MHz) and behave like a musical
instrument, emitting harmonic signals at multiples (and fractions) of the
insonating frequency. These harmonic signals are microbubble speci¢c
and may be regarded as a signature or ¢ngerprint unique to that agent.
At still higher powers (MI> 1.0), although within accepted limits for
diagnostic imaging, highly nonlinear behaviour occurs, resulting in
bubble disruption=scintillation.

MICROBUBBLE IMAGING MODES AND STRATEGIES

Microbubbles were originally developed to improve or rescue Doppler
ultrasound studies where there is low volume=slow £ow or the signals
are weak because of attenuation from surrounding tissues, e.g., in the
assessment of portal venous patency in cirrhosis. With advances in the
sensitivity of ultrasound Doppler equipment, this application has become
less important.

Over the last few years microbubbles have been used in novel ways to
derive functional and anatomical information in the liver. There are two
main approaches to the imaging of microbubbles. First, by tracking their
passage through a region of interest, time-intensity curves may be derived
(analogous to dynamic radionuclide tests). Second, microbubbles may
be imaged to map the distribution of normal or diseased liver. These
approaches may be applied to ultrasound of the liver to improve the
detection and characterisation of liver lesions using a combination of
vascular and liver-speci¢c imaging.

Harmonics may be used to image US contrast agents by tuning the
receiver to listen to a band of frequencies centred on the microbubble
harmonic signal, thus excluding the fundamental signals that arise from
tissue. However, tissues also produce harmonics, especially when higher
acoustic powers are used and separating these out is challenging. The goal
of separating them can be achieved in twoways. In the ¢rst to be discovered,
a high MI beam is used to deliberately disrupt the microbubbles. Using a
color Doppler mode, the sudden disappearance of signal is seen as a large
Doppler shift resulting in a characteristic mosaic of color signal. This
method works well for fragile air-¢lled agents, although microbubble
destruction has the disadvantage that the e¡ect is very transient, lasting
only a few frames. This approach is known as stimulated acoustic emission
(SAE) or loss of correlation (LOC) (Fig. 1) (4,5) and is particularly
successful with microbubbles that have a liver-speci¢c phase. In the late
phase of liver-speci¢c agents malignancies appear as defects surrounded
by the bright normal liver (Figs. 1,2). It has the advantage of displaying
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the distribution of the microbubbles as a separate color overlay on the
traditional Bmode image and does not rely on the bubble movement so that
the microcirculation can be detected. In a study of speci¢city a spectrum
of benign and malignant focal liver lesions were assessed for SAE activity
in the late phase of Levovist (9). Metastases and hepatocellular carcinoma

FIGURE 1 Section through the right lobe of liver in a 76-year-old man with
pancreatic carcinoma. (a) The baseline B-mode image shows a subtle metastasis
(arrow). (b) Imaging in stimulated acoustic emission (SAE) mode 3 minutes after
Levovist not only improves the conspicuity of the metastasis but also reveals a
further metastasis (arrow) which cannot be seen in B-mode. (From Ref. 33.)
(See color insert)
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(HCC) showed no or very lowSAE signals, while signi¢cantly higher uptake
was observed in hemangiomas and focal nodular hyperplasia (FNH) (9).

While this method is very sensitive and speci¢c to the presence of
microbubbles, it is limited by the spatial resolution of color Doppler
(several timesworse than grey-scale) and by the focal zone dependence (site

FIGURE 2 Section through the right lobe of liver in a 68-year-old man with
metastatic melanoma. (a) B-mode shows multiple ill-defined echopoor lesions.
(b) Three minutes after Levovist, using Agent Detection Imaging (ADI, Siemens,
USA), a microbubble specific mode based on loss of correlation, the conspicuity
of the metastases is improved with ‘‘extra’’ lesions revealed not seen on B-mode.
(From Ref. 33.) (See color insert)
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ofmaximal power deposition) of the LOC e¡ect. Other novelmodes such as
cadence agent detection imaging (ADI; Siemens, USA) (Fig. 2) based on
LOC retain the bene¢ts of complete separation of tissue from bubble
signal but also have high spatial resolution, have less focal zone depen-
dence, and allow the removal of the color overlay so the co-registered
B-mode can be inspected for abnormalities (10). However, SAE=LOC
techniques rapidly destroy the contrast agent and preclude the use of real-
time scanning, so a sweep-and-review approach has to be used.

The alternative approach relies on the fact that with newer
microbubbles ( particularly those with phospholipid shells) harmonics can
be elicited at much lower acoustic powers than are necessary to generate
tissue harmonics. Thus, if a very low acoustic power can be used without
the image being lost in noise, the microbubble signals (harmonics) can be
separated from the tissue signal (fundamental). An important step in the
progress to this ideal was the development of pulse=phase inversion
techniques that evolved from the desire to detect microbubble harmonics
but to avoid frequency ¢ltering because the narrow bandwidth that this
method requires degrades spatial resolution. Phase=pulse inversion mode
(PIM) is a grey-scale nonlinear mode, which combines the spatial
resolution of grey-scale with a high microbubble sensitivity (11). In the
PIM a pair of pulses is sent sequentially along each scan line, the second
being 180 degrees out of phase with respect to the ¢rst. The returning
echoes from the pair are summed so that the linear echoes cancel while the
harmonics remain and are used for image formation. PIM gives excellent
quality images in both vascular and late phases and, like the high MI SAE
mode, detects the presence of microbubbles without relying on their
motion. As initially implemented, PIM required a relatively high MI and
therefore tissue harmonics contaminated the microbubble signal. Special
approaches are required to operate PIM at the very low powers needed to
avoid tissue harmonics without too much noise in the images. One
ingenious approach to this is to send a continuous stream of alternating
phase inverted pulses and use color Doppler circuitry to pick out the
harmonics; essentially this method (known as power pulse inversion, PPI;
Philips, USA) exploits the high sensitivity of Doppler to overcome the
signal-to-noise limitation. Because the Doppler circuitry is used for the
microbubble signature, PPI achieves the twin goals of complete separation
of the contrast from the tissue information and of displaying each in a
separate image layer (PPI in color, B-mode in grey) that can be viewed
separately or as a mix. Another approach to solving the problem also uses
a series of pulses, though usually only around three per line. Here, as well
as inverting the phase, the amplitude of the pulses is also changed; this has
the useful e¡ect of shifting the harmonics that result from the subtraction
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into the fundamental frequency band of the transducer where it is at its
most sensitive. Known as contrast pulse sequencing (CPS, Siemens, USA)
the harmonics are displayed in a color tint over the B-mode picture and,
as with PPI, either or both can be viewed as required. In a variant of the
subtraction approaches, the direction of £ow of the microbubbles
(and therefore of blood) in larger vessels is depicted rather as with color
Doppler, while slow moving and stationary microbubbles are shown in
green. This mode, known as vascular recognition imaging (VRI, Toshiba,
Japan) (Fig. 3), also allows the microbubble signature to be displayed
separately from or combined with the B-mode and has the advantage of
providing additional information on the £ow direction in larger vessels.
All of these modes operate at very low powers (MI < 0.2 and sometimes
as low as 0.02), and, as well as suppressing the tissue harmonics, this has
the major advantage that bubble destruction is minimized.

These technological advances combined with the availability of more
stable microbubbles (e.g., SonoVue) have facilitated the development of
real-time nondestructive (low MI) imaging modes that can demonstrate
the capillary bed as well as larger vessels. Contrast enhanced imaging of
focal liver lesions may be divided into arterial (20^25 s) and portal
(45^90 s) phases, and real-time imaging allows these phases to be followed
successively so that the dynamic enhancement pattern and vascular

FIGURE 3 Section through the right lobe of liver. (a) Arterial phase (23 s
postinjection of 1.2mL SonoVue) image of a hypervascular metastasis in segment
7 (arrow) using vascular recognition imaging ( VRI, Aplio, Toshiba, Japan). The
green pixels depict stationary microbubbles in liver tissue, and the red and blue
depict directional flow of microbubbles in vessels. (b) Late phase (2 minutes
postinjection of 1.2mL SonoVue) imaging shows that the metastasis now contains
fewer green pixels in relation to the surrounding liver parenchyma and is clearly
outlined with a ‘‘halo.’’ (See color insert)
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morphology may be assessed. The low MI means that continuous
imaging can be performed for as long as the agent persists (5^10 minutes
after a full dose of SonoVue). This technique has replaced the laborious
intermittent imaging necessary with the destructive high MI approaches.

An additional opportunity o¡ered by the latest contrast speci¢c
modes is the use of a destructive (high MI) pulse to destroy the bubbles in
the particular scan plane and to observe reperfusion of the lesion using a
low MI mode. The rate of replenishment in the ¢eld allows calculation of
indices such as microcirculatory £ow rate, a measure of tissue perfusion as
well as fractional vascular volume. Three-dimensional displays can be
constructed demonstrating anatomical vascular structure, which may
prove important in de¢ning tumor grade and response to therapy. These
methods have great potential especially with the recent interest in
monitoring response to angiogenesis inhibitors (12).

CHARACTERISTICS OF FOCAL LIVER LESIONS

The enhancement pattern characteristics of focal liver lesions following
microbubble administration are summarized in Table 2 .

HEMANGIOMA

This common benign tumor often presents a clinical problem in the
di¡erentiation from malignancy. Although they are vascular, because the
blood £ow is very slow, they appear hypovascular on unenhanced Doppler.
Imaging using low MI modes after IV administration of microbubbles
shows a characteristic peripheral nodular pattern with progressive centri-
petal ¢lling over several minutes (Fig. 4) analogous to that seen on CT and
MRI (13^15). Interval delay imaging (30, 60, 120 s, etc) and real-time low
MI modes are particularly useful in demonstrating this feature. A variable
amount of uptake is seen in the late phase of liver-speci¢c agents according
to the time of imaging.

FOCAL NODULAR HYPERPLASIA

Focal nodular hyperplasia (FNH) is a highly vascular lesion even on
unenhanced Doppler. Using lowMI real-time contrast-enhanced modes, a
stellate or spoke-wheel pattern can be seen in the arterial phase (16)
(Fig. 5). A central scar may be seen as a hypoechoic area. FNH exhibits
marked contrast uptake in the late parenchymal phase of liver-speci¢c
agents (9,17) (Fig. 5).
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FOCAL FATTY CHANGE=SPARING

Focal fatty change=sparing may present as a diagnostic problem especially
in patients on chemotherapy. Imaging with contrast agents shows that the
vascularity is equal to the rest of the liver as is the signal in the late phase of
liver-speci¢c agents, thus distinguishing it frommetastases (Fig. 6).

HEPATOCELLULAR CARCINOMA

Hepatocellular carcinomas (HCCs) are hypervascular, and continuous low
MI scanning demonstrates tortuous corkscrew vessels in the arterial phase
(13^15,17). The presence of cirrhosis may diminish the e¡ects of contrast
enhancement because of beam attenuation, especially if the HCC is deep
seated. Typically HCCs appear as signal defects in the late parenchymal
phase surrounded by a bright liver (13^15,17^19). However, liver-speci¢c
phase contrast uptake has been reported in well-di¡erentiated HCCs.
Allowing for this observation, the technique may be a promising way of
distinguishingHCC from regenerating noduleswhich show contrast uptake
in the late phase as they contain normal liver constituents.

Another useful application of contrast agents is in the assessment
of residual viable HCC following ablative therapy (Fig. 7). In a study by
Choi et al. (20) 6 of 40 patients with HCCs treated with radio-frequency
ablation showed residual tumour on microbubble-enhanced Doppler US,
all con¢rmed by CT. Thus this technique allows accurate assessment of
the success of tumor ablation during the procedure.

METASTASES

The vascular appearances of metastases are variable on contrast-enhanced
imaging depending on vessel density, size, and whether they have been
treated. Metastases from the same cell type may exhibit a range of
appearances, and di¡erent primary cell types may show identical features.
Typically hypovascular metastases (e.g., from colon, stomach, lung) show
some peritumoral vessels in the arterial phase and appear as ¢lling defects
during the portal phase on continuous low MI imaging. In contrast,
hypervascular metastases (carcinoid, neurendocrine tumors, melanoma)
show marked enhancement in the arterial phase (Fig. 8). In late phase
imaging with liver-speci¢c agents both types of metastases appear as signal
defects surrounded by bright normal liver (13^15,17^19,21^25) (Fig. 9).
A bright halomay be seen around somemetastases, and this has been shown
to be speci¢c to malignancy; the cause is unknown, but it may represent
compressed normal liver tissue (Fig. 10) (26).

Microbubbles in Liver Ultrasound 109



110 Harvey et al.



FIGURE 4 Hemangioma in a 47-year-old woman. (a) The baseline US shows a
large heterogeneous liver lesion (arrowheads). (b) Following a bolus injection
of SonoVue (Bracco, Italy), the vascular phase was imaged using the novel
real-time low MI nondestructive contrast pulse sequencing mode (CPS; Siemens,
USA). Characteristic peripheral globular enhancement (arrows) is present.
(c) After several minutes of continuous imaging, centripetal lesion filling-in
(arrows) is seen strongly suggestive of a hemangioma. (From Ref. 33.) (See color
insert)

J

FIGURE 5 This 34-year-old man presented with abdominal pain. (a) The B-mode
image shows an echo-poor lesion in the left lobe of liver (arrows). (b) Twenty-five
seconds after a bolus injection of Levovist, the vascular phase was imaged
in agent detection imaging mode (ADI; Siemens, USA) and shows the lesion to
be hypervascular (arrow), suggesting focal nodular hyperplasia (FNH). (c) Imaging
in the liver-specific phase of Levovist (5 minutes after injection) in ADI mode
shows signals within the lesion (arrows), equal to adjacent liver parenchyma,
which supports the diagnosis of FNH, which was subsequently confirmed. (From
Ref. 33.) (See color insert)
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Imaging in the late phase of liver-speci¢c microbubbles using PIM
has been shown to increase sensitivity in the detection of focal liver
malignancies improving both subjective and objective conspicuity
(21,22,25). Also, the detection of subcentimeter metastases was
signi¢cantly improved, with the smallest lesions detected decreasing to a
mean of 3mm in PIM after Levovist (22) (Fig. 9). Real-time imaging has
also been used in the detection of residual viable tumor in metastases
treated by radio-frequency ablation with good correlation demonstrated
with CT (27).

DIFFUSE LIVER DISEASE

There is no accurate noninvasive test to assess di¡use liver disease. At
present biopsy is the gold standard, but even this may be limited by
sampling error. However, following a bolus injection of microbubbles,
their passage through a tissue of interest such as a tumor or organ can be
quanti¢ed to generate time intensity curves from which functional
information can be derived. The development of micro arterio-venous
shunting in the liver cirrhosis and arterialization of the vascular supply in
malignancy is well known. Thus, the study of hepatic vascular transit
times after a peripheral bolus injection of Levovist, while performing

FIGURE 6 Longitudinal section through the left lobe of liver in a 76-year-old man
receiving aduvant chemotherapy for colorectal carcinoma. (a) The baseline
US shows an echopoor lesion (arrow). The surrounding liver parenchyma is
echogenic, consistent with fatty change. The differential for the focal lesion was
between a metastasis and focal fatty sparing. (b) Imaging in the late liver-specific
phase of Levovist using agent detection imaging mode (ADI, Siemens, USA)
demonstrates that the lesion takes up the microbubbles as the signal in it is equal
to the adjacent liver allowing a confident diagnosis of focal fatty sparing. (See color
insert)
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spectral Doppler of a hepatic vein, has proved a useful application.
The audio output from the ultrasound system is fed to a computer,
which records the mean spectral intensity over each second, allowing a
time intensity curve to be derived. An exponential smoothing
algorithm is applied to the curve, and the arrival time of the contrast bolus
(de¢ned as a 10% rise in intensity above baseline) can be calculated.

In normal subjects the arrival time usually occurs after 40 seconds.
However, in cirrhosis and malignancy an early arrival time (< 24 s) and a
‘‘left shift’’ of the time intensity curve is found because of an increased
hepatic arterial supply and arterio-venous shunting. This technique has
been shown to be a highly sensitive indicator of cirrhosis and metastases
(28,29). A study comparing 15 patients with biopsy-proven cirrhosis, 12
with biopsy-proven noncirrhotic di¡use liver disease, and 11 normal
controls showed that an arrival time of 24 s or less in a hepatic vein was
extremely sensitive in separating cirrhotics from the other two groups (28).

FIGURE 7 Follow-up US in a 46-year-old woman who had undergone chemo-
embolization of an hepatocellular carcinoma (HCC). (a) The baseline US
shows an HCC with areas of necrosis (indicated by callipers). (b) Power Doppler
interrogation shows no evidence of tumour recurrence. (c) Following a bolus
injection of the microbubble SonoVue (Bracco, Italy), the vascular phase was
imaged using coherent contrast imaging low mechanical index (MI) mode (CCI;
Siemens, USA) and shows an avidly enhancing peripheral lesion (arrow) which
was confirmed to be a recurrent HCC. (From Ref. 33.) (See color insert)
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FIGURE 8 Longitudinal section of the right lobe of liver in a patient with a gastro-
intestinal stromal tumor (GIST). (a) Baseline B-mode image shows a predomi-
nantly echo-poor lesion (indicated by callipers). (b) Arterial phase imaging using
a low mechanical index (MI 0.2) mode 20 seconds after IV SonoVue shows a
hypervascular enhancement pattern. (c) In the portal phase (54 s postinjection)
the lesion echogenecity has faded while the surrounding parenchyma has
enhanced. (d) In the late phase (3min postinjection) the lesion is seen as a defect
with normal enhancement of the surrounding liver. The vascular and late phase
enhancement characteristics are consistent with a hypervascular metastasis.
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Large prospective trials are presently underway to assess the predictive
value of this technique in the development of metastases in cancer patients
(30) and as a noninvasive method of grading di¡use liver disease (31).

SUMMARY

Microbubble contrast agents have markedly extended the clinical and
research applications of ultrasound in hepatology. Using a combination of

FIGURE 8 (continued )
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FIGURE 9 Longitudinal section of the left lobe of liver in a 74-year-old man with
carcinoma of the colon. (a) Conventional B-mode shows a heterogeneous liver
echotexture but no definite focal lesions. (c) Examination of the same area in pulse
inversion mode (PIM) (ATL, Philips, USA) following Levovist reveals multiple
metastases, some as small as 3mm (arrow). Note the characteristic bright halo
around the metastases. (From Ref. 21.)
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FIGURE 10 Section through the right lobe of liver in a 58-year-old male with
metastatic insulinoma. (a) Conventional B-mode longitudinal image showing two
echogenic metastases. (b) Three minutes postinjection of Levovist scanning in
pulse inversion mode (ATL, Philips, USA), the metastases show relative reversal
of echogenecity, with respect to the adjacent liver, because of the elevated
parenchymal intensity. An intensely echogenic "halo" effect (arrows) around the
metastases is present. A subtle metastasis, not seen on the B-mode image, is
made conspicuous (arrowhead). (From Ref. 22.)
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real-time and liver-speci¢c imaging, microbubbles improve the sensitivity
and speci¢city of ultrasound for the detection and characterization of focal
liver lesions which rivals that of both CT and MR. Functional studies are
promising for assessment of di¡use liver disease and for prediction of occult
metastatic disease.
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Liver Imaging: Multislice CT
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INTRODUCTION

Computed tomography (CT) has proved to be a versatile tool for
assessment of focal liver lesions and di¡use liver disease. Although less
expensive imaging methods, such as sonography, are widely available,
patients with equivocal ¢ndings at sonography often need helical CT for
de¢nitive diagnosis. Indications for liver CT imaging include di¡erentia-
tion of benign liver lesions [e.g., simple cysts, hemangiomas, adenomas,
focal nodular hyperplasia (FNH)] from those that are malignant
[e.g., metastasis, hepatocellular carcinoma (HCC), cholangiocarcinoma].
In the acutely ill patient, a suspected liver abscess or blunt abdominal
trauma may well warrant CT examination. In transplant surgery, pre-
operative assessment of vascular anomalies and follow-up after
surgery frequently requires CT.

Compared with MR imaging, CT has had historical advantages of
increased availability, shorter imaging times, and lower cost. On the other
hand, MRI o¡ers superior soft tissue contrast, lack of ionizing radiation,
and imaging in virtually any plane of view desired. With the increasing
availability of liver-speci¢c MR contrast agents, MR imaging is superior to
single-slice helical CT imaging for detection of liver metastases and HCC
(1,2). However, with the advent of multislice CT (MSCT), body imaging
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has become much faster. Furthermore, the possibility of thinner slices has
remarkably improved detection of small focal liver lesions (3) when using
3D image reconstruction from MSCT data sets. Multiplanar reconstruc-
tions and sophisticated three-dimensional reconstruction tools have
substantial added value for abdominal CT angiography, and, in general,
increasing experience with MSCT has created new opportunities in the
diagnostic imaging of liver disorders (4,5).

In this chapter, current MSCT imaging protocols will be presented,
including advanced techniques for multiplanar reconstructions of the liver.
The clinical utility of various contrast phases will be discussed with
particular regard to the detection and characterization of benign and
malignant tumors. The use of multidetector CT for assessment of the
hepatic vasculature and the added value of MSCT in trauma imaging will
be highlighted.

TECHNICAL CONSIDERATIONS

SinceHouns¢eld presented the ¢rst clinical CT image in 1972, the improve-
ments in CT image quality and scan performance have been enormous.
The most signi¢cant development came with the development of helical
CT in 1989 (6), which broadened the diagnostic applications of CT and
established CT as a true volume imaging modality. More recently, the
introduction of multislice CT in 1998 has opened up a whole range of new
applications, including thin collimation scanning of the liver within one
breathhold. Current MSCT scanners feature up to 16 parallel rows of x-ray
detectors that operate simultaneously at individual collimations of about
0.5^0.75mm (7). Tube cooling has been improved and tube rotation time
has decreased to 0.5 seconds or, with the newest generation of 16-row
detector machines, to 0.4^0.43 seconds. The upper abdomen from the dia-
phragm to the pelvis can be covered with submillimeter collimation during
a single breathhold. The pelvis can additionally be imaged with very thin
collimation while the patient slowly breathes out. MSCT allows the exami-
nation of the liver with practically isotropic data sets, such that image refor-
matting in planes other than the axial is possible without loss of diagnostic
quality. This is a prerequisite for optimal assessment of very small liver
lesions in all planes. The advantages of multislice CT can be employed
either to reduce the time to cover a given volume or to use narrower beam
collimation to increase the z-axis resolution and reduce volume averaging.

Nevertheless, true isotropic resolution has not been reached with
4-slice MSCT: for a typical abdomen examination, the in-plane resolution
is about 0.5 mm using a standard body kernel (8). The new generation
of MSCT scanners that o¡er simultaneous acquisition of up to 16
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submillimeter slices represent an important step on the path towards true
isotropic scanning. The reduced gantry rotation time (under 500ms, up to
0.4 s) has an important impact on temporal resolution and dose utilization.
The relative dose utilization of a representative 4-slice CT scanner is 70%
for 4� 1mm collimation and 85% for 4� 2.5mm collimation. The evalu-
ated 16-slice CT system has an improved dose utilization of 76% resp. 82%
for 16� 0.75mm collimation and 85% resp. 89% for 16� 1.5mm collima-
tion, depending on the size of the focal spot (large resp. small) (8). Thus,
MSCT with 16-slice scanners are no longer restricted to special applica-
tions but are ready for routine applications. The simultaneous acquisition
of 16� 0.75mm slices with 16-slice MSCT rather than 4� 1mm slices
reduces both scan time and motion artifacts facilitates the examination of
uncooperative patients, reduces the amount of contrast medium needed,
and improves axial resolution. Abdominal CTA using 16-slice MSCT
showed equivalent morphological information to selective catheter angio-
graphy for assessment of hepatic and mesenteric vasculature up to the
fourth-generation of vessels (9). Improved spatial resolution enables high-
quality three-dimensional (3D) visualization.

INTRAVENOUS CONTRAST—WHAT HAS CHANGED
WITH MSCT?

Hepatic enhancement depends on injected iodine load relative to body
weight (10). For single slice CT, injection of either 2mL=kg b.w. of contrast
material or a ¢xed volume of 120^150mL of contrast material (at
300mg=mL iodine), corresponding to a total iodine load of 36^45 g per
patient, is necessary to achieve adequate liver enhancement (11^13). For
the same iodine load, faster contrast injection rates result in earlier
maximum liver enhancement. Slower injection rates provide delayed, but
otherwise equivalent, hepatic enhancement (10). When MSCT was ¢rst
introduced, the total iodine loador the contrast volumecouldnotbe reduced
(14,15) because maximum enhancement of the liver parenchyma is depen-
dent on the total iodine load and largely independent of examination time
(12). However, recent studies have found that higher iodine concentrations
with a constant iodine load have a positive impact on abdominal enhance-
ment during the arterial phase. For example, MSCT detection of hypervas-
cular HCC in the arterial phase is improved at higher contrast material
concentrations (16). However, concentration has no in£uence on enhance-
ment during the portal venous phase of abdominalMSCT (15).

Due to the shortened scan times of MSCT, it has become even more
important to time image acquisition appropriately with regard to contrast
material injection (17). A major challenge of MSCT is not to miss the
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arterial phase beforemaximumarterial liver enhancement is reached. Thus,
standard scanning delays do not reliably provide optimal timing for the
arterial-dominant phase of CT scanning (18). Individual circulation time
can be assessed by administering a small bolus (15mL at 5mL=s) of
contrast material and a 40 mL saline £ush, followed by a series of
single-level low-dose (10mA) scans at the level of the celiac trunk. A cursor
is placed over the abdominal aorta, and the interval to peak aortic enhance-
ment is measured to determine the vascular transit time. Currently,
automatic bolus-tracking systems are in use: after the start of contrast
material injection, dynamic low-dose scans are acquired at the level of the
celiac trunk with measurements of aortic enhancement: the scan is
automatically started when aortic enhancement exceeds a preset threshold
level, usually 100^150HU. With 4-row MSCT and rapid scanning of the
liver in a minimum of 6 seconds, injection rates can be increased at earlier
peak enhancement with a narrow acquisition interval. The injection rate
in£uences greatly the bolus venous £ow velocity and determines the shape
of the contrast bolus (19). In order to obtain optimal liver enhancement
during the arterial phase, the amount of contrast that enters the liver during
this phase must be as great as possible. Because of the very short duration
of imaging this phase when using MSCT (6^8 s), this can be best achieved
only by using a concentrated contrast bolus with a steep upslope; i.e., a high
injection rate must be used (19). In recent years, experienced authors
recommended at least 3.0^6.0 mL=s injection rates to achieve a su⁄cient
conspituity for hypervascular tumors enhanced in the arterial-dominant
phase (5,20,21). At the authors’ institution, an injection rate of
5^8mL=s is employed in order to optimize liver tumor imaging (Fig. 1)
and depiction of the hepatic vasculature.

HOW MANY SCANS ARE NEEDED?

The faster z-axis speed and improved longitudinal resolution of MSCT
enables faster hepatic scan acquisitions. It has been shown that the true
arterial-dominant phase in liver helical CT scanning may be shorter than 9
seconds (19), which is too short to cover the entire liver with a single-slice
scanner. Thus, MSCT provides a signi¢cant advantage over single-slice
helical CT, because it allows liver scanning in de¢ned organic perfusion
phases, e.g., early and late arterial phases, portal-venous phase, and
equilibrium phase, all with very thin collimation in a single breath-hold.
Alternatively, the ease of performing multiple scans in di¡erent perfusion
phases would result in a dramatic increase in radiation exposure for the
patient and a £ood of imaging data for the radiologist (22).
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There is still debate about whether an unenhanced scan should be
performed routinely. Increased radiation exposure may be outweighed
by additional information provided by an unenhanced scan, at least initi-
ally, i.e., better delineation of calci¢cations, hemorrhage, and embolization
material, increased detection of HCC (23), better di¡erentiation between
cysts and small hypovascular metastases, and demonstration of extra-
hepatic abnormalities (such as adrenal masses or renal stones). For follow-
up studies, unenhanced scans may be omitted or acquired, depending on
the diagnostic question. An additional native phase is also needed for an
enhanced diagnostic MSCT tool, which is hepatic perfusion imaging for
indirect detection of hepatic lesions and for di¡erentiation of preexisting
cirrhosis (24).

The ¢rst contrast-enhanced scan should be during the hepatic arterial
phase. It has been shown that two ‘‘arterial phase’’ scans can be performed
with MSCT (Fig. 2). The ¢rst or early arterial phase, with no or only a
minimal admixture of enhanced portal venous blood, provides a suitable
imaging template for CT arteriography. Preoperative visualization is
important in patients who are candidates for hepatic resection, cryoabla-
tion, or arterial chemoembolization. The second phase or late arterial
phase, with portal venous in£ow, maximizes hypervascular tumor
detection. These two scans last for not more than 7^10 seconds each if a
high-speed scanmode is instituted. Including an interscan delay of approxi-
mately 5 seconds for table movement, these two scans can be performed
within one breath-hold.Murakami et al. (18) reported that a double arterial

FIGURE 1 Effect of flow rate on lesion detection: 50-year-old woman with large
metastasis from colon cancer in segment 6. (A) The first scan was done on sin-
gle-row helical CT with a flow of 2mL=s. Portal venous phase scan (enhancement
of the inferior cava vein) shows insufficient delineation of the lesion. (B) The
second scan 2 weeks later was done on a 4-row multidetector scanner with a flow
rate of 8mL=s, which shows an excellent enhancement of the parenchyma with
delineation of the metastasis.
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phase scan is much better than single arterial phase scans for the detection
of hypervascular HCC (sensitivity 86% for the double arterial phase versus
54% and 78%, respectively, for the single arterial phase scans). The third
pass of the acquisition begins 60 seconds after the beginning of the contrast
injection. This corresponds in timing to the portal venous phase of a
biphasic helical scan using a single-slice system. During the third pass,
hepatic veins that were unenhanced during the arterial phase, or the portal
venous in£ow phase, are now enhanced.

Regarding the value of delayed phase scanning, several authors report
signi¢cant bene¢ts for diagnosis of hypovascular tumors. Hwang et al. (25)
explained that peak enhancement of the hepatic parenchyma on delayed
phase imaging because of portal hypertension in cirrhotic patients maxi-
mizes the contrast between the relatively hypovascular hepatocellular
carcinomas and the surrounding hepatic parenchyma. In addition, the
delayed phase has further value in the characterization of hepatic masses
because of the better visualization of the capsule or mosaic pattern of
hepatocellular carcinoma. Delayed peripheral enhancement of cholangio-
carcinoma and ‘‘¢lling-in’’ patterns of hemangioma are well-established
signs sought for the di¡erential diagnosis of hepatic masses (26). Other
authors reported that the portal venous phase is equal to the delayed phase
in the detection and characterization of liver lesions (27). Most authors
prefer two or, at maximum, three di¡erent contrast-enhanced phases,

FIGURE2 Double-arterial phase scan: 66-year-old man with hypervascular HCC in
segment 8 of the liver. (A) Early arterial phase MSCT gives a CT-angiographic
picture with excellent enhancement of the arteries, but there is only faint enhance-
ment of the mass (arrow) in segment 8 of the liver. Note that portal vessels do not
show contrast enhancement yet. (B) In the late arterial phase MSCT portal venous
inflow has already begun. The mass shows significant enhancement. Degree of
contrast enhancement of mass is greater on this late arterial than on early arterial
phase scan.
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depending on the indication, e.g., evaluation of suspected of HCC or
metastases or follow-up (14,22).

Radiologists should recognize that acquisition of multiple scans as
standard practice in every patient, regardless of the indication, poses a ser-
ious problem. Increased radiation exposure for patients has become an
issue for public discussion and, furthermore, huge amounts of imaging data
£ood both workstations and reporting radiologists. Great consideration
should be taken to establish the indication for each patient’s referral before
applying multiple phase imaging.

SLICE THICKNESS

For dynamic hepatic CT with a single-detector helical scanner, a recon-
structed slice thickness of 7^10mm has been commonly used
(28^33). Multidetector technology facilitates thinner slices for the same
breathhold and retrospective reconstruction with di¡erent slice thickness,
obtained from the original data. Thinner slices are useful for reconstructing
multiplanar images and 3D CT angiography (34^37). Weg et al.(3) used a
dual-detector CT scanner to study the bene¢ts of thin collimation when
evaluating small (diameter < 10mm) liver lesions, primarily hypovascular
metastases. In this study, more lesions were found on images obtained with
a 2.5 mm collimation than on those obtained with a 5, 7.5, or 10mm colli-
mation. Using multidetector CT for detection of focal liver lesions, other
investigators have described con£icting ¢ndings regarding optimal slice
thickness. Kopka and Grabbe (38) were able to demonstrate that thin sec-
tions of 2^4mm from 4� 2mm collimation were superior to thicker sec-
tions via increased detection rates and con¢dence for small liver lesions.
Similar results were found by Basilico et al. (39), where 3mm thick sections
was found superior to 5mm sections for detection of small hypervascular
liver lesions. Conversely, Haider et al. found no improvement in the detec-
tion or characterization of focal liver lesions when using 2.5 and 3.75mm
collimation compared with 5mm collimation (40). However, some study
limitations may account for this discrepancy; only portal-venous phase
scanning with a ¢xed scan delay was used, which does not account for each
individual patient’s circulation time. In addition, image noise was much
higher than in other studies (3), and interobserver agreement was subopti-
mal for the detection of small lesions, which might have minimized the
di¡erentiation between benign andmalignant lesionswith thin collimation.
The present authors’ experience with di¡erent slice thickness suggests
improved detection and characterization of small liver lesions when using
a 1, 3, or 5mm slice thickness compared to a 7mm slice thickness. How-
ever, the use of very thin sections (i.e., images reconstructed at 1mm slice
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thickness) decreased signal-to-noise ratio and did not result in any
improvement compared to 3mmsections (Fig. 3). In addition, the radiation
exposure is considerably increased. Images from 3^5mm thickness seem
to provide the optimal combination of adequate signal-to-noise ratio and
spatial and contrast resolution.

SCAN PROTOCOLS/EXAMINATION PROTOCOLS

Most examination protocols can be performed with only two di¡erent
detector collimations when MSCT is used in for routine clinical work
versus research studies. In day-to-day practice, MSCT data with a 4-row
scanner can be acquired with 4� 1^1.25mm, 4� 2.5mm, or 4� 3.75^
5mm collimation; or, with a 16-row scanner, with 16� 0.5^0.75mm
or 16� 1^1.5mm collimation, depending on the scanner type and vendor.

FIGURE 3 Effect of slice thickness on lesion detection: liver metastasis in 72-
year-old woman with breast cancer. Images reconstructed from the same
16� 1.5 collimation scan in portal-venous phase with 2 (A), 3 (B), 4 (C), and
8mm (D) sections show 4mm metastasis in segment 5, which can be well
visualized on 2, 3, and 4mm thick sections, whereas the lesion is difficult to see
on the 8mm reconstruction due to partial volume effect. Please note the increased
image noise on 2mm thick sections compared to 3 or 4mm thick images.
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If any postprocessing, such as multiplanar reconstructions, (MPR),
maximum intensity projection (MIP) or a virtual rendering technique
(VRT) is planned, a high-resolution protocol (in the z-axis) with a
4� 1^1.25mm (16� 0.5^0.75mm) mode for abdominal, and particularly
liver examination, is appropriate in 95% of cases. The 4� 2.5^5mm
(16� 1.5mm) mode is useful when the entire abdomen must be examined
with one acquisition for patients referred for oncology follow-up, or for
studies that do not require postprocessing. The 4� 5mm scan is used only
for trauma patients, where the head, chest, abdomen, spine, and parts of
legs must be scanned quickly. The 2� 0.5mm mode employed by 4-row
scanners o¡ers great possibilities for postprocessing, but has two big
disadvantages. Compared to the 4� 1mmmode, the 2� 0.5mm scan has a
four times higher scan time and tube load (41) and markedly decreased z-
axis coverage. The result is that this mode can only be used for small
structures like the skull base or wrist, but it has no role in liver imaging.

Sixteen-row detector scanners have the potential to cover large scan
volumes with submillimeter collimation in combination with reasonable
scan times. CT angiography, in particular, will bene¢t from this potential
because of improved spatial resolution. CT angiography in the pure arterial
phase will become feasible. For example, an abdominal CTA with a
collimation of 16� 0.5^0.75mm, and a table feed of 12mm=rotation
requires only 19 seconds (9). When true isotropic resolution is not a
prerequisite, a 16� 1^1.5mm collimation provides even shorter exami-
nation times or wider scan range for abdominal or liver examination.
Standard examination protocols for di¡erent MSCT scanners are shown
in Tables 1 and 2.

IMAGE REFORMATTING

MSCT allows the reconstruction of images in additional planes of view,
obtained from thin-slice source images, either at the time of scanning or
later if data can be retrieved from electronic storage devices and post-
processed on a PACS workstation. Particularly for liver lesions near the
diaphragm, assessment of extent may be easier on coronal or sagittal views
than on axial images. With the breakthrough toward isotropic resolution
of MSCT, image reformatting with multiplanar reconstructions (MPR)
will result in high-quality MSCT images in almost any plane with 1mm
collimation. Generally, images of the liver should be reconstructed in two
di¡erent planes, as is standard in MSCT. Axial reconstructions should
always be performed, because they represent the plane of view convention-
ally provided by both CT and MRI, permitting correlation if required. The
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second ‘‘standard’’ plane of view for liver MSCT should be coronal, an
orientation that facilities comparative evaluation of both right and left liver
lobes and which well represents vessels. Most liver surgery is performed
via the subcostal access route, with the patient supine, and the coronal view
most closely resembles the intraoperative situation from the surgeon’s
point of view. Additional planes of view, such as the sagittal view, may be
useful in some instances. For diagnosis, image reconstruction with
contiguous 3^5mm slices is su⁄cient. Secondary image reformatting is
possible when either the raw data set or axial 1mm source images have
been archived on a picture archiving and communicating system (PACS),
which allows a secondary reformatting. In view of the increased number
of images gathered by MSCT, a combination with a PACS unit appears
very bene¢cial.

The MIP postprocessing technique is well known from MR angio-
graphy. After application of a threshold, the contiguous images of the
volume data set are superimposed. For example, this technique is used to
enhance detectability of pulmonary nodules for lung cancer screening.
Many authors have also used this 3D reconstruction tool for visualization
of hepatic vessels in di¡erent planes (42). Others prefer volume rendering
(VR) for generating three-dimensional images, because MIPs and shaded
surface displays also have signi¢cant limitations. Unlike MIP and shaded
surface display techniques, both of which use less than 10% of the image
data, VR can display nearly all of the volume data (43). This allows VR 3D
CTA to display multiple overlapping vessels by providing vessel depth
similar to DSA. However, creation of adequate ‘‘pseudo-anatomical’’
visualization of vessels is relatively time-consuming. Various colors or
grey levels are mapped to precise ranges of Houns¢eld units with the
additional option of thresholding out or editing any unnecessary
anatomical sytructures.

MCST scanners produce a large data load for clinical networks: there
are approximately 300^500 slices per patient for an abdominal study using
4� 1mm collimation and additional multiplanar reconstructions, and
there can be up to 1000 images when using 3D CT angiography. This
requires considerable storage capability. Since it is not feasible to both
print and read hundreds of images for every patient, innovative display
methodologies for the acquired data are required. Until such methods are
developed, reading in cine mode on a PACS system is a viable alternative.
Quick visualization of complex anatomical structures and vessels is
possible using this approach. Not all received images should be archived,
and any archiving should be report-oriented. In the future we will need
increasingly highpower workstations and automatic archiving systems to
handle these volumes of data.
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FOCAL LIVER LESIONS

Metastases

The most frequent reason for performing imaging studies of the liver is to
assess focal liver lesions. The most frequent indication (approximately
90%) is to exclude or assess liver metastases, which are approximately 10
times more common than primary malignant tumors of the liver (44). In
one third of all malignant tumors, liver metastases are found at the time of
diagnosis of the primary tumor or occur during follow-up. Complicating
this, autopsy studies suggest benign focal liver lesions are present in
20^50% of the general population (45,46). Even in patients with malignant
disease, the majority of of small liver lesions are benign (47,48). Thus, the
preferred liver imaging technique should combine both high sensitivity for
lesion depiction and good characterization. In addition, any imaging tech-
nique should provide information as to number, size, and topographic
assessment relating lesions to segments and the vascular environment so
that appropriate management can be planned. Currently, sonography is
the mainstay of routine radiological staging for patients at low risk for liver
metastases. CT orMRI should be employed in equivocal cases and in those
at high risk of developing liver metastases. Contrast-enhanced MRI has
been found to be more sensitive than contrast-enhanced helical CT and
almost equivalent to CT arterial portography for detection of liver metas-
tases (1,49,50). Indeed, contrast-enhanced MRI has been found to be the
most sensitive diagnostic tool for detecting liver metastases, with sensiti-
vities of 78^97% and speci¢cities of 71^87% (1,2,51).With the introduction
of helical CT in 1989, the sensitivity of CT was improved to 62^87%
(52,53). To adequately di¡erentiate malignant from benign lesions and to
characterize these lesions with CT, high spatial resolution, dynamic con-
trast enhancement imaging, and multiplanar 2D and 3D are all required to
varying degrees.

The introduction of MSCT has provided signi¢cant competition for
MRI in oncological imaging. Using MSCT, the regular combination of a
chest, abdomen, and pelvis study is feasible, while remaining both less
expensive and faster than MRI, thereby increasing patient through-put.
Early experience suggests indicates that contrast-enhanced MSCT might
matchMRI for lesion detection. Given this, the use of thin sections, viewed
at a workstation, is mandatory to facilitate detection of small liver lesions.
However, detection of more small lesions alone, without increased
con¢dence in characterization, would not be of great clinical value. It has
been shown that signi¢cant improvement in diagnostic accuracy for
detection and characterization of focal liver lesions is possible when scan
protocols are optimized (3,18,38). Best results were obtained with slice
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thickness of 3.75 and 5mm. Correct di¡erentiation between benign and
malignant lesions was achieved in 93%with 3.75mm thickness and in 91%
using a 5mm thickness, whereas only 84% of lesions could be correctly
characterized at 7mm (38).

Hepatocellular Carcinoma

Hepatocellular carcinoma has a poor prognosis. Five-year survival is less
than 30%, the resectability rate is 17%, and the mean survival time after
diagnosis is 6 months (54). Treatment consists of surgical resection,
percutaneous ablation, if possible, and=or chemotherapy, with remission
of up to 3 years achieved in more than 40% of these patients. Thus, early
tumor detection and accurate radiological assessment of tumor extent
is crucial for optimal management.

HCC is usually hypervascular and helical CT has improved
detection by allowing acquisition of both arterial-dominant and portal
venous phases during separate breath-holds (31^33). Using single detector
helical CT, Baron et al. (32) established the addition of a hepatic arterial-
dominant phase acquisition, which signi¢cantly increases HCC detection
compared to portal venous phase imaging alone. Multidetector CT scan-
ners acquire multiple CT data sets with each rotation of the x-ray tube; the
ability to scan through the liver in less than 10 seconds allows acquisition
of two separate sets of CT images of the liver within the time generally
regarded as the hepatic arterial-dominant phase (double arterial phase)
(55). Murakami et al. (18) emphasized the usefulness of double arterial
phase imaging for detecting hypervascular HCC with multidetector CT.
However, Kim et al. reported that three-phase MSCT (single arterial
phase, portal-venous and delayed phase) is, overall, as good as four-phase
MSCT (double arterial phase, portal-venous and delayed phase) for
detection of HCC (33).

Multislice technology also enables us to work with thinner slices
during the same breath-hold and to retrospectively reconstruct images with
a di¡erent slice thickness via the original CT data. MSCT allows the
reconstruction of images in additional planes of view with nearly isotropic
voxels. For the assessment of vascular in¢ltration, reconstructions perpen-
dicular to, and along the axis of, the vessels are very useful (Fig. 4). As
already stated, axial reconstructions should be the norm, but the second
‘‘standard’’ plane of view for MSCT of the liver should be coronal in order
to better visualize vascular anatomy and best simulate the surgeon’s
intraoperative perspective. Sagittal reconstructions are mandatory for the
depiction of in¢ltration of the portal vein or diaphragm.
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Biliary Disease

The search for noninvasive diagnostic tools in patients with suspected
obstructive biliary disease is an emerging medical need. Interventional
procedures such as endoscopic retrograde cholangiopancreatography
(ERCP) or percutaneous transhepatic cholangiography (PTC) are costly,
physician-intensive procedures, are not feasible in all patients, and carry a
high complication rate. The role ofMRI is well established as themost reli-
able noninvasive technique. However, certain contraindications, for exam-
ple, long examination times and limited scanner availability, still restrict
use of MRI. The role of CT has been extensively discussed in the literature,
and the long acquisition time required by conventional or single-slice heli-
cal CT scanners is known to adversely in£uence both image quality and
patient compliance (57).MSCT raises the possibility of thinner collimation
and shorter scan times, resulting in better compliance and reduced motion
artifact. Due to the improved z-axis resolution, high-quality multiplanar
and 3D reconstructions can be performed (Fig. 5). Axial and MPR images
allow determination of the site and cause of obstruction, but the use of

FIGURE 4 49-year-old man with large, multifocal HCC with portal vein thrombus.
(A) Transverse scan in the arterial phase shows the hyperattenuating nodules of
the HCC. (B) Portal venous phase scan shows extension of the tumor into the left
portal vein (arrow). (C) The coronal MPR better shows the multifocal extension of
the HCC.
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high-quality MPRwithMSCT can be considered a real improvement when
assessing the biliary tract and the exact relationship between biliary and
extrabiliary structures (57). Maximum intensity projection (MIP) images
provide a panoramic, cholangiographic-like view of the bile ducts and
are particularly useful in complex situations, such as those encountered in
the detection of anatomical variations or when assessing the biliary
extension of cholangiocarcinoma.

Cholangiocellular carcinoma (CCC) arises from the intra- or extra-
hepatic bile ducts. Intrahepatic or peripheral CCCs arise from the small
bile ducts. It is the second most common primary hepatic neoplasm, but
only 8^13% of all CCCs occur in the liver alone. More often, CCCs occur
at the bifurcation of the hepatic duct, often referred to as a Klatskin tumor
(58). Less than 20% of CCCs are resectable at presentation, and 5-year sur-
vival is only 30%. On gross pathology specimens, CCCs appear as ¢rm,
hypovascular masses with a signi¢cant amount of ¢brous stroma. CCCs
tend to encase the portal vein and the hepatic artery. In contrast to HCC,
CCCs rarely show intravascular growth by tumor thrombus. Hilar CCCs

FIGURE 5 59-year-old woman with stenosis of biliodigestive anastomosis and
intrahepatic stones. Stone (arrow) in projection on the left hepatic duct in unen-
hanced (A), arterial (B) and portal-venous (C) scan with dilatation of intrahepatic
bile ducts. (D) Severe stenosis (white arrow) of the biliodigestive anastomosis is
better revealed by the coronal MPR. Multiple bile duct stones pile up proximal to
the stenosis.

136 Kulinna and Schima



tend to produce biliary dilatationmore often than doesHCC, which is often
the ¢rst diagnostic hint of a CCC (Fig. 6). The high temporal resolution
o¡ered by MDCT can be used for thin collimation scanning in multiple
planes for a better understanding of the individual pathology. Curved
planar reconstructions along the right and left bile ducts and along the
portal vein bifurcation may demonstrate the presence or absence of tumor
in¢ltration much better than axial images alone. However, the additional
diagnostic value of CPR has not been quanti¢ed in large series of
CCC patients.

Benign Lesions

Small hemangiomas may rapidly achieve homogeneous enhancement
during the arterial phase on CT scans, potentially simulating a vascular
neoplasm. While hypervascular neoplasms demonstrate a washout of
contrast material and become isoattenuating or hypoattenuating with liver

FIGURE 6 52-year-old woman with cholangiocellular carcinoma and portal vein
invasion. (A) Portal venous scan shows the large hypodense cholangiocarcinoma.
(B) Axial image (caudad of the previous) shows extension of the CCC into the
right portal vein. (C) Curved planar reconstruction along the portal vein better
delineates intravascular tumor growth (arrow).
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parenchyma, hemangiomas retain contrast material and demonstrate
enhancement matching that of vessels during the portal venous phase and
on any additional equilibrial phase. Other benign lesions can also appear
as enhancing foci during the arterial-dominant phase.

The most common lesions are FNH, which are very vascular and may
not be seen on conventional CT scans. Now that MSCT allows the entire
liver to be scanned during the arterial phase, detection of FNH has become
more common. These lesions can be seen as homogeneously enhancing
lesions with a characteristic central, branching, hypodense scar (Fig. 7).
Small lesions, however, may not demonstrate a central scar andmay appear
homogeneously, simulating a hypervascular metastasis. The shorter acqui-
sition times of MSCT allow imaging during periods of more intense
enhancement, as well as more precise imaging during speci¢c phases of

FIGURE 7 46-year-old woman with focal nodular hyperplasia. (A) Axial image in
arterial phase shows marked FNH enhancement and the typical central scar. (B)
There is rapid contrast material wash-out of the lesion in the portal-venous phase.
Lesion is nearly isodense to background hepatic parenchyma. (C) Coronal MPR
from arterial phase data set. Please note that image quality of coronal MRP is
comparable to axial view. (D) Coronal maximum intensity projection demonstrates
the arterial feeding vessels of the FNH (arrows).
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enhancement. In addition, 3D reconstructions may provide valuable
information about lesion extension and vascular supply in cases needing
surgery.

LIVER TRANSPLANTATION

Preoperative Evaluation

Living donor-related liver transplantation is a relatively new development
in liver transplantation, a response to the critical shortage of cadaveric
organs. For pediatric recipients, usually the left lobe is donated. For
adult-to-adult living donor transplantation, a right lobe donor hepatectomy
is required to obtain a graft of adequate size for the recipient (59). Careful
donor selection and thorough preoperative evaluation is necessary to avoid
any donor risk, minimize complications, and to assure graft function.
The role is to de¢ne when graft donation is contraindicated and to identify
anatomical variations that may alter the surgical approach (60). The
following anatomical features must be assessed during imaging evalutation
of the donor organ (4,61):

1. Volume of the liver and of the right lobe: either hand tracing
or automated tracing of the liver outline is performed on axial
portal-venous phase images. The right lobe is usually of adequate
size for the recipient, but it is also critical to assess the volume of
the remaining left lobe (segments I^IV) to support the donor
postoperatively.

2. Hepatic arterial anatomy: identi¢cation of the replaced or acces-
sory right hepatic arteries may alter the surgical approach. Identi-
¢cation of the arterial supply to segment IV is of the utmost
importance (62) (Fig. 8A-B.). Predominant arterial supply via
the right hepatic artery may leave the donor without vasculariza-
tion of segment IV postoperatively, which may lead to segmental
atrophy of the donor liver, already markedly reduced in size by
the surgical procedure.

3. Portal venous anatomy: venous anatomy is best displayed on
coronal reformations of the portal-venous phase images. Surgi-
cally relevant variations include a separate origin for the right
posteriorportalveinandportalvein trifurcation(37)

4. Hepatic venous anatomy: special attention should be given to the
presence of an accessory inferior right hepatic vein, which must
be separately dissected during surgery. The hepatic veins are best
visualized either in the axial plane or on curved planar reforma-
tions along their course (Fig. 8C)
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5. Biliary anatomy: detection of anatomical variations of biliary
anatomy is essential for donor evaluation, in particular where
right intrahepatic ducts drain directly into the left hepatic duct.
Either CT cholangiography after slow infusion of a biliary con-
trast agent, endoscopic retrograde cholangiography, or MR cho-
langiography may be used for this purpose.

Postoperative Complications

Hepatic artery stenosis and thrombosis are important complications in
liver transplantation. The incidence of such complications varies between

FIGURE 8 Preoperative evaluation of a living related right lobe liver donor: surgi-
cally relevant vascular variants. (A) Assessment of arterial supply to segment 4
is crucial: coronal MPR shows the left hepatic artery (black arrow) and a branch
supplying segment 4 (white arrow). (B) The maximum intensity projection better
demonstrates left hepatic artery to segment 2=3 (black arrow) and a branch to seg-
ment 4 (white arrow). (C) Curved coronal reconstruction along the right hepatic
vein shows right hepatic vein and an accessory inferior right hepatic vein (arrows),
which is large enough to be reanastomosed during right lobe transplantation
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6% and 11% (63,64) and reduces 6-month survival to 70% (63). If diagnosed
early in the postoperative period, surgical repair may be successful. Digital
subtraction angiography (DSA) has served as the gold standard for
diagnosis. However, the invasive nature of DSA makes it less attractive
as a diagnostic tool in the early postoperative period. While color Doppler
sonography has been proposed as an alternative means of detecting
vascular complications, many authors have reported frequent false-
negative sonographic exams, primarily due to £ow-through collateral
vessels after thrombosis of the hepatic artery. Hepatic arterial
insu⁄ciency may lead to biliary duct necrosis and stenosis since
theyhavean exclusively arterial blood supply.

Multiphasic multislice CT allows, in a single examination, a
comprehensive evaluation for both potential liver donors and graft
recipients. 3D-CTA with maximum intensity projection, multiplanar
reconstructions, shaded surface display, and volume rendering techniques
has become a strong competitor for DSA. The development of MSCT
allows scan times fast enough to image the liver during a pure arterial phase
of contrast opaci¢cation, which o¡ers the possibility of 3D CTA for a
variety of clinical applications.

Some authors prefer an MIP technique, which projects the highest
CT values of voxels encountered in a ray through the scan volume onto an
image and provides excellent visualization of the relevant vessels (65).
Volume-rendering and surface shaded displays are excellent tools for
three-dimensional visualization of collaterals. With these tools, the spatial
relationship of these vessels can be depicted (65). A problem with SSD and
VR is that soft tissues surrounding the portal venous system and hypervas-
cular organs, such as the pancreas and intestinal mucosa, are also markedly
enhanced in this phase and may thus interfere with image interpretation
and result in inferior image quality compared to MIP (65). Other authors
prefer volume rendering because it utilizes the entire CT dataset to
construct 3D images. In any event, whatever 3D visualization technique is
chosen for demonstration purposes, thorough evaluation of the thin axial
source images in cinemode remains themainstay of diagnostic assessment.
In addition, MSCT allows depiction of ischemia-related biliary compli-
cations, such as bilomas and abscesses that would not be detectable
with conventional angiography, and making MSCT a ‘‘one-stop-shop’’
for evaluation of these patients.

TRAUMA

Liver injury may occur in patients who sustain blunt abdominal trauma.
Rapid deceleration, typically seen in motor vehicle accidents, may lead to
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parenchymal injury and even tears of the supporting ligaments. Acute
laceration of the liver is considered a life-threatening condition, potentially
resulting in severe blood loss and circulatory instability. Liver laceration is
often part of the spectrum of injuries in polytrauma patients. Therefore, a
rapid and reliable diagnostic procedure is mandatory to facilitate timely
and appropriate therapy. The faster scanning and large volume coverage of
MSCT help avoid motion-related artefacts while narrow collimation with
improved spatial resolution enables a more detailed assessment of
parenchymal organs and vessels than single-detector helical CT. In
addition, MSCT allows three-dimensional visualization of liver laceration
(Fig. 9) and permits quanti¢cation that is unattainable when only using
axial slices. The important CT ¢ndings in liver injury are linear lacerations,
which may follow the portal vein or hepatic vein branches, and subcapsular
and intraparenchymal hematomas. The CT classi¢cation of liver injuries
by Mirvis et al. (66) is based on the di¡erentiation between super¢cial
(less than 3 cm from the liver surface) and deep (more than 3 cm from the
surface) lacerations.

Another major advantage of using MSCT for trauma cases is the
ability to combine an arterial vascular phase of the thorax (when
searching for traumatic aortic disruption) with a parenchymal phase

FIGURE 9 Liver laceration: 28-year-old woman after motorbike crash. (A). Post-
contrast MSCT demonstrates a linear leaceration (arrow) of the capsule with a
deep intraparenchymal hematoma. (B) On the coronal reconstruction the whole
amount of laceration is better appreciated. Examination of the whole body reveals
blood in the peritoneal cavity (white arrow).
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examination of the abdomen. Even with a ‘‘high-speed ’’ polytrauma
protocol (e.g., 4� 5mm collimation, 6 mm slice thickness) from head to
symphysis pubis, the high spatial resolution of MSCT enables improved
detectabiliy of small lacerations in the hepatic parenchyma or vessel
injury.

CONCLUSION

MSCT integrates the advantages of high scanning speed and high spatial
resolution for liver imaging. The new generation of 16-row scanners repre-
sents a breakthrough toward isotropic resolution in routine clinical
practice. This results in improved detection and characterization of focal
liver lesions. Multiplanar display and advanced 3D reconstruction tools
have a substantial value for liver CT. However, the dramatic increase in
image data will require an innovative approach to image handling by the
reporting radiologist and solutions to storage problems for selected data.
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INTRODUCTION

Computed tomographic angiography (CTA) is a valuable diagnostic
modality for imaging the vascular system. CTA is a minimally invasive,
safe, relatively comfortable and low-cost technique (1). Using dedicated
scanning protocols, low-dose acquisitions can be obtained, minimizing
the impact of radiation exposure (2). As a result, CTA provides a potential
alternative to diagnostic conventional angiography.

The development of multislice spiral CT technology represents a
signi¢cant advancement for CTA studies (3), particularly in the evaluation
of splanchnic vessels (4^6). Multislice spiral CT involves acquisition times
that are considerably faster than conventional single-slice spiral CT
scanners enabling greater anatomical coverage and fewer misregistration
and respiratory motion artifacts. Implementation of thin-slice collimation
protocols increases spatial resolution along the longitudinal axis, providing
virtually isotropic three-dimensional voxels. Consequently, image quality
is improved with better diagnostic evaluation of small peripheral vascular
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branches (7,8). Finally, use of intravenous contrast is more e⁄cient due
to more accurate timing and optimal separation between the arterial and
portal venous phases.

In order to optimally exploit the bene¢ts of usingmultislice CT, it is of
paramount importance not only to optimize study protocols, but also to
improve image display (9). This requires that three-dimensional datasets
are reconstructed and interactively evaluated on dedicated workstations
using axial and two-dimensional multiplanar images as well as more
complex rendering techniques, such as maximum intensity projections
(MIP), surface shaded displays (SSD), and volume rendering (10^12).

MULTISLICE CTA TECHNIQUE

Optimizing technique in order to acquire a three-dimensional dataset of
high quality is critically important when attempting to evaluate the hepatic
and mesenteric vasculature. The components of the examination include
patient preparation, image acquisition, image reconstruction, three-
dimensional reconstruction, and data analysis.

Patient Preparation

No speci¢c patient preparation is required except for the standard pre-
cautions (i.e., fasting) necessary for intravenous injection of an iodinated
contrast medium. Before the study, patients receive 800mL of water as an
oral contrast agent in order to produce negative contrast in the stomach
and small bowel. The use of a positive oral contrast agent creates
di⁄culties when generating three-dimensional reconstructions and
requires additional operator time for data segmentation to remove
overlying high-density small bowel content.

Image Acquisition

Image acquisition parameters to be considered are longitudinal spatial
resolution (depending on slice collimation, e¡ective slice thickness, and
pitch) and optimal timing of contrast medium injection (in order to acquire
pure arterial and portal venous phases).

Contrast medium injection is generally performed using an automatic
power injector. Adequate venous access is required since a fast £ow rate is
necessary to obtain adequate separation between the arterial and portal
venous phases as well as optimal peak arterial enhancement. Slower £ow
rates impair optimal opaci¢cation of smaller arterial vessels due to
inadequate intravascular concentration of contrast material. Usually 120^
140mL of nonionic iodinated contrast medium are infused intravenously
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at a £ow rate of 4^5 mL=s into a peripheral (typically antecubital) vein.
Following a test bolus injection of 20mL of contrast medium, sequential
dynamic slices are acquired at the level of the celiac trunk origin in order to
assess the optimal delay. Two spiral CT scans of the abdomen and pelvis
are obtained at the arterial phase (delay calculated based on bolus test
injection) and portal venous phase (delay of 60^70 s). Depending on the
type of scanner, optimal imaging parameters may di¡er. In our experience
(5), using a four-slicemultislice spiral CT scanner (SomatomPlus 4Volume
Zoom; Siemens, Erlangen, Germany) equipped with a £ying focal spot, an
adaptive array matrix, and a gantry rotation time of 0.5 s, images should be
acquired using 1mm slice collimation, 1^1.25mm slice thickness, 6 mm=s
table feed, 120mAs, and 120 kVp. Breath-hold times range from 30 to
35 seconds, depending on the size of the patient. Patients are instructed to
hyperventilate before scanning and to exhale slowly if they cannot suspend
respiration for the entire examination time.

Image Reconstruction

Image reconstruction interval is another important factor that a¡ects the
quality of three-dimensional images. In principle, in order to obtain
optimal image quality, a 20^40%overlap should be employed. This requires
a reconstruction index of 0.6^0.8mm. However, since the use of a sub-
millimeter reconstruction thickness produces a considerable number of
images (800^1000 images per scan per patient), it is sometimes bene¢cial
to limit the image reconstruction interval to 1mmwith no image overlap in
order to reduce the workload on the workstation. This will only minimally
a¡ect the quality of three-dimensional reconstructions.

Three-Dimensional Reconstructions and Data Analysis

Once acquired, images are downloaded to an o¡-line dedicatedworkstation
in order to generate three-dimensional reconstructions. Three-
dimensional data sets can be examined using di¡erent reconstruction
techniques, startingwithmultiplanar reformations in three orthogonal axes
and in oblique planes. Three-dimensional reconstructions can be obtained
by using either maximum intensity projection (MIP) or surface-rendering
or volume-rendering algorithms (Fig. 1). For better anatomical representa-
tion and evaluation of spatial relationships as well as faster and easier
interaction with three-dimensional datasets, volume rendering is the
preferred reconstruction algorithm, although the ¢nal diagnosis is derived
using combined evaluation of source and reconstructed images. With
volume rendering, selective vessel representation is obtained using
di¡erent rendering curves. A panoramic overview of the entire major
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FIGURE 1 Comparison between maximum intensity projection (A) and volume-
rendered (B) reconstructions of splanchnic vessels. On maximum intensity
projection, detailed evaluation of thin peripheral branches is obtained, but with
overlapping of vascular structures. Three-dimensional relationships among
vessels are evident on volume-rendered reconstructed image.
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FIGURE 2 The use of interactive ‘‘cut planes’’ permits a virtual dissection of the
body volume. On the surface view of the abdomen, (A) cutaneous plane is
depicted with some superficial vessels observed in transparency. Coronal cut
planes progressively open the body volume showing omental vessels (B) (arrows)
and liver parenchyma (L) and duodenal lumen (C) (arrow).

Multislice CT Angiography 153



abdominal branches can be obtained using a preset opacity curve showing
only the vascular surface. Evaluation of minor vessels (i.e., second, third,
and more distal orders of collateral branches) requires analysis of three-
dimensional data sets using interactive multiplanar cut planes (‘‘oblique

FIGURE 3 Modulation of the opacity values provides selective visualization of
different anatomical structures. (A) Opacity curve showing liver parenchyma
together with left branch of portal vein. (B) Increasing the transparency, the portal
venous system, together with the liver and pancreas, are observed. L, liver;
P, pancreas.
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trim’’) (Fig. 2) as well as modulation of the opacity of anatomical structures
under evaluation and alterations in window width and level parameters in
order to see vessels ‘‘through’’ abdominal organs (Fig. 3). Image analysis,
therefore, requires direct operator interpretation at the workstation
where two-dimensional axial, multiplanar reconstructions, and three-
dimensional images are simultaneously available. In this manner a com-
plete analysis of arterial and venous vessels can be obtained within a mean
interpretation time of 20minutes.

HEPATIC AND MESENTERIC VESSELS:
ANATOMY AND VARIANTS

Arterial Vascular System

The celiac trunk and main arterial branches (common hepatic, left gastric,
and splenic arteries) are routinely identi¢ed at CTA (Fig. 4) as well as
intrahepatic vessels up to tertiary order branches as small as 1mm in dia-
meter. In particular, the artery to segment IV, an important anatomical
landmark before liver transplantation from a living liver donor, is clearly
depicted (Fig. 5). In a recent study, major arterial trunks (celiac, hepatic,
superior mesenteric, and left gastric) were depicted in all cases. Visualiza-
tion of small arteries was as follows: right and left hepatic, 62 (100%) of 62;
middle hepatic, 52 (87%) of 60; cystic, 47 (90%) of 52; right gastric, 50
(89%) of 56; and right and left inferior phrenic, 57 (92%) and 55 (89%)
of 62, respectively (13).

Arterial anomalies (the right hepatic artery arising from either
the superior mesenteric artery or the abdominal aorta; the left hepatic
artery arising from the left gastric artery; the left gastric artery arising as a
separate branch of the abdominal aorta; a common origin of the celiac and
superior mesenteric arteries) are easily evaluated on high-resolution
CT angiography images (Figs. 6,7).

The superior mesenteric artery (SMA) is usually identi¢ed in its
entirety, including its origin and major branches (Fig. 8). The SMA usually
arises less than 1.5 cm below the origin of the celiac trunk. Major collateral
branches are represented by (a) the inferior pancreatico-duodenal artery
(Fig. 9), which may arise either from the right or left side of the SMA,
and has an oblique course anastomosing superiorly with the superior pan-
creatico-duodenal artery, a branch of the gastro-duodenal artery; (b) the
right andmiddle colic arteries, with the latter absent in up to 80% of normal
individuals, supplying blood to the ascending colon; (c) the jejunal
branches (Fig. 10), arising from the left side of the SMA; and (d) the
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FIGURE 4 Maximum intensity projection (MIP) and volume-rendering reconstruc-
tion of the celiac trunk. (A) On MIP image, a panoramic overview of the arterial
vessels is provided, but three-dimensional spatial relationships are missing. (B)
On volume-rendered three-dimensional image, using high opacity values with
surface representation of vessels, the use of virtual lighting and shading provides
a better three-dimensional evaluation of the spatial relationships among different
arteries. Celiac trunk (1); common hepatic artery (2); splenic artery (3); hepatic
artery (4); gastroduodenal artery (5); right hepatic artery (6); superior mesenteric
artery (7). Left hepatic artery (open arrow); left gastric artery (black arrow).
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ileo-colic artery and ileal branches, arising from the right side of the SMA,
supplying blood to the ileum and cecum.

The high resolution of multislice CT angiography also allows for
the identi¢cation of themarginal arteries of Dwight andDrummond, which
supply the vasa recta to the small intestine and colon and provide a continu-
ous channel of potential collateral blood supply to the entire gut (14,15).
The marginal artery is de¢ned as the artery closest to and parallel with the
wall of the intestine supplying the vasa recta. The vasa recta are ¢ne bra-
nches that arise from themarginal artery and supply the bowelwall (Fig. 11).

The inferior mesenteric artery (IMA), which arises from the left side
of the aorta around 7 cm below the origin of the SMA, can be visualized
together with its major branches: (a) the left colic artery, which has a
straight superior course, supplying the transverse and descending colon;
by anastomosing with the middle colic artery, it provides a communication

FIGURE 5 Normal anatomy of the hepatic vasculature using volume-rendered
three-dimensional surface reconstruction. Three-dimensional image shows
common hepatic artery (1), gastroduodenal artery (2), left (3) hepatic artery with
branch to segments II and III (arrow), as well as intrahepatic segmentary branch
to segment IV (open arrow). Right hepatic artery (4) with intrahepatic branches
to segments VI (arrowhead), VII (open arrowhead), and VIII (large white arrow)
are also depicted.
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FIGURE 6 Anatomical variants. (A) Anomalous origin of the right hepatic artery
(white arrows) from the superior mesenteric artery. (B) Right hepatic artery (white
arrows) originating from the celiac trunk. Celiac trunk (1); common hepatic artery
(2); gastroduodenal artery (3); left hepatic artery (4); superior mesenteric artery
(5); left gastric artery (open arrow).
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FIGURE 7 Gastric arcade as a result of the anastomosis between the left (arrow)
and right (open arrow) gastric arteries. Volume rendering allows the visualization
of soft tissue density structures, like the stomach (S), together with arterial vessels.

FIGURE 8 Volume-rendered surface reconstruction of the superior mesenteric
artery (1) with major collaterals: jejunal branches (2); terminal ileal branch (3);
ileocolic artery (4); and right colic artery (5). The origin of the inferior mesenteric
artery (6) is also noted.
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FIGURE 9 Maximum intensity projection reconstruction of the inferior pancreatico-
duodenal artery (arrow), the first branch of the superior mesenteric artery (1). The
inferior pancreatico-duodenal artery has an oblique course, anastomosing super-
iorly with the superior pancreatico-duodenal artery (open arrow), a branch of the
gastro-duodenal artery (3).

FIGURE 10 Detailed view of jejunal and ileal arteries (1), with terminal ileal branch
(2) and ileocolic artery (3). The origin of the right colic artery from the ileocolic
artery is also noted (arrow).
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FIGURE 11 (A) Arterial vascular arcade (open arrows) of the sigmoid colon
with vasa recta (small arrows) feeding the bowel wall. (B) On coronal oblique
thick multiplanar image reconstruction, the vasa recta (small arrows) are better
appreciated.
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FIGURE 12 Inferior mesenteric artery (1) with major collateral branches: the left
colic artery (2), which has a straight superior course, supplying the transverse
and descending colon; the sigmoid arteries (3); two to four vessels supplying
the sigmoid colon; and the superior hemorrhoidal artery (4), the terminal branch
for the upper rectum.
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between the SMAand IMAvascular systems andwhen absent its function is
performed by the sigmoid arteries; (b) the sigmoid arteries, two to four ves-
sels supplying the sigmoid colon; and (c) the superior hemorrhoidal (rectal)
artery, the terminal branch supplying the upper rectum (Fig. 12).

Venous Vascular System

All major venous vessels (portal vein, splenic vein, superior mesenteric
vein, and inferior mesenteric vein) and collateral branches can be
accurately depicted using CTA. The major technical problem when
evaluating the venous system is in discerning small arteries from veins, both
of which are opaci¢ed on delayed images. Correct image analysis requires
additional interpretation time on the workstation.

The portal vein is usually visualized along its entire course with
demonstration down to the level of intrahepatic segmentary branches

FIGURE 13 Portal venous system. The portal vein (1) with its oblique course is
entirely depicted, together with the splenic vein (2) and the superior mesenteric
vein (3). Major collaterals of the superior mesenteric vein are shown: right colic
(4); ileocolic (5); and intestinal (6) veins.
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(Fig. 13). A clear depiction of the portal venous bifurcation is usually
obtained allowing evaluation of the presence of vascular anomalies (i.e.,
portal trifurcation).

The SMV is usually a single trunk, receiving blood from the middle
and right colic veins, the ileocolic vein, the gastrocolic vein, and from the
jejunal and ileal branches. The IMV receives blood from the left colic vein,
the sigmoid veins and the superior hemorrhoidal vein; it can terminate at
the splenic vein or at the splenoportal angle or may drain into the SMV
(Fig. 14) (16).

IMAGING FINDINGS IN PATHOLOGICAL CONDITIONS

Hepatic Vessels

Assessment of the hepatic vasculature is extremely useful in order to plan
both interventional vascular procedures and surgical operations. For
instance a vascular ‘‘road-map’’ showingmajor arterial vessels to hypervas-
cular hepatic lesions may guide the interventional radiologist in planning
chemoembolization therapy (Fig. 15) while demonstration of hepatic and
portal venous segmentary branches may help the surgeon prior to a hepatic

FIGURE14 Inferior mesenteric vein (arrow) joining the superior mesenteric vein (1).
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FIGURE 15 (A) Axial CT image in the arterial phase shows a small hypervascular
hepatocarcinoma (arrows). (B) Axial maximum intensity projection demonstrates
tumoral arterial vessels with typical ‘‘basket pattern’’ (arrows), supplied by a
branch of the artery of segment V (open arrow).
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FIGURE 16 Axial (A) and coronal reformatted (B) CT images showing a hepatic
metastasis (arrow) located in segment VI. MIP-reconstructed (C) vascular image
of the portal vein and hepatic vessels demonstrates vascular relationship, which
helps to plan the surgical approach (1, right hepatic vein).
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resection (Fig. 16). Portal cavernomatous transformation (Fig. 17)
following occlusion of the main portal trunk may be demonstrated in
cirrhotic patients as well as esophago-gastric, omental, and spleno-renal
collateral vessels.

Mesenteric Vessels

Pathological conditions where evaluation of mesenteric vessel involve-
ment is required include pancreatic cancer, mesenteric ischemia, and
in£ammatory diseases a¡ecting the small and large bowel.

In the case of pancreatic cancer, in¢ltration of the SMA is a known
contraindication to surgery (17). It has been demonstrated that simulta-
neous evaluation of axial and multiplanar reformatted planes is useful for
assessing vascular invasion and that sagittal planes in particular provide
excellent evaluation of the posterior fat plane between the SMA and
the abdominal aorta, which is especially useful in excluding vascular
encasement (18,19) (Fig. 18). Precise evaluation of the SMV and the portal
vein is also extremely important as venous in¢ltration of less than 2 cm is
one criterion for performing pancreatic surgery in combination with a
vascular graft. Again, multiplanar reformatted images, in this case along

FIGURE 16 (continued )
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FIGURE17 Portal occlusion with cavernous transformation. (A) The axial thick slab
shows dilatation of vasa vasorum (arrow), typical of cavernous portal transforma-
tion. (B) Volume-rendered reconstruction shows portal occlusion at the spleno-
mesenteric confluence (arrow) as well as partial patency of the left branch (open
arrow). Superior mesenteric vein (1), splenic vein (2), inferior mesenteric vein
(3), hepatic artery (4), gastroduodenal artery (5), liver (L) and spleen (S).
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FIGURE 18 (A) Axial CT image in the pancreatic phase demonstrates a
hypodensemass lesion, referred to as a pancreatic head carcinoma (arrows).
(B) On the coronal reformatted image, themass lesion is shown infiltrating the gas-
troduodenal artery (arrow) as well as the aortal vein (arrowheads).
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FIGURE 19 Sclerosing mesenteritis. (A) Axial thick-slab image demonstrates an
infiltratingmass (arrows) encasing the mesenteric vein (open arrow) and its
branches. Significant small bowel thickening is also noted. (B) Encasement of
the vessels by themass (arrows) is better demonstrated on sagittal reformatted
image. (C) Maximum intensity projection image provides a panoramic overview
of omental collateral vessels.
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the coronal or coronal oblique planes, provide excellent evaluation of
possible vascular in¢ltration.

In the case of mesenteric ischemia, multislice spiral CT angiography
may provide all the diagnostic information necessary for treatment
planning. Multislice spiral CT angiography is useful in demonstrating the
various causes of ischemia including narrowing or occlusion of the SMA
due to either atherosclerotic plaque or thrombus or neoplastic vascular
occlusion due to either thrombosis or neoplastic encasement of the
SMV (17).

Finally, multislice spiral CTA may have a role in the assessment of
vascular changes related to in£ammatory bowel disease, small bowel
tumors (i.e., carcinoid, lymphoma), and less common pathological
conditions (i.e., metastases, sclerosing mesenteritis, etc.) (Fig. 19).

CONCLUSION

Because of its greatly enhanced image resolution,multisliceCTA is capable
of overcoming the technical challenges of depicting small mesenteric
vessels, providing a detailed anatomical view similar to digital subtraction

FIGURE 19 (continued )
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angiography, but with the added advantages provided by image postproces-
sing. Image postprocessing is an essential part of the technique and should
be performed interactively by the operator at a dedicated workstation using
several reconstruction algorithms (20). Because of its ability to display the
3D spatial relationships between vessels and surrounding organs, volume-
rendering is the most appropriate algorithm for managing volumetric
datasets. The clinical applications of volume-rendered three-dimensional
vascular maps include cancer staging, surgical planning, and evaluating
patients with suspected mesenteric ischemia (14). More widespread use of
this technique can be expected in the near future with the greater availabil-
ity of multislice CT technology, improvements in workstation design
and performance, and speci¢c education of radiologists in the use of dedi-
cated computer software. A cost-bene¢t analysis is required in order to
better understand the impact of this new imaging modality on patient
management and outcomes.
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INTRODUCTION

Positron emission tomography (PET) has progressed over the last 15 years
from a research tool to a routine clinical investigation. It is now available
in many centers, and some knowledge of its technique and applications is
important for physicians who deal with diseases of the gastrointestinal
(GI) tract. Current clinical applications of PET relate mostly to the
management of patients with malignant disease, and this chapter will
discuss GI cancer applications of PET in detail. Although much evidence
has been produced to support the use of PET inGImalignancies, important
questions still remain regarding its exact role, and these will also be
explored. In addition to its use in oncology, PET may also be used to
assess bowel in£ammation. The advantages and disadvantages of the
technique for this application will be discussed. The chapter will begin
with a brief description of the physical and biological principles that
underlie the use of PET, and throughout the chapter the relative and
complementary roles of PET and ‘‘traditional’’ anatomical imaging will
be emphasized.
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BASIC PHYSICS AND BIOLOGY OF PET

PET is similar to single photon radionuclide techniques such as bone scinti-
graphy in that a radioactive tracer is injected into the patient and an image
of tracer distribution within the patient is subsequently generated by detec-
tion of emitted radiation. However, the physics of tracer localization
are signi¢cantly di¡erent from single photon radionuclide imaging. A
positron-emitting isotope, such as £uorine-18, decays by emission of a
positron, which is a tiny particle with the same mass as an electron but the
opposite charge. When a positron is emitted, it travels a very short distance
in tissue (approximately 1mm) before it combines with an electron. The
two particles annihilate each other and their mass is converted to energy in
the form of two 511KeV gamma rays that travel in diametrically opposed
directions. Detection of each positron emission occurs by the simultaneous
detection of these two gamma rays by detectors placed in a ring around the
patient. The imaging computer draws an imaginary ‘‘line of response’’
between the two detectors that register a simultaneous event. Standard
reconstruction techniques such as ¢ltered back projection or iterative
reconstruction are then used to transform many thousands of these lines
of response into a three-dimensional image of the tracer distribution
within the patient.

Unlike single photon imaging, localization of activity with PET relies
on accurate temporal resolution of detected photons (a window of the order
of 10 ns is used to determine ‘‘coincidence’’) rather than the use of a lead
collimator to ¢lter out scattered activity. Avoidance of the need for collima-
tion results in greater sensitivity for photon detection and therefore an
improved signal-to-noise ratio for PET compared with single photon
imaging. The spatial resolution of PET is approximately 4mm,which is also
better than single photon scintigraphy. Evolution of detector crystals and
associated electronics has resulted in greater temporal resolution and
greater sensitivity, with shorter scan times.

Another advantage of PET over single photon emission computed
tomography (SPECT) is the relative easewithwhich attenuation correction
can be performed. This technique uses an external radiation source to
obtain a transmission (rather than emission) image of the patient. These
data are used to map the tissue attenuation of emitted photons arising from
di¡erent depths and di¡erent organs within the patient, so that appropriate
corrections can be made to the ¢nal image to give a true representation of
tracer distribution in the patient.

The main positron emitting isotopes in clinical use are (half-life in
brackets) 15O (2min),13N (10min),11C (20min), and 18F (110min). They
are produced in a particle accelerator known as a cyclotron. The chemistry
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of 18F is such that it frequently substitutes for hydrogen. Indeed one of the
major advantages of these tracers over single photon tracers such as 99mTc
is that they occur naturally in almost all biological molecules. Therefore,
rapid radiochemistry techniques allow the synthesis of a wide range of
naturally occurring tracers that are handled by the body in exactly the same
way as the nonradioactive molecule. The short half-life of the tracers is
advantageous in reducing the e¡ective dose to the patient, but it creates
practical problems for the synthesis and subsequent distribution of PET
radiopharmaceuticals. For practical purposes, 18F is the only tracer that
can be used when the cyclotron is not in the same facility as the PET scan-
ner. Fortunately 18F is the isotope with the most widespread applications
in clinical imaging.

18F-Fluoro-deoxyglucose (FDG) is a glucose analogue that is readily
synthesized from 18F. It is the workhorse radiopharmaceutical of oncology
imaging with PET. Malignant cells accumulate glucose and FDG more
avidly than normal cells, predominantly because of increased expression
of cell surface glucose transporters (1,2). Malignant cells also make more
e⁄cient use of this excess glucose in the glycolytic pathway by virtue
of increased intracellular hexokinase production (1). Unlike glucose,
however, FDG is not metabolized by hexokinase so it remains trapped in
the malignant cell. This is the basis of oncology imaging with FDG�
malignant cells accumulate more of the tracer than normal cells.

Assessment of oncology patients with anatomical imaging techniques
such as computed tomography (CT) or magnetic resonance (MR) relies on
distortion of normal anatomy, the presence of abnormal masses, and a
change in structure over time. Any of these abnormalities may be seen in
an oncology patient who has been successfully treated, making posttreat-
ment evaluation di⁄cult. Similarly, detection of disease in enlarged lymph
nodes is based on the statistical probability of nodes that are greater than a
certain size containing malignant rather than reactive cells. This is not a
foolproof technique in that malignant cells can be found in nodes that are
invisible or barely visible on CT, while reactive nodes measuring greater
than 1 cm in diameter are a frequent ¢nding. By detectingmalignant disease
because of its altered biology regardless of the presence or absence of
anatomical alteration, PET provides an extremely useful alternative
assessment of disease status.

SCAN TECHNIQUE

Patient preparation for PET is relatively straightforward. Patients fast
for 4^6 hours prior to tracer injection in order to avoid high plasma
glucose levels. This has been shown to increase tracer uptake in tumors,
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particularly pancreatic cancers, although the e¡ect is not very marked for
other tumors (3,4). A small dose of an anxiolytic, such as diazepam 5mg
administered orally 30 minutes prior to injection, is helpful to reduce arte-
fact from skeletal muscle uptake. This can be particularly troublesome in
the neck. FDG is administered intravenously with the patient sitting or
lying in a quiet room. The typical dose is 370MBq, which results in an e¡ec-
tive dose of 5^10mSv. Frusemide 20mg administered intravenously just
before the FDG injection results in useful clearance of activity from the kid-
neys and ureters in addition to dilution of bladder activity. With this proto-
col it is rarely necessary to insert a urinary catheter, except occasionally
for subtle abnormalities located very close to the bladder (5). Bowel cleans-
ing is not necessary. Image acquisition begins 45^60 minutes postinjection
of FDG and takes approximately 30^60 minutes depending on the type of
scanner and the area to be scanned. A typical ‘‘whole body’’ study includes
images from skull base to upper thighs.

Images should be reviewed on a workstation and correlated with
anatomical imaging. The latest PET scanners combine a full ring of detec-
tors with multislice CT on the same platform. The CT study is acquired ¢rst
in the usual way, followed by the PET study. The major advantage of this is
automatic registration of functional (PET) images with anatomical (CT)
images. The CT study can also be used to provide a map for attenuation
correction, avoiding the need for additional transmission images. Care
must be taken during the CT part of the study to acquire images during
quiet free breathing in order to minimize misregistration (6).

Normal FDG uptake may be seen in stomach, colon, stomas (Fig. 1),
kidneys, ureters, bladder, and recent laparotomy wounds (7). Case reports
of abnormal pelvic activity due to the menstruating retroverted uterus and
pelvic kidneys have also been published (8,9).

FIGURE 1 FDG PET image. Primary esophageal tumor (arrow) seen in all three
orthogonal planes. Normal renal activity is visible bilaterally.
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ESOPHAGEAL CANCER

Diagnosis of Primary Cancer

Focal, intense tracer accumulation is the hallmark of primary esophageal
cancer with PET (Fig. 1). The sensitivity of FDG PET for diagnosis of
esophageal cancer is between 94 and 100% (10^14). These ¢gures are based
on studies of patients with known esophageal malignancy, so no data are
available for speci¢city. The ability of FDG PET to di¡erentiate between
benign and malignant lesions of the esophagus has not been evaluated. It is
unlikely that this would be useful since histological diagnosis is essential
and is also readily obtained with minimal risk to the patient (15,16). The
normal stomach and esophagus may demonstrate mildly increased tracer
uptake relative to background activity (Fig. 2). In£ammation in the
stomach may be associated with a signi¢cant increase in tracer uptake,
which can mimic malignancy (17). Moderately increased tracer uptake has
been describedwithBarrett’s esophagus, but this tends to be less prominent
than any associated malignancy (18). The limited spatial resolution of
FDG PET (approximately 5mm) means that it cannot be used to assess
the depth of invasion of the primary tumor unlike endoscopic ultrasound.

FIGURE 2 Anterior maximum intensity projection FDG PET image. Normal gastric
activity in the body of the stomach (arrow). Bilateral renal activity is projected over
the fundus and duodenum, and normal myocardial uptake is seen at the top of
the image.
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Local Nodal Staging

The accuracy of FDG PET for local nodal staging in esophageal cancer
varies widely in the published literature. Accuracy ¢gures range from 24 to
90% for PET compared with 40 to 78% for CT in the same patient groups
(10^12,19^21). Three published studies were performed prospectively
and used a uniform histological gold standard (14,20,21). Choi et al.
prospectively evaluated 48 patientswho underwent FDGPETandCTprior
to esophagectomy and lymph node dissection (20). Endoscopic ultrasound
was performed in 45 of the patients, but was unsuccessful in 12 due to
esophageal stenosis, an important limitation of this technique. For
assessing metastasis to individual nodal groups, FDG PET showed 57%
sensitivity, 97% speci¢city, and 86% accuracy, whereas CT showed 18%
sensitivity (p < 0.0001), 99% speci¢city (p¼ 0.033), and 78% accuracy
(p¼ 0.003). However, for overall N staging, FDG PET was correct in 83%
(40=48) of the patients, whereas CT and endoscopic ultrasound were
correct in 60% (29=48; p¼ 0.006) and 58% (26=45; p¼ 0.003), respectively.
Kim et al. prospectively studied 50 patients with esophageal cancer using
PET and CT (14). Sensitivity and speci¢city of PET for detecting involved
nodal groups were 51.9% and 94.2%, respectively, compared with 14.8%
and 96.7% for CT. In Lerut’s study FDG PET had a lower accuracy (48%)
than combined CT and endoscopic ultrasound (69%) due to a signi¢cant
lack of sensitivity (21). The limited sensitivity of PET is likely explained by
the spatial resolution of the technique, which makes identi¢cation of small
malignant nodes adjacent to the primary tumor di⁄cult if not impossible
in some cases (Fig. 3). In a retrospective study of 29 patients who under-
went curative esophagectomy, PET and CT accurately revealed the extent

FIGURE 3 Axial FDG PET image. Esophageal primary tumor (short arrow) is not
clearly distinguishable from adjacent involved lymph node (long arrow) due to
limited spatial resolution.
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of nodal disease in 76% (22=29) and 45% (13=29) of patients, respectively
(10). In another recent retrospective study of 24 patients with esophageal
cancer, there was no signi¢cant di¡erence between CT and PET for local
nodal staging, although a histological gold standard was not applied
uniformly in this study (22).

The best available evidence therefore o¡ers con£icting information
on the diagnostic accuracy of FDG PET for local nodal staging in
esophageal cancer. Even results from the more favorable studies demon-
strate an important lack of sensitivity. However, it is important to note that
the presence or absence of local nodes is not always critical in the surgical
decision-making process, as a radical resection will generally include
extensive nodal resection.

Distant Metastases

Identi¢cation of distant metastases is essential for appropriate manage-
ment of patients with esophageal cancer as their presence is considered a
contraindication to radical surgery. Lymph node metastases to supraclavi-
cular, cervical, and celiac nodes are considered distant metastases (M1)
rather than nodal metastases (N1) in the staging of esophageal cancer
as their presence indicates stage IV (unresectable) disease (Fig. 4). PET
o¡ers a signi¢cant advantage over anatomical imaging modalities for the
detection of metastatic disease. Figures for sensitivity and speci¢city are

FIGURE 4 Sagittal FDG PET image. Supraclavicular nodal metastasis (arrow)
from esophageal carcinoma.
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likely to be less accurate than for nodal staging because of the lack of a
rigorous histological gold standard, but meaningful data about additional
disease detection with PET are available. In three studies encompassing
97 patients with esophageal cancer, PET demonstrated additional
metastatic disease in 21 patients (21.6%) (10,12,19). The greater sensitivity
of PET was con¢rmed in a later study that evaluated the role of PET
and CT in detecting distant metastases in 100 consecutive patients with
esophageal cancer (23). PET detected 51 distant metastases in 27 of 39
cases (69% sensitivity, 93.4% speci¢city, 84% accuracy) in which
metastases were con¢rmed by clinical follow-up or minimally invasive
thoracoscopic=laparoscopic staging, compared with CT, which detected
26 metastases in 18 of 39 cases (46.1% sensitivity, 73.8% speci¢city, 63%
accuracy) (p < 0.01). In another study of 52 patients with esophageal
cancer who were assessed for resectablitity, 17 were found to have
metastatic disease (13). PET identi¢ed all 17 of these patients, while CT
only identi¢ed 5.

A cautionary note was sounded by one more recent retrospective
study of 24 patients staged with both PET and CT (22). For detection
of metastatic disease, CT and PET showed no signi¢cant di¡erence in
sensitivity (83% and 67%, respectively) and speci¢city (75% and 92%,
respectively). The relatively small number of patients in this study and the
associated wide con¢dence intervals make it di⁄cult to draw any de¢nite
conclusions. On balance, the ability of PET to detect distant metastases is
very useful, as inappropriate major surgery can be avoided in a signi¢cant
proportion of patients. Wallace et al. conducted a cost-e¡ectiveness study
of di¡erent staging strategies for esophageal cancer, including PET,
CT, endoscopic ultrasound, and thoracoscopy=laparoscopy (24). They
concluded that the combination of PET and endoscopic ultrasound with
¢ne needle biopsy was themost cost-e¡ective approach. In practice, locally
available facilities and expertise will obviously determine the approach in
any given institution and correlation of PET and anatomical imaging
¢ndings is essential. One of the problems with whole body staging with
FDG PET is the relatively frequent ¢nding of abnormal tracer uptake
without any obvious corresponding abnormality on CT. In most cases it is
essential to pursue these abnormalities with laparoscopy=thoracoscopy,
particularly if they represent the only apparent site of metastasis.

Diagnosis of Recurrence

FDG PET is ideally suited to the diagnosis of tumor recurrence, as
anatomical abnormalities that persist after treatment do not signi¢cantly
a¡ect its interpretation (Fig. 5). Some care is needed with this approach in
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that recent surgery (within 4 weeks) may cause false-positive uptake of
FDG so the examination should be delayed until after this interval if possi-
ble. The same caveat applies to radiotherapy, although the duration of this
e¡ect is not well established in the literature. Some authorities suggest that
persistent increased tracer uptake more than 6 months after radiotherapy
is very likely due to recurrent or residual disease rather than a treatment
e¡ect (25). In a study of 41 patients with clinical or radiological suspicion
of recurrence of esophageal cancer, PET provided additional information
in 11 of 41 (27%) patients (26). A major impact on diagnosis was found in
5 patients with equivocal or negative ¢ndings on complete diagnostic
work-up in whom PET provided a true-positive diagnosis. In 5 other
patients the diagnosis was staged upward from localized to extensive
recurrent disease, and in 1 patient with an equivocal complete diagnostic
work-up, PET correctly excluded malignancy.

Evaluation of Response to Therapy

Neo-adjuvant chemoradiotherapy has been used with some success prior
to surgery for both adenocarcinoma and squamous cell carcinoma of the
esophagus (27,28). Several authors have shown that PET can help predict
the patients who bene¢t most from the neo-adjuvant therapy. In a recent
prospective study of 39 patients with esophageal cancer, a reduction in the
standardized uptake value (SUV) of FDG after neo-adjuvant therapy
of greater than 60% was associated with 2-year disease-free and overall

FIGURE 5 Coronal FDG PET image. Recurrence of disease in azygos nodes
(arrow) 15 months post–total thoracic esophagectomy.
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survival rates of 67% and 89%, respectively, compared with corresponding
rates of 38% and 63% for patients with less than 60% reduction in SUV
(29). Similar results were found in another study of 36 patients with
locally advanced esophageal cancer in whom the PET response was
strongly correlated with pathological response at the time of resection
and survival (30).

These results are certainly promising, but the exact role of PET in
this setting has yet to be de¢ned. Studies to date are too small and the
con¢dence intervals too wide to allow decisions about withholding surgery
in poor responders to be made. PET has also been proposed as an early
marker of response to chemotherapy in certain tumors such as lung cancer
and lymphoma (31). The rationale is that early detection of a lack of
response (after one cycle of therapy instead of the usual three or four) would
allow an early change to more e¡ective therapy. Unfortunately, the lack
of any really e¡ective chemotherapy for esophageal cancer means that
this approach is not likely to be of any practical assistance in patient
management at the time of writing.

COLORECTAL CANCER

Staging Prior to Hepatic Resection

The 5-year survival rate for patients with resectable hepatic metastases
from colorectal cancer is between 35 and 55%, compared with negligible
5-year survival when surgery is not possible (32^37). Approximately
10^20% of patients with colorectal metastases to the liver are candidates
for surgery, and the results of surgery have improved over recent years
(33,38). Patient selection is based on the number and location of hepatic
metastases and the presence or absence of extrahepatic metastases.
Therefore the radiologist has a central role in patient selection, so that
major surgery is avoided in patients who will not derive any long-term
bene¢t from it and surgical resources are focused on patients who are likely
to do well. Portal phase contrast enhanced helical or multidetector CT
of the liver is the standard investigation in many institutions for evaluation
of the liver. MRI and ultrasound may also be used. CT of the thorax
and the remainder of the abdomen is also routinely performed to exclude
extrahepatic disease. In spite of this extensive anatomical imaging, one of
the main causes of treatment failure is undetetected disease at the time of
surgery, with recurrences occurring in the liver and in extrahepatic
locations in approximately equal proportions of patients (39).

PET detects additional disease in a signi¢cant number of patients who
appear to have resectable livermetastases after assessment with anatomical
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FIGURE 6 (a) Coronal FDG PET image. Focal extrahepatic abnormality (arrow) in
a patient with colorectal metastases to the liver who was being considered for
curative resection several months after right hemicolectomy. (b) Axial CT image
confirms retroperitoneal recurrence (arrow).
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imaging techniques (Fig. 6). In a prospective study Fong et al. found
additional disease with PET in 9 of 40 patients considered resectable after
anatomical imaging (40). Subcentimeter peritoneal implants were not
detected with PET in 3 patients (7.5%) in the same study. In another study
the sensitivity of PET for detecting extrahepatic disease was 94% compared
with 64% for anatomical imaging (41). Ten of 91 patients with hepatic
metastases in another study were found to have additional disease that
precluded resection when imaged with PET (42). A false-negative rate of
7.7% was noted in the same study for small intra-abdominal lesions. Valk
et al. studied 78 patients pre-operatively with PET and found that PET
showed additional sites of disease in 23 patients in whomCT had identi¢ed
only a single site of disease (43). Therefore PET is useful in detecting
extrahepatic disease, but a small false-negative rate of less than 10% exists
in the abdomen.

PET is also useful for detecting the presence of hepatic metastases
(Fig. 7). Ultrasound, CT, PET, and MRI were compared in a recent meta-
nalysis of techniques for the detection of hepatic metastases from gastro-
intestinal primary tumors (44). In reviewing studies for inclusion, the
authors set a threshold of 85% to represent the lowest clinically useful
speci¢city of a diagnostic test in this setting. Having excluded studies with
lower speci¢city, the mean weighted sensitivity was 55% [95% con¢dence
intervals (CI): 41, 68] for ultrasound, 72% (95% CI: 63, 80) for CT, 76%
(95%CI: 57, 91) forMRI, and 90% (95%CI: 80, 97) for FDGPET. Smaller
lesions are more di⁄cult to detect with PET, as with other imaging
modalities. Fong et al. detected 85% of hepatic metastases larger than 1 cm
in diameter with PET, but only 25% of metastases smaller than 1 cm (40).
In practice it is essential to have CT images to hand at the time of repor-
ting the PET examination. This is particularly helpful for segmental
localization of lesions within the liver.

In addition to false-negative ¢ndings, false-positive ¢ndings of PET
can also be a problem in clinical practice. The ¢rst step in evaluating an area
of abnormal uptake is to correlate the PET with CT. This will sometimes
reveal a previously undetected abnormality that in retrospect clearly
represents a metastasis. Other imaging such as MRI or investigations such
as laparoscopy, colonoscopy, or mediastinoscopy may be necessary to
further investigate a PET abnormality, particularly if a true-positive ¢nding
would exclude the patient from potentially curative surgery.

The additional diagnostic accuracy of PET results in a change in
diagnostic thinking and management for many patients with hepatic
metastases. When compared with the original treatment plan based on
anatomical imaging, management was changed in 11^29% of patients after
PET in a variety of preoperative studies (40,42,43,45^47). In most cases
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the planned change in management was from surgical to non-surgical
treatment due to the detection of additional disease.

The success of PET in terms of diagnostic e⁄cacy, diagnostic
thinking, and management planning is proven, but at the time of writing
there are few data about the impact of PET on postoperative survival after
partial hepatectomy for colorectal metastases. A single prospective paper
has addressed this issue in 43 patients deemed resectable after anatomical

FIGURE 7 (a) Axial FDG PET image in a patient with hepatic metastases from
colorectal carcinoma. An obvious lesion was present in the lateral segment of
the left lobe of the liver (arrow). (b) Axial CT in the same patient. The small
metastasis (arrow) was not identified prospectively on the preceding CT.
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imaging (48). PET detected additional disease in 10 of the 43 patients, of
whom 6 were considered inoperable because of the PET ¢ndings. After
median follow-up of 24 months, the Kaplan-Meier estimate of 3-year
survival in operated patients was 77%, with a lower 95% con¢dence
interval of 60% for this estimate of survival. This is similar to actual 3-year
survival rates in cohorts of patients not selected with PET, so more data
are needed to see if this use of PET will improve outcome (49,50).

Diagnosis of Pelvic Recurrence

Patients with previous resection for rectal carcinoma are nearly always left
with a soft tissue abnormality in the presacral space. The abnormality,
which can range from a mass to streaking of the fat planes, is often more
prominent and irregular when radiotherapy has also been used. Evaluation
of the presacral region for tumor recurrence is therefore particularly di⁄-
cult with anatomical imaging techniques. The options include a biopsy or
follow-up imaging after an interval of several weeks to months. Biopsy may
not be technically feasible and a negative result may give false reassurance.
Follow-up is never a particularly palatable option for an anxious patient
and may result in a signi¢cant delay in therapy.

As with other malignancies, PET is extremely useful in this setting as
active malignant cells will show an increase in tracer uptake while ¢brotic
tissuewill not (Fig. 8). Several studies have con¢rmed the role of PET in this
setting. Sensitivity and speci¢city of 100% were reported in an early study
of 15 patients (51). Keogan et al. prospectively investigated 18 patients
with presacral masses or fat streaking and found that PET had sensitivity
of 92.3% and speci¢city of 80% for detection of recurrent disease (52).
In a di¡erent retrospective study the sensitivity and speci¢city of PET
were 91% and 100%, respectively (53).

As noted previously, bladder catheterization is not generally
necessary when investigating the pelvis with PET, particularly if frusemide
is administered to promote urinary dilution. It is also advisable to wait at
least 6 months after radiotherapy before performing PET, if possible, to
avoid false-positive tracer uptake (25).

Rising CEA

Carcino-embryonic antigen (CEA) is a serum marker of disease activity in
colorectal cancer that is routinely measured during follow-up of patients
with previously treated colorectal cancer. It is reported to have a sensitivity
of 59% and a speci¢city of 84% for detection of recurrence (54). In theory,
early detection of recurrence can lead to further curative therapy. This
bene¢t has also been demonstrated in practice, with 9^13% reduction in
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cancer-related mortality in a cohort of patients who underwent intensive
follow-up including frequent measurement of CEA (55).

When a rise in CEA occurs, the site of recurrence must be sought.
However, even with CT and colonoscopy, it may not be possible to identify
recurrence in many patients. The potential bene¢t of early diagnosis is
therefore lost. PET has been used successfully in this situation to identify
the site of recurrence (Fig. 9). Flanagan et al. studied 22 patients with rising
CEA in whom anatomical imaging had failed to identify any recurrence
(56). Seventeen had positive PET examinations (15 true positive), and 4 of
these went on to surgery with curative intent. In another study of 15 similar
patients, PET identi¢ed abnormalities in 14 and surgical procedures were
performed in 9 with curative intent (57). Two of the nine were found to have

FIGURE 8 (a) Axial CT image in a patient with previous resection of rectal
carcinoma. A large presacral mass is present (arrow). (b) Axial FDG PET image
in the same patient shows normal urinary activity in the bladder, but no abnormal
uptake in the mass, confirming a benign post-operative soft tissue mass.
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more extensive disease at surgery than PET had predicted and one of the
PET studies proved falsely positive at operation. In a larger study of
50 patients with rising CEA levels and normal anatomical imaging, PET
identi¢ed recurrence in 43 (58). Surgery was subsequently performed
in 14 of these with curative intent. Therefore, PET can be used to
direct surgery in cases of isolated recurrence and to avoid surgery when
widespread recurrence is identi¢ed.

Diagnosis of Primary Colorectal Cancers

As with esophageal cancer, PET has a high sensitivity for the detection of
primary colorectal cancer (96^100%), but its use is not currently recom-
mended for this indication as histological diagnosis is necessary (59,60).
Nevertheless, it is important to realize that synchronous or metachronous
colonic tumors will demonstrate focal intense tracer uptake when a patient
is being scanned for staging purposes or to detect recurrence (61). Colonic
adenomas may also be detected with PET, although the sensitivity is poor,
particularly for smaller lesions. PET identi¢ed only 14 of 59 adenomas

FIGURE9 Coronal FDG PET image in a patient 2 years postresection for colorectal
cancer with a rising CEA level demonstrates pelvic recurrence (arrow) and
metastatic retroperitoneal lymphyadenopathy (arrow).
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visualized at colonoscopy in 110 asymptomatic patients who underwent
both PET and colonoscopy as part of a health screening program (62).

Monitoring Therapy

Uptake of FDG decreases after neo-adjuvant chemoradiotherapy in
patients with rectal cancer who demonstrate a pathological response to
treatment (63). In a small study of 10 patients with unresectable hepatic
metastases, a decrease in FDG uptake 72 hours after a single infusion of
5-£uorouracil and folinic acid was associated with a sustained response to
therapy at 6 months (64). As yet, however, there is no clinically accepted
role for PET in monitoring therapy for colorectal cancer.

PANCREATIC CARCINOMA

Di¡erentiation of benign and malignant pancreatic masses with FDG PET
has been studied extensively. Focal accumulation of FDG is considered
evidence of amalignant lesion, while di¡use or less intense uptake is consid-
ered evidence of a chronic in£ammatory mass (Fig. 10). Initial papers
reported uniformly high diagnostic accuracy and recommended the tech-
nique for diagnosis of pancreatic masses. It is interesting to note the trend
towards poorer results in more recent studies (Table 1). Most pancreatic
cancers can be readily diagnosed with CT. Diagnostic di⁄culty arises in
relatively few patients with pancreatic masses. Many of the earlier studies
included patients with pancreatic cancers that were obvious on CT or ultra-
sound, whichmay have skewed their results. InKasperk, et al.’s prospective
study the authors concluded that PET did not reliably diagnose or exclude
malignancy where anatomical imaging techniques were indeterminate,
which is precisely the clinical setting where PET might be useful (65).
Sendler et al. also concluded that PET did not allow exclusion of malignant
tumors (66). This is really the critical question that imaging must answer�
is it safe to observe the lesion rather than operate?

One of the recognized limitations of PET in pancreatic cancer is the
reduction in sensitivity in patients with high levels of serum glucose
(67^69). Diederichs et al. found that the detection rates for pancreatic
malignancy were 86% and 42% if fasting plasma glucose levels were below
and above 130mg=dL, respectively (68). The same author has found that
exclusion of patients with high plasma glucose or high C-reactive protein
improves the diagnostic accuracy of the test, but in practice these are
frequently the patients in whom diagnostic doubt exists (70). Shreve,
however, found a high false-positive rate formalignancy evenwhen clinical,
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FIGURE 10 (a) Axial CT image in a 35-year-old patient with a history of chronic
alcohol abuse and recurrent acute pancreatitis shows a poorly defined low
attenuation mass in the pancreatic head (arrow). (b) Axial FDG PET image
shows focal FDG uptake in the mass. Carcinoma of the pancreas was confirmed
at laparotomy.
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laboratory, or CT ¢ndings suggestive of in£ammation were equivocal or
absent (71).

Therefore, PET does not o¡er a simple solution to di¡erential diagno-
sis of ‘‘di⁄cult’’ pancreatic masses. It may give some additional informa-
tion when viewed in conjunction with anatomical imaging and the clinical
setting, but it is probably not warranted routinely. Similarly, diagnosis of
lack of resectability due to local disease extension in pancreatic cancer is
reliably performed with CT, and there is no evidence to suggest that PET
has a role to play in this regard. In most cases of pancreatic cancer, local
spread is the deciding factor in excluding resectability. Detection of meta-
static disease is also important for determining resectability in a limited
number of patients. Limited data indicate that, as with other tumors, PET
can improve the detection of distant metastases (7 of 65 patients in one
study), but further research is required to clarify its role in this setting (72).

HEPATOCELLULAR CARCINOMA AND
CHOLANGIOCARCINOMA

PET cannot be used to exclude hepatocellular carcinoma (HCC) as the
sensitivity of PET for HCC varies from 0 to 64% (73^78). Furthermore,
few data exist about its speci¢city, so it also cannot be used to reliably
con¢rm suspected hepatocellular carcinoma.

Very few published data exist for the diagnosis of cholangiocarcinoma
with PET. Kluge et al. evaluated 54 patients, 26 with cholangiocarcinoma,
8 with benign biliary lesions, and 20 controls (79). They reported sensitivity
of 92.3% and speci¢city of 92.9% for diagnosis of malignancy. Keiding
et al. used a quantitative PET technique to diagnose cholangiocarcinoma
in 15 patients with primary sclerosing cholangitis and 9 controls (80).

TABLE 1 Diagnostic Accuracy of FDG PET for Diagnosis of Malignancy
in Pancreatic Masses

Year n Sensitivity (%) Specificity (%) Ref.

1994 40 92.6 84.6 67
1995 80 93.8 87.5 85
1995 41 94.3 81.8 86
1995 75 95.3 90 87
1997 106 85.1 84.4 69
1998 37 88.0 83.3 88
2000 42 71 64 66
2001 103 84 61 65
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This approach allowed all 6 cholangiocarcinomas to be distinguished
from benign lesions. In a small study of 11 patients with biliary strictures,
the author found that PET had sensitivity of 40% (2=5) and speci¢city of
100% (6=6) for diagnosis of malignancy (81). Further studies are required
to determine if PET has a signi¢cant role in the diagnosis of cholangio-
carcinoma, particularly in patients with primary sclerosing cholangitis, in
whom di¡erentiation of benign and malignant strictures is diagnostically
challenging.

INFLAMMATORY BOWEL DISEASE

Many early oncology studies with FDG PET noted that FDG was taken up
at sites of in£ammation, presumably representing increased glycolysis
in the cellular in¢ltrate. Current evaluation of patients with suspected
in£ammatory bowel disease relies on endoscopy, barium studies, and
cross-sectional imaging techniques. Some of these procedures are invasive
and unpleasant for the patient. Leukocyte scintigraphy is a noninvasive
method of evaluating bowel in£ammation, but cell labeling is technically
demanding and time-consuming. PET could potentially retain the advan-
tages of leukocyte scintigraphy, including its accuracy, noninvasiveness
and ability to evaluate the entire intestine in one examination, while also
eliminating the need for labor-intensive cell labeling.

Using receiver operating characteristic curve analysis, it has been
shown that activity greater than that in bone should be considered indica-
tive of in£ammation, while any activity less that is best interpreted as
physiological (82). As with leukocyte scintigraphy or barium studies, the
distribution of abnormalities often suggests the underlying disease process
(Fig. 11). Few data exist about the accuracy of FDG PET for the detection

FIGURE 11 Coronal FDG PET image demonstrates discontinuous increased
uptake in small bowel loops in a patient with Crohn’s disease.
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of in£ammatory bowel disease. A sensitivity of 81% and speci¢city of 85%
(on a patient by patient basis) was reported in 25 pediatric patients with
suspected in£ammatory bowel disease, when compared with histological
gold standards for the colon and histological or radiological (therefore less
than perfect) gold standards for the small bowel (82). Importantly, in 8 of
the 10 patients in whom colonoscopy could not be completed, FDG PET
demonstrated in£ammation proximal to the point reached endoscopically
(Fig. 12). Similar results were reported for a prospective study of 59
patients with Crohn’s disease (83). For endoscopically veri¢ed areas of
in£ammation, the sensitivity and speci¢city of PET were 85% and 89%,
respectively.

Althoughmore studies are needed, FDGPET appears to be a promis-
ing technique in in£ammatory bowel disease, with clinical indications
likely mirroring those of leukocyte scintigraphy.We have also noted a good
correlation between FDG activity in the bowel and clinical disease activity
in patients who have been treated, suggesting that this may be a useful
technique for monitoring the success of therapy (84).
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INTRODUCTION

Although conventional enteroclysis (CE) is widely recognized as the most
reliable method for radiological evaluation of the small bowel (1,2), it
is not free of limitations. Radiation exposure, an important consideration
when multiple follow-up examinations in young patients with Crohn’s
disease are possible, and inability to demonstrate exoenteric pathology
associated with small intestinal diseases are inherent drawbacks. Com-
puted tomography (CT) has been utilized as a complementary or alternative
diagnostic approach (3), while the combination of CT and enteroclysis has
recently been introduced (4) with claims that it combines the advantages
of both approaches. Limited prospective data are available but suggest that
the combined technique may be applicable in patients with obstructive
symptoms, known or suspected malignancy, and for assessment of
complicated Crohn’s disease. However, poor soft tissue contrast, radiation
exposure, and practical restriction to axial slices are inherent limitations
of the method. Recent advances in CT technology, namely the introduction
of multidetector systems, may further increase the role of CT for small
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bowel imaging, due to better through-plane spatial resolution and the
ability to obtain multiplanar reformats (5).

Magnetic resonance imaging (MRI) has been established in diag-
nostic imaging for more than two decades. One of the most important
limitations of MRI is its sensitivity to motion-related artifacts, which has
rendered clinical application in areas subject to inherent physiological
motion, like the heart or the bowel, somewhat cumbersome. However,
recent technological improvements resulting in ultrafast pulse sequences
have facilitated signi¢cant reduction in acquisition times and made MRI
less susceptible tomotion and consequently improved image quality. These
technological advances have reignited research e¡orts in the gastroin-
testinal tract (6^14). MRI provides excellent soft-tissue contrast without
radiation exposure, while its three-dimensional imaging capabilities are of
great importance when studying tortuous organs like the small intestine.
Recently,MR enteroclysis (MRE), a combined functional andmorphologi-
cal imaging method, was introduced in clinical practice, coupling adequate
image quality with the functional bene¢ts of a volume challenge (6). Results
to date have shown that the functional information provided by MR
enteroclysis equals that of conventional enteroclysis, whereas inherent
advantages of the technique include detailed morphological evaluation of
the bowel wall and the mesenteries.

METHODOLOGY

Examination Techniques

Two di¡erent strategies for examining the small bowel (SB) withMRI have
been proposed. One is referred to as MR enteroclysis (6^8) and includes
duodenal intubation and administration of a maximum amount of 2 L of
contrast agent with the patient lying inside themagnet. Contrast is adminis-
tered in two phases. A £ow rate of 80^150mL=min is utilized at ¢rst, until
contrast reaches the terminal ileum. Subsequently, re£ex atony is achieved
by increasing the £ow rate up to 200mL=min. Re£ex atony and administra-
tion of antiperistaltic drugs are essential to acquire images free of motion
artifacts. An iso-osmotic water solution with polyethylene glycol (PEG)
and electrolytes may be used as a contrast agent. Excellent distention of
the bowel lumen and the capability to perform £uoroscopic evaluation
of the small intestine are the major advantages of this technique (8).

Alternatively, conventional enteroclysis is initially performed using
800mL of barium sulfate solution. A double contrast e¡ect is then achieved
following the administration of 1200mL of methylcellulose solution mixed
with a positive or negative MRI contrast medium at a proportion of 1:100
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(9,10). With the later technique, adequate distention of the distal small
bowel can be achieved; additional contrast medium may be administered
prior toMRI examination in order to guarantee appropriate jejunal disten-
tion. This approach is combined with conventional enteroclysis, whereas
MRE can be applied independently as a solitary comprehensive SB exami-
nation technique providing diagnostic information from the mucosa, the
bowel wall, and extraintestinal extension or complications of SB diseases.

MR examination may also be achieved without intubation, using oral
administration of 2% barium sulfate solution (11), 2.5%mannitol solution
(12), iron oxide particles solution (13), or water (14). Abnormal bowel
segments can be easily identi¢ed by mural thickening and contrast
enhancement, but more subtle changes indicative of bowel disease will
require distention of the small bowel lumen in order to be depicted (11).
Additionally, oral administration of negative contrast agents may not
provide homogeneous opaci¢cation of bowel segments in patients with
Crohn’s disease who have in£ammatory stenotic lesions, because of
dilution e¡ects caused by increased intaluminal secretions (13). The use
of tap water orally has been shown to result in suboptimal depiction of
jejunal loops in 20% of healthy volunteers and does not provide adequate
opaci¢cation of the terminal ileum in more than 30% (14).

Contrast Agents

The most important attributes of an ideal gastrointestinal (GI) contrast
agent include homogeneous opaci¢cation of the entire bowel lumen, clear
di¡erentiation between the lumen and the bowel wall, no signi¢cant
adverse e¡ects, and low cost. In addition, minimal mucosal absorption
and absence of artifact formation are also highly desirable. GI contrast
agents are usually classi¢ed according to the signal changes they introduce
on MR images: positive, negative, or biphasic. Positive contrast agents
increase intraluminal signal intensity, while negative contrast agents result
in decreased signal intensity of the bowel lumen (15^18). Biphasic contrast
agents behave as either positive or negative agents, depending on the con-
trast of the sequence applied. Water solutions, including methylcellulose,
mannitol, or PEG, generate low signal intensity on T1-weighted images
and high signal intensity on T2-weighted images. In addition to commer-
cially available gadolinium chelates, positive contrast agents such as
ferrous ammonium citrates (15), manganese chloride (19), or iron phytate
(16) have been proposed. Moreover, food products such as blueberry juice
or green tea (due to their high manganese content), vegetable oil, milk or
ice cream may also be used (20^22). Commercially available negative
MRI contrast media include superparamagnetic iron oxide (SPIO),
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oral magnetic particles (OMP), and AMI-121 (9,23). Negative contrast
properties of other substances such as kaolin (24), per£ubron (25), barium
sulfate (11), methyl cellulose (7,8), or mannitol solutions (12) have been
reported also. Similarly, air or carbon dioxide may serve as negative
contrast agents (26).

At present, there is no consensus on the ideal GI tract contrast agent,
and only a few comparative studies have appeared in the literature so
far (27). With appropriate dilution, positive, negative, or biphasic contrast
media can provide homogeneous intraluminal opaci¢cation without
artifact formation and=or presence of signi¢cant side e¡ects (9).

MRI Sequences

Various sequences have proven to be of particular diagnostic value when
combined with use of appropriate contrast agents (27,28). MRI examin-
ation of the small bowel usually includes T1- and T2-weighted sequences
in both axial and coronal planes. Both T1- and T2-weighted sequences
should be fast enough to allow comfortable breath-hold acquisition times.
For T1-weighted images, most investigators use gradient echo sequences
in 2D and 3D acquisition modes with or without fat saturation. For
T2-weighted images, TSE and HASTE sequences are mostly employed
(7,12,13). More recently, the true FISP sequence has been successfully
applied in SB imaging (6), providing high-resolution images of the
bowel wall (Fig. 1) and additional information from the mesenteries. Fat-
suppressed TSE or STIR sequences have been also applied to assess the
activity of Crohn’s disease (13,29).

The combination of fat-suppressed fast gradient echo T1-weighted
images, negative endoluminal contrast agents, and gadolinium DTPA
enhancement has been shown to be useful for detection of small bowel wall
abnormalities (23,30). Using this technique the normal wall is depicted
with moderate signal intensity, while in£ammatory or neoplastic pathology
is conspicuous as high-intensity lesions due to gadolinium uptake. Fat
exhibits low signal intensity as a result of fat suppression prepulses, while
endoluminal signal is also of low intensity due to the negative contrast
agents used. Acquisition of 3D FLASH T1-weighted images with fat
saturation provides 2mm slices and high spatial resolution (using a 512
matrix) (28) (Fig. 2). The major disadvantage of the 3D FLASH sequence
is increased sensitivity to motion artifacts, which may cause bowel wall
blurring, that can be countered by antiperistaltic drugs.

T1-weighted native sequences combined with oral administration of
a positive contrast agent result in high contrast between hypointense bowel
wall thickening and the high signal intensity of both intraluminal £uid and
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intra-abdominal mesenteric fat. When using positive contrast agents (i.e.,
gadolinium solutions), 3D T1-weighted FLASH sequences with fat satura-
tion provide high-resolution images of the small bowel lumen, which may
be used to generate virtual endoscopic views by applying volume rendering
algorithms. The acquisition of thin slices with high contrast-to-noise ratio
between bowel lumen and the surrounding tissues facilitates the segmen-
tation process necessary for postprocessing and results in high-quality
virtual endoscopic views (31).

The HASTE sequence provides motion-free images; the normal
bowel wall appears of low signal intensity (Fig. 3), while in£ammatory or
neoplastic lesions are of high signal intensity (Fig. 4). A limitation of the
HASTE sequence is poor demonstration of the mesenteries due to k-space
¢ltering e¡ects. Additionally, it is sensitive to intraluminal £ow artifacts

FIGURE 1 High-resolution coronal true FISP image demonstrating well-distended
jejunal loops. Intraluminal iso-osmotic water solution results in homogeneous high
signal intensity, whereas intestinal wall and valvulae conniventes exhibit low signal
intensity.
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FIGURE 2 Coronal 3D FLASH sequence with fat saturation acquired 75 seconds
after gadolinium injection. Homogeneous intraluminal low signal intensity results
from the long T1 relaxation constant of the iso-osmotic water solution, whereas
intestinal wall exhibits high signal intensity due to gadolinium uptake. Note the
excellent demonstration of the valvulae conniventes.

FIGURE 3 Coronal HASTE image demonstrating normal jejunal loops. Homo-
geneous intraluminal oppacification can be achieved only when antiperistaltic
drugs are administered prior to HASTE acquisition.
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due to peristaltic motion, and the administration of antiperistaltic drugs is
recommended.

Recently, the true FISP sequence has been introduced forMR exami-
nation of the small bowel following duodenal intubation (6). Contrast in
true FISP images depends on the T2:T1 ratio, and bowel wall thus exhibits
indermediate signal intensity whereas £uid is of high signal intensity
(Fig. 4). Motion-related artifacts are minimal on true FISP images due to
short acquisition times and intraluminal £ow voids are not present as a
result of the £ow compensated gradient scheme of the sequence in all three
axes (32,33). The true FISP sequence is capable of demonstrating the
mesenteries because of high contrast resolution between the bright
peritoneal fat and dark vessels and lymph nodes (6).

The single shot TSE sequence results in heavily T2-weighted images
and was initially introduced to visualize the pancreatobiliary tree (34).
Within the context of MR enteroclysis, it is extremely helpful for monitor-
ing the infusion process and assessing the degree of luminal distention (6).
Additionally, it provides functional information (7).

FIGURE 4 Coronal HASTE (A) and true FISP (B) images in a patient with Crohn’s
disease. Intramural edema (arrow) is better demonstrated against fibrotic wall
thickening on HASTE imaging due to its pure T2 contrast, as opposed to the true
FISP image (B), which is influenced both by T1 and T2 relaxation constants, thus
providing mixed contrast. Black boundary artifacts are recognized as a black thin
line in the voxels where both water and fat protons exist (white arrow) and are
more pronounced on true FISP images (B).
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MR Comprehensive Examination Protocol of
the Small Intestine

A state-of-the-art MRI examination of the small intestine requires
adequate bowel distention, homogeneous lumen opaci¢cation, increased
conspicuity of the bowel wall, demonstration of the mesenteries, informa-
tion about bowel motility, the ability to obtain dynamic postcontrast
images, high-contrast resolution, su⁄cient spatial resolution to evaluate
subtle mucosal lesions, images free from artifacts (especially motion
artifacts), and rapid acquisition times. All these virtues can be intergrated
in a comprehensiveMRE examination protocol via small bowel intubation,
administration of a biphasic contrast agent (i.e., an iso-osmotic water
solution; PEG), heavily T2-weighted single shot turbo spin echo (SSTSE)
images for MR £uoroscopy and for monitoring the infusion process,
T2-weighted imaging employing HASTE and true FISP sequences, and
dynamic T1-weighted imaging using a postgadolinium 3D FLASH
sequence with fat suppression. This protocol can provide anatomic demon-
stration of the normal intestinal wall (true FISP, HASTE, 3D FLASH),
identi¢cation of wall thickening or tumors (true FISP, HASTE, 3D
FLASH), lesion characterization or evaluation of disease activity (3D
FLASH, true FISP), assessment of exoenteric=mesenteric disease
extension (true FISP, 3D FLASH), and information concerning intestinal
motility (SSTSE).

MR enteroclysis has been primarily applied to high ¢eld strength
magnets (6), although it has been proved feasible at 1.0 Tesla (7). Abdom-
inal phased-array RF coils should be used to guarantee adequate signal-
to-noise ratio, while patients are best examined in the prone position,
which facilitates bowel loop separation and reduces respiratory-related
artifacts (6). High-performance gradient systems are most suitable for
MR enteroclysis due to the demands of the ultrafast sequences employed.
MR suite examination time, when using the described protocol, may be
less than 15minutes, while the acquisition time of all MR sequences is
approximately 7minutes (6).

NORMAL APPEARANCES

Jejunum

Homogeneous opaci¢cation and good jejunal distension has been achieved
using duodenal intubation combined with true FISP sequences (6). Wall
conspicuity is excellent and the valvulae conniventes are clearly demon-
strated on true FISP, HASTE, and postgadolinium 3D FLASH sequences
(Figs. 1^3). Motion artifacts are minimal due to the short acquisition times
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of the true FISP and HASTE sequences (< 1.5 s per slice). If gas is present,
true FISP images are prone to susceptibility artifacts that may hamper
image quality (Fig. 5), a drawback that is not shared by HASTE sequences.
Black boundary artifact is present on true FISP images (Fig. 4B) but can
be easily di¡erentiated from mural thickening because of di¡erences in
signal intensity.

Ileum

Duodenal intubation guarantees optimal distention of ileal loops, which
is di¢cult to achieve using oral administration. Furthermore, homogeneity
of opaci¢cation is excellent and tiny wall abnormalities can be detected,
especially on 3D FLASH postgadolinium high-resolution images. Adequate
demonstration of the terminal ileum is essential in clinical practice and
can be achieved consistently when combining true FISP sequences with
duodenal intubation (6). Normal bowel wall on MRE is uniformily thin
(not exceeding 2^3mm) and exhibits moderate signal intensity on true
FISP images (Fig. 1) and high signal intensity on contrast-enhanced 3D
FLASH images (Fig. 2).

FIGURE 5 Coronal true FISP image showing typical susceptibility artifacts gener-
ated because of intraluminal air bubbles (arrow). These artifacts may be overcome
by repeating sequence acquisition.
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Mesenteries

Signi¢cant improvements in gradient technology and software have
facilitated demonstration of the mesenteries using the true FISP sequence.
Mesenteric fat appears bright, whereas lymph nodes and vessels exhibit
low signal intensity, resulting in high-contrast resolution. Small lymph
nodes of a few millimeters in diameter and distal vascular branches can
be consistently detected without motion artifacts when short acquisition
times are used (Fig. 6).

CLINICAL APPLICATIONS

Crohn’s Disease

A recent study of 26 patients with Crohn’s disease found that MRE was
in full agreement with conventional enteroclysis for disease detection,
localization, estimating the length of involved segments, assessment of
mural thickening, luminal narrowing, and high-grade stenosis (35). Early,
super¢cial lesions of Crohn’s disease such as nodularity (Fig. 7) or subtle,
super¢cial mucosal ulcerations (Fig. 8) may be depicted byMRE, although
to a lesser extent than with conventional enteroclysis because of lower

FIGURE 6 Multiple small mesenteric lymph nodes (arrows) and vascular branches
exhibit low signal intensity on true FISP images, whereas mesenteric fat exhibits
high signal intensity, resulting in superb contrast resolution of the mesenteries.
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FIGURE 7 Mucosal nodularity (arrow) disclosed on an axial true FISP image in a
patient with Crohn’s disease. (From Ref. 39.)

FIGURE 8 Apthous type ulcer (arrow) with the typical ‘‘volcano’’ appearance
disclosed on a coronal true FISP image in a patient with Crohn’s disease. (From
Refs. 37,39.)
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spatial resolution. The level of agreement between MRE and CE in
early disease is fair (k¼ 0.345) for depiction of intestinal fold distortion,
moderate (k¼ 0.562) for detection of intestinal fold thickening (Fig. 9),
and good (k¼ 0.73) for detection of super¢cial ulcers. Further improve-
ments in spatial resolution by means of new dedicated ultrafast sequences
and stronger gradients will be needed to improve visualization of these
subtle, early, non-speci¢c manifestations of the disease.

Using true FISP images, MRE can demonstrate the characteristic
discrete ulceration of Crohn’s disease; deep linear ulcers appear as thin
lines of high signal intensity, longitudinally or transversely (¢ssure ulcers)
oriented within the thickened bowel wall (Fig. 10) (36). The level of
agreement betweenMRE and CE is excellent (k¼ 0.825) for these changes.
Cobblestoning can also be appreciated onMRE, appearing as patchy areas
of high signal intensity, sharply demarcated, occuring along a¡ected small
bowel segments (Fig. 11). True FISP is superior to HASTE for demonstra-
tion of linear ulcers or cobblestoning and intramural tracts, while 3D

FIGURE9 Patient with active Crohn’s disease (CDAI¼ 196). Intestinal fold thicken-
ing (arrow) is demonstrated in an ileal loop on a coronal true FISP image, while
high signal intensity is compatible with edema. Increased mesenteric vascularity
is also shown on the mesenteric border of the involved loop. Two small lymph
nodes are depicted with moderate to low signal intensity in an adjacent ileal loop.
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FLASH is less sensitive. Wall thickening is clearly depicted by all MRE
sequences provided that the SB is adequately distended, otherwise false-
positive or negative results may occur (11). A thickened wall in the absence
of extensive edema has a low to moderate signal intensity on true FISP and
HASTE images. The thickness of bowel wall and the length of the involved
segment can be accurately measured on MRE images. Intramural fat may
be identi¢ed by combining information from true FISP and gadolinium-
enhanced 3D FLASH images with fat saturation (Fig. 12). Discrimination
between fat deposition and edema may be helpful for disease classi¢cation
(37). Luminal narrowing and associated prestenotic small bowel dilatation
are easily recognized with all sequences (Fig. 13), andMRE has been found
equivalent to CE for diagnosis of stenosis (8).

MREhas a clear advantage over conventional enteroclysis for demon-
stration of exoenteric manifestations and complications of Crohn’s
disease (35^38). The extent of ¢brofatty proliferation and its fatty or ¢brotic
composition can be assessed by MRE, especially on true FISP images

FIGURE 10 Axial true FISP (A) and HASTE (B) images demonstrating a fissure
ulcer (arrow) in a patient with Crohn’s disease.
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FIGURE11 Intersecting longitudinal and transverse ulcers with intervening protrud-
ing edematous mucosa (arrow) shown on a coronal true FISP image in a patient
with Crohn’s disease. (From Ref. 36.)

FIGURE12 Intramural fat deposition can be detected by the black boundary artifact
that is generated on true FISP images (arrow) (A) and the low signal intensity on
3D FLASH images with fat saturation (arrow) (B). (From Ref. 39.)

216 Gourtsoyiannis and Papanikolaou



(Fig. 14), while it can be only inferred on conventional enteroclysis. Fibro-
fatty proliferation may simulate the characteristics of space-occupying
lesions, separating and=or displacing small bowel loops. The involved
mesentery may contain small lymph nodes, usually less than 8mm in
diameter and easily detected by their low signal intensity within the bright
mesenteric fat on true FISP sequences. Such lymph nodes are not clearly
demonstrated on HASTE images (Fig. 15), due to short T2 ¢ltering e¡ects,
or on 3DFLASH images, due to saturation ofmesenteric fat signal. Gadoli-
nium uptake on 3D FLASH images allows identi¢cation of small in£am-
matory nodes (Fig. 16). Sinus tracts and ¢stulas (Fig. 17) are revealed by
the high signal intensity of their £uid content on true FISP and HASTE
images but may be overlooked on 3DFLASH images due to limited contrast

FIGURE 13 Patient with longstanding Crohn’s disease presenting with symptoms
of obstruction. Coronal true FISP image reveals multiple sites of high-grade
stenosis with corresponding prestenotic dilatation.
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resolution with surrounding tissues. Abscesses can be recognized by their
£uid content and enhancement of their wall postcontrast.

Disease activity can be estimated using MRE (13,29), and this may
prove to be the main indication for examination in the near future. A recent
study (38) compared several imaging ¢ndings and their possible combina-
tions in patients with active Crohn’s disease to a group with nonactive dis-
ease. Activity classi¢cation was based on the CDAI value (active disease,
CDAI > 150). Signi¢cant di¡erences in the presence of deep ulcers, wall
thickening, and degree of gadolinium enhancement of mesenteric lymph
nodes were found between active and nonactive groups (38).

The so-called comb sign, corresponding to increased mesenteric
vascularity, can be easily appreciated on true FISP images (Fig. 18), adja-
cent to themesenteric border of an involved segment andmanifest by short,
parallel, low signal intensity linear structures perpendicular to the long
axis of the loop (35^38). The comb sign was found in all patients with active
disease but also in some patients with inactive disease, and no signi¢cant
di¡erence in distribution was found (38). The comb sign can be demon-
strated on 3D FLASH images as high signal intensity linear structures due
to vascular enhancement (Fig. 18). Mural contrast uptake has long been
considered the most important indicator of disease activity (13,29) and
can be appreciated on T1-weighted 3D FLASH images. Wall thickening,
signi¢cant mucosal enhancement, and relatively hypointense submucosal

FIGURE 14 Coronal true FISP image demonstrating fibrofatty proliferation with
displacement of adjacent bowel loops. (From Ref. 39.)
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edema have been reported as common ¢ndings on postgadolinium FLASH
images in patients with active Crohn’s disease (29). Disease severity can
be ranked using measurements of wall thickening, the length of involved
segments, and gadolinium uptake in comparison to renal cortex enhance-
ment (29). Active disease may also be manifest by mural high signal
intensity on T2-weighted images (13) (Fig. 4).

In the near futureMRImay evolve into a comprehensive and thorough
imaging examination of the small bowel in patients with Crohn’s disease,
providing anatomical and functional information and an estimate of
disease activity, answering all clinical questions at one sitting (39).

FIGURE 15 Coronal HASTE (A) and true FISP (B) images in a patient with Crohn’s
disease. Mesenteric lymph nodes and small vascular branches are filtered out on
the HASTE sequence due to their short T2 constant.
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Neoplastic Bowel Disease

MRE combines the advantages of cross-sectional MRI with those of
conventional enteroclysis, which is highly sensitive for detection of SB
tumors. On true FISP images the high signal intensity of intraluminal £uid
andmesenteric fat allows demonstration of tumors exhibiting intermediate
signal intensity (Fig. 19). Small bowel neoplasms are mildly hypointense
to isointense in comparison with the intestinal wall on precontrast non^
fat-suppressed T1-weighted gradient echo MR images and present various
enhancement patterns following gadolinium administration (30). Local
extension may be demonstrated owing to the contrast di¡erence between
the tumor and surrounding high signal intensity fat (30).

Small bowel leiomyoma, leiomyosarcoma, adenocarcinoma, carci-
noid tumor, and lymphoma display postcontrast enhancement that is
best appreciated on fat-suppressed T1-weighted 3D FLASH images.
Intense enhancement can be seen with carcinoid tumor, leiomyoma, and

FIGURE16 Coronal 3D FLASH with fat saturation image acquired 75 seconds after
gadolinium injection. Marked contrast enhancement of mesenteric lymph nodes
(arrows) is demonstrated in addition to the layered enhancement patern of the
corresponding involved intestinal segment. (From Ref. 39.)
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FIGURE 17 Axial true FISP image demonstrating two enteroenteric fistulas
(arrows). (From Ref. 37.)

FIGURE 18 Coronal postgadolinium 3D FLASH with fat saturation (A) and true
FISP (B) images in a patient with active Crohn’s disease (CDAI¼ 257). Vascular
engorgement (comb sign) is shown both on 3D FLASH and true FISP images.
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leiomyosarcoma. Lipomatous tumors and tumor hemorrhage can be
detected on unenhanced, non^fat-suppressed 3D FLASH images, which
should be acquired in addition to the MRE comprehensive imaging proto-
col. Distortion of small bowel loops or neoplastic invasion is depicted
by all MRE sequences, while associated lymphadenopathy is well
demonstrated on true FISP and 3D FLASH images.

Small Bowel Obstruction

MRE can provide anatomical and functional information identical to
that provided by conventional enteroclysis in patients with SB obstruction
(7). Furthermore, extraluminal causes are better illustrated using MRE
(Fig. 20). MR £uoroscopy, utilizing dynamic projectional SSTSE
sequences, is extremely helpful in diagnosing low-grade stenosis and in
determining the level of obstruction. True FISP and postgadolinium
enhanced3DFLASHimages candisclose the level and the cause of obstruc-
tion. In a recent study of 27 patients with postsurgical adhesions, cine
MR imaging using the true FISP technique was found to be 87.5% sensitive
and 92.5% speci¢c (40).

Others

The role of MRI in small bowel ischemia has yet to be established. Limited
reported experience indicates that bowel wall changes, vascular engorge-
ment, and mesenteric edema can be appreciated on MRI (41). Superior

FIGURE 19 Coronal true FISP image (A) disclosing hemorrhagic foci in a jejunal
stromal tumor. Marked gadolinium enhancement of the tumor is demonstrated
on the 3D FLASH coronal image (B).
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mesenteric artery blood £ow changes in chronic mesenteric ischemia can
also be studied with phase-contrast cine MRI (42). In addition, there are
indications from animal studies that gastrointestinal bleeding can be diag-
nosed by dynamic post^contrast-enhanced 3D MR angiography using a
blood pool agent (43).

CONCLUSIONS

MR imaging raises the possibility of a thorough and comprehensive evalua-
tion of small intestinal diseases due to its superb soft tissue contrast, func-
tional information, direct multiplanar capabilities, and lack of radiation

FIGURE 20 Patient with small bowel ileus. SSTSE coronal projectional image (A)
disclosing the level of obstruction. On axial thin slice true FISP image (B) recurrent
tumor from a previously resected sigmoid is infiltrating adjacent small bowel loops.
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exposure. Adequate bowel distention, homogeneous lumen opaci¢cation,
fast sequences with breath-hold acquisition times, both T1- and T2-
weighted imaging, and contrast enhancement are cornerstones for optimal
MRI examination of the small bowel. A comprehensive MR enteroclysis
imaging protocol should comprise SSTSE, true FISP, HASTE, and fat-
suppressed 3D FLASH sequences. SSTSE is utilized for monitoring the
contrast infusion process and performing MR £uoroscopy, whereas true
FISP and HASTE are used mainly for anatomical demonstration and
detection of pathology. 3D FLASH sequences following intravenous
gadolinium injectionmay aid tissue characterization. In£ammatory or neo-
plastic diseases, including intestinal wall abnormalities, exoenteric disease
manifestations and complications, disease activity, and, to a lesser extent,
mucosal abnormalities can be appreciated onMRE.
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Multiplanar CT Enterography

Vassilios Raptopoulos

Harvard Medical School, Beth Israel Deaconess Medical Center,
Boston, Massachusetts, U.S.A.

INTRODUCTION

Computed tomography (CT) is used in the abdomen for a wide range of
indications from nonspeci¢c abdominal pain to surgical planning or
guidance for interventional procedures. Similarly, CT is used extensively
in the gastrointestinal tract for a variety of indications including bowel
obstruction, perforation, or ischemia, Crohn’s disease, appendicitis,
diverticulitis, and other in£ammatory diseases, bowel tumors, and masses
or £uid collections in the mesentery. Recently, speed and high resolution
achieved with spiral and multislice scanning has expanded the uses of CT.
The gastrointestinal tract is always imaged at abdominal CT scanning,
and valuable bowel information is obtained from routine abdominal
surveys. However, imaging of the bowel is challenging because of its length
and orientation, the di⁄culty in sustaining distension and homogeneity of
the oral contrast column, and variability in IV contrast enhancement.
Tailoring the examination to optimize bowel detail can be done with multi-
planar CT enterography. This is a minor variation on routine abdominal
scanning geared towards more sustained bowel ¢lling with oral contrast
material and utilization of both axial and coronal planes. Additional
small-bowel detail can be obtained with CT enteroclysis. This technique
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is more involved, requiring jejunal intubation and insertion of large
amounts of contrast material with the use of a pump.

TECHNIQUE

The goal of small bowel CT imaging is to discriminate the small intestine
from other bowel loops, distend its lumen, visualize the intestinal wall,
identify vessels supplying the bowel loops, and assess the mesentery. Both
multiplanar CT enterography and CT enteroclysis require gastrointestinal
luminal contrast material. The use of IV contrast material is very helpful
and should be encouraged. Data are acquired with volume techniques
utilizing thin collimation. With single-detector row spiral scanners this
may require scanning during two or three breath-holds, while the whole
abdomen and pelvis can be scanned in under 15 seconds with the newer
8-row and 16-row multislice CT scanners. Prone positioning helps
disperse bowel loops. Coronal reconstructions are helpful in a variety
of ways, from assisting display of the images to facilitating detection of
bowel or other abdominal abnormalities. Rectal contrast may be
given for completion of the study in speci¢c clinical situations.

Oral Contrast

Multiplanar CT Enterography

Conventional high-density oral contrast is given: 1600mL of 2% barium-
based or 2^2.5% water-soluble iodine-based oral contrast over 1^2 hours
prior to scanning (1). This is one and a half to twice the usual dose for a
standard abdominal CT examination (2). Flavoring makes the contrast
more palatable. The use of a large volume of high-density oral contrast is
particularly useful when collimation greater than 5mm is used. With the
advent of multislice CT and utilization of thin slice bowel detail is
markedly improved. One of the original reasons for using oral contrast was
to help discriminate bowel from lymph nodes and other abdominal
abnormalities. This is no longer a problem as high-resolution images of
bowel and mesentery help discriminate the gut easily. Currently oral
contrast is primarily used to enhance evaluation of bowel wall detail and
for dynamic studies. Thus, the use of higher volumes of contrast in CT
enterography may not be necessary. In patients with bowel obstruction,
the bowel is already distended and oral contrast may not be required or
may be contraindicated (3). In suspected partial obstruction, high-density
oral contrast and follow-up scanning may be required. High-density oral
contrast is helpful in patients with Crohn’s disease to evaluate for ¢stulae
and sinus tracks or in those with suspected abscess. Variations to this
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regimen may be used, all with good results. Currently, most investigators
advocate the use of approximately 1000mL or about 4 cups of oral
contrast. Wittenberg et al. (4) give a total of 600^900mL of dilute water-
soluble oral contrast at 4 hours, 2 hours, and immediately prior to
scanning. We give 400^600mL over an interval of 40^60minutes before
scanning and another 200^400mL in the last 20minutes (5).

Low-attenuation oral contrast such as milk or water can also be given.
Low attenuation endoluminal density allows good visualization of the
intestinal wall (6^8). However, IV contrast is generally needed with the
use of these agents. Use of isotonic solutions has produced excellent
results (7). Up to 2000mL of £avored iso-osmotic polyethylene glycol
(PEG) electrolyte balanced solution is given over a 1-hour period prior to
scanning. Because PEG accelerates peristalsis, antispasmodic agents are
required before scanning. Water can also be used with good e¡ect (8,9).
Water may be absorbed more readily than the other agents, but this
happens mainly in the colon. A minimum of 4 glasses of water or juice is
recommended. Fat density oral contrast such as £avored 12.5% corn oil
emulsion provides excellent bowel distention and wall visualization but
is cumbersome to produce and less palatable (6). Alternatively, 4 cups
of whole milk (4% fat concentration) given within 1 hour of scanning can
produce similar results (5). Compared to 2% barium suspension, the
e¡ects of milk on gastrointestinal tract distension and bowel loop
discrimination are not signi¢cantly di¡erent, but milk results in
signi¢cantly better mural visualization. In general, use of whole fat milk is
signi¢cantly better than low fat milk, barium, water, and no oral contrast
agents. Informative studies, however, can be achieved even without oral
contrast provided IV contrast is given and thin collimation is used.
Currently, if low attenuation contrast is required, we use a combination of
2^3 cups of water followed by 1^2 cups of whole milk. This optimizes both
distal and proximal bowel distention.

CT Enteroclysis

This is done after insertion of a nasoduodenal tube just beyond the ligament
of Treitz and administration of over 2000mL of 2% diluted barium or
water-soluble iodinated contrast material (10). Low-attenuation oral
contrast, usually methylcellulose, or para⁄n-methylcellulose suspension
can also be used to distend the small bowel, as in conventional barium
enteroclysis. The oral contrast is preferably delivered via an automatic
pump at a rate of 60^100mL per minute (11,12). Previous preparation
of the bowel is advised. In addition, use of antiperistaltic drugs just prior
to scanning is advocated as with conventional £uoroscopic or MR
enteroclysis (11^13). This can be done with the use of a non-absorbable
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iso-osmolar solution given 6^8 hours before the examination (11).
Alternatively, the patients are kept fasting of solid food for 18 hours, they
are instructed to drink up to 4000mL of £uid, and laxatives are
administered (12). The issues that are considered when choosing low
rather than high attenuation oral contrast material at CT enterography
also apply in the selection of positive or negative oral contrast media
used at CT orMR enteroclysis (14).

IV Contrast

High doses of IV contrast delivered at relatively fast injection rates produce
excellent and consistent vascular and parenchymal enhancement.We inject
a total of 120 or 150mL of IV contrast depending on whether patient’s
weight is under or over 75 kg, respectively. Various commercial agents are
available. Generally, we use 300 or 320mg I=mL solution. The latter is used
for patients who weigh over 90 kg. Nonionic contrast is preferred to avoid
nausea and vomiting in patients with an already overdistended gastro-
intestinal tract from oral contrast. We use a biphasic injection regimen.
First, 30^50mL of IV contrast is given at 2mL=s without the patient being
scanned. After a delay of 2^3minutes, the remainder of the IV contrast
material is given: 80^100mL is injected at a rate of 2^3mL=s. Scanning
starts 60^70 s after the beginning of the second dose of IV contrast. This
biphasic injection results in optimal enhancement of the bowel wall, solid
organs, mesenteric and retroperitoneal vessels, as well as the kidneys and
ureters. Other regimens are quite e¡ective as well, and one may not need to
change the general IV contrast regimen used for routine abdominal
scanning in the particular institution. On occasion, CT angiography may
be combined with multiplanar CT enterography for specialized tests such
as assessment of bowel ischemia. In these situations, low attenuation
contrast is preferable to positive oral contrast media.

Scanning Techniques

We scan the abdomen and pelvis from the dome of the diaphragm to below
the symphysis pubis. Volumetric scanning is important so that meaningful
multiple planar reformatted (MPR) images can be obtained. With single-
row spiral scanners, this may be achieved with two sequential spiral sets
obtained in two breath-holds. With multislice scanners the abdomen and
pelvis can be scanned during a single breath-hold. Spiral scanners allow
for retrospective overlapping of axial images, while multislice scanners
allow for retrospective or prospective change of slice thickness as well.
The multislice scanners operate with basic detector thickness unit of
either 1mm (e.g., Siemens, Phillips, Toshiba) or 1.25mm (e.g., General
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Electric) in the z-axis. Scanning is volumetric, and ¢nal image thickness is
obtained inmultiples of this basic detector thickness.Most 16-detector-row
scanners can divide the basic thickness by one half the original (e.g., 0.5
or 0.65mm). In addition, slice overlapping can be helpful for smoother
MPR images. In general, when deciding which collimation to use on a
multislice scanner, we choose the one that will give the most body
coverage within one breath-hold, with collimation as close to 1mm as
possible but not thicker than 3mm. However, this may produce a large
number (> 500) of thin, grainy images. To improve image quality and
decrease image glut, we use thicker images for viewing: 5 mm thick
axial or MPR images, reconstructed from thin overlapping slices.
The thinner the original slices, the better the ¢nal viewing hard copy
images are.

Single-Detector Spiral Scanners

We use 3^5mm slice collimation and a pitch 1.5^1.8 (1). The whole
abdomen and pelvis may be scanned in two breath-holds. We avoid breath-
holds longer than 20 seconds in duration. Scanning in the prone position
decreases involuntary respiratory motion. Once the lower pelvis is
reached, the patient can resume shallow breathing. Overlapping axial
slices by one third to one half of the slice thickness improves the quality
of MPR images.

Multislice 4-Detector-Row Scanners

The abdomen and pelvis can be scanned at 2 or 2.5mm collimation in a
single breath-hold. Alternatively, 1 or 1.25mm collimation can be used,
but this would require two breath-holds. Hard copy ¢lm or PACS viewing
is done using 5mm axial and MPR slices reconstructed from the thinner
slices.

Multislice 8- and 16-Detector-Row Scanners

The speed of these scanners allows for single-breath scanning with 1 or
1.25mm collimation. The 16-row scanners can utilize submillimeter
collimation. This results in isotropic or near isotropic voxels allowing for
high-resolution axial or multiplanar images and volume renderings that
are of anatomical atlas quality.

Multiplanar Reformations

Coronal views are increasingly helpful as axial slice collimation decreases
and quality of MPRs improves. We use average-density 5mm images
reconstructed from thin slices. This can be done either prospectively or
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retrospectively. We are becoming increasingly dependent on coronal images
reconstructed from 1 or 1.25mm axial collimation. Comparing the various
scanners, we found that coronal MPR images from single slice spiral
scanners con¢rmed abnormalities seen on axial images in the majority of
cases and in some cases allowed better understanding of the abnormality in
question. Consequently, MPR images with single-detector spiral CT studies
of patients with Crohn’s disease improved the con¢dence of overall
interpretation, assessment of wall thickening, and extent of disease (1). In
addition, MPR images have been shown to be helpful in assessing intestinal
obstruction (15). In our experience, coronal MPR images from 4-detector-
row multislice scanners improve understanding of an abnormality in the
majority of cases. Even better, the MPR image quality obtained from
8-detector-row-multislice scanners approaches the quality of the axial
images. We have seen abnormalities on MPR not initially appreciated on
axial scans in many cases, a signi¢cant improvement over both single and
4-detector-row scanners. Currently, the quality of MPRs achieved is such
that we consider coronal images to be as complementary to the axial
scans as the axial images are to the coronal. In addition to average-density
MPR, thick slab (10^20mm) coronal maximum intensity projection (MIP)
images may be helpful, especially in following the course of bowel loops,
mesenteric vessels, and ureters. Volume renderings may also be helpful,
especiatcutlly in cancer staging.

Exam Display Strategies

Whichever collimation is chosen, multislice multiplanar CT enterography
will result in a large number of images to be viewed. This image glut may
create not only eye fatigue for the reader, but also confusion in case present-
ation and frustration for independent clinical sta¡ reviewing the studies.
The communication burden can be counterproductive in patient manage-
ment and health care economics. Ironically, superb and utterly helpful
images may be buried in the multiplicity of choices. In addition, storage
problems in ¢lm or electronic memory (PACS) may create logistical and
¢nancial concerns. Because of the in¢nite number of projections available,
operators and technologists may become confused as to how to ¢nally dis-
play the studies. To alleviate this problem we use the following protocol:
biphasic IV contrast injection with scanning during the second phase only,
with as thin collimation as possible. For viewing, we reconstruct 5mm thick
axial and coronal average-density images and 20mm thick MIP images.
This protocol produces about 120^140 images, which are stored in PACS
or ¢lmed on six to seven sheets of ¢lm in a 20-on-1 format. Additional image
processing is obtained only in special circumstances.
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MULTIPLANAR CT ENTEROGRAPHY VS.
CT ENTEROCLYSIS

As with conventional £uoroscopic enteroclysis, CT enteroclysis provides a
high degree of consistent small bowel distension. The resultant studies are
of superb quality and can provide ¢ne mucosal and luminal detail on a par
with conventional double contrast £uoroscopic enteroclysis (10,16,17).
Although the examination is very helpful in patients with partial small
bowel obstruction and Crohn’s disease, it is contraindicated in patients
with suspected bowel perforation and high-grade obstruction. Despite the
superb images, CT enteroclysis may be uncomfortable for the patient and
expense is increased compared with CT enterography because of the need
for the tubing and pump and longer utilization of the CT room. The risk of
complication is also increased because bowel distension is performed blind
in contrast to £uoroscopic techniques. The additional information
provided by CT enteroclysis may not be worth the added e¡ort in the
majority of cases. In the past few years, MR enteroclysis techniques have
provided high-resolution images as an alternative to CT enteroclysis
(13,14,18,19). In addition, MR enteroclysis can provide real-time
functional information allowing assessment of peristalsis.

AlthoughmultiplanarCT enterography provides less distension of the
small intestine, the degree of bowel distension may be more physiological
than the unnaturally distended small bowel achieved with enteroclysis.
Furthermore, the examination is more comfortable for patients and
requires less preparation and room utilization. Although ¢ne anatomical
detail is not achieved to the same extent as with £uoroscopic studies, other
signs that may help characterize small bowel disease are available, includ-
ing abnormalities in wall enhancement patterns, extraluminal abnormal-
ities, and assessment of the mesentery (1,4). We prefer CT enterography to
other techniques described and use it as our routine protocol for CT
evaluation of suspected gastrointestinal abnormalities, including acute
abdominal pain.

CLINICAL APPLICATIONS

Evaluation of bowel is di⁄cult because of its length (about 7m of small
intestine), convoluted course, and physiological peristaltic motion. Even
with the relatively short colon (�1.5m), which has a predictable course
from right lower quadrant to rectum, variations exist as to the location of
the cecum, the ileocecal valve, and the appendix and the undulation of
the hepatic and splenic £exures and sigmoid colon. Multiplanar CT
enterography can help recognize individual bowel components, localize
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abnormalities, and show the extent of disease (1). Stomach distention is
variable. Gastric folds are well seen and an increase in thickness and=or
disruption seen on MPR images should be considered abnormal. The
duodenum has very active peristalsis. Milk reduces duodenal peristalsis
and appears to be particularly helpful in evaluation the pancreas and
duodenum. The jejunum is rich in folds and normal plicae circularis may
give the appearance of a thickened wall, especially if nondistended
or only moderately distended (Fig. 1). The ileum has less internal
architecture with a relatively smooth wall and occasional folds (5).
Normal small bowel loops should be similar in appearance to the
adjacent small bowel loops and appear pliable. In thin patients with little

FIGURE 1 Normal multiplanar CT enterography: axial image (A) shows normal
jejunum with the feathery appearance of its wall caused by plicae. The ileum in
the pelvis (B) shows an absence of intrinsic wall architecture. Average-density
coronal reformation (C) shows normal distribution of the small bowel and ascend-
ing colon. MIP coronal reformation (D) of another patient shows good filling of the
GI tract with oral contrast and a good overview of the small bowel.
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or no mesenteric fat, the small bowel loops are closely applied to one
another and their shape appears interdependent, while in patients with
more mesenteric fat, the loops separate and appear round or oval. In
contrast, abnormal bowel with wall thickening will appear sti¡ with loss
of the normal contour and undulation.

The terminal ileum and ileocecal valve are always seen at multiplanar
CT enterography. Evaluation of the colon may be hindered by the presence
of fecal material and, if not distended, may appear abnormal. If doubt
arises, 100^300mL of rectal contrast (water or 2% barium suspension or
water-soluble iodinated solution) may be helpful. Most often, however, an
abnormal colon will be associated with other ¢ndings in the adjacent
mesentery, making the use of a contrast enema rarely necessary. Interactive
multiplanar viewing is helpful in di¡erentiating normal structures from
bowel abnormalities (Fig. 2). In the postoperative bowel the addition of
MPR images helps to detect sites of anastomoses, to evaluate neoterminal
ileum, and to assess extent of diseases.

Increased bowel wall thickness is a nonspeci¢c but important ¢nding.
Because of peristalsis, considerable variation in bowel wall thickness
exists. Normal distended small bowel wall is 1^2mm thick while non-
distended bowel may be as thick as 4mm, especially the jejunum (2,20).
Patterns of attenuation and IV contrast enhancement of the wall may help
in the di¡erential diagnosis. Wittenberg et al. (4) described ¢ve such pat-
terns: (a) homogeneous bright enhancement (white) may be seen in shock
bowel, ischemia, in£ammatory bowel disease, adhesions and tumor
(uncommon); (b) hypoenhancing (gray) wall may be seen in in£ammatory
bowel disease and tumor; (c) water attenuation (water halo or target pat-
tern) is seen in ischemia, in£ammatory bowel disease, acute infection,
radiation, and tumor (uncommon); (d) fat attenuation (fat halo) is seen in
in£ammatory bowel disease (usually chronic disease) such as Crohn’s or
ulcerative colitis, and chronic radiation enteritis; and (e) pneumatosis can
beseeninbluntor iatrogenic trauma, ischemia,andacute infection(Table1).

Crohn’s Disease

CT may demonstrate nonspeci¢c wall thickening along with extramural
complications of Crohn’s disease. Multiplanar CT enterography provides
high-quality images that can be used for diagnosis as well as monitoring dis-
ease progression and detection of complications. Compared with £uoro-
scopic studies, CT may not depict aphthous or linear ulceration, but it is
superior in showing wall thickening, edema, ¢stulae, and all extraluminal
abnormalities (1,10). Nodular thickening of the wall and mural sinuses
may be seen (Figs. 3 and 4). The degree of intestinal wall enhancement
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FIGURE 2 Interactive multiplanar viewing. Because of their orientation, the normal
appendix (arrow) in this patient is seen on axial image (A), while the terminal ileum
(arrow) is best identified on coronal image (B).
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FIGURE3 Axial (A) and coronal (B) images of patient with Crohn’s disease. There is
nodular thickening of the wall of the distal ileum (arrow), better appreciated on the
coronal image. Lymph node prominence is better appreciated on the axial image.

TABLE 1 Common Enhancement Patterns of Bowel Wall Abnormalities

Homogeneous
enhancement
(white) Hypoattenuation

Water density
(water halo
or target)

Fat density
(fat halo) Pneumatosis

Shock bowel Trauma
Ischemia Ischemia Ischemia
IBD IBD IBD IBD

(usually
chronic)

Adhesion
Tumor
(uncommon)

Tumor Tumor
(uncommon)

Acute infection Acute
infection

Radiation Radiation
(chronic)

Source: Adapted from Ref. 4.
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may be related to disease activity. This also applies to increased and promi-
nent vascularity (comb sign) and ¢bro fatty proliferation of both themesen-
tery and anti mesenteric fat (Fig. 5). Lee et al. (21) found that increased
bowel wall vascularity is related to clinically active disease in that it may
require more aggressive treatment. They also found that increased bowel
wall vascularity was associated with increased mucosal ulceration and a
greater length of a¡ected bowel on conventional barium studies. Other
signs indicating activity have been described on MR imaging and can be
extrapolated to CT. These include bowel thickening of more than 4mm,
abnormal wall enhancement (ratio with normal bowel of 1.3:1), layered
enhancement, and increased mesenteric vascularity (22). Fistulas may be
seen as well as bowel loop adherence. Althoughmotility cannot be assessed
by static images, adherent bowel loops associated with ¢brous tissue, often
with a stellate mesenteric ¢brosis, indicates ¢xation of the bowel (Fig. 6).
This is commonly associated with ¢stula formation. Strictures are asso-
ciated with dense wall thickening with little enhancement and varying
degree of proximal bowel dilatation. Compared with barium studies, we
found thatmultiplanarCT enterographywith single-detector spiral CTpro-
vided more information in 4 of 19 patients and equal information in 14 of

FIGURE 4 Wall thickening in the terminal ileum and intramural sinus (arrow) in
patient with Crohn’s disease and recurrent symptoms. The scan was performed
using a 4-detector-row multislice scanner. Although the axial image (A) is of high
quality, the coronal reformat (B) lags behind in quality as it is obtained from data
acquired in the axial plane with 2.5mm collimation.
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19 patients studied (1). The addition of MPR images improves disease
detection and assessment of bowel involvement. Strictures may be occa-
sionally confused with peristalsis. Although tube enteroclysis is contra-
indicated in complete obstruction, in partial obstruction it reportedly
shows areas of bowel narrowing more reliably (10,11,16,17). Multiplanar

FIGURE 5 Axial (A) and coronal average-density (B) and MIP (C) images of patient
with acute exacerbation of Crohn’s disease. There is bowel wall thickening asso-
ciated with increased vascularity and fibro-fatty proliferation, a comb sign, distal to
which the ileum is dilated with subsequent stricture formation with adherence and
fistulae to other bowel loops at the ileocecal juncture. There is increased mesen-
teric vascularity and prominent mesenteric lymph nodes.
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imaging is helpful in assessing postoperative complications or progress of
disease in the remaining bowel (Fig. 7 ).

Acute Abdominal Pain

The impact of CT on diagnosis and management of patients with acute
abdominal pain has been shown (23). CT is especially helpful in patients
without previous history of abdominal disease. In these patients the sensi-
tivity of CT was 90% compared with a sensitivity of 47% for initial clinical
assessment, and CT changed management plans in 37% of 59 patients (24).
We found multiplanar CT enterography helpful in identifying the normal
appendix. An abnormal appendix is usually readily seen on axial CT
images, but in many cases visualization of a normal appendix is di⁄cult.
Because appendicitis cannot be de¢nitively excluded if the appendix is not
seen, interactive multiplanar imagingmay increase con¢dence of excluding
the disease. Similarly, the addition of MPR images facilitates visualization
of the uterus and ovaries. Diagnosis of other conditions including chole-
cystitis, ulcerative colitis, diverticulitis and abdominal abscess is also
enhanced using the multiplanar CTE technique (Figs. 8^11).

FIGURE 6 Axial (A) and coronal (B) images of patient with Crohn’s disease in
relative remission. In the right lower quadrant the bowel loops are thick walled
and are matted together, but there is little mesenteric reaction.
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FIGURE 7 Axial (A) and coronal (B) images of patient with Crohn’s disease. There
has been previous resection of the terminal ileum and recurrence at the neo-
terminal ileum as manifested by bowel wall thickening.

FIGURE 8 Appendiceal abscess (arrow) seen on an axial image (A). The coronal
reformat (B) generated from axial images obtained with 5mm collimation is signifi-
cantly inferior in image quality compared with the axial view. Nevertheless, it is a
useful image because it helps confirm the diagnosis and gives a different perspec-
tive of the relationship of the abscess with the uterus, bladder, and colon.
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FIGURE 9 Psudomembranous colitis involving the entire colon. Marked wall
thickening with narrowing of the lumen (accordion sign) is seen on both axial (A)
and coronal (B) views.

FIGURE 10 Mild acute diverticulitis of the sigmoid colon as seen on CT with
minimal stranding of fat (arrow) around the sigmoid colon (A). On the axial image
(B) a possible small abscess (arrow) is noted on the left adjacent to the sigmoid.
On another coronal reformation (C), this was shown to be normal left ovary
(arrow). There is a large ovarian cyst on the right.
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Bowel Obstruction

CT is accurate in demonstrating small bowel obstruction with reported
sensitivities of 80^100% (3). Because peristalsis cannot be assessed, the
CT diagnosis of bowel obstruction relies on changes in bowel caliber and
identi¢cation of a transitional zone (20). In these circumstances, MPR
images may contribute more to establishing the diagnosis than the type or
amount of oral contrast ingested (15). A transition point can be
demonstrated and the cause of obstruction identi¢ed. The small bowel is
considered dilated if its caliber is greater than 2.5 cm (25). The di⁄culty lies
in di¡erentiating obstruction from focal or generalized adynamic ileus.
Oral contrast may be contraindicated if the patient is vomiting or overly
distended. Conversely, if oral contrast can be tolerated, it may not reach
the site of obstruction for hours. Scanning 1 hour after oral contrast

FIGURE 11 Axial (A) and coronal (B) images of a patient with ulcerative colitis. The
wall thickening is more conspicuous on the coronal image compared with the axial
view. Coronal reformation of the pelvis (C) shows water density enhancement
pattern (arrow) of the wall of the rectum (target pattern).
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ingestion will provide the diagnosis in most cases. In the remaining cases,
follow-up scanning after a 4- to 6-hour delay may be required.

Causes of bowel obstruction are many. In the small bowel, the most
common cause is adhesions, followed by hernia (3,26). Interactive viewing
of axial and coronal images helps to detect the point of transition, and the
actual adhesionmay be seen as an enhancing band (Fig. 12). Similar evalua-
tion may be helpful in closed loop obstruction. Imaging ¢ndings in closed
loop obstruction include a C- or U-shaped loop of dilated bowel, adjacent
collapsed loops, convergence of mesenteric vessels, and beak or whirl signs
(26,27). The latter three signs are nicely demonstrated on cine-viewing on
PACS orMPR images. Similarly,MPR images are helpful in the evaluation
of cecal or sigmoid volvulus.

After adhesions, hernias are the next most frequent cause of
obstruction. These are divided into external (through the abdominal wall)
and internal (through bowel mesentery or peritoneal bands). Hernias
may be spontaneous or traumatic, including iatrogenic (e.g., incisional).
The diagnosis of external hernia is easy with CT and, depending on the

FIGURE 12 Small bowel obstruction due to adhesion (arrow), seen well on an axial
image (A). Coronal reformation (B) shows the transition from dilated to collapsed
small bowel loops.
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orientation of the hernial sac, MPR images may be helpful. Internal
hernias are less obvious and should be suspected when bowel loops are
identi¢ed in unconventional locations (28). These include the lesser sac,
to the right of the duodenum, and lateral to the ascending or descending
colon, or if large portion of jejunum appears on the right side of the
abdominal cavity without other evidence of malrotation (Fig. 13). For
all other causes of obstruction, multiplanar CT enterography may
enhance the diagnostic con¢dence. These include intrinsic or extrinsic
tumors, abscess and hematomas, in£ammatory lesions, radiation or
ischemic enteritis, trauma, intussusceptions, foreign bodies, including
bezoars or gallstones ileus. Obstruction may be caused by or may cause
ischemia. On multiplanar CT enterography of strangulating (ischemic)
obstruction, a combination of ¢ndings relating to obstruction and
ischemia may be seen, including a transition zone with proximal bowel
dilation, hyper- or hypoenhancement of the bowel wall, pneumatosis,
edema, and £uid in the mesentery (29).

Tumors

Small bowel tumors are uncommon. Because of the liquid nature of small
bowel content, obstruction occurs late andwhen themasses are large.Most

FIGURE 13 Internal hernia with dilated small bowel loops in the right upper
abdomen. Axial (A) and coronal (B) images show dilated loops with mild wall
enhancement. There is edema in the mesentery of the herniated bowel,
suggesting vascular compromise. An incarcerated internal hernia through a hole
in the omentum with moderate ischemia was found at surgery.
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CT signs of small bowel tumors have been interpolated from barium
studies. Amass greater than 3 cm suggests a neoplasm (30). Stromal tumors
are usually large, located in the upper GI tract, homogeneous on
unenhanced images, with variable enhancement following IV contrast.

FIGURE 14 Small bowel lymphoma. A large mass is demonstrated in the pelvis
with a central cavity containing oral contrast (A). On coronal reformation (B) the
small bowel origin of the mass becomes more apparent.
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FIGURE 15 Carcinoid tumor (arrow) with desmoplastic reaction in the mesentery
and nodular thickening of the bowel wall.

FIGURE 16 Large mass in the cecum with small bowel dilation (A). Coronal
reformation helps localize the mass to the cecum (B). A delayed scan 3 hours later
(C) shows passage of contrast distal to the mass.
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A little less than one half of GI stromal tumors are found in the stomach and
about one half in the small bowel (31). Small bowel lymphomas are usually
large, ulcerated masses, located more distally in the small bowel (Fig. 14).
Carcinoid tumors may produce mesenteric retraction (Fig. 15). Colon
cancer is the most common cause of large bowel obstruction (Fig. 16).
CT diagnosis and staging of colon cancer is improving with high-
resolution fast imaging (32,33). Signs of ischemia may be seen proximal
to the tumor (34). Multiplanar images are useful for treatment planning
and detection of extracolonic extension of tumor and can be used in
conjunction with a metastatic survey of the abdomen. The actual mass and
presence of pericolic extension, lymphadenopathy, and distant metastasis
to liver and peritoneum can be evaluated.

Ischemia

The larger mesenteric arteries and veins are well opaci¢ed at CT, and
vascular occlusion or thrombus can be seen as well as secondary changes
in the bowel wall and mesentery (35,36). Nonocclusive ischemia is more
common than ischemia secondary to major vessel occlusion (Fig. 17). The
degree of mural enhancement or lack of enhancement plays an important
role in diagnosis. The wall of the bowel may be either hyper- or
hypoenhancing (37,38). Indirect signs of ischemia include bowel wall
thickening, mural enhancement abnormalities, engorgement, haziness and
obliteration of the mesenteric vessels, localized £uid or hemorrhage, and

FIGURE 17 Small bowel ischemia. Thick edematous small bowel wall (arrow) is
seen on axial (A) and coronal (B) images. In addition to wall thickening, there
are other secondary signs of ischemia, including engorgement of the mesenteric
vessels and edema, better appreciated on the coronal image.
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pneumatosis (39,40). Pneumatosis in the mesenteric vessels suggests
transmural infarction (41).

REFERENCES

1. Raptopoulos V, Schwartz RK, McNicholas MMJ, Movson J, Pearlman J,
Jo¡eN.Multiplanar helical CT enterography in patients with Crohn’s disease.
AJR 1997; 169:1545^1550.

2. Raptopoulos V. Technical principles in CT evaluation of the gut. Radiol Clin
North Am 1989; 27(4):631^651.

3. Furukawa A, Yamasak M, Furuich K, Yokoyama K, Nagata T, Takahashi M,
Murata K, Sakamoto T. Helical CT in the diagnosis of small bowel
obstruction. Radiographics 2001; 21:341^355.

4. Wittenberg J, Harisinghani MG, Jhaver Ki, Varghese J, Mueller PR.
Algorithmic approach to CT diagnosis of the abnormal bowel wall.
Radiographics 2002; 22:1093^1109.

5. Thompson SE, Raptopoulos V, Sheiman RG, McNicholas MMJ,
Prassopoulos P.Abdominal helical CT:milk as a low-attenuation oral contrast
agent. Radiology 1999; 211:870^875.

6. Raptopoulos V, Davis MA, Davido¡ A, Karellas A, Heys D, D’Orsi C,
Smith EH. Fat-density oral contrast agent for abdominal CT. Radiology
1987; 164:653^665.

7. Mazzeo S, Caramella D, Battola L, et al. Crohn disease of the small bowel:
spiral CT evaluation after oral hyperhydration with isotonic solution.
J Comput Assist Tomogr 2001; 25:612^616.

8. Horton KM, Eng J, Fishman EK. Normal enhancement of the small bowel
wall: evaluation with spiral CT. J Comput Assist Tomogr 2000; 24:67^71.

9. Winter TC, Ager JD, Nghiem HV, et al. Upper gastrointestinal tract and
abdomen: water as an orally administered contrast agent for helical CT.
Radiology 1996; 201:365^370.

10. Mako¤ EK,Mester A¤ R, Tarja¤ n Z, Karlinger K, Toth G. Enteroclysis and spiral
CT examination in diagnosis and evaluation of small bowel Crohn’s disease.
Eur J Radiol 2000; 35:168^175.

11. Rolandi GA, Biscaldi E, Scettro M. CT and MRI enteroclysis: how I do it.
Abdominal Radiology Course 2002. Society of Gastrointestinal Radiologists
and European Society of Gastrointestinal and Abdominal Radiologists,
Orlando, F1, pp 338^339.

12. Rust GF, Spiekermann A, Daum F, et al. New developments in imaging the
small bowel with multislice computed tomography and negative contrast
medium. In: Reiser MF, Takahashi M, Modic M, Bruening R, eds. Multislice
CT. Heidleberg: Springer, 2002: 51^60.

13. Prassopoulos P, Papanikolaou N, Grammatikakis J, Rousomoustakaki M,
Maris T, Gourtsoyiannis N. MR enteroclysis imaging of Crohn disease.
Radiographics 2001; 21:S161^S172.

Multiplanar CT Enterography 251



14. Rieber A, Ascho¡ A, Nˇssle K, et al. MRI in the diagnosis of small bowel
disease: use of positive and negative oral contrast media in combination
with enteroclysis. Eur Radiol 2000; 10:1377^1382.

15. Caoili EM, Paulson EK. CT of small-bowel obstruction: another perspective
using multiplanar reformations. AJR 2000; 174:993^998.

16. Rolandi GA, Curone PF, Biscaldi E, et al. Spiral CT of the abdomen after
distension of small bowel loops with transparent enema in patients with
Crohn’s disease. Abdom Imag 1999; 24:544^549.

17. Bender GN, Maglinte DDT, Koppel R, et al. CT enteroclysis: a super£uous
diagnostic procedure or valuable when investigating small bowel disease?
AJR 1999; 172:373^378.

18. Gourtsoyiannis N, Papanikolaou N, Grammatikakis J, Maris T,
Prassopoulos P. MR imaging of the small bowel with a true-FISP sequence
after enteroclysis with water solution. Invest Radiol 2000; 35:707^711.

19. Maglinte DDT, Siegelman ES, Kelvin FM. MR Enteroclysis: the future
of small bowel imaging?Radiology 2000; 215:639^641.

20. Balthazar EJ. CT of the gastrointestinal tract: principles and interpretation.
AJR Am J Roentgenol 1991; 156:23^32.

21. Lee SS, Ha HK, Yang S-K, et al. CT of prominent pericolic or perienteric
vasculature in patients with Crohn’s disease: correlation with clinical disease
activity and ¢ndings on barium studies. AJR 2002; 179:1029^1033.

22. Koh DM,Miao Y, Chinn RJS, Amin Z, Zeegen R, Westaby D, Healy JC. MR
imaging evaluation of the activity of Crohn’s disease. AJR 2001; 177:
1325^1332.

23. RosenMP, Siewert B, SandsDZ, BrombergR, Edlow J, RaptopoulosV. Value
of abdominal CT in the emergency department for patients with abdominal
pain. Eur Radiol 2003; 13:418^424.

24. Siewert B, Raptopoulos VD, Mueller MF, Rosen MP, Steer M. Impact
of CT on diagnosis and management of patients having acute abdomen
initially treated without surgery. AJR 1997; 168:173^178.

25. Fukuya T, Hawes D, Lu C, et al. CT diagnosis of small-bowel obstruction:
e⁄cacy in 60 patients. AJR Am J Roentgenol 1992; 158:765^769.

26. Balthazar EJ. CT of small-bowel obstruction. AJR 1994; 162:255^261.
27. Balthazar EJ, Birnbaum BA, Megibow AJ, et al. Closed-loop and strangul-

ating intestinal obstruction: CT signs. Radiology 1992; 185:769^775.
28. Blachar A, Federle MP, Brancatelli G, Peterson MS, Oliver JH, Li W.

Radiologist performance in the diagnosis of internal hernia by using
speci¢c CT ¢ndings with emphasis on transmesenteric hernia. Radiology
2001; 221:422^428.

29. Balthazar EJ, Liebeskind ME, Macari M. Intestinal ischemia in patients
in whom small bowel obstruction is suspected: evaluation of accuracy
limitations, and clinical implications of CT in diagnosis. Radiology 1997; 205:
519^522.

30. Macari M, Balthazar EJ. CT of bowel wall thickening: signi¢cance and
pitfalls of interpretation. AJR 2001; 176:1105^1116.

252 Raptopoulos



31. Burkill GJ, Badran M, Al-Mueris O, et al. Malignant gastrointestinal stromal
tumors: distribution, imaging features, and pattern of metastatic spread.
Radiology 2003; 226:527^532.

32. Hundt W, Braunschweig R, Reiser M. Evaluation of spiral CT in staging
of colon and rectum carcinoma. Eur Radiol 1999; 9:78^84.

33. Horton KM, Abrams RA, Fishman EK. Spiral CT of colon cancer: imaging
features and role in management. Radiographics 2000; 20:419^430.

34. Koh DM, Miao Y, Chinn RJS, Amin Z, Zeegen R, Westaby D, Healy JC.
MR imaging evaluation of the activity of Crohn’s disease. AJR 2001; 177:
1325^1332.

35. Horton KM, Eng J, Fishman EK. Multi^detector row CT of mesenteric
ischemia: can it be done?Radiographics 2001; 21:1463^1473.

36. WiesnerW, Khurana B, Ji H, Ros PR. CT of acute bowel ischemia. Radiology
published online January 15, 2003, 10.1148=radiol.2263011540.

37. Chou CK. CT manifestations of bowel ischemia. Am J Roentgenol 2002;
178:87^91.

38. Rha SE, Ha HK, Lee SH, et al. CT and MR imaging ¢ndings of bowel
ischemia from various primary causes. Radiographics 2000; 20:29^42.

39. Taourel PG, Fabre JM, Prafel JA, et al. Value of CT in the diagnosis and
management of patients with suspected acute small-bowel obstruction.
Am J Roentgenol 1995; 165:1187^1192.

40. Frager D, Baer JW, Medwid SW, et al. Detection of intestinal ischemia in
patients with acute small-bowel obstruction due to adhesion or hernia: e⁄cacy
of CT. Am J Roentgenol 1996; 166:67^71.

41. Kernagis LY, Levine MS, Jacobs JE. Pneumatosis intestinalis in patients
with ischemia: correlation of CT ¢ndings with viability of the bowel. Am J
Roentgenol 2003; 180:733^736.

Multiplanar CT Enterography 253





10

Radiofrequency Ablation of Liver Disease
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INTRODUCTION

The use of targeted energy for the destruction of solid organ neoplasms has
been in evolution over the last three to four decades. The most extensive
experience has been gained in the use of cryotherapy in order to achieve
focal tissue destruction by means of a ‘‘freeze-thaw’’ cycle. Similarly, laser
thermal ablation was reported in 1983 by Bown (1) but has been hindered
by limited treatment volumes achievable within living tissue and the costs
of the initial equipment set-up. More recently there have been increasing
reports of small-diameter coaxial microwave systems being used to create
spheres of thermal destruction within the liver (2). Of all these forms of
‘‘thermotherapy,’’ however, it is radiofrequency ablation (RFA) that has
established itself as a robust interventional tool for the treatment of solid
organ neoplasms.

Primarymalignant ormetastatic diseasewithin the liver is the cause of
death in many disease processes owing to overwhelming tumor burden. In
particular, approximately half of those patients with colorectal cancer will
present at some stage with metastatic liver disease (3). Cytotoxic
chemotherapy, while often debulking disease, has achieved only modest
slight improvements in the median survival rate to 15^20 months, and 5-
year survival still falls short of 5% (4). It is surgery, with resection of
limited metastatic disease, which has undoubtedly had most impact in
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raising the 5-year survival to 20^46% (5). However, given the age and
frequent comorbidity of these patients and the technical limitations of
even the most ambitious metastectomy, at best only 10^20% of patients
can be o¡ered surgical resection (6). Other disease processes, such as
metastatic neuroendocrine tumors and primary malignancy arising within
cirrhotic liver, also bene¢t from cytoreduction, and it is against this
background that interstitial therapies have gradually come to the fore.
These techniques aim to ablate small volume neoplasms without incurring
the signi¢cant morbidity of surgical hepatic resection. Interstitial
therapies have also evolved by virtue of improvements in radiological
targeting modalities such as tissue harmonic ultrasound, £uoroscopic
real-time CT, and openMR imaging.

RFA uses alternating current to heat tissues to the point of
denaturation. Initially, probes generated only small ablative volumes and
were therefore used to treat aberrant cardiac conduction pathways.
However, recent developments in multiple electrode and expandable RFA
probe arrays have enabled the targeting of larger lesions. Additional
modi¢cations such as perfused or cooled electrodes as well as ‘‘wet
electrodes’’ have expanded the sphere of tissue destruction and reduced
the time required to achieve complete ablation, adding to the scope of
this interventional tool. RFA is currently used in the treatment of small
volume disease in the liver, kidney, adrenal, bone, and lung.

This chapter will focus on the use of RFA in the treatment of focal
liver lesions, notably hepatocellular carcinoma (HCC), colorectal meta-
stasis (CRC), and neuroendocrine metastases (NEM), and will outline
the current level of clinical and scienti¢c knowledge relating to its use.

PHYSICS

The application of heat to coagulate living tissue and remove tumors is by no
means new. The Edwin Smith papyrus dating from 3000 b.c. described the
use of thermal cautery for tumors and ulcers of the breast (Fig. 1).
D’Arsonval is credited with the ¢rst documented research into
radiofrequency waves in the body, titled ‘‘Physiological Actions of
Alternating Current,’’ published in 1891 (7). His initial article showed that
radiofrequency waves passing through living tissue elevated tissue
temperatures without causing neuromuscular excitation. This work
resulted in the rapid development of clinical applications, with Beer of
New York pioneering the use of electrosurgical techniques in the
destruction of urinary bladder tumors through a cystoscope in 1908 (8).
Clark, a histopathologist, described the changes seen with electocautery in
1924 (9); ‘‘the cells shrunken and shrivelled and their nuclei mummi¢ed,’’

256 Breen and Stedman



changes he called desiccation. Over the following 20 years the use of
electrocautery in surgery became widely popularized by the Davis-Bovie
knife (Liebel Florsheim, Cincinnati, OH) (10).

Radiofrequency ablationworks by converting electromagnetic energy
into thermal injury within the target tissues. The term radiofrequency
relates to the alternating frequency (200^1200 kHz) at which the current

FIGURE 1 Sixteenth century lithograph depicting thermal cautery, used to staunch
bleeding and treat superficial tumors.
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£ows from the uninsulated probe tip. A closed serial loop is formed by the
generator, targeting electrode, patient, and large grounding pads (Fig. 2).
The alternating electrical ¢eld within the patient causes marked ionic
agitation, which is focused in the tissue immediately adjacent to the
targeting electrode. The discrepancy in surface areas between the large
grounding pads and the small targeting electrode results in focused
frictional heating of the target tissue.

In 1976 Organ demonstrated that at low power settings, alternating
electricity results in ionic agitation and heating, with conduction into
adjacent tissues. However, at higher power settings the immediate tissues
are quickly destroyed, with tissue desiccation and vaporization. Modern
RFA probes attempt to maximize the former and minimize the latter. It is
this ‘‘peri-probe’’ vaporization and desiccation that confounded many
earlier versions of locally applied thermal energy.

The nature of the thermal damage caused by RFA will be determined
by the temperature achieved in the target tissue and by the duration of
heating. Heating tissues to 50^55�C for 5minutes results in irreversible

FIGURE 2 Basic arrangement of apparatus for radiofrequency ablation. Tissue
destruction occurs in a sphere around the tip of the uninsulated monopolar probe.
This diagram also includes a separate closed circuit for probe coolant, as utilized
by some manufacturers.
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necrosis, while temperatures from 60 to 100�C cause immediate
coagulation. Tissue carbonization and vaporization at 100^110�C
promotes gas production, which serves as an insulator and prevents
further electrical and heat conduction into the tissues with a limitation of
overall treatment volume. Within living perfused tissue it has been noted
that a single uninsulated monopolar probe can only induce a 16mm
diameter necrotic ovoid without adjuvant maneuvers (11). To achieve
adequate tumor necrosis, the entire tumor volume must be subjected to
cytotoxic temperatures. This can be achieved by heating the tumor and a
surrounding cu¡ of 1 cm of normal liver to 50^100�C for 5minutes. In
practice the slow thermal conduction to the periphery of the target volume
may require prolonged treatment times in briskly perfused tissues.

The overall prediction of an adequate treatment sphere is further
compromised by the inherent inhomogeneity of living tissue where
calci¢cation or cystic degeneration within tumors may result in variable
tissue heating. This can only be overcome by maintaining adequate tissue
temperatures for a ¢nite time period. In particular, £owing vessels of
greater than 3mm passing through the target tissue zone are known to
compromise tissue heating. Anecdotally this has been shown to result in
small areas of perivascular tumor-sparing, and evolving treatment
strategies are set to address this issue.

PROBE DESIGN

The main limitation of RFA is the size and reproducibility of the thermal
lesion created. With a single uncooled electrode, the lesion produced is
ovoid and only 16mm in diameter, enabling only a 5mm lesion with 5mm
margins to be treated in a single session. Asmost lesions in clinical practice
are rounded in nature and in excess of this size at presentation, the initial
focus of development by electrode manufacturers has been to increase
the size of the thermal ablation. This was initially achieved by increasing
the e¡ective size of the treatment electrode via use of expandable arrays
such as the LeVeen electrode (Radiotherapeutics, Boston-Scienti¢c
Corporation, Watertown, MA) (Fig. 3A) or the RITA needle (RITA
Medical Systems, Mountainview, CA) (Fig. 3C). Cluster probe arrays have
also been developed (Fig. 3B) and their e¡ectiveness compounded by
closed-circuit perfusion of electrode tip with coolant (Tyco-Radionics,
Burlington,MA). This improved the thermal pro¢le around the uninsulated
tip and thereby increased the overall volume of tissue destruction. More
recently manufacturers have been revisiting the concept of the ‘‘wet
electrode,’’ which aims to enhance tissue ionicity around the electrode tip
in a controlled fashion and, therefore, the overall lesion size.
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The Radiotherapeutics probe (Fig. 3A) utilizes a 14-gauge needle
housing 10 solid retractable ‘‘tines.’’ The tines are available in variable
lengths (2^3.5 cm). However, the 3.5 cm device is most widely used. In use
the tines are fully deployed before application of the 100W generator
(480 kHz). The generator initiates current and thereby energy deposition
at 30W, increasing by 10W every 60 seconds until a peak energy of 90W
is attained. The device is kept at the peak power for 15minutes or until a
rapid rise in impedance is detected. If impedance rises, the generator
switches o¡ for 30 seconds ‘‘impedance-regulated’’ before restarting at
maximum power.

Tyco-Radionics have developed single needle probes and three
17-gauge needles mounted in a triangular ‘‘cluster’’ with a common hub
(Fig. 3B). To maintain the correct geometry of the cluster, a guidance
thimble is utilized. The insulated needles have a hollow shaft with two
internal channels, which allow the needle to be perfused with chilled water
or saline. This reduces rate-limiting tissue desiccation around the
electrode tip and helps maximize overall tissue heating. The needle tip is
closed and contains a thermocouple for recording the temperature of

FIGURE 3 Radiofrequency probe arrays from the three main manufacturers. (A)
The expandable umbrella-shaped Le Veen electrode from Radiotherapeutics.
(B) The ‘‘cool-tip’’ cluster electrode from Tyco-Radionics. The three uninsulated
tips are actively cooled during treatment. (C) The expandable RITA starburst
needle. This deploys nine retractable tines into the tissue target.
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adjacent tissues, allowing current reduction if tissue impedance starts to
rise. The generator provided with the cooled-tip radiofrequency needles is
the most powerful of the three commercially available generators, with a
peak output of 200W, and is operated at 480Hz. It is, however,
modulations of the energy deposition algorithm that enhance the overall
e¡ectiveness, and not simply a more powerful generator. Most workers
utilize a 12-minute cycle and gradually increase the power to a peak of
180^200W. According to the generator settings, this power output is
maintained until critical impedance rises are noted by the generator, and it
cuts out for a short period before recommencing operation. This is
‘‘impedance control mode.’’ Otherwise the generator can be controlled
manually. Successful ablation usually aims to increase the temperature of
the ablated tissues to above 60�C for a ¢nite period of time.

RITA (Fig. 3C) expandable needle electrodes (model 70 andmodel 90
Starburst XLNeedles; RITAMedical Systems,Mountainview, CA) consist
of 14- or 15-gauge insulated outer needles that house seven or nine
retractable, curved electrode tines. By gradual deployment, these create a
large composite sphere of ablated tissue. Four of the electrodes are hollow
and contain thermocouples in their tips that permit measurement of tissue
temperatures towards themargin of the ablative lesion. The tip of the needle
is advanced into the desired location, and the tines are then deployed
to approximately two thirds of their length. Generators of 50
and 150W are available, both operating at 460 kHz. The generator starts
at 25W and gradually increases the wattage to a maximum in
30^120 seconds. The thermocouples monitor tissue temperature and
feedback to reduce current when temperatures above 95�Care attained. The
operator monitors the temperatures, and once adequate tumoricidal
temperatures have been attained, the tines are slowly advanced to full
deployment while maintaining target temperatures. The recommended
timing for the smaller probe is given as 8^12minutes, and 25minutes for the
larger probe. After the cycle is complete, a temperature reading of over 50�C
at 1minute postprocedure is believed to indicate adequate tumor ablation.

DISEASE PROCESSES

Colorectal Cancer

Colorectal cancer (CRC) is one of the most common solid tumors in the
western world, responsible for approximately 10% of all cancer deaths. The
liver is the most common site of distant metastasis, and half of all patients
with colonic cancer ultimately develop liver disease (3). Colonic cancer is
somewhat unique among the common solid tumors in that surgical resection
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ofdistantmetastaticdiseasecanresult in long-termsurvival andeven ‘‘cure’’.
Until recently surgery represented the only hope of cure in this group of
patients, with 5-year survival rates of up to 46% being achieved (5).
Unfortunately, only 10^20% of patients with CRC and liver metastasis are
deemed suitable for hepatic resection (6), and systemic chemotherapy
produces only a modest increase in survival. An additional problem for
conventional surgery is that following apparently curative resection,
recurrent tumor develops in 60% of patients, with repeat surgery
compromised by reduced liver volume and additional risks related to
surgical adhesions. Surgical data demonstrate that the number of
metastases is not the paramount consideration in determining long-term
survival. Rather, complete excision with tumor-free margins has been
shown to be essential. If this can be achieved, then survival after resection of
up toeightmetastases is similar to that after resectionof a solitarymetastasis.

RFA of CRC metastases has yielded some promising results but has
been limited by local recurrence rates of 10^40% (12,13). CRC metastases
tend to exhibit an ill-de¢nedmargin with irregular permeative tumor growth
and occasionally budding and tumor microsatellites in the adjacent liver
parenchyma. Hence, if the necrosis volume produced by RFA treatment is
only equivalent to that of the visible native lesion, tumor recurrence caused
by microscopic rests of tumor along the boundary is likely to result in local
recurrence. Therefore, when treating CRC metastasis, a safety margin of
coagulative necrosis in the liver parenchyma of at least 5mm and preferably
10mm is required. This has led many workers to reduce the size of target
CRCmetastases that they are prepared to treat to 3.5^4.0 cm or less in order
to ensure a reasonable chance of disease eradication.

Hepatocellular Carcinoma

Hepatocellular carcinoma (HCC), although relatively uncommon in
western countries, is probably one of the most common solid organ
cancers on a global basis, with an annual incidence estimated to be
between one half and one million new patients per annum. Few patients
a¡ected by hepatocellular carcinoma are ideal candidates for surgical
resection because of comorbidity, age at time of diagnosis, and often
concurrent advanced cirrhosis with compromised synthetic function.
Moreover, the 5-year recurrence rate after surgery is about 80%.
Therefore, in those patients not amenable to surgery or transplant, novel
approaches are required. RFA is suited to the treatment of HCC as by
virtue of parenchymal sparing there is minimal disruption to synthetic
function. The characteristics of the tumor are also favorable to RFA. The
encapsulated nature of many HCC nodules can result in the ‘‘oven e¡ect,’’
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as described by Livraghi. This relates to the improved current £ux and
tumoricidal temperatures obtained within the encapsulated malignant
nodule. Hepatocellular carcinoma, where paucinodular, represents a
relatively soft tumor within the substrate of a ¢rm cirrhotic liver.
Consequently, larger well-de¢ned tumors up to 5^7 cm in diameter, can be
e¡ectively treated anecdotally with a considerably reduced risk of local
recurrence when compared with CRCmetastases.

Neuroendocrine Liver Metastases

Neuroendocrine liver metastases (NEM) display distinct biological and
clinical features that render their management challenging. Since their initial
description by Paul Langerhans in 1869, neuroendocrine cells have been a
constant focus of interest due to their unique histological and cytological
features and the complex nature of the pathologies towhich they give rise.

Liver metastases develop in fewer than 5% of patients with carcinoid
tumor, 10% of patients with insulinoma, 25^90% with gastrinoma, and in
75% with glucagonoma (14). The metastatic neuroendocrine tumors may
have an indolent course, complicated in some cases by hormonal
secretion. However, the 5-year survival with metastatic neuroendocrine
liver metastases is still only 25%, and it is overall tumor burden that is the
ultimate cause of death. Although surgical resection is the gold standard,
curative resection is only possible in 10% of patients, and chemotherapy
has limited value (15). The long indolent course and the need for symptom
control, and perhaps more importantly reduction of tumor load, has led to
the use of RFA as a ‘‘cytoreductive therapy’’ in an attempt to improve
quality of life and prolong survival.

Extrahepatic metastatic gastrointestinal tumors have also been
treated in the lungs with survival bene¢t (16). There are increasing reports
of technical success in the treatment of solid nodular disease within the
lungs (17). In particular, the high impedance encountered during
treatments is due to the target being surrounded by aerated lung. As long
as the probe is in contact with the nodule, this favorable treatment
environment facilitates complete tumor destruction. To date most
successful treatments have been of smaller peripheral malignancies where
the pneumothorax risk is reduced and there is less chance of heat-sumping
or critical thermal injury to larger perihilar vessels.

PROCEDURAL CONSIDERATIONS

RFA should be performed percutaneously whenever possible. This reduces
morbidity, and treatments can be performed as day cases or on an overnight
stay basis under either general anesthesia or conscious sedation. The
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percutaneous route allows repeat procedures and is relatively inexpensive.
Advocates of laparoscopic RFA claim that additional information can be
gained with the use of laparoscopic high-frequency ultrasound and via
direct visualization of the peritoneal surface of the liver. Detection of
unexpected peritoneal disease can terminate a planned RFA treatment. An
additional bene¢t of laparoscopic and operative RFA is the ability to
perform a ‘‘pringle maneuver,’’ with temporary occlusion to hepatic
perfusion. This may decrease heat loss and enable greater treatment
volumes (18,19). However, experience of laparoscopic RFA is limited, and
added invasiveness and complexity, along with increased costs, have
limited its use. Open, operative RFA attracts the associated morbidity and
mortality of laparotomy and general anesthesia, along with increased
recovery periods. However, it may improve the targeting and isolation of
problematic lesions, for example, adjacent to the gallbladder, diaphragm,
or bowel, and is increasingly used as an adjunct to hepatic resection.

Early experience also demonstrates the feasibility and safety of
performing RFA on synchronous metastatic liver tumors in conjunction
with primary colorectal cancer resection. In this setting any added
morbidity is low and additional disease control may improve survival. This
chapter will focus on the percutaneous applications of RFA.

PREPROCEDURAL CHECKS

An outpatient assessment the week before treatment presents the operator
with an invaluable chance to review all the available imaging. An up-to-
date assessment of the number and size of lesions and their relationship to
surrounding structures is vital. The likely approach can be ascertained and
the targeting modality chosen. If ultrasound is to be used, hepatic
sonography should be performed to determine tumor conspicuity and to
identify a safe passage to the lesion. This time also allows for patient
counseling, with particular attention to the possibility of postprocedural
liver hemorrhage, adjacent thermal gut injury, and the chance of local
disease recurrence, while bearing in mind the size of the target lesions at
the outset. On this visit baseline hematology tests with a coagulation
pro¢le should be obtained in addition to biochemistry with a-fetoprotein
and carcinoembryonic antigen levels as appropriate. Coagulopathy should
be corrected prior to RFA, especially given the relatively large needle size
and the occasional necessity for multiple transhepatic punctures.

ANESTHESIA

The majority of percutaneous RFA procedures are performed on an
overnight stay basis, although uneventful treatments in ¢t patients can be
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carried out as day cases. Treatment is usually performed under conscious
sedation (neuroleptanalgesia). This has the advantage of allowing for
patient cooperation with breathing and positioning prior to heavier
sedation for the actual treatment itself. It is notable that as RF treatments
have become more ambitious, there has been a gradual drift among
practitioners towards general anesthesia.

Having fasted for 6 hours, the patient is prepared with peripheral
intravenous access and cardiovascular and respiratory monitoring. The
planned puncture site is prepared for a sterile procedure, and the puncture site
is anesthetized with 1% lidocaine hydrochloride (Xylocaine, AstraZeneca).
An intercostal approach is favored for right lobe lesions, while lesions in the
left lobe are best approached with a subcostal approach. If anesthetic support
is not available, then a quali¢ed nurse should monitor the patient’s vital signs
during the procedure. Traditional sedation with a fast-acting opiate (Fentnyl,
Janssen-Cilag, Beerse, Belgium) and a short-acting benzodiazepine
(Midazolam, Dormicum, Ho¡mann-La Roche, Basel, Switzerland) has
proved adequate for themajority of straightforwardprocedures.

Ablation of peripheral lesions close to the liver capsule causes
signi¢cantly more pain than parenchymal RFA, and in this setting
premedication with an anti-in£ammatory (Voltarol 100mg PR) or the use
of postprocedure patient-controlled analgesia (PCA) pump may be
warranted. Pain is usually experienced for about 3 hours postprocedure,
and most patients require simple analgesia for this time.

Routine prophylactic antibiotics use is advocated by some workers,
although there is no consensus on their use, especially since infective
complications of RFA treatment are uncommon. If prophylactic
antibiotics are to be used, then a broad-spectrum cephalosporin may be
considered. Many practitioners have reported an increased risk of abscess
formation in the setting of a biliary stent or choledocho-enteric
anastomosis. This is evolving as a relative contraindication but, if
undertaken, should certainly be covered by medium-term antibiotic
prophylaxis. The Italian Multicentre Collaborative experience highlighted
an increased risk of abscess formation in diabetics and those patients with
pneumobilia following previous surgical biliary bypass or stenting (20).

GUIDING MODALITIES

Adequate targeting of the lesion is the key to successful ablation. RFA
needle probes can be placed under ultrasound, CT, or MR guidance using
a percutaneous approach (Fig. 4). The guiding modality will be
determined by target conspicuity. However, ultrasound guidance o¡ers
the most robust technique with real-time visualization and multiplanar
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assessment, along with advantages of availability and cost. The primary
disadvantage of ultrasound is its limited ability to assess the e¡ectiveness of
ablation and the gradual obscuration of the target bymicrobubble formation
during the RF process (Fig. 5). Not only can this compromise immediate
assessment of treatment adequacy, it can also impair targeting of subsequent
lesions to be treated at the same session. It is always the authors’ practice to
target smaller, deeper lesions ¢rst, followed by larger more super¢cial
disease. By waiting for 5^8minutes between treatments of individual
nodules, there is considerable clearing of di¡use bubble-mediated
echogenicity from the liver parenchyma, and this pause can facilitate
secondary targeting. Undoubtedly the newer ultrasound contrast media will
have a role to play in improved visualization, in particular of ‘‘chemo-
modulated’’ disease, which remains problematic. The authors have noted
that if preprocedural particulate embolization has been employed (poly-
vinyl alcohol, PVA) within the preceeding 48 hours, as in the case of HCC,
the lesion is often highlighted by a retained ‘‘PVA twinkle,’’ which can aid
lesion targeting in the setting of the nodular cirrhotic liver (Fig. 6).

Lesions that are poorly visualized on ultrasound may be visualized by
either CT £uoroscopy or real-time MR imaging. However, practicing
radiologists will appreciate the di⁄culties of targeting small volume
disease at unenhanced CT £uoroscopy, where the temporal window for
probe placement during contrast enhanced CT is inadequate. Similarly,

FIGURE 4 A small-volume hepatocellular carcinoma undergoing CT-guided RFA
due to problems with visualization of the high right hemiliver at ultrasound.
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MR imaging remains limited by spatial resolution, although some authors
have highlighted the use of T1-thermometry for an enhanced appreciation
of treatment adequacy (21). When planning an individual patient’s
suitability for treatment, not only should lesion size be taken into account,
but also their position and number. Multiple colorectal metastatic nodules
may be ablated over a number of sessions. In the authors’ experience, the
chances of inadequate treatment increase considerably if more than three
lesions are treated at any one sitting. In addition, these lesions should
ideally be less than 4 cm in diameter in order to ensure tumor eradication.
Larger hepatocellular cancer nodules up to 6 cm can be treated with the
expectation of complete ablation. Caution should be taken when treating
peri-hilar lesions as there have been occasional reports of critical proximal
bile duct injury. Furthermore, residual disease seems highly likely in the
setting of large perihilar vessels. In addition, treatments within segment 6
of the right lobe and on the underside of segment 3 should be carried out
with due consideration of the risk of adjacent thermal gut injury in the
closed patient (Fig. 7). It may be that these would be better treated by RFA
during open laparotomy, building a team approach with surgeons for the

FIGURE 5 Following RFA of a hepatocellular carcinoma in a cirrhotic liver, the
treated nodule is obscured by a veil of microbubbles. This can impair secondary
needle placement within the same lesion.
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management and ablation of these diseases. The operator should also be
aware that treatment close to the diaphragm can cause signi¢cant pain
and=or hiccoughs and also risks pleural e¡usion or even ¢stulation.

TREATMENT ENDPOINTS

The commercially available generators de¢ne treatment endpoints on
physical parameters. The Radionics and Radiotherapeutics generators

FIGURE 6 Hepatocellular carcinoma nodules in the setting of cirrhosis. These
nodules have been previously embolized with particulate material resulting in a
‘‘PVA twinkle,’’ which enhances targeting for RFA.
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both use impedance rises to de¢ne the end of the treatment cycle, while
RITA generators monitor tumor temperatures, with a ¢nal temperature 1
minute after treatment above 50�C described as re£ecting adequate
treatment. Morphological endpoints on imaging criteria have proved
disappointing. Acute postprocedure contrast-enhanced CT often results
in misleading and ill-de¢ned peripheral enhancement due to an acute
hyperaemic parenchymal response. The use of contrast-enhanced
ultrasound has been described for detection of viable residual tumor, but
experience is currently limited (22). It is the authors’ practice to assess
posttreatment response via contrast-enhanced CT performed between
72 hours and 30 days, at which point the RF lesion is much more crisply
de¢ned and residual untreated disease is usually more apparent (Fig. 8).

COMPLICATIONS

Percutaneous RFA is a relatively new technique, and only interim data are
available relating to its e⁄cacy and use in the treatment of focal liver

FIGURE7 The grey-shaded areas at the underside of segment 3, the tip of segment
6, and the perihilar liver should be approached with caution. There is a risk of ther-
mal injury adjacent to the lesser curve of the stomach or to the hepatic flexure of the
colon, particularly in those who have had previous surgery. Lesions are likely to
remain undertreated with a risk of biliary injury at the liver hilium. Treatments close
to the diaphragm (hatched) may incur pain and diaphragmatic irritation.
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lesions. All published data currently indicates a low complication rate. The
largest reported experience to date is from the Italian Collaborative group
(20): 2320 patients (3554 lesions, 3.1 � 1.1 cm) were treated bet-
ween July 1995 and January 2001 in 41 centers using similar RFA
protocols. Of these, 1620 were cases of hepatocellular carcinoma in the
setting of chronic liver disease, and 683 patients had metastatic disease,
mostly colorectal carcinoma. When considering the results, we should
bear in mind the currently reported 4% mortality for surgical liver
resection combined with a 16^27% major complication rate (23,24). In
contrast, mortality in the Italian study was 0.25%, representing 6 patients.
Two of the deaths were attributed to faeculent peritonitis as a result of
RF-induced thermal colonic injury. Surgical adhesions and the close
proximity of the target liver lesion to the colonic wall have been implicated

FIGURE 8 Two colorectal metastases following RFA. The posttreatment thermal
injuries are crisply delineated at 72 hours after treatment. (For posttreatment
image interpretation, see later.)
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as possible risk factors. Thermal damage with a biliary stricture was
implicated in one death following treatment of a perihiliar lesion. A
super¢cial HCC ruptured following treatment, causing massive peritoneal
hemorrhage and subsequent hepatic coma. Two further deaths were
reported, although the exact causality remains unclear.

Major Complications

The Italian series reported a 2.1%major complication rate that included 12
cases (0.5%) of intraperitoneal haemorrhage requiring treatment, of which
the majority were HCC patients with an elevated INR. Six cases (0.25%)
of intrahepatic abscess were identi¢ed, the majority responding to
intravenous antibiotics and=or percutaneous drainage. Colonic
perforations occurred in 5 cases with a close association with previous
colonic resection noted, presumably related to adhesions attaching the
liver to the gastrointestinal tract. Other reported complications included a
biloma, one biliary stricture, and three cases of hemothorax requiring
drainage. Neoplastic seeding was noted 4^18 months later in 12 patients
(0.5%). The majority were from super¢cial lesions. However, a few deep
poorly di¡erentiated HCC were also found to seed despite RF heating of
the electrode tract, a process known as ‘‘hot withdrawal’’ or ‘‘track
ablation.’’

Minor Complications

Minor complications occurred in 4.1% of cases. Peri-procedural pain was
noted in super¢cial lesions and in those close to the liver hilium. This is
likely to re£ect the somatic innervation of Gleeson’s capsule. The pain is
most pronounced during high-energy RF delivery at the beginning of the
procedure. The majority of patients experience minimal pain during the
weeks following RFA. However, the aggressive treatment of peripheral
and especially subdiaphragmatic lesions occasionally results in signi¢cant
pain. In this setting premedication and post-procedural pain relief with a
nonsteroidal anti-in£ammatory (Voltarol 100mg PR) or the use of PCA
may be warranted. Postablation pyrexia is often noted, analogous to the
postembolization syndrome.

TARGET TISSUE MODULATION

E¡ective ablation of diseased tissue has been approached from two angles.
The probe manufacturers have striven to make RF probes more e¡ective
by various means, including increased power output, expandable, cooled,
and perfused electrodes, and pulsed energy-delivery algorithms. Living
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tissues, both those diseased and the background parenchyma, can confound
e¡ective RF ablation as they may be electrically inhomogeneous, close to
temperature-sensitive structures, or heating to lethal temperatures may be
compromised by overall tissue perfusion. Many clinicians are in the
process of devising adjunctive interventional maneuvers by which these
rate-limiting steps can be overcome.

Perfusion-mediated cooling has been particularly problematic, and
animal experiments have clearly shown that the volume of the ablated
tissue can be signi¢cantly increased by decreasing overall tissue perfusion
(18). Similarly, anecdotal experience has shown that vessels of 3mm and
above often remain patent through the margins of a sphere of otherwise
e¡ective tissue necrosis. This vessel preservation is likely due to heat loss
to the £owing vessel, a phenomenon termed ‘‘heat-sumping.’’ By
implication there must be a cu¡ of viable cells around these vessels, and
certainly anecdotal experience has suggested that perivascular disease
recurrence does occur adjacent to £owing vessels towards the margin of an
RF lesion. Patterson et al. have shown that the sphere of tissue destruction
can be enhanced by performing a pringle maneuver (occlusion of the
hepatic artery and portal vein) during RFA in anesthetized pigs (18).
Similarly, Curley et al. reported use of the LeVeen monopolar electrode in
the treatment of 169 tumors in 123 patients (75 metastasis, 48 HCC) (19).
Approximately three quarters of these procedures were performed
intraoperatively and with 2^3minutes of vascular in£ow occlusion. The
authors attributed their low rate of recurrence (1.8%; 3 of 169) to the
pringle maneuver. In this series metastatic disease progressed at other
sites in 34 patients (27.6%).

Hepatic artery balloon occlusion has also been reported to have a
possible role in the treatment of HCC. The dominant and hypervascular
arterial supply of nodular hepatoma may compromise heat-mediated
cellular destruction. While the nodular HCC in the cirrhotic liver
undoubtedly lends itself to RFA, for physical reasons already discussed, it
appears that larger hepatomas can be e¡ectively treated following
temporary hepatic arterial balloon occlusion (25) or particulate
embolization. Many anecdotal reports now suggest that diminishing tissue
perfusion by these means, and even possibly chemotherapy, may help to
enhance the overall e¡ectiveness of RFA. Other workers have sought to
improve overall heat deposition by increasing target tissue ionicity and
thereby its conductivity by infusing hypertonic saline into the area to be
ablated. Livraghi et al. reported both ex vivo and in vivo animal experience
as well as preliminary human studies utilising saline-augmentation of RFA
(26). Both bolus (1^20mL) and continuous infusion (1 mL=min) enhanced
the overall zone of necrosis, but the authors noted that the treatment zones
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were often irregular and di⁄cult to predict. The uncertainty of bolus-
injected hypertonic saline has reduced its usage more recently. One
manufacturer (RITA, Mountainview, CA) has, however, produced a very
slow, impedance-regulated perfused probe with the aim of inducing more
controlled tissue destruction. Vessel mediated tissue cooling can also be
problematic where disease abuts major veins. De Baere et al. have recently
reported transhepatic temporary balloon occlusion of hepatic veins as a
means to reduce perivenular recurrence (27).

Target tissue chemo-sensitization is a further strategy. Early
experience suggests that there may be not just an additive but a
compounding e¡ect where chemotherapy and RFA are used in close
conjunction with one another. It is already clear that the pretreatment with
chemotherapy results in a decrease in the temperature required to cause
cell death. Work by Goldberg et al. has also shown that intralesional
instillation of doxorubicin results in an augmentation of the tumoricidal
e¡ects of RFA, which may be progressive after the treatment (28): clearly
further work is needed to evaluate the bene¢ts and timing of such adjuvant
treatments.

IMAGING FOLLOW-UP

Most of the current methods used for interstitial tissue ablation result in
obscuration of the target during treatment (Fig. 5). As such, it has been
di⁄cult to accurately assess treatment completion at the time of the
procedure. Some success has been reported using T1-thermometry at MR
imaging (21) and with contrast-enhanced ultrasound following clearance
over the coarser ‘‘RF-bubble shower,’’ within minutes of treatment
cessation. It is widely accepted, however, that such peri-procedural
assessments can be inaccurate and even underestimate the treatment
volume because greater areas of tissue necrosis are con¢rmed by other
modalities a few days later. Many workers in the ¢eld now aim to treat as
adequately as possible and reserve imaging assessment as an outpatient
procedure at 3^30 days. By 3 days the RF lesion is more clearly de¢ned at
CT and MR imaging and demonstrates a number of characteristic features
(29,30).

The unenhanced CT image frequently demonstrates ill-de¢ned high
attenuation within the central ablated zone. This re£ects hemorrhage
within the area of coagulative necrosis (Fig. 9A). The ablated area shows
no enhancement with contrast, but in the late arterial, and perhaps moreso
in the portal venous phase, demonstrates a thin rind of enhancement of a
few millimeters in diameter (Fig. 9B, C). This penumbral zone of thermal
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injury response is only approximately 2mm thick and marks the transition
from coagulated tissue to adjacent viable parenchyma. Of note, contrast is
often retained in this penumbral zone on postequilibrium imaging
(Fig. 9 D). This hyperemic zone tends to resolve over the course of 4 weeks
or so and should not be mistaken for residual tumor. Some authors have
argued that postprocedural imaging may be better carried out following
complete resolution of this thermal injury response, which usually occurs

FIGURE 9 (A) Pretreatment CT of colorectal carcinoma deposit. (B) Arterial phase
CT demonstrating thin enhancing line of perilesional response to thermal injury.
Subtending arterioportal shunt is also noted and should not be misinterpreted as
residual disease. This lesion was pretreated with 15mL of hypertonic saline. Some
of this has caused a peripheral patch of necrosis presumably where it has passed
into an occluded biliary radicle. (C) Portal venous phase CT image again demon-
strates perilesional thermal injury response and subtended high attenuation. (D)
Contrast persists in the penumbral zone of thermal injury in the post equilibrium
phase, likely due to defective contrast clearance.
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by about one month (31). The interpreting radiologist should also be aware
of arterioportal shunting, which may declare itself in the subtended liver
parenchyma and again should not be misinterpreted as disease recurrence
(30) (Fig. 10).

While no absolute consensus regarding follow-up scheduling has been
reached, this should be guided by the natural history of the treated tumor.
Most protocols recommend imaging at 3 months and then every 6 months.
Clearly a colorectal metastasis can be expected to develop local recurrence
earlier than a subtotally treated indolent carcinoid deposit. Of note,
Solbiati et al. reported the follow-up of 117 patients with 179 colorectal
metastases and noted that 54 of 70 (70%) local recurrences were apparent
within 6 months of the initial treatment (12).

RF lesions tend to demonstrate crisp margins and slow involution in
the months following treatment. Any ill de¢nition or expansion usually

FIGURE 10 Large enhancing segmental arterioportal shunt around a treated
colorectal metastasis. This is frequently encountered and clearly should not be
misinterpreted as perilesional tumor recurrence. The presence of biliary-enteric
bypass or a stent should be regarded as a relative contraindication.
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represents locally recurrent disease. Patterns of recurrence appear to fall
into a number of typical patterns. Hepatocellular carcinoma, particularly
encapsulated disease, frequently demonstrates peripheral nodular
recurrences. As with the original disease, this is usually best demonstrated
on a high-dose late arterial phase CT study (Fig. 11). HCC can also recur
as a contiguous but usually nodular outgrowth from the treated lesion (32).
Recurrent colorectal disease usually declares itself within 6 months as
eccentric nodular disease at the margin of the RF lesion, or simply as an
expanding RF lesion following treatment, the ‘‘halo’’ recurrence (Fig. 12).

CLINICAL RESULTS

Although RF ablation is becoming widely adopted, it still remains a
relatively new technique. Only recently have larger series and longer-term
results in HCC, CRC metastatic, and, to a lesser extent, metastatic

FIGURE 11 (A) An encapsulated and hypervascular hepatoma is seen at the
posterior aspect of segment 3. (B) Following treatment this appears entirely
ablated with no evidence of enhancement in the late arterial phase. (C) At 6
months follow-up there is a small ‘‘chain’’ of nodular recurrence at the deep aspect
of the treated hepatoma––‘‘peripheral nodular recurrence.’’
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neuroendocrine disease been published. Earlier series were from mixed
populations with heterogeneous inclusion criteria, techniques, and
outcome measures. Due to the rapidly evolving nature of RF, useful 5-year
survival data are still awaited. Initial clinical experience from the
mid-1990s was aimed at assessing local therapeutic e⁄cacy and safety.

To date the largest experience has been acquired in the treatment of
hepatocellular carcinoma. In 1995 Rossi et al. reported immediate
outcome in 24 patients with 25 HCCs of 3 cm or less, with complete tumor
destruction in 23 out of 25 lesions (33). In a subsequent series the same
group had treated 50 patients, 39 with 41 small hepatomas (< 3.5 cm in
diameter) and 11 with 13 metastases (34). This series is notable for the
high number of treatment sessions per patient of 3.3. The hepatoma cohort
was followed for a mean of 22.6 months with a median survival of 44
months. Only 2 (5%) of this group developed local recurrence. In the 11
metastatic patients the mean follow-up was 11 months, with 2 patients
proceeding to surgery within 1month of RFA. Of these 11 patients, 2
developed local recurrence under follow-up. Two publications by Livraghi
et al. serve to highlight some pertinent points regarding the RFA of HCC
(36,36): (a) the increased e¡ectiveness of RFA compared with

FIGURE 12 A colorectal metastasis that previously appeared well defined and
adequately treated at 3 months now expresses enlargement and an ill-defined
border at 6-month CT. This is a typical, expanding, or ‘‘halo’’ recurrence.
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percutaneous ethanol installation for treatment of small (< 3 cm) HCC;
(b), that smaller HCCs tend to be treated e¡ectively when compared to
larger nodules, with complex in¢ltrative morphology, and (c) that size
greater than 5 cm is signi¢cantly predictive of treatment failure. Livraghi
et al. (36) noted that encapsulated hepatomas appeared to be treated very
e¡ectively even if the ablation zone conformed neatly to the encapsulated
nodule. Experience suggests an ‘‘oven e¡ect,’’ with the surrounding
cirrhotic liver parenchyma serving to concentrate current £ux and heat
deposition within the encapsulated hepatoma.

More recently Buscarini et al. have reported 101 hepatocellular
carcinomas treated in 88 patients with a mean follow-up of 34 months
(37). They achieved complete posttreatment tumor necrosis by imaging
assessment in all cases, with a local recurrence rate of 22% and a 5-year
survival of 33%.

As discussed earlier, animal work (18) and anecdotal surgical
experience (19) indicates that diminished hepatic vascular in£ow
increases the volume of RF-induced necrosis in the liver. Subsequently, a
multicenter trial set out to assess this premise (38). A consecutive series of
62 patients with unifocal HCC of 3.5^8.5 cm (mean 4.7 cm) underwent
RFA following either hepatic artery balloon occlusion or preembolization
with gelatin sponge. The balloon occlusion was either at the time of RFA
(n ¼ 40), immediately following embolization (n ¼ 13), or in the following
2^5 days (n ¼ 9). Complete tumor eradication at postprocedure imaging
was deemed to have been achieved in 56 of 62 patients (90%); subtotal
treatments occurred in 6 of 62 patients (10%) who subsequently
underwent secondary RFA to complete tumor destruction. Two patients
proceeded to liver resection, but the 60 remaining were followed for a
mean of 12 months (range 3^36 months) with local recurrence detected in
11 of 60 (18%). This means that of these larger problematic lesions, some
49 of 60 (82%) had no local recurrence but 18 of 60 patients demonstrated
new intrahepatic disease. Thirty-one of 60 (52%) remained disease-free
during the follow-up period.

Colorectal carcinomahas provedmore resistant to treatment byRFA.
Necessarily many patients that might be good candidates for RFA are
referred for surgical resection with local ablation tending to be reserved
for those believed un¢t for surgery. Results to date also suggest that the
in¢ltrative margin of colorectal metastases greater than 3 cm must be
thoroughly treated in order to avoid high rates of local recurrence. Solbiati
et al. reported their experience in the treatment of 179 metachronous
colorectal metastases in 117 patients between July 1995 and October 1999
(12). The follow-up ranged from 6 to 52 months with an estimated median
survival for all patients of 36 months. Survival analysis yielded estimated
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1-, 2-, and 3-year survival rates of 93, 69, and 46%, respectively. These
¢gures are a substantial improvement on those currently achievable with
systemic chemotherapy alone (48% at 1 year, 21% at 2 years, and 3% at
3 years). Local recurrence occurred in 70 of 179 (39%) of lesions following
RFA. As described earlier, 54 of these were seen by 6 months and 67 by 1
year. De Baere, et al. reported the treatment of 121 metastases in 68
patients (13); 33 metastases (5^20mm) were treated intraoperatively and
88 (10^42mm) at percutaneous RFA. Of 100 metastases closely followed
between 4 and 23 months (mean 14 months), 91% demonstrated complete
local eradication. Tumor control was equivalent between intraoperative
(94%) and percutaneous (90%) RFA.

The surgical community has also reported promising results in the use
of intraoperative RFA including that under laparoscopic guidance and in
combination with surgical resection. Curley et al. treated 169 lesions (48
HCC, 75 metastases) in 123 patients with a mean diameter of 3.4 cm (19).
Approximately one third of these were treated percutaneously and two
thirds intraoperatively. They reported a local recurrence rate of 1.8%
during a median follow-up of 15 months. Progressive metastatic disease
was, however, noted in 34 (28%) patients. Siperstein treated 250 primary
and secondary hepatic tumors in 66 patients under laparoscopic guidance
(39). Of these lesions, 178 appeared adequately treated at initial post-
procedure assessment and 156 of 178 (88%) demonstrated progressive
resolution when followed for at least 3 months. There were 22 (12%) local
recurrences, of which 17 were apparent by 6 months. Favorable outcomes
have also been reported in the treatment of metastatic neuroendocrine
tumors.

Hellman et al. treated 43 neuroendocrine liver metastases in 21
patients (12 midgut carcinoids, 4 nonfunctional endocrine pancreatic
tumors, 1 VIPoma, 1 glucagonoma, 1 gastrinoma, and 2 adrenal
carcinoma) (40). Of these 21 there was intention-to-cure in 14 by RF alone
or RF plus surgery in 1. At a mean follow-up of 2.1 years (range 3 months
to 4 years), two lesions had developed signs of further growth, yielding a
local recurrence rate of 4.6%. Four of the 15 patients treated with curative
intent remained disease-free under follow-up. Other series indicate a clear
role for RFA in an overall cytoreductive approach to metastatic
neuroendocrine disease alongside surgery and long-acting somatostatin
analogues (41,42).

SUMMARY

Accruing experience clearly demonstrates a role for percutaneous thermal
ablation and particularly RFA in the treatment of small to intermediate-
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volume malignant liver disease. Recent large series have con¢rmed the
overall safety and low morbidity of the technique. Results suggest a central
role for the treatment of hepatocellular carcinoma and an adjunctive role
for colorectal carcinoma and metastatic neuroendocrine disease alongside
surgery and chemotherapy. Above all, this is an in situ, image-guided
technique in which radiologists are central to accurate implementation
and careful follow-up. Further implementation will require the radiology
community to adopt a pivotal role in the dissemination of good practice
and the accrual of valuable data through experience in multiple centers.
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Endoscopic Ultrasound

S. Ashley Roberts

University Hospital of Wales, Cardiff, Wales

INTRODUCTION

Endoscopic ultrasound (EUS) is a marriage between ultrasound and endo-
scopy. Cross-sectional images of the gut wall and adjacent structures are
obtained by passing an ultrasound probe into the gastrointestinal (GI)
tract. The technique originated just after the second world war, when newly
obsolete naval ultrasound equipment became available. Wild and Reid
modi¢ed the equipment and developed a mechanical ultrasound transdu-
cer, which they inserted into the rectum of several healthy volunteers in
order to obtain endoluminal ultrasound images of the rectal wall (1). The
upper gastrointestinal tract was ¢rst examined by Rasmussen and collea-
gues (2), who passed an ultrasound catheter probe down the biopsy channel
of an early endoscope. They were able to measure the thickness of the
stomach wall with this technology.

Endoscopic ultrasound only became a useful clinical tool in the early
1980s with the development of dedicated endoscopes (3). These early
echoendoscopes contained a rotating ultrasound transducer at their tip,
which produced a 360 degree radial image perpendicular to the long axis of
the endoscope insertion tube. They were ¢rst used for staging upper gastro-
intestinal tract cancer, particularly in the esophagus. While EUS still has a
crucial role in the management of esophageal cancer (4), the indications
for EUS have widened enormously. In particular, the development of linear
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echoendoscopes has precipitated the new ¢eld of interventional EUS.
Using linear EUS, the ultrasound beam is parallel to the long axis of the
endoscope and thus is in line with the biopsy channel rather than perpendi-
cular to the long axis. When a needle is passed out of the endoscope, it
remains in the ultrasound beam throughout its length, greatly enhancing
visualization. It can be guided through the bowel wall into adjacent struc-
tures such as the pancreas and lymph nodes with a high degree of accuracy.

This chapter will discuss the clinical role of radial and linear EUS
in the upper gastrointestinal tract, with particular reference to the new
development of interventional EUS.

EQUIPMENT AND TECHNIQUES

Radial Echoendoscopes

Mechanical radial echoendoscopes are produced by Olympus and, despite
relying on the samebasic ultrasound technology developed byWild andReid,
they remain the most widely used. The orientation of the ultrasound beam
allows accurate staging ofGI tract tumors because 360 degrees of the gutwall
can be seen on any particular section. The entire esophagus and adjacent
structures can be examined by simply passing the endoscope up and down
throughout its length. In addition to themore usual echo-endoscopes, which
provide a video or ¢beroptic endoscopic image, Olympus also produces a
narrow diameter echoendoscope speci¢cally designed for staging eso-
phageal cancer. This has no endoscopic image, which allows the reduction
in diameter, and it is introduced over a guide wire rather than by direct
vision. This modi¢cation can safely traverse tight strictures while facilitating
highly accurate staging inwhatwould otherwise be a di⁄cult situation (5).

More recently, Pentax=Hitachi have produced an electronic radial
echoendoscope, which produces a 270 degree image perpendicular to the
long axis of the endoscope. This remains under evaluation, but initial
experience is encouraging. This endoscope has excellent image quality,
particularly in the near ¢eld, and the added advantage of color Doppler.

Catheter or ‘‘mini probe’’ transducers, which can be passed down the
biopsy channel of conventional endoscopes, also provide radial images.
They are usually of high frequency and therefore have limited penetration.
This makes assessment of resectability of esophageal cancer di⁄cult,
although more recently Fujinon produced a more penetrating 7.5MHz
probe speci¢cally for this purpose.

As described above, radial EUS does have signi¢cant limitations
when guiding EUS interventional procedures because of the relationship
between the ultrasound beam and biopsy needle. If a needle is passed out
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of the biopsy channel, it will tangentially cross the ultrasound beam and
appear only as a localized dot on the image. There is therefore no informa-
tion about the position of the needle tip within a lesion (Fig. 1). Although
interventional EUS has been attempted with radial echoendoscopes (6), it
is widely accepted that accurate interventional EUS requires a linear
echoendoscope.

Linear Echoendoscopes

The ¢rst linear echoendoscopewas developed by Pentax=Hitachi in the late
1980s. The linear assembly uses an electronic array of transducers, which
are sequentially activated to produce a sector ultrasound beam parallel to
the long axis of the endoscope. In contrast to the radial system, the full
length of the needle can be tracked in real-time into a lesion (Fig. 2). This
electronic curvilinear array assembly is the echoendoscope of choice for
performing interventional procedures. A mechanical linear echoendosope
(Olympus GF-UM30P) is available with the Olympus radial scanning pro-
cessor and is therefore less expensive than the electronic linear counter-
parts, while retaining bene¢ts of the correct orientation. Image quality is
poorer, however, and there is no Doppler capability. Reasonable results
have been achieved with this endoscope (7), but it is generally accepted that
electronic echoendoscopes are preferable if ¢nance allows.

Olympus=Aloka (GF-UC30P), Pentax=Hitachi (FG-32UA, FG-
36UA, and FG-38UA), and Toshiba (PEF-703FA) produce electronic
curvilinear array echoendoscopes for interventional EUS. The diameter of
the biopsy channel varies between the endoscopes, with some allowing
the use of larger biopsy needles and stents. Some also have an elevator
device, which can alter the direction of needle puncture. In terms of image
quality, however, there is little to choose between them, particularly
when they are used with a state-of-the-art ultrasound processor.

Needle Biopsy Assembly for EUS-Guided Biopsy

The needle biopsy assembly allows needle deployment without damaging
the biopsy channel of the endoscope. The needle is approximately 140 cm
long and is surrounded by a metal spiral sheath, which protects the
biopsy channel. The needle must be withdrawn into this sheath when the
assembly is passed through the channel. A handle at the proximal end of
the needle assembly can be Luer-locked to the biopsy channel inlet and
allows the needle to be advanced out of the metal spiral sheath into a lesion
by manually pushing a ‘‘plunger’’ (Fig. 3). The needle also contains a stylet
that prevents contamination of the sample with mucous or epithelial cells
from the gut wall mucosa.
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FIGURE 1 (A) Tip of the Olympus UM-20 mechanical radial echoendoscope.
A Cook EUS biopsy needle has been passed down the working channel. (B) Sub-
sequent image of a phantom, where the needle is only seen as a dot (arrow)
as it crosses the radial ultrasound beam.
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The two most widely used needle systems are the Hancke-Villman
(GIP, Grassau, Germany) and Wilson-Cook (Letchworth, Hertfordshire,
UK) assemblies. The Wilson-Cook needle is single use, whereas the GIP
needle assembly handle and metal spiral sheath can be reused after auto-
claving. A comparison of the two needle types (8) in focal pancreatic
lesions showed no signi¢cant di¡erence in their handling. However,
more inadequate samples were obtained with the GIP needle, although
more technical problems (breakage of the outer sheath and inability to
reinsert the central stylet) were encountered using theWilson-Cook device.

EUS-Guided Biopsy Technique

The author’s preferred image display locates the cranial aspect on the right
side of the image screen, which is opposite to the system used for conven-
tional transabdominal ultrasound. The needle, therefore, enters the image
at top right. Once the lesion for biopsy has been identi¢ed, the needle
assembly is introduced into the biopsy channel with the needle withdrawn
into the metal spiral sheath. The handle is then locked into position. With

FIGURE 2 Image of the same phantom as in Figure 1B with the Toshiba linear
scope. The Cook needle has been passed out of the biopsy channel and is seen
throughout its length due to the orientation of the ultrasound beam.
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the transducer against the bowel wall to maintain optimal visualization of
the lesion, the needle is advanced into it. The stylet is completely withdrawn
and suction applied using a primed syringe: 50mL for pancreatic lesions
and 10mL for lymph nodes. Approximately 5^10 to-and-fro movements of
the needle-tip within the lesion are required to obtain an adequate aspirate.
The negative pressure is then released and the whole assembly withdrawn.
Material is expelled onto glass slides, either with a syringe or by reintro-
ducing the stylet. Small cores of tissue are often seen and may be placed in
formalin for histological assessment. During subsequent passes the amount
of suction can be varied depending on the aspirates obtained�more if the
sample is scanty, less if bloody. Occasionally no suction is required, as
advocated in a recent comparative study of di¡erent techniques for
EUS-FNA of lymph nodes (9).

The average number of passes required is lesion-dependent. Typi-
cally, solid pancreatic lesions require ¢ve or more passes, three passes for
lymph nodes; cystic lesions should be aspirated only once in order to

FIGURE 3 (A) The Cook needle assembly handle is locked onto the top of the
biopsy channel of the Toshiba linear echoendoscope. The metal sheath is just
seen protruding from the biopsy channel exit near the ultrasound transducer. (B)
The ‘‘plunger’’ on the handle has been pushed in, and the needle has advanced
out of the metal sheath.
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minimize any risk of infection. Ideally, a cytopathologist should be avail-
able in the room, but this is not always feasible.

ANATOMICAL CONSIDERATIONS AND
TNM TUMOR CLASSIFICATION

At frequencies of between 5 and 12MHz, the gastrointestinal wall is usually
resolved as a ¢ve-layered structure of alternating hyper- and hypoechoic
bands (Fig. 4), which show good correlation with the corresponding
histological layers (10). The fourth (hypoechoic) layer represents the
muscularis propria. At higher frequencies, the muscularis propria is split
into longitudinal and circular muscle, producing seven layers in total, but
this is of little clinical signi¢cance. Importantly, the muscularis propria is
the key layer for histological staging of gastrointestinal tumors according
to the TNM classi¢cation (Table 1). By de¢ning the relationship of gut
wall tumors to these histological layers, a preoperative T stage can be estab-
lished, which in£uences patient management. EUS is almost unique in
providing this information compared with other preoperative imaging
modalities.

FIGURE 4 Radial EUS image of the distal stomach. From 12 o’clock through to 8
o’clock the normal five-layered structure with alternating hyper- and hypoechoic
bands is seen. At 10 o’clock there is a hypoechoic mass, which does not breach
the muscularis propria. This is a T1 gastric cancer.
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Involvement of regional lymph nodes (N), and distant lymph node
metastases (M1a) in esophageal cancer can also be determined by EUS.
The following criteria are suggestive ofmalignant lymph nodes: hypoechoic
structure, sharply demarcated borders, rounded contour, and size greater
than 10mm (Fig. 5). If all four features are present, the positive predictive
value for nodal involvement is 80�100% (11,12). Because reactive nodes
can occasionally mimic malignant nodes, con¢rmation with EUS-FNA
is usually performed if the lymph node site is considered metastatic, rather
than regional.

Limited information regarding metastatic disease (M staging) can
be obtained with EUS since only certain local structures can be assessed:
left adrenal, liver segments I^VI, mediastinal and abdominal lymph
nodes (M1a). CT is therefore still required to adequately exclude distant
metastases.

CLINICAL APPLICATIONS OF EUS

Esophageal Cancer

Preoperative staging of esophageal cancer remains the most common indi-
cation for EUS, and radial echoendoscopes are the most widely used due
to easier anatomical orientation in the mediastinum. The relationship of
tumor to the esophageal wall layers and adjacent structures provides pre-
operative T staging (Fig. 6) and, in particular, may determine whether a
tumor is technically resectable or not (Fig. 7). Local (N) and metastatic
(M1a) lymph node involvement can be also assessed. Comparative studies
with CT have consistently demonstrated superior T and N staging accu-
racy, and the development of helical CT (13) has had little impact on the
role of EUS in this disease. These studies have been systematically reviewed
by Harris et al.(4), who found that T and N staging accuracy of EUS
approaches 90% and 80%, respectively. EUS has its greatest impact with
advanced, nonresectable tumors by preventing open and closed thoraco-
tomy. In patients with T4 esophageal cancer on preoperative EUS, two

TABLE 1 TNM Classification for Local Staging of Gut Wall Tumors

T stage Definition

T1 Tumor involves the mucosa=submucosa
T2 Tumor involves the muscularis propria
T3 Tumor extends beyond the muscularis propria
T4 Tumor invades contiguous structures and organs
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studies have demonstrated that surgery has no impact on survival compared
to nonsurgical controls (14,15). EUS can also guide the use of neoadjuvant
chemotherapy or radio-chemotherapy and assess the response to
treatment prior to surgery (16,17).

The site and number of lymph nodes identi¢ed preoperatively in
esophageal cancer are closely related to eventual prognosis (18). In parti-
cular, involved celiac nodes and proximal mediastinal nodes in distal eso-
phageal carcinoma are considered metastatic. It is therefore important to
know with certainty if a lymph node is malignant or not as its presence may
deny a patient potentially curative surgery. However, even when the speci-
¢c endosonographic features described above are present, accuracy for pre-
dicting malignant invasion may be only 80% (11). It is therefore desirable

FIGURE 5 T3 esophageal cancer (< ) with no visible muscularis propria. Tumor
abuts the aortic arch (AA), but there is no evidence of direct invasion. A hypo-
echoic left paratracheal lymph node with well-defined margins is seen at 12
o’clock(�). This has the typical appearance of a malignant node. TR¼ trachea,
SP¼ spine.
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to perform EUS-FNA of lymph nodes that may be metastatic in order to
reduce any uncertainty (Fig. 8). Previous studies have shown that this
strategy in£uences patient management and is safe (19,20).

Gastric Cancer

The clinical impact of EUS in gastric adenocarcinoma is less well de¢ned
than for esophageal cancer. This is perhaps due to lower staging accuracy
(21) and the increased role of laparoscopy in gastric cancer. CT equipment
and techniques have also improved. EUS has a role in con¢rming the
diagnosis of gastric linitis plastica, which is characterized by thickening
of the submucosa and=or the muscularis propria in a poorly distensible
stomach. Other features such as lymphadenopathy and ascites may also be
seen (Fig. 9).

Adenocarcinoma at the gastroesophageal junction should be con-
sidered separately, however, and there has been a marked increase in the

FIGURE 6 Esophageal adenocarcinoma. The muscularis propria is seen as a
hypoechoic layer and is largely intact. At 2 o’clock, the tumor breaches this layer
and is therefore T3.
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incidence of this disease over the past few years. Siewert’s classi¢cation of
these tumors into Types I, II, and III has gained widespread acceptance
(22,23). Carcinoma of the distal esophagus (Type I), true carcinoma of the
cardia (Type II), and subcardial gastric carcinoma (Type III) may all
involve the gastroesophageal junction, but they require a di¡erent surgical
strategy. In general terms, Type I requires esophagectomy, whereas Types
II and III require gastrectomy. EUS can de¢ne the proximal extent of dis-
ease in the distal esophagus, particularly if there is submucosal extension.
This can determine if an abdominal approach alone will enable complete
resection of Type II and III junctional tumors (Fig. 10).

EUS in£uences themanagement of gastricMALT (mucosa-associated
lymphoid tissue) lymphoma. In the majority of patients, disease is con¢ned
to the mucosa and usually responds to Helicobacter eradication therapy.
However, where there is extension into the submucosa and beyond on EUS,
patients will not respond toHelicobacter eradication therapy alone (24).

FIGURE 7 The aorta is seen between 6 and 7 o’clock and is clearly invaded by
this esophageal squamous cell carcinoma, with tumor extending into the aortic
lumen.
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Gastrointestinal Submucosal Lesions

At endoscopy, submucosal lesions produce a visible bulge, and EUS can
distinguish a true submucosal lesion from an extrinsic mass such as a
pancreatic pseudocyst or a normal structure such as gallbladder or spleen.
Submucosal lesions are better demonstrated with EUS than CT (25), and
the layer of origin can help narrow the di¡erential diagnosis. Gastrointest-
inal submucosal lesions include lipomas (submucosa), pancreatic rests
(submucosa), and gastrointestinal stromal cell tumors (muscularis pro-
pria=subserosa). The beam orientation of the linear echoendoscope is well
suited to the assessment of submucosal lesions as normal gut wall can be
seen merging with the abnormal region (Fig. 11). EUS-FNA is therefore
simple to perform, since there is no need to change endoscopes, although
the diagnostic yield of EUS-FNA in gut wall lesions is relatively low. In a
series of 12 patients with submucosal lesions, only 50% of the samples were
diagnostic and the one case of leiomyosarcoma was missed (26). Although
it is not possible to reliably di¡erentiate leiomyomas from leiomyosarco-
mas on cytology, EUS features such as size, margins, cystic changes, and
the presence=absence of locoregional nodes may be helpful (27). Higher

FIGURE 8 Malignant looking 1 cm paraesophageal lymph node in the proximal
mediastinum in a patient with adenocarcinoma of the gastroesophageal junction.
Transesophageal EUS-FNA confirmed adenocarcinoma. The needle is clearly
seen in the center of the node.
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yields have been reported from gastrointestinal wall lesions using EUS gui-
dance (28,29), particularly where a submucosal mass is due to lymphoma or
adenocarcinoma. The author avoids EUS-FNA of cystic lesions when
possible, due to the potentially increased risk of infective complications (30).

Pancreatic Tumors

Early comparative studies demonstrated that EUS was more accurate than
CT and MRI for detection and staging of pancreatic cancer (31,32), but
with improvements in CT technology this gap is now closing. For example,
Legmann et al. have shown spiral CT and EUS have similar staging accu-
racy (33). EUS is still used where a pancreatic tumor is suspected but no
mass is visible on CT and to clarify equivocal CT staging. EUS-FNA may
also provide a tissue diagnosis (Fig. 12).

FIGURE9 Radial EUS of the gastric body with marked thickening of the muscularis
propria (�), and submucosa, which is typical of linitis plastica. Ascites is also
demonstrated (> ).
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A comparative assessment of the linear and radial EUS systems found
no signi¢cant di¡erence in staging accuracy (34). However, with the
linear system, EUS-FNA of the pancreatic tumor, lymph node, or liver
metastases is an option and is therefore the author’s echoendoscope of
choice. The linear system also permits the addition of EUS-guided celiac
plexus neurolysis for pain relief if clinically indicated.

Sensitivities and speci¢cities of up to 92% and 100%, respectively,
have been reported for EUS-FNA of solid pancreatic masses (26,35,36).
The presence of a cytopathologist at the time of the procedure decreases
the number of needle passes required, but if this is not available, ¢ve or
more passes are suggested (37). The pancreatic head is biopsied from
the duodenum, and the body and tail from the stomach. An advantage of

FIGURE 10 Tumor at the gastroesophageal junction (T) invades the left crus of the
diaphragm (CRUS). The right crus (RT) is separated from the tumor by an
echogenic interface.
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transduodenal EUS-FNAof the pancreatic head is that the needle trackwill
be excised at the time of pancreatico-duodenectomy. There is therefore no
theoretical risk of seeding, which is of particular value when assessing
masses associated with chronic pancreatitis.

Cystic pancreatic lesions can pose a diagnostic dilemma. If pancreatic
cysts are simple, with thin walls or thin septa, then it is reasonable to
assume they are nonneoplastic (38). EUS as a positive predictor of malig-
nancy is less reliable, however. Although thick-walled, complex cysts with
solid components are thought to make malignancy more likely, these signs
are unreliable. In a blinded review of the original endosonographic images,
61% of benign lesions were thought to have a solid component (39). In
particular, pseudocysts cannot be easily distinguished from mucinous
cystadenomas (40).

Aspiration of pancreatic cysts can therefore be used to narrow the dif-
ferential diagnosis. EUS-FNA is ideally suited for this purpose due to the
close proximity of the pancreas to the stomach and duodenum. A single
pass technique is advocated due to the higher complication rates
associated with EUS-FNA of cystic pancreatic lesions (41,42). Cytology

FIGURE 11 Esophageal leiomyoma. The linear echoendoscope is well suited for
demonstrating the layer of origin. This partially calcified lesion is seen merging with
the normal muscularis propria.
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FIGURE 12 (A) 3 cm pancreatic head mass directly invades the portal vein (PV).
(B) During the same procedure transduodenal EUS-FNA confirmed adeno-
carcinoma. The needle is clearly seen within the lesion.
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alone is fairly insensitive but can be improved by additional assessment of
tumor markers such as CEA, CA125, CA19^9, and CA72^4 (marker for
mucinous tumors) (43^45). Assessment of the amylase level is also useful
as this is raisedwhere lesions communicate with the ductal system (pseudo-
cysts and side-branch intraductal papillary mucinous tumors, for example)
and lowered in serous cystadenomas. CEA values are uniformly low in
serous cystadenomas, higher in mucinous lesions, and markedly elevated
in mucinous cystadenocarcinomas.

Pancreatic neuroendocrine tumors are clearly demonstrated by EUS
as hypoechoic, vascular lesions, often with posterior acoustic enhance-
ment. EUS is particularly useful where patients have biochemical evidence
of a functioning tumor but other imaging modalities have failed to detect
any lesion. While EUS is sensitive for detection of both insulinoma and
gastrinoma (93% and 79%, respectively), somatostatin receptor scinti-
graphy is only sensitive in gastrinoma (86% vs. 14% in insulinoma) (46,47).
EUS-FNA can con¢rm the nature of a neuroendocrine tumor, but accuracy
rates are lower than for ductal adenocarcinoma (48). This is of only
limited signi¢cance, as the primary role of imaging is localization since the
diagnosis will usually have been made biochemically beforehand.

Gallstones and Acute Pancreatitis

The role of EUS in gallstone diseasewas ¢rst explored in the 1980s (49), and
early comparative studies, with ERCP as the gold standard, demonstrated
that EUS was far superior to other noninvasive tests. In particular, EUS
was shown to have a negative predictive value of 97% for common bile duct
stones (50). With the development of laparoscopic cholecystectomy,
non-invasive preoperative imaging became even more important and EUS
provided high accuracy (51). In these patients with suspected CBD stones,
ERCP with its associated complications could be avoided by a negative
EUS examination.

While it is no longer acceptable to perform ERCP primarily as a diag-
nostic test for CBD stones, what is the role of EUS in the era of MR
cholangiography? The answer to this question depends upon the clinical
circumstances. Comparative studies of MR cholangiography versus EUS
indicate similar accuracy for large stones, but the sensitivity of MR
cholangiography declines signi¢cantly with smaller stones (52,53). A posi-
tive result with MR cholangiography can therefore de¢ne the need for
ERCP, but a negative result leads to uncertainty. Small stones can be a
potent cause of acute pancreatitis, and EUS therefore retains a prominent
role in de¢ning the etiology of acute pancreatitis.
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If there is evidence of gallbladder or bile duct stones on transabdom-
inal ultrasound, it is reasonable to proceed to ERCP, assuming a diagnosis
of gallstone pancreatitis. If there are no gallstones and there is no other
clear etiology for the acute pancreatitis then EUS has a role. In a study
from Hong Kong, gallstones were detected by EUS in 14 of 18 patients
who had been wrongly classi¢ed as having idiopathic pancreatitis by
conventional examinations such as ultrasound, CT, and ERCP (54). Subse-
quent larger studies con¢rm that idiopathic pancreatitis should not be
diagnosed unless EUS has been performed to exclude biliary microlithiasis
and ‘‘missed’’ gall stones (55,56) (Fig. 13). In patients with gallstone pan-
creatitis, some authors have suggested that the presence of bile duct stones
on EUS may better select those who should undergo ERCP (57,58)
(Fig. 14). However, larger studies are needed to con¢rm the superiority of

FIGURE 13 Patient with recurrent acute pancreatitis and normal transabdominal
ultrasound on two separate occasions. EUS demonstrates a tiny calculus in the
body of the gall bladder with typical acoustic shadowing. Cholecystectomy
confirmed the findings and there were no further episodes of pancreatitis on
follow-up.
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this strategy compared with ERCP alone for the management of biliary
pancreatitis.

Chronic Pancreatitis

EUS in chronic pancreatitis was ¢rst described in 1986, de¢ning somemor-
phological features of the disease by correlation with histopathology (59).
More recently, the criteria for making the diagnosis of chronic pancreatitis
on EUS have been re¢ned and are classi¢ed into parenchymal and ductal
changes. Parenchymal changes include echogenic foci (calci¢cation),
prominent interlobular septae (¢brosis), small cystic cavities (edema),
lobulated outer gland margin (¢brosis=atrophy), and heterogeneous
parenchyma. Ductal changes include dilation, irregularity, echogenic
wall (¢brosis), side-branch ectasia, and echogenic foci (stones). Further-
more, there is good interobserver agreement among experienced
endosonographers when using these criteria (60) (Fig. 15).

FIGURE 14 Recurrent pancreatitis postcholecystectomy. Radial EUS demon-
strates a 3mm stone at 6 o’clock in a nondilated bile duct. These findings were
subsequently confirmed following endoscopic sphincterotomy.
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In an early comparative study of EUS versus ERCP, EUS demon-
strated in£ammatory changes in almost all patients in whom ERCP sug-
gested chronic pancreatitis. EUS was also positive in a considerable
number of cases with a normal pancreatogram but a probable clinical epi-
sode of pancreatic in£ammation. Due to the absence of a histological gold
standard in the majority of patients, it was not certain whether EUS was
oversensitive or ERCP undersensitive for diagnosis of early chronic pan-
creatitis (61). Does EUS-FNA help answer this question? When using
ERCP as the gold standard, Hollerbach et al. found that EUS morpholo-
gical features had a sensitivity of 97%, a speci¢city of 60%, positive predic-
tive value of 94%, and negative predictive value of 75% for diagnosis of
chronic pancreatitis (62). The addition of EUS-FNA increased the negative
predictive value to 100%, and negative EUS-FNA ¢ndings therefore e¡ec-
tively ruled out chronic pancreatitis. In this study EUS-FNA did not
improve the speci¢city of EUS¢ndingswhen positive for chronic pancreati-
tis, and the question remained unanswered. More recently, however, it has
become clear that ERCP is no longer the gold standard for early chronic
pancreatitis and EUS appears to be more sensitive. In a prospective,
follow-up study of 130 patients thought to have chronic pancreatitis,
those with ERCP changes of chronic pancreatitis also had changes on EUS
(63). However, in 38 patients, the pancreatogram was normal, but EUS

FIGURE 15 Chronic pancreatitis. Linear EUS of the pancreatic body demonstrates
a dilated, irregular pancreatic duct with echogenic walls and ductal calculi.
Echogenic foci are seen in the pancreatic parenchyma. SP¼ splenic vein.
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suggested chronic pancreatitis in 32 of these. During follow-up, chronic
pancreatitis was subsequently con¢rmed by repeat ERCP in 22 of these 32
patients (68.8%), suggesting that EUS was the better predictor of disease.
On the basis of these follow-up data, the sensitivities of EUS and endo-
scopic retrograde pancreatography at the time of the ¢rst examination
were, respectively, 100% and 80% (63). EUS should therefore be used to
make the diagnosis of chronic pancreatitis before ERCP, particularly
given the much higher complication rate of ERCP.

EUS-Guided Celiac Plexus Neurolysis

EUS-guided celiac plexus neurolysis (EUS-CPN) can be used for the pallia-
tion of intractable abdominal pain, usually in patients with inoperable
pancreatic carcinoma but also in chronic pancreatitis (64^67). Injection of
the celiac plexus is possible due to its constant relationship to the celiac
axis, which can be clearly visualized on EUS (Fig. 16). A combination of a

FIGURE 16 EUS guided celiac plexus neurolysis. A needle has been passed into
the presumed position of the celiac plexus just above the celiac axis origin (C) from
the aorta (AO). Following local anesthetic, absolute alcohol is injected producing
an echogenic cloud.
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long-acting local anesthetic such as bupivacaine and absolute alcohol is
used in malignant disease. Steroids such as triamcinolone have been used
in chronic pancreatitis.

EUS-CPN is more successful in patients with pancreatic carcinoma
compared to chronic pancreatitis. In the largest reported series to date,
pain scores declined in 45 of 58 (78%) patients with pain from inoperable
malignancy, and there were no signi¢cant complications (67). There is no
theoretical risk of causing paraplegia from inadvertent injection into the
artery of Adamkiewicz, because the celiac plexus is accessed via an anterior
transgastric approach: there is a 1% risk of paraplegia with the posterior
percutaneous approach. There are no comparative studies of EUS-CPN
and CT-guided CPN in malignant disease to the author’s knowledge. In
chronic pancreatitis, however, a higher proportion of patients remain
pain-free for a longer period of time with EUS CPN, compared to
CT-guided CPN (66). In the same study, Gress et al. demonstrated, that
EUS-CPNwas preferred by patients (66).

EUS-CPN for malignant disease is a relatively simple, safe, and e¡ec-
tive method of pain relief. It is less e¡ective in chronic pancreatitis (65),
and further data are needed to clarify any role in this group of patients, who
are often very di⁄cult to manage e¡ectively by any means.

Pancreatic Pseudocyst Drainage

Pancreatic pseudocysts require intervention if local pressure causes symp-
toms of pain or gastric outlet obstruction or there are complications such
as infection. They can be treated by endoscopic pancreatic stent insertion
if the cyst communicates with the main pancreatic duct, but this is not
always the case. They can be drained radiologically, surgically, or endosco-
pically by the creation of a cystgastrostomy or cystduodenostomy.
Although endoscopic management is less invasive than surgery, it is not
possible in all cases as it relies on a visible bulge to determine the appropri-
ate puncture site. EUS is playing an increasing role in guiding the endo-
scopic drainage of pseudocysts for several reasons (68,69). Using EUS, a
visible bulge becomes less crucial and the optimal puncture site can be
chosen so the distance between the pseudocyst and bowel wall is less than
1 cm.Hemorrhage can be amajor complication of the technique, and linear
EUS augmented by color Doppler helps avoid vascular structures.
Drainage may also be ‘‘EUS-assisted’’ where the optimal puncture site is
marked with biopsy forceps down the echoendoscope. The stent is then
inserted into the cyst using a large channel ERCP scope under £uoroscopic
guidance. The development of large channel echoendoscopes that will
accommodate 8^10 French stents has allowed single step ‘‘EUS-directed’’
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procedures without the need for £uoroscopy (70). Several studies have
demonstrated that these techniques are safe and e¡ective (68^70).

Mediastinal Lymphadenopathy and Lung Cancer

The accurate detection of mediastinal lymph nodes in esophageal cancer
had obvious implications for staging patients with lung cancer, and EUS in
lung cancer was ¢rst described in Japan in 1988 (71). Comparative studies
with CT have since con¢rmed the superior staging accuracy of EUS for this
disease (72,73). Further improvements in the sensitivity and speci¢city of
EUShave been achievedwith the addition of EUS-FNA (74,75). In particu-
lar, EUS can detect mediastinal disease in more than one third of patients
whose mediastinal CT is normal.

EUS-FNA can provide cytological staging of mediastinal nodes in all
nodal stations except the anterior mediastinum due to the position of the
trachea. In particular, the subcarinal, aortopulmonary, para-tracheal, and
para-esophageal regions are readily accessible (Fig. 17), regions that
are not easily accessed by mediastinoscopy. A small comparative study

FIGURE 17 Lung cancer staging. EUS-FNA of a 12mm subcarinal node confirmed
non-small-cell carcinoma.
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suggested that EUS-FNA and mediastinoscopy are complementary�
mediastinoscopy for the anterior mediastinum and EUS-FNA for the
remainder (76). There are also data suggesting that EUS-FNA is more
cost-e¡ective than mediastinoscopy: $1,975 vs. $7,795 (77). Also, staging
of lung cancer using EUS is not con¢ned to the mediastinum. Excellent
views of the left adrenal gland, the left lobe of the liver, and the majority of
the right lobe can be obtained. Any abnormalities seen can then undergo
transgastric EUS-FNA. Some authors therefore advocate routine use of
EUSwith EUS-FNA in lung cancer staging algorithms, withCT andmedia-
stinoscopy only if required (74,75). EUS-FNA can also provide the
primary histological diagnosis in lung cancer. In one series, EUS-FNA of
mediastinal nodes provided the diagnosis and cytological classi¢cation
in 25 of 26 patients in whom previous bronchoscopic biopsy had failed (78).

There is also a role in establishing the cause of lymphadenopathy in
benign conditions such as sarcoidosis and tuberculosis. Fritscher-Ravens
et al. found a sensitivity of 94% and speci¢city of 100% in establishing the
presence of epithelioid granulomata, suggesting the diagnosis of sarcoi-
dosis (79). The author has previously described the problem-solving role
of subcarinal EUS-FNA in a range of benign andmalignant conditions (80).

OTHER APPLICATIONS FOR INTERVENTIONAL EUS

Liver

Percutaneous core biopsy of liver lesions is the preferred method for
obtaining a tissue diagnosis. However, focal lesions are occasionally
encountered using EUS, which have not been detected on US or CT, and
EUS-FNA can then be performed (Fig. 18). Nguyen et al. (81) described
574 patients who underwent EUS for the staging of pulmonary or gastro-
intestinal malignancy, of whom 14 were found to have liver lesions, in only
3 patients were lesions detected on CT. Diagnostic tissue was obtained in
all the EUS-FNA samples without complication. In the author’s practice,
when staging esophageal, lung, and, in particular, pancreatic cancer, the
liver is carefully assessed as far as possible. All but segments VII and VIII
can be examined, and if focal lesions are seen, EUS-FNA is performed.
The yield from focal liver lesions is greater than from the frequently ¢brotic
primary pancreatic tumor.

Adrenal Glands

Excellent transgastric views of the left adrenal gland can be obtained, and
EUS-FNA of lesions as small as 1 cm is relatively straightforward. Chang
et al.(82) reported that the left adrenal gland was visualized on EUS in
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30 out of 31 patients and positive cytologywas obtained in one case byEUS-
FNA where CT-guided biopsy had been unsuccessful. When assessing
mediastinal lymph node status in lung cancer, the author therefore
routinely assesses the left adrenal. Although MRI is increasingly used to
characterize adrenal lesions, EUS should be considered as an alternative
method for tissue diagnosis (Fig. 19).

Thoracocentesis and Paracentesis

EUSmay detect pleural or ascitic £uid not identi¢ed on other imagingmod-
alities (83), and EUS-guided aspiration of this £uid can be performed suc-
cessfully and safely. In a study of 85 patients with ascites detected
incidentally on EUS (84), initial staging CT detected ascites in only 14 out
of 79 patients with upper gastrointestinal malignancy. Thirty-one patients
went on to have this £uid aspirated without complication, and 5 patients
had malignant cytology. Volumes aspirated are inevitably small (mean
volume 7.5mL in thoracocentesis and 7.9mL in paracentesis), but positive
cytology for malignancy helps to avoid unnecessary surgery.

Botulinum Injection for Achalasia

Achalasia can be treated by balloon dilatation of the lower esophageal
sphincter or by surgical myotomy. Alternatively, endoscopic injection of

FIGURE 18 Patient with pancreatic mass but normal liver on three phase CT.
Transgastric EUS-FNA of 1 cm echogenic lesion in liver (^) confirmed adeno-
carcinoma.
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botulinum toxin into the sphincter produces a good initial symptomatic
response in 90%. However, 42% relapse at 6 months, requiring further
injection (85). More precise injection into the sphincter using EUS for
guidance may produce better long-term results. The lower esphageal
sphincter is a hypoechoic structure on EUS and is thickened in achalasia.
Small studies suggest the relapse rate may be reduced (86,87), with all
patients symptom-free over a study period of 13 months, although results
are still preliminary.

EUS-Guided Cholangiopancreatography

EUS-guided puncture of the common bile (CBD) and=or pancreatic duct
(PD) following an unsuccessful ERCP has been described (88,89). The
CBD is usually punctured via the ¢rst or second part of the duodenum and
the PD via the stomach. Until recently, application of this technique has
been limited by the inability to perform a therapeutic procedure at the same
sitting. However, Giovannini et al. have described entero-biliary stent
insertion guided by EUS (90).

It has been argued that EUS=EUS-FNA should be performed prior to
ERCP in the investigation of patients with obstructive jaundice. Erickson

FIGURE 19 EUS-FNA of 1 cm left adrenal mass noted during EUS staging of lung
cancer. Cytology confirmed squamous cell carcinoma.
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et al. (91) found that when performing EUS=EUS-FNA ¢rst, only 53%
of the147 patients subsequently required ERCP, an approach that resulted
in considerable cost savings of between $1,007 and $1,313 per patient.

COMPLICATIONS

Complications occur with any endoscopic procedure and include perfora-
tion, aspiration, and cardio-respiratory events related to sedation. Perfora-
tion was a problem in the early years of EUS, with dilatation of stenotic
esophageal cancer required if large echoendoscopes were to traverse tight
strictures. Indeed, in one study the perforation rate was as high as 24%
(92). Happily, with re¢nements in EUS equipment and narrow diameter
probes, perforation is now unusual. The author has described successful
EUS staging of 100 consecutive cases of esophageal cancer with no per-
forations, probably as the direct result of a narrow diameter probe (5).
The author has since performed over 500 cases with this probe with no
morbidity.

EUS-FNA brings additional complications, but the complication
rates are generally low, particularly when compared with ERCP. Two
large series report complication rates for interventional EUS. In a multi-
centre study, Wiersema et al.(26) reported complication rates following
EUS-FNA for a wide variety of mediastinal and abdominal lesions.
There were only ¢ve complications associated with EUS-FNA of 554
lesions; two were endoscopy-related perforations (duodenal cap perfora-
tion and perforation following dilatation of esophageal carcinoma), and
three were directly related to EUS-FNA. All three latter complications
occurred with EUS-FNA of cystic pancreatic lesions (fever, hemor-
rhage), and two of these patients required surgery. The overall complica-
tion rate in that study was 1.1%. O’Toole et al. (41) reported ¢ve
complications following EUS-FNA in 322 consecutive patients (345
lesions) ; four of these occurred in cystic pancreatic lesions, (self-limiting
acute pancreatitis in 3, aspiration pneumonia in 1), and one patient
developed aspiration pneumonia following EUS-FNA of a stromal cell
tumor. The overall complication rate in that series was 1.6%. There have
been no reported complications of EUS-FNA of peri-intestinal lymph
nodes in the mediastinum or abdomen, or indeed solid pancreatic
masses. EUS-FNA is therefore a safe procedure, but caution is needed
with cystic pancreatic lesions. Based on these studies (26,41), there is a
consensus among EUS users to administer antibiotic prophylaxis and
only to perform a single needle pass when dealing with cystic pancreatic
lesions in order to minimize the risk of complications.
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CONCLUSION

EUS has an important role for the staging of upper gastrointestinal and lung
cancer. In particular, accurate preoperative staging of esophageal cancer
has made a signi¢cant impact on themorbidity of this disease by preventing
unnecessary surgery. Open and closed thoracotomy is now an unusual
occurrence in the author’s practice. While EUS is almost synonymous with
esophageal cancer, the technique demonstrably has an important role in
other conditions. The more recent development of EUS-FNA has allowed
tissue to be obtained from a variety of structures, with mediastinal
lymph nodes and small pancreatic tumors forming the majority of the inter-
ventional EUS workload. The technique can allow a tissue diagnosis from
small (< 1 cm) lesions in areas that are otherwise di⁄cult or impossible to
access, such as the posterior mediastinum. EUS-FNA is performed as a
day case using only conscious sedation, which has clear economic advan-
tages when compared with more invasive alternatives. EUS can guide ther-
apeutic interventions such as pancreatic pseudocyst drainage and celiac
plexus neurolysis, and the indications for interventional EUS continue
to widen.
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INTRODUCTION

In recent years it has become well established that prognosis for patients
with rectal cancer is dependent upon both the stage of their cancer and the
skill of their surgeon. Most importantly, new techniques for surgical
resection require precise preoperative determination of local tumor stage
so that patients who need preoperative radiotherapy=chemotherapy can be
identi¢ed while avoiding over-treatment in those whose tumors are less
advanced. Imaging assessment plays the pivotal role in answering these
questions.

PREOPERATIVE STAGING OF RECTAL CANCER

Miles’s (1) radical abdomino-perineal resection is no longer the standard
surgical treatment for rectal cancer. A variety of alternative operations are
currently possible, including low anterior resection combined with total
mesorectal excision (TME), and abdomino-perineal resection is now
reserved for only the lowest of tumors, where sphincter integrity cannot be
preserved. Furthermore, locally extensive tumors may be downstaged or
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rendered nonviable (‘‘sterilized’’) prior to surgery by using radiotherapy
(55 or 25Gy, respectively) with or without chemotherapy, and so become
operable. The choice of operation and the decision whether to employ
pre-operative therapy is based on the location of the tumor (for example,
radiotherapy to proximal rectal tumors risks small-bowel enteritis) and
preoperative staging. Preoperative staging aims to predict postoperative
histopathological staging as accurately as possible.

Local staging of rectal cancer has focused on the relationship of the
tumor to the rectal wall, namely the muscularis propria; i.e., the circular
and longitudinal smooth muscle of the rectum. While Cuthbert Dukes’s
staging system has been used extensively, the more subtle TNM system
(2) (Table 1) has now been adopted generally and is the system that should
be used. Tumor penetration through the rectal wall, into the perirectal
tissues, is associated with a poorer prognosis in terms of both metastatic
disease and local recurrence (3^6).Whether local lymph nodes are involved
or not is also a strong prognostic indicator. A patient whose tumor is
con¢ned to themucosa or submucosa andwho has no evidence ofmalignant
lymph nodes has a recurrence risk of only 5%, which increases to 10%
if the tumor invades the muscularis propria but does not reach the
perirectal tissues (T2 tumor). However, once the rectal wall is penetrated
(T3 tumor), the risk of recurrence rises to at least 25%, and it reaches 50%
if neighboring structures are involved (T4 tumor).

While many studies have demonstrated increased recurrence for
those tumors that have penetrated the rectal wall (7^9), it is now well
appreciated that the degree to which the tumor has penetrated (i.e., the
extent of extrarectal spread) also directly in£uences survival (10,11). The
depth of tumor penetration through the muscularis propria is a measure of

TABLE 1 Comparison of Dukes Staging of Rectal Carcinoma
and TNM Classification for Colorectal Cancer

Dukes stage TNM classification

A Tumor confined to bowel wall T1 Tumor involves submucosa
T2 Tumor involves muscularis propria

B Tumor penetrates bowel wall T3 Tumor beyond muscularis propria
N0 No involved nodes

C Regional lymph nodes involved N1 Up to 3 perirectal=colic nodes
N2 4 or more perirectal=colic nodes
N3 Apical node involved
M0 No distant metastasis

D Distant metastasis M1 Distant metastasis
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lateral tumor spread towards the pelvic side walls. Elegant work by Quirke
et al. (12) has highlighted the importance of this measurement. Accurate
preoperative assessment of lateral spread has become central to optimal
management of rectal cancer because of the general adoption of TME for
mid and low rectal tumors. In TME, the surgical specimen containing the
tumor is excised by circumferential sharp dissection around themesorectal
fascia (which envelops the mesorectum), a plane that then becomes the
postsurgical ‘‘circumferential resection margin’’ (CRM). If a T3 tumor has
penetrated far enough through the rectal wall to breach the mesorectum
(and thus the CRM), then it is highly likely that residual tumor will be
left in the pelvis, greatly enhancing the risk of local recurrence (13). The
margin between tumor and mesorectal fascia is therefore a vital piece of
pre-operative information:

Some surgeons believe that patients whose tumors have penetrated
the rectal wall (i.e., T3) but which are well away from the meso-
rectal fascia may be safely treated by surgery alone since the risk
of incising tumor or leaving residual tumor in the pelvis is low
for a competent surgeon. Administering radiotherapy to these
patients increases side-e¡ect morbidity and treatment cost for little
incremental bene¢t.

Patients whose tumors are near to, contact, or breach the mesorectal
fascia will need preoperative radiotherapy with or without chemo-
therapy in order to render tumor potentially in the surgical ¢eld
nonviable and so minimize the chance of postoperative recurrence.

It should be borne in mind that there is still considerable controversy
surrounding the most appropriate treatment for rectal cancer and the
regime chosen will vary, especially from country to country. For example,
many Europeans would choose to administer preoperative radiotherapy
whatever the extent of a T3 tumor and also to those T2 tumors where
positive mesorectal nodes are thought likely. In the United States, post-
operative radiotherapy=chemotherapy is more prevalent. Nevertheless,
this should not detract from the importance of accurate preoperative
staging by imaging.

In addition to factors concerning the primary tumor itself, it is well
established that dissemination of tumor cells to local lymph nodes greatly
in£uences disease recurrence and prognosis. The number of involved nodes
is an important prognostic factor, regardless of the depth of tumor invasion
(14^16). Other tumor-related variables have also been shown to be
independent prognostic factors. Mucin production, DNA content, tumor
growth pattern, vascular invasion and lymphatic invasion (17^20) are all
important variables that in£uence recurrence and survival. However,
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knowledge of the anatomical spread of the primary tumor remains the
most powerful single predictor of patient survival (21).

It should also be borne in mind that accurate staging applies not only
to advanced cancers but also to those that are very super¢cial. Tumors that
have not invaded the muscularis propria are amenable to local resection.
Local, transanal resection is a relatively noninvasive and well-tolerated
procedure and is therefore especially suitable for elderly patients whose
risk of operative morbidity and mortality is highest. However, embarking
on a local resection only to ¢nd that the tumor has actually invaded the
rectal wall defeats this objective.

In summary, the decision as to the best surgical approach for
treatment of a patient with rectal cancer depends on several factors: tumor
location, penetration of the rectal wall, the depth of penetration into
peri-rectal tissues, lymph node involvement, and tumor grade. Most of
these variables are described by tumor stage, which remains themost sensi-
tive predictor of prognosis and which is central to clinical decision making
in these patients (22). For many years digital palpation of the tumor by an
experienced surgeon has been the mainstay of preoperative staging, an
approach that is now known to be notoriously inaccurate. For this reason,
imaging is central to modern preoperative determination of tumor stage.
A number of imaging modalities may be applied to preoperative staging,
each with their own merits, disadvantages, and advocates.

TRANSRECTAL ULTRASOUND

Transrectal ultrasound (TRUS) was introduced into clinical practice in
1983 (23,24). Initial studies using a relatively low frequency of 3.5 and
4.0MHz were able to demonstrate the rectum as a two- or three-layer
structure.With the introduction of 7.5MHz transducers, ¢ve distinct rectal
layers could be identi¢ed regularly (25,26) (Fig. 1,2): the ¢rst layer
(hyperechoic) corresponds to the water-¢lled balloon and interface with
the super¢cial mucosa, the second layer (hypoechoic) to the deep mucosa,
the third layer (hyperechoic) to the submucosa, the fourth layer (hypo-
echoic) to muscularis propria, and the ¢fth layer (hyperechoic) to the inter-
face between muscularis propria and perirectal tissues (Fig. 2). Because,
in general, these layers broadly correspond to the di¡erent histological
layers that are relevant to staging, Hildebrandt and Feifel (27) proposed
that endosonographic staging should be based on the TNM classi¢cation.
Thus, a T1 tumor is con¢ned to the ¢rst three layers (Fig. 3), a T2 tumor
penetrates the fourth layer (Fig. 4), a T3 tumor extends through the ¢fth
layer (Fig. 5) into the perirectal fat, and a T4 tumor invades any adjacent
organ that can be visualized during endosonographic examination.
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The accuracy for rectal tumor staging using TRUS ranges from 64 to
95% overall, with an average of 84% (28^37). It is well established that T2
tumors are commonly overstaged as T3, an error that is due to peritumoral
in£ammation (38^40). Peritumoral in£ammation appears hypoechoic on
ultrasound and, because it surrounds the primary tumor, tends to merge
with it and therefore artefactually increases its extent. Overstaging results
in overtreatment, usually because the patient receives radiotherapy where
none was actually warranted. Alternatively, understaging may be caused
by failure to detect microscopic areas of tumor in¢ltration because they
are below the limits of resolution of the equipment. Other variables that
in£uence the accuracy of tumor staging include operator experience
(31,33,41) and the level of the tumor; accuracy is reduced for low rectal
tumors, especially those on the anterior and posterior aspect of the ampulla,
presumably because the ultasound beam is no longer tangential to the
tumor (36,42). On the other hand, anal sphincter in¢ltration can be
assessed precisely (43). Higher tumors at the limit of the reach of the probe
and stenotic tumors also pose a problem. Indeed, it may be impossible to
traverse the tumor in up to 17% of cases (38). After chemotherapy and=or
radiotherapy, the accuracy of TRUS in predicting local stage falls to 50%
overall (44,45). Posttreatment evaluation is impaired because tumor
margins become generally indistinct in addition to di¡use rectal wall
thickening following radiation.

FIGURE 1 B and K 10MHz transducer with rectal balloon filled with water for
acoustic coupling.
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Endorectal ultrasound is particularly suitable for those patients
whose tumor is potentially curative by local excision (53), i.e., T1
tumors, because its near-¢eld spatial resolution is excellent. Although
distinguishing between T1 and T2 tumors may occasionally be a problem,

FIGURE 2 Transrectal ultrasound of normal rectal wall: The deep mucosa is
visualized as the innermost hyporeflective band (long white arrow). The
submucosa is visualized as a hyper reflective band (arrowhead), which is just medial
to the muscularis propria (short white arrow). In this case, separation of the
muscularis propria into circular and longitudinal components is visible in places.
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one study found that distinguishing between T1 and T2-3 tumors, and
between T1-2 and T3 tumors, yielded positive predictive values of
93% and 100%, respectively, and negative predictive values of 94% and
93% (54).

As stated above, lymph node status is a strong prognostic variable.
However, lymph node staging by TRUS is less accurate than primary tumor
staging. Di¡erent echogenic patterns have been described (46^48). Two
main groupings can be discerned: hypoechoic and hyperechoic. Lying
intermeditate to these are nodes that are neither one type nor the other�a
mixed pattern (Fig. 5). Hyperechoic nodes are believed to represent
in£amed nodes, whereas those that are hypoechoic or mixed are believed
to represent metastatic disease. Several investigators have applied these
criteria for di¡erentiation, with an accuracy of approximately 73^83%. As
with most imaging techniques, however, a small focus of micrometastasis
within the node is unlikely to be identi¢ed, raising the false-negative
rate (49,50). Furthermore, lymph nodes located beyond the ¢eld of view
of the transducer will remain undetected, irrespective of their size

FIGURE 3 uT1 tumor: There is an intact layer of reflective submucosa (white
arrowheads) medial to the muscularis propria (white arrows).
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or echogenicity. This is especially the case for more proximal tumors
(51). In general, morphological characteristics such as size, shape, or outer
border have not been su⁄ciently discriminatory to recommend their
adoption (52).

TRUS TECHNIQUE

Both rigid and £exible endoprobes may be used, but it should be borne in
mind that a transducer capable of providing a radial 360-degree image of
the rectal wall is necessary for optimal results (Fig. 1). Probably because
this usually requires dedicated equipment, the examination generally
remains con¢ned to specialized units and has not disseminated to the
same degree as prostatic ultrasound, for example. Rigid probes are able
to examine the distal 12 cm of rectum. The transducer is surrounded by
a distensible balloon that must be ¢lled with degassed water for acoustic
coupling, eliminating all retained air in the process. The entire assembly is
then covered by a condom that has been lubricated on its inner and outer

FIGURE 4 UT2 tumor: The tumor merges with the muscularis propria (black
arrow), confirming that it is invaded. However, although the lateral aspect of the
muscularis is expanded (white arrows), there is no evidence of any definite tumor
beyond it. This was a T2 tumor on histopathology.
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surfaces. It is practical to empty the rectum beforehand, for example, by
administering two glycerine suppositories and asking the patient to void.
Alternatively, the assembly may be used without the covering condom and
sterilized between each patient.

Examination is generally performed with the patient lying in the left
lateral position but may also be performed in the lithotomy position if
specialized examination couches are available. The endoprobe may either
be inserted through a rigid sigmoidoscope, which allows direct visualisa-
tion of the tumor, or alternatively passed directly into the rectum. If using
the latter approach, digital examination beforehand will help identify the
tumor quadrant and level in order to facilitate correct probe placement.
Once in the rectum, the balloon is in£ated to acoustically couple the
transducer to the tumor. Examination should encompass the entire tumor,
which is best achieved by inserting the transducer above the level of the
tumor and then slowly withdrawing it. It is important to attempt to keep
the transducer at 90 degrees to the tumor at all times, although this is often
not possible.

FIGURE 5 UT3 tumor: In contrast to Fig. 4, the outer aspect of the muscularis is
nodular and irregular (white arrows), diagnosing tumor infiltration beyond the rectal
wall, into perirectal tissues. There is also a large mesorectal lymph node (black
arrow) of mixed reflectivity.
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COMPUTED TOMOGRAPHY

Initial reports of the use of computed tomography (CT) for local tumor
staging of rectal cancer were encouraging. Early published results indicated
agreement in the order of 90% between preoperative CT staging and
ultimate histopathological assessment (55^58). However, in hindsight
many of the patients recruited to these early studies had advanced disease,
and this spectrum bias may have prejudiced results. While TRUS has
remained relatively static over the last few years, signi¢cant technological
advances in CT continue unabated, which makes meaningful comparative
studies very di⁄cult both to perform and report before the technology used
in them is outdated.

In 1981 Thoeni et al. (55) proposed a classi¢cation system dividing
rectal tumors into four stages based on the measured thickness of the rectal
wall on CT. A somewhat similar system was suggested the same year by
Dixon et al. (59). Lymph nodes where classi¢ed as either enlarged or not
enlarged. Neither of these two systems corresponds directly with modern
TNM staging, which limits their clinical application. More recent studies
(60,61) are equivocal, with overall local staging accuracies ranging from
47 to 75%. A major limitation of CT is its low inherent contrast resolution,
which means that it is unable to distinguish the various layers of the rectal
wall, notably the muscularis propria. While rectal distension with air or
water has been advocated as ameans by which to improve local staging, this
does not overcome this inherent limitation. The result is that reliable
di¡erentiation between T1 and T2 tumors is presently impossible.
Furthermore, tumor in¢ltration into the anal sphincters and its extent
cannot be detected. However, CT staging improves the further the tumor
extends through the rectal wall, and several authors have found CT reliable
in this regard. For example, Angelelli et al. (62) reported an accuracy of
83% when comparing CT with Dukes’s classi¢cation determined from the
resected specimen. However, spectrum bias may be partly responsible for
these results since only 10%of recruited patients hadDukes’A tumors, with
most su¡ering frommore advanced disease.

The importance of the relationship between tumor and themesorectal
fascia has already been stated. Grabbe et al. (57) brought the perirectal
fascia to the attention of radiologists but suggested that it normally cannot
be identi¢ed due to limited spatial resolution. It should be borne in mind
that the advent of modern helical multidetector machines will undoubtedly
mean that this suggestion needs reevaluation. It should also be noted that
the mesorectum becomes easily identi¢ed when it is thickened by adjacent
pathological processes, such as tumor in¢ltration or in£ammation. Under
such circumstances tumor growth beyond the fascia may be detectable,
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indicating either unresectability or the need for pre-operative therapy.
While some authors maintain that di¡erentiation between in£amma-
tion and tumor in¢ltration is possible (63), most would agree that this
distinction is often unreliable when using CT.

With the advent of multidetector machines, lymph nodes down to
approximately 3mm can be can be visualized on CT, but it remains
generally impossible to reliably ascertain whether enlargement is due to
malignant in¢ltration or reactive in£ammation unless enlargement is gross.
A common approach is to de¢ne nodal metatsasis on the basis of size
(64,65). Many authors have applied di¡erent criteria and de¢nitions, for
example from 5mm to 15mm, and positive and negative predictive values
vary accordingly. Clearly, as the size criteria for a positive node decrease,
sensitivity increases but speci¢city decreases in tandem. Depending on the
criteria used, sensitivities range from 22 to 88% while speci¢cities range
from 64 to 96%. Such ¢ndings inevitably reduce the clinical value of CT
as an investigative tool for detection of lymph node metastases.

Studies that compare CT with TRUS for local tumor staging
consistently show the latter to be more accurate for both tumor stage and
lymph node status (66^71). The net result is that the role of CT for local
staging of rectal cancer is currently disappointing and accurate assessment
of local spread can only be achieved for advanced tumors. At the time of
writing, however, the advent of multidetector CT and the promise of
isotropic imaging indicate that these conclusions may well change in the
near future. However, the inability of CT to resolve the various components
of the rectal wall remains a major handicap, whatever collimation can be
currently employed, suggesting that CT will never be useful when
attempting to determine local resectability. Studies that investigate
whether multidetector machines can reliably visualize the mesorectal
fascia are eagerly anticipated.

MAGNETIC RESONANCE IMAGING

MR imaging for staging rectal cancer was ¢rst described in 1986 (72,73). It
was hoped that improved contrast resolution when compared to CT would
enhance staging while the pelvic location of these tumors would serve to
combat motion artefact. However, using a conventional body coil, the
rectal wall appeared as one layer and MR imaging was unable to evaluate
the depth of tumor penetration. Furthermore, substantial problems were
encountered in early in vivo studies as a result of extensivemotion artifacts.
However, as with CT,MR imaging has been subject to substantial technical
advances over the last decade, and its role in preoperative staging of rectal
cancer is now ¢rmly established.
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The development of endorectal receiver coils held great promise for
accurate determination of local tumor stage. Structures near the coil
surface are depicted with high spatial resolution, so it seems sensible to
expect that tumors originating from the rectal epithelium will be well
visualized. Such coils are able to resolve the individual layers of the rectum
(74,75). Using T2-weighted sequences the following can be resolved: An
inner layer of high signal intensity representing the mucosa and muscularis
mucosae; a middle layer of high signal intensity representing the
submucosa; and a second layer of low signal intensity representing the
muscularis propria; and an outer layer of high signal intensity representing
perirectal fat. Using these criteria, Schnall and coworkers (75) found that
prospective staging using endorectal MR imaging agreed with the
pathological stage in 29 of 36 patients (81%). The extent of invasion was
overestimated in seven cases mostly because irregularity of the presumed
extraluminal tumor border was used to indicate a T3 lesion. Lymph nodes
were described as in¢ltrated if no fat could be identi¢ed within them. Using
this de¢nition 16 of 36 patients had N1 lesions, which resulted in a
speci¢city of 78% for di¡erentiating between N1 and N0 disease, with a
sensitivity of 81%. Despite these initially promising results, it is now
generally accepted that endorectal coils su¡er many of the speci¢c
disadvantages that a¡ect TRUS. In particular, the coils may be di⁄cult to
place across stenotic tumors, and they are also relatively uncomfortable
for the patient, especially since examination times are much longer than
for TRUS. It may also be di⁄cult to image as far proximally as TRUS (76).
Furthermore, £are artefact can signi¢cantly impair depiction of very
super¢cial tumors, and ¢eld-of-view limitations mean that they may fail to
adequately demonstrate more advanced tumors. Studies that directly
compare endorectal MR imaging and endorectal ultrasound have found
MR imaging inferior to ultrasound for T and N staging (77^80).

The use of phased-array coils (81) results in better spatial resolution,
and, in particular, those that have used a high-resolution, thin-section
technique have recently reported very promising results (82,83). Brown
and coworkers (82) evaluated local tumor stage in 28 consecutive patients
using such a technique and found that MR imaging correctly predicted the
T stage in every case. The authors focused on the depth of transmural
tumor penetration into the mesorectal fat and found close agreement
between the MR estimate and ensuing pathological measurement. In a
subsequent study of 76 patients that used a similar high-resolution
technique, Beets-Tan and coworkers (83) found MR imaging prediction of
T stage only moderately accurate, but preoperative prediction of
involvement of the mesorectal fascia was much stronger: of 29 patients in
whom pathology found a clear circumferential resection margin by at least
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10mm, MR imaging correctly predicted this in 28 and 27 cases,
respectively, for two readers (83). MR imaging also correctly predicted an
involved margin in all 12 who had such on subsequent histopathology. A
regression analysis of the remaining cases suggested that a histological
clearance of at least 1 mm could be con¢dently predicted with a measured
MR imaging distance of 5mm (83). Although a question mark remains
regarding the accuracy of preoperative T staging using MR imaging,
these studies suggest that high-resolution, phased-array techniques can
accurately predict the depth of any extramural penetration and, more
importantly, predict the relationship between this and the mesorectal
fascia. If this accuracy ismaintained in larger studies frommultiple centers,
then surgeons will be able to con¢dently direct individual patients towards
appropriate treatment strategies on the basis of MR imaging alone.

MR IMAGING TECHNIQUE

The MR imaging technique employed for high-resolution imaging is
relatively straightforward, but a pelvic phased-array coil is mandatory. A
common approach is to obtain initially sagittal T2-weighted fast spin echo
scans through the pelvis, which will image the con¢guration of the rectum
and tumor. Common parameters would include a 4mm slice thickness,
small interslice gap, 24 cm FOV and 256� 256 matrix. This is then used as
the template from which to plan high-resolution T2-weighted scans that
are obtained in the axial plane with respect to the tumor (i.e., perpendicular
to its long axis) using a thinner collimation, smaller FOV, and highermatrix
(3 mm, 16 cm, and 512 � 512, for example). These latter scans will be the
most useful from which to determine the local tumor stage since they will
image its relationship to the muscularis propria and mesorectal fascia in an
anatomically relevant plane. It may also be necessary to perform coronal
T2-weighted scans in order to best appreciate the relationship between the
tumor and pelvic sidewalls=mesorectal fascia and also to the anal canal
and pelvic £oor if the tumor is low. It is also useful to obtain axial scans
through the entire pelvis to search for more distant lymphadenopathy.

On T2-weighted imaging, tumor appears as epithelial-based
thickening with a signal intensity slightly higher than the muscularis
propria, which appears as a low signal circumferential band surrounding
the rectal lumen (Fig. 6). The outermost aspect of the muscularis propria
will remain intact with T2-tumors or less (Fig. 6). Di¡erentiation between
T2 and T3 tumors is critical but can be di⁄cult. The crucial ¢nding is tumor
penetration into perirectal fat, but, as with ultrasound, this is complicated
by desmoplastic extramural reaction, which is evidenced by low signal
spiculated strands extending out into the perirectal tissues (Fig. 7). While
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some workers have suggested it is easy to distinguish this from tumor (82),
others have found it more di⁄cult, resulting in overstaging (83). It has
been suggested that extramural broad-based tissue with the same signal
characteristics as the bulk of the intramural tumor is necessary for con¢-
dent diagnosis of a T3 stage (82) (Fig. 8,9). It should also be noted that
small discontinuities in the muscularis can be due to penetrating vessels
and should not in themselves suggest a T3 stage. T4 tumors are diagnosed
by in¢ltration into an adjacent organ (Fig. 10) or muscle or by tumor that
reaches the peritoneal surface.

The mesorectal fascia is generally easy to identify onMR imaging and
is manifest as a thin low signal envelope surrounding the rectum, and, for
the reasons already discussed, this will be the potential CRM in patients
undergoing TME. T3 tumors that are well away from the potential CRM
(Fig. 8) can be distinguished from those that are not (Fig. 9). However,
there are problem areas that have not been fully addressed in the literature

FIGURE 6 Double-contrast MR imaging technique: There is a T2 rectal cancer
arising from the left anterior rectal quadrant. The underlying muscularis propria
is visualized as a band of lower signal and there is no evidence of enhancing
tumor beyond this.
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to date. For example, the muscularis propria and mesorectal fascia
converge anteriorly and also converge as they funnel towards the anal canal.
In these locations a very early T3 lesion can still potentially involve the
mesorectal fascia. Tumor deposits remote from the primary tumor can also
involve the mesorectal fascia. These can be due to involved mesorectal
nodes, isolated mesorectal metastatic deposits, or venous invasion, and
are diagnosed by nodular masses with the same signal intensity as the
primary tumor (Fig. 11). Attempts to determine nodal involvement have
generally been based on size criteria and are consequently of limited
clinical use. However, the application of lymph node^speci¢c contrast
agents to rectal cancer raises the possibility of imaging cancer in normal-
sized nodes, and further work in this area is eagerly awaited.

There are many other MR imaging approaches to local staging of
rectal cancer. In particular, many workers employ intravenous gadolinium
in an attempt to discriminate enhancing tumor from adjacent reactive

FIGURE 7 There are several strands extending from the tumor base into perirectal
fat. At histopathological examination these proved to be due to a desmoplastic
reaction rather than tumor cells.
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FIGURE 8 There is a T3 tumor evidenced by medial disruption of the muscularis
propria. However, its margins are several mm away from the surrounding
mesorectal fascia (arrows).

FIGURE 9 T3 tumor arising from the left lateral aspect of the rectum. In this case
there is tumor penetration through the muscularis for several mm, and the tumor
approaches the potential circumferential resection margin.
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tissue. Wallengren and coworkers (84) combined this with rectally
administered SPIO contrast agents in order to produce a double-contrast
technique, an approach that was followed by a randomized phase II dose-
ranging trial (85). The double-contrast technique aims to image the rectal
wall as a two-layer structure: a hyperintense mucosa=submucosa and a
hypointense muscularis propria (Fig. 6). Using these criteria, accuracy for
staging rectal cancer higher than T2 was 82%. In addition, this double-
contrast technique is an elegant method with which to determine anal
sphincter involvement in low tumors (86).

CONCLUSION

Treatment for rectal cancer has improved dramatically over the last decade,
and low local recurrence rates are possible with modern surgical
techniques. Imaging now plays the pivotal role in directing individual
patients towards appropriate treatment strategies, most importantly
identifying those in whom preoperative treatment is required in order

FIGURE 10 Advanced rectal cancer which is directly invading the left ovary.
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to achieve the best chance of cure. TRUS and MR imaging have
complementary roles to play in this selection process, and both should be
available in all centers performing rectal cancer surgery.
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Self-Expanding Metal Colonic Stents

Steve Halligan

St. Mark’s Hospital, London, England

INTRODUCTION

Large bowel obstruction is a common surgical emergency. In the developed
world the most common underlying cause is an occluding colorectal cancer.
Unfortunately, emergency surgery for malignant large bowel obstruction is
particularly badly tolerated by patients; mortality may be as high as 40%, a
¢gure that drops to less than 5% in elective cases (1). A review of 272 patients
presenting as an emergency with colorectal cancer found that this group were
more likely to have a stoma fashioned, took longer to become fully
ambulatory after their operation, and spent longer in hospital when compared
to patients undergoing elective treatment (2). Furthermore, patients were
more likely to die both during initial admission and over the subsequent 5
years (2). The reasons for these appalling statistics are seemingly obvious;
tumors that present with obstruction tend to be of a higher stage, and only
50% are candidates for a cure. However, while this is true, it cannot represent
the whole story because stage-for-stage survival is also reduced (3). Rather,
morbidity andmortality is increased in this group because of the considerable
systemic disturbance that accompanies malignant large bowel obstruction;
the result is a very poor general condition by the time of hospital presentation.
Emphasizing this point, patients presenting acutely have twice the frequency
of wound infection, 11 times the frequency of renal failure, and 25 times the
rate of respiratory complications compared to patients who are operated on
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electively (3). It is now well established that poor general condition is the
major cause of mortality in patients presenting with malignant large bowel
obstruction and far outweighs local factors related to the primary tumor.

The site of the primary tumor in£uences whether it is likely to cause
obstruction or not, and obstruction is surprisingly a feature that is again
relatively independent of stage (4). Seventy percent of obstructing cancers
are left sided, which itself adds a degree of surgical uncertainty. While
curative surgery for obstructing right-sided tumors is uncontroversial (right
hemicolectomy and primary anastamosis) and these patients tend to do well
as a group, surgery for left-sided obstruction is less clear-cut and a variety of
approaches are possible. Some surgeons advocate a three-stage procedure,
with initial relieving colostomy followed by resection and then ¢nally by
closure. However, 40% of these patients never have intestinal continuity
restored. Others advocate a two-stage procedure with primary resection and
either aHartmann’s (i.e., formation of a blind rectal stump) ormucous ¢stula.
A more recent approach is a single-stage resection with on-table colonic
lavage.

All of this is complicated by the underlying possibility that the disease
is incurable and the surgery therefore merely palliative. Median survival
for patients with disseminated colorectal cancer is only 7 months, and, if at
all possible, surgery should be generally avoided in this group so that quality
of remaining life is as best as it can be. However, adequate staging of the
disease is frequently impossible when patients present as a surgical
emergency, and, moreover, no patient should be allowed to die from large
bowel obstruction. The result is that many patients who are incurable
are unavoidably subjected to major surgery in what will prove to be the
last few months of their life.

The Holy Grail of surgery for obstructing colorectal cancer would
therefore be a relatively noninvasive procedure that could be applied to left-
sided tumors. This would also allow time for the patient’s general condition
to be stabilized so that the risk of any subsequent curative surgery would
equal that of elective procedures for similar stage tumors. Furthermore, such
a procedure would also buy time for adequate staging of the disease in order
to facilitate sensible management decisions. If the patient were found to
have incurable disease in the interim, then the procedure could potentially
o¡er de¢nitive palliation while avoiding the need for a stoma. Self-expanding
metal colorectal stents can potentially ful¢ll these requirements.

SELF-EXPANDING METAL COLORECTAL STENTS

Self-expandingmetal stents arewell established for palliation of esophageal
malignancy, and the rationale for their use in the colon is clear from the
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previous discussion; the left colon is potentially accessible to metal stents,
which can be placed to relieve obstruction with minimal intrusion, buying
time to stabilize and improve the patient’s general condition and allowing
time for staging of the disease. If the patient is found not to be a candidate
for cure, either because of disseminated disease or because of frailty and
associated operative risk, the stent can be left in situ for de¢nitive pallia-
tion, thus avoiding the need for surgery and possibly also a stoma. It has also
become evident that stent deployment is possibly bene¢cial in some
patients su¡ering from malignant colonic obstruction due to causes other
than primary colorectal carcinoma, and there may also be a further role in
benign disease where surgery is not an easy option.

DEPLOYMENT TECHNIQUE

First it is important to establish both the diagnosis of obstruction and its
underlying cause in any scenario where stent placement is being consid-
ered. Furthermore, for stent deployment to be practicable, obstruction
should be con¢ned to a single, well-de¢ned area of colon. Referrals will gen-
erally fall into one of two groups: those presenting acutely as an emergency
and those with more indolent disease, who are thought by their clinicians
likely to obstruct in the very near future. The latter group will usually have
a well-established diagnosis andmay include those with a known colorectal
cancer, perhaps on a waiting list for de¢nitive surgery. Alternatively,
patients may have other disseminated malignancies where colonic obstruc-
tion is a complication of their underlying disease, for example, ovarian
carcinoma. In this (or indeed any) scenario, it is important that the stenting
radiologist directly inspects any preexisting imaging, rather than accept
the clinician’s story. In the author’s experience, the clinical diagnosis of
obstruction is frequently uncon¢rmed on contemporaneous imaging. Also,
inspection by a competent radiologist may also reveal that obstruction is
either at several separate locations or extends over several centimeters,
which may mean deployment is impracticable (or may mean more than
one stent is necessary for colonic decompression) (Fig. 1). Thorough
assessment of the clinical situation will prevent the stenting team from
being pointlessly assembled, often in the middle of the night! Colonic
stenting does not suit everyone with large bowel obstruction, and careful
patient selection is the key to both technical and clinical success.

Similarly, patients presenting as acute emergencies will also tend to
fall into one of two groups; those with an established diagnosis of colorectal
cancer (usually awaiting elective surgery scheduled for the near future) and
those with no known prior diagnosis. In the latter case it is again especially
important to establish the underlying diagnosis before contemplating
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a stent. This point cannot be stressed enough. At the very least, a diagnosis
of acute large bowel obstruction should be made from abdominal radio-
graphs that have been seen by the stenting radiologist; in the author’s
experience, junior surgeons and physicians are increasingly unable to diag-
nose obstruction from abdominal ¢lms, and it is courting disaster to rely
on their assessment. If obstruction is present, a water-soluble enema is per-
haps the easiest way to establish the underlying cause, although computed
tomography (CT) is an increasingly useful alternative, especially when
patients are frail or in extremis. Computed tomography also allows distant
staging where the underlying cause is a carcinoma. Inevitably, in some
cases it will be di⁄cult to establish the cause using imaging alone, and in
such instances there should be a low threshold to employ endoscopy.

Once the diagnosis of colonic obstruction and its cause have been
established and a stent considered the best option, then the team can be
assembled. There are essentially three philosophical approaches to
colonic stenting: radiologist alone, endoscopist alone, or a combined
procedure. The approach chosen will depend on local circumstances such

FIGURE 1 A sigmoid stricture has been reached by an aniographic catheter and
guidewire. Contrast injection reveals extensive proximal extrinsic disease over a
long segment in this patient with peritoneal metastases. There is no dominant
stricture, and stenting is unlikely to be helpful.
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as sta¡ and room availability (e.g., endoscopy suite or £uoroscopy=
interventional room), clinician enthusiasm to develop the procedure, and
perceived turf battles. However, there can be no doubt that the skills pos-
sessed by radiologists and endoscopists are complementary, so the best
approach would seem to be combined. For obvious reasons, tumor cannu-
lation is usually easiest when attempted under direct vision using an endo-
scope. This is especially true when the tumor ostium is narrow or when
the tumor has bulky, rolled margins. However, endoscopists tend to lack
the catheter and guidewire manipulation skills possessed by trained radi-
ologists. Furthermore, in some instances it is impossible to deploy the
stent through the colonoscope (often because ¢xity due to adjacent dis-
ease prevents scope angulation). Alternatively, in other situations this
may be the only option (especially relevant to very proximal tumors).
The author prefers a combined approach, which undoubtedly accelerates
the procedure (Fig. 2).

Once the patient has been consented for the procedure, light
conscious sedation and analgesia is administered intravenously with
appropriatemonitoring facilities in place.With the patient in the left-lateral
position on a £uoroscopy couch, the endoscope (colonoscope or sigmoido-
scope) is introduced to the level of the known occlusion, which is then
directly inspected. Occasionally, the endoscope can easily traverse the
stricture, in which case the team should reconsider the rationale of placing
a stent at that time. The author has found it very helpful to place a small
metal mucosal clip at the distal tumor margin because this helps identify
this site during subsequent stricture imaging and stent deployment and
aids accurate placement. The tumor ostium can then be cannulated using a
thin ERCP-type catheter passed through the scope channel and contrast
injected to de¢ne the stricture length and general morphology. In most
circumstances, the author has found stent deployment easiest when
performed in isolation rather than through the endoscope. To achieve this
when using endoscopic cannulation, the scope must be withdrawn while
leaving the catheter across the stricture, a tricky procedure at the best of
times! Ideally, the scope is carefully withdrawn while the catheter position
is monitored using £uoroscopy. Once the tip of the scope is free of the anus,
the catheter can be cut (allowing the endoscope to be completely removed)
and a guidewire then inserted through the catheter to cross the stricture. In
order to facilitate this maneuver, as much catheter as possible should be
deployed above the stricture and a short scope (ie sigmoidoscope or
pediatric colonoscope) used where possible. If catheter dislodgement is
likely, then an ERCP guidewire or alternative can be passed through the
catheter and is usually a little easier to maneuver proximal to the occlusion
because it is sti¡er.
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FIGURE 2 Diagrammatic representation of deployment. (A) A catheter is advanced
to the distal margin of the stricture using either an endoscope or guidewire. (B) The
stricture is cannulated by a soft hydrophilic guidewire. (C) The catheter is
advanced over the guidewire, through the stricture. (D) The guidewire is with-
drawn. (E) A stiff guidewire is introduced through the catheter and the catheter
withdrawn. (F) The stent is advanced into position over the guidewire. (G) The
stent is deployed with a flange above the stricture, and then pulled down into the
stricture during further deployment. (H) The stent is fully deployed to cross
the stricture. (I) The guidewire and deployment mechanism are withdrawn, leaving
the stent in situ.
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If the exchange cannot be performed, there are two options: either the
stent is deployed through the endoscope or deployment is attempted solely
using radiology. The approach usedwill depend on the site andmorphology
of the stricture, but the author would usually attempt radiological
cannulation ¢rst. The stricture must be reached using a catheter; the author
favors a 6.5 French biliary manipulation catheter for recto-sigmoid lesions
or a longer angiographic catheter for more proximal occlusions. However,
like angiographic practice, the site and type of stricture encountered will
usually determine the ¢nal catheter con¢guration chosen. A combination
of guidewire probing followed by catheter advance will usually be needed
to reach the stricture if this is proximal to the rectosigmoid junction; more
distal strictures are easily reachedmerely by inserting the catheter directly.
Contrast should also be used liberally to outline the bowel lumen and
disclose the required direction for probing. Gas insu¥ation is also vital to
open out and distend the bowel lumen. Like endoscopic cannulation,
changes in patient position may be necessary to achieve catheter advance.
For more proximal strictures it is frequently necessary to continually alter-
nate between a hydrophilic wire and a sti¡er type since the characteristics
of the latter help prevent catheter looping within mobile bowel. If hand
movements do not seem to be e¡ectively transmitted to the catheter or wire
tip, then it is worth screening distally to look for catheter looping within
the lumen or looping of the bowel itself (a frequent cause of failed
colonoscopy). Catheter looping within the rectum is a particular problem,
especially when trying to reach proximal strictures, and some sort of sti¡en-
ing device may need to be employed; the author uses a 9 French peel-away
sheath, which has the advantage that it can be easily removedwhen it is time
to deploy the stent.

Once the stricture is encountered, water-soluble contrast injected
down the catheter will help identify the general direction of the tumor
ostium, which is cannulated using torque to direct the catheter tip in
combination with probing using a hydrophilic guidewire. Again, patient
positional change may be necessary to observe the direction of the ostium
and facilitate cannulation. Tumors with shouldered margins and tight
ostia may take a considerable time to cannulate, but this is usually
possible if the catheter can reach the tumour. Once the guidewire has
passed the stricture the catheter is advanced over it (Fig. 3A), the
wire withdrawn, and contrast injected to de¢ne stricture length and
morphology (Fig. 3B).

At this time, the type of stent used should be chosen. The author has
experience of two types, theMemotherm (Bard) and theWallstent (Boston
Scienti¢c), although the Ultra£ex (Boston Scienti¢c) knitted nitinol type
is also available, which is polyurethane coated and has a proximal
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FIGURE 3 Deployment of a stent across a proximal rectal stricture. (A) The rectal
stricture is crossed by the catheter and soft hydrophilic guidewire. (B) The guide-
wire is withdrawn and contrast injected in order to define the stricture so that an
appropriate stent can be chosen. (C) A stiff guidewire is placed across the stric-
ture, straightening the deployment path. (D) A Memotherm stent is delivered over
the stiff guidewire. (E) Final position of the deployed stent.
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FIGURE 3 (continued )
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£ange (a type extensively used for esophageal stenting). A variety of stent
lengths and diameters are available. Generally, the most useful is the lar-
gest, which is 10� 3 cm at the time of writing. The stent is deployed over a
sti¡ guidewire, and it may be necessary to preform a curve on the stent and
delivery system to achieve passage around a tight ¢xed curve, even with the
degree of straightening achieved using a sti¡ guidewire (Fig. 3C,3D). This
is especially a problem with the relatively sti¡ and bulky Memotherm;
the key to success is to straighten the colon as much as possible; it may even
be necessary to use two guidewires in tandem to achieve this. Most impor-
tantly, a short delivery system facilitates tracking the stent over the guide-
wire because the guidewire can exit the distal end of the delivery system
and be ‘‘¢xed’’ by the radiologist or assistant. The major bene¢t of
the Memotherm delivery system is its reasonable length. In contrast,
although the Wallstent is more £exible and easier to track, its major dis-
advantage is its excessive length�225 cm. This stent was originally

FIGURE 3 (continued )
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designed for endoscopic delivery with the result that it is far too long for the
guidewires generally employed in radiology. With a system so long, it is
impossible to pass the guidewire out of the distal end of the delivery system
and thus very di⁄cult to track the stent proximally. However, at the time
of writing a shorter delivery system has been designed with radiologists in
mind, which will overcome this major disadvantage. The author would
generally choose the Memotherm excepting those circumstances where
there are tracking di⁄culties (especially if the tumor is distal), inwhich case
the relative £exibility of the Wallstent is very advantageous. The Wallstent
must be used for any deployment through the endoscope.

Depending on the stricture morphology, the aim is to deploy the stent
so that there is a good £ange upstreamof the tumormargin, the aim ofwhich
is to prevent subsequent migration due to peristalsis. Indeed, for localized
strictures approximately two thirds of the stent should be upstream. If a
mucosal clip has been placed, then this will facilitate accurate deployment
of the distal stent margin relative to the stricture. Balloon dilatation prior
to deployment is not recommended because it potentially risks tumor
perforation and dissemination. Deployment should be slow and careful. In
the author’s experience, it is helpful to deploy approximately one third or
more of the stent well upstream of the stricture and then to continue deploy-
ment with traction on the delivery system, with the e¡ect that the stent is
pulled into the stricture. Thismaneuver helps achieve both a stable position
within the stricture and a good upstream £ange. Because the aim is to
deploy the distal aspect of the stent just beyond the tumor margin, deploy-
ment without some degree of traction can result in the stent springing above
the stricture altogether. The Memotherm in particular has a tendency to
leap upstream if deployment is too rapid, and this should be borne in mind.
However, the Memotherm does not shorten during deployment, and its
eventual position is thus probably easier to predict overall. Furthermore,
the pistol-grip deployment mechanism is easy and comfortable to use. The
Memotherm stent cannot be retracted once delivery has commenced,
whereas it is possible to retract the Wallstent if no more than 50% of the
stent has been released.However, theWallstent delivery system is primitive
and relatively di⁄cult to use, and the stent also shortens during delivery
with the result that its ¢nal position can occasionally be di⁄cult to predict.
When the stricture length approaches or exceeds the individual stent
length, overlaying two stents together may be used to traverse long
strictures. For rectal tumors it should also be borne inmind that care should
be taken so that the distal stent does not impinge on the anus, which
can cause very distressing tenesmus. Indeed, the distal stent margin should
ideally be several centimeters clear of the anus (Fig. 3E). For this reason it
is probably best to consider stenting only proximal ampullary tumors.
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AFTERCARE AND COMPLICATIONS

Adequate postprocedural pain relief is vital, especially since expansion
occurs during the ¢rst 24 hours following deployment. Just because a stent
has been placed does not mean that clinical decompression de¢nitely fol-
lows, and the symptoms and signs of obstruction must still be monitored
carefully. Patency can be checked using a water-soluble contrast enema
(Fig. 4). Stool softeners should be administered to prevent impaction
within the stent. Perforation is a serious complication and is related to both
excessive guidewire manipulation and balloon dilatation. It is sensible to
perform a water-soluble enema if there is any suspicion of perforation.
Indeed, the stricture should be kept well visualized with contrast through-
out the procedure. Migration is the most common later complication and
often occurs within the ¢rst 24 hours (Fig. 5). An abdominal ¢lm the day fol-
lowing deployment is useful to check for this, to document stent expansion,
and to monitor signs of obstruction. Digital retrieval should be cautious
since the stents have sharp prongs that can easily puncture a gloved ¢nger.
Stent fracture is a reported late complication (5) as is perforation into an
adjacent viscus, the bladder, for example (6). Reobstruction due to tumor
ingrowth can also occur and can be potentially treated by a second stent,
if necessary.

FIGURE 4 Water-soluble enema following stent insertion shows good patency.
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LITERATURE REVIEW

The ¢rst description of deployment of a self-expanding metal stent to treat
colonic carcinoma was a single case report in 1991 (7). By 2001 there were
40 reports of the procedure in the literature, indicating rapid and
widespread acceptance (8). In addition to the treatment of colonic
obstruction due to primary colorectal cancer, there are now articles that
focus speci¢cally on palliative series (9), patients with extrinsic malignant
disease (10) (Fig. 6), and benign indications (11) (Fig. 7). The largest indi-
vidual series to date comprises 80 patients (12), but the problems of
addressing the literature have largely been resolved by a recent systematic
review (13). Technical success was achieved in 551 (92%) of 598 patients
(90% of palliative procedures and 85%where deployment was as a ‘‘bridge
to surgery’’). Predictably, the most common cause for technical failure
was inability to cannulate the tumor ostium with a guidewire. Five percent

FIGURE 5 Abdominal films the day after stent deployment shows rectal migration.
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of patients in whom technical success was achieved failed to clinically
decompress. Three of 598 patients died, giving a mortality of 1%, which
compares excellently with even the most optimistic ¢gures for operative
mortality in this group of patients. Fatalities were due to laparotomy that
was needed to treat perforation. Indeed, perforation occurred in 4% of
cases (10% of those where a balloon was used to predilate the stricture
vs. 2% where it was not). Migration occurred in 10% of deployments, half
of these within 3 days. Interestingly, many of these patients required no
further intervention.

SUMMARY

Deployment of colorectal self-expandingmetal stents is technically feasible
and well within the capabilities of many interventional radiologists,
especially those familiar with esophageal procedures. For potentially
curative cases it appears that morbidity and mortality compare extremely
favorably with surgery, and there are also clear bene¢ts to avoiding surgery
in those patients who need palliation. Furthermore, there are likely to be

FIGURE 6 A stent has been placed to palliate extensive recurrent anastamotic
carcinoma.
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considerable ¢nancial savings, although no detailed economic analysis has
been performed to date. The results of prospective randomized trials
comparing stenting with surgery are awaited with great interest, although
the results from case-control series are so promising that the opportunity
for a randomized trial may actually have been lost.
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INTRODUCTION

Over the last decade, advances in anal imaging have had a signi¢cant impact
on the management of patients with anal disorders, particularly in the
investigation and treatment of peri-anal sepsis and anal incontinence. This
chapter will detail the basic anatomy of the anal canal and describe the
imaging appearances of the anal canal using two main techniques,
endoanal ultrasound and magnetic resonance imaging, after which
practical applications in both incontinence and sepsis will be considered.

ANATOMY

The anal canal in adults is approximately 4 cm long and begins as the rectum
narrows and passes backwards between the levator ani muscles (1) and has an
upper limit at the pelvic £oor and a lower limit at the anal verge (2). The upper
anal canal is lined by mucosa comprised of simple columnar epithelium,
whereas the lower canal is lined by strati¢ed squamous epithelium (3), with
the transition zone known as the dentate line. Beneath the mucosa lies the
subepithelial layer, a layer of connective tissue and smooth muscle (1). This
layer increases in thickness throughout life and forms the basis of the vascular
cushions thought to be important formaintenance of continence (4,5).
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The caudal continuation of rectal circular smooth muscle condenses
to form the internal anal sphincter, which lies lateral to the subepithelial
layer (3), whereas the caudal continuation of rectal longitudinal smooth
muscle forms the longitudinal muscle of the anus (Fig. 1). The longitudinal
muscle thus lies between the internal and the external anal sphincters,
within the intersphincteric space, and its smooth muscle ¢bers are
augmented with striated muscle originating from the levator ani (6),
puborectalis (7), and pubococcygeus (8). Fibers from the longitudinal
muscle traverse the external anal sphincter and form septae that insert into
the perianal skin as the corrugator cutis ani muscle, which is thought to
prevent anal eversion during defecation (7,9).

The striated muscle of the external sphincter surrounds the longi-
tudinal muscle and forms the outer border of the intersphincteric space.
The external sphincter is conventionally described in three parts
(7,10^12), with deep, super¢cial, and subcutaneous portions. While the
deep and subcutaneous portions form rings of muscle around the anus, the
elliptical ¢bers of the super¢cial external sphincter run between the peri-
neal body anteriorly and coccyx posteriorly. The external sphincter has also
been considered as a singlemuscle contiguous with the puborectalis muscle
(3,13). Important structural di¡erences have been shown between men
and women using anal endosonography. Most importantly, the anterior
external anal sphincter is shorter in women than in men (14^16).

FIGURE 1 Coronal diagram of the anal canal showing the external and internal
sphincters and the longitudinal muscle.
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ANAL ENDOSONOGRAPHY

Anal endosonography (AES) was ¢rst described in 1989 by Law and
Bartram (17) andwas a consequence ofminormodi¢cation to an ultrasound
probe already in use to stage rectal tumors (18). Anal endosonography is
quick to perform, relatively cheap, and increasingly available. While
technically very simple, interpretation can be rather di⁄cult, especially as
this remains a developing and evolving ¢eld.

Endosonography overcomes many of the problems incurred when
imaging deep structures using conventional transcutaneous ultrasound. By
placing the transducer in a body cavity (endosonography), it is sited in close
proximity to the structures of interest, allowing a higher frequency trans-
ducer to be employed. This improves spatial resolution while avoiding
interference from intervening structures. The reduction in tissue penetra-
tion due to the increase in frequency is of no consequence due to the trans-
ducer proximity to the target (although increasingly important if areas of
interest are relatively remote from the sphincter complex). Anal endosono-
graphy generally utilizes a transducer mounted on a rotating rod that is
enclosed within a rectal tube and which produces 360� radial images. The
transducer is surrounded by a sonolucent cone, which is ¢lledwith degassed
water for acoustic coupling. The most commonly used system is the type
1850 Bruel and Kjaer rotating endoprobe (B & K Medical, Sandhoften,
Denmark) (Fig. 2). Initially a 7MHz crystal was used (17), but image
resolution has been greatly improved with the advent of the 10MHz probe,
which has a focal length of 1^4 cm and a beam width of 0.8 mm (16).
Sonolucent gel is applied to the cone of the assembled probe, which is then
covered by a condom. After lubrication the unit is ready for insertion into
the anus. Anal endosonography may be performed with the patient in the
left lateral or prone position. It is preferable to examine in the prone
position because this improves the symmetry of the images obtained (19).

FIGURE 2 B and K Medical anal endosonography probe.
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The probe is inserted through the anus into the lower rectum,where contact
is lost between the probe surface and the bowel wall, which leads to charac-
teristic reverberation echo distortion. As the probe is withdrawn further,
the ¢rst anatomical landmark seen is the sling of the puborectalis muscle.
The examination then begins in earnest and anal canal distal to this level is
carefully examined. The probe is oriented such that the anterior part of the
anal canal is uppermost on the image, mimicking conventional cross-
sectional imaging orientation. Such orientation also facilitates division of
the sphincter circumference into the hours of a clock face, i.e., 12 o’clock
corresponds to directly anterior and 6 o’clock to directly posterior.

The endosonographic appearance of the anal canal has been well
established (17,20,21) and is continually being re¢ned, especially in the
light of endoanal MR imaging (22). The anal canal mucosa is not seen
because it is lost within the bright re£ection from the outside of the probe
cone. The subepithelial tissue is highly re£ective and is surrounded by
a low re£ection produced by its interface with the internal anal sphincter.
The width of the internal sphincter increases with age: normal width for
a patient 55 years old or younger is 2.4^2.7 mm, but above this age the
normal range increases to 2.8^3.4mm. As the width of the sphincter
increases, it becomes progressively more re£ective and indistinct, which
may be due to a relative increase in the ¢broelastic content of this muscle
as a consequence of aging (23). The external anal sphincter is of moderate
re£ectivity with the longitudinal muscle of a similar re£ectivity situated
between the two sphincters in the intersphincteric space (Fig. 3).

THREE-DIMENSIONAL ANAL ENDOSONOGRAPHY

It is now fairly simple to create three-dimensional (3D) ultrasound images
from two-dimensional (2D) datasets. The basic component of an image is
the pixel, with a height and width that depends on the size of the matrix of
the ultrasound scanner. Each pixel may be assigned a brightness value
ranging from 0 to 255, which is directly proportional to the intensity of the
echo received by the transducer in that part of the matrix. Depth is added
to the 2D pixel to create a voxel (volume and element; voXel). Each voxel
may also be assigned a brightness value. The height and width of the voxel
are likewise governed by the matrix con¢guration, but the depth is created
in a 3D program and depends on the gap between the images. Interpolation
may be used to create intervening images to form symmetrical voxels that
avoid image degradation when the image is viewed in di¡erent planes.

Algorithms within the program calculate the di¡erence in brightness
between adjacent voxels and adjust the change in each interpolated image
to give a smooth transition in brightness. If too many interpolated images
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are introduced, the image may become unrepresentative. There are a
variety of approaches to correct registration for the position of each image.
The transducer may be tilted, mechanical, or electromagnetic positioning
devices or complex software algorithms used to link multiple images.
Precise registration is required for accurate 3D measurement, which is
simplest to achieve using a mechanical device. Endosonography of the anal
canal requires the probe to be slowly drawn down through the canal in a
straight line, so that a mechanical linear translation rig is suitable for this
examination. A manual system has been decribed (16,24,25), although an
automated motorized system has subsequently been developed (26). This
automatic system does not rely upon interpolation; all data displayed is
‘‘real,’’ although the voxel depth is assumed by the rate of acquisition of
the system (26).

The great advantage of 3D imaging is that once a dataset has been
obtained, the volume contains all of the data for that examination.
Standard 2D AES, as with most ultrasound examinations, is a dynamic
process that is observer dependent. The patient is assessed in real time
and any diagnosis made as the scan progresses. ‘‘Hard copy’’ generally
poorly represents the total examination, and a complete recording is

FIGURE 3 Normal AES in a female, mid canal level. 1¼ subepithelial tissues;
2¼ internal anal sphincter; 3¼ external anal sphincter; 4¼ external anal sphincter.
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usually impossible without videotape. In contrast, 3D systems acquire a
volume of digital data that can be archived for subsequent review. This
separates diagnosis from the time of examination and enables sonogra-
phers unskilled in AES diagnosis to perform examinations for subsequent
radiologist review. Another advantage of a data volume is that it may be
imaged, and structures measured, in any plane. The anal sphincters are
circular structures. Their thickness is easily measured axially and the size
of any defect recorded in hours, but the cranio-caudal extent of any tear or
abnormality may only be referred to in general terms by dividing the canal
into high, mid, and low levels. These are not constant, making the longi-
tudinal appreciation of any lesion imprecise, a disadvantage immediately
overcome by multiplanar imaging.

Unfortunately, di¡erences in tissue contrast between layers on AES
are not marked and the re£ectivity of some layers is not constant, so that
techniques assigning transparency, opacity,maximum intensity projection,
or surface rendering algorithms have not proved clinically useful. Three-
dimensional reconstruction of anal endosonography is now increasingly
available (16,24,25) and while its clinical role is uncertain it does permit
multiplanar assessment of sphincter injury using ultrasound for the ¢rst
time (Fig. 4).

FIGURE 4 Three-dimensional AES image.
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MAGNETIC RESONANCE IMAGING

Magnetic resonance imaging is now well established for imaging assess-
ment of the anal canal and pelvis. Tissue di¡erentiation using MR imaging
is excellent, and T2-weighted sequences are especially suited to imaging
both pathology and anatomical structures simultaneously in great detail.
However, spatial resolution is generally insu⁄cient to image the anal
sphincter complex well enough to characterize the individual morpho-
logical abnormalities encountered in patients with anal incontinence,
although improved when using a pelvic phased array coil. In contrast, the
spatial resolution in the immediate vicinity of the coil is greatly enhanced
when using an endoanal receiver coil, while maintaining excellent tissue
di¡erentiation. Much has been learned regarding anal anatomy via
endoanal MR imaging. Demonstration of sphincter anatomy using MR
imaging has been validated and con¢rmed using MR scans of cadavers
with subsequent histological sectioning (27^30). Furthermore, intra-
individual comparisons using both AES and endoanal MR imaging have
re¢ned our understanding of the structures seen on both modalities (22);
structures that are distinct using MR imaging (e.g., the lateral
border of the external sphincter) can be detailed on the ultrasound and
vice versa (e.g., the internal sphincter).

On T2-weighted images the external sphincter and longitudinal
muscle return a relatively low signal, whereas the internal sphincter returns
a relatively high signal and enhances further with gadolinium (Fig. 5). The
subepithelial tissue has a signal intensity value between that of the internal
and external sphincters. The lateral border of the external anal sphincter is
well de¢ned on endocoil MR imaging, especially when compared with the
rather indistinct images of AES (31). It should be noted that endoanal
imaging, both ultrasound andMR, su¡ers from ¢eld-of-view limitations.

ANAL INCONTINENCE

Anal imaging is now generally considered mandatory for patients
complaining of anal incontinence, a common condition that a¡ects 2% of
the general population older than 45 years, a ¢gure that rises to 7% over
the age of 65 years. A clinical distinction should be made between anal
incontinence, which includes involuntary loss of gas and=or stool, and fecal
incontinence, which speci¢cally describes stool loss. Incontinence will be
underestimated if only stool loss is considered. Various clinical
symptom-grading systems are used, but there is no doubt that the more
sophisticated the questionnaire employed, the higher the prevalence of
incontinence. Population-based studies of anal incontinence have shown
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a small but signi¢cant prevalence in uncomplaining, young individuals.
A relationship with childbirth has long been recognized, and variables such
as forceps delivery are known to increase the likelihood of anal inconti-
nence following vaginal delivery. Postal questionnaire studies of post-
partum women have revealed that frank fecal incontinence reaches
a prevalence of nearly 10%. Similar estimates of anal incontinence
have approached 25%. Clinically, much of this misery is invisible
because symptoms are underreported, probably due to embarrassment,
preoccupation with the newborn baby, and perceptions of inevitability.

Pelvic neuropathy had been considered themost likely cause of incon-
tinence ever since physiological tests demonstrated impaired pudendal
nerve conduction following vaginal delivery, presumably due to soft tissue

FIGURE 5 Endocoil MR images in an asymptomatic volunteer. (A) Axial image.
1¼ internal sphincter; 2¼ longitudinal muscle; 3¼ external anal sphincter.
(B) Coronal image. 1¼ external sphincter; 2¼ puborectalis; 3¼ levator plate.
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stretching during birth, a ¢nding that led directly to the concept of ‘‘neuro-
pathic fecal incontinence.’’ At that time, detailed imaging of the various
components of the anal sphincter was unavailable. However, with the
development of anal endosonography at St. Mark’s Hospital, London,
high-resolution imaging of the anal sphincter complex became possible
(17). For the ¢rst time, detailed images of the external and internal sphinc-
ters surrounding the anus could be easily and rapidly acquired. It quickly
became clear that not only could childbirth damage pelvic nerves, but the

FIGURE 5 (continued )
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anal sphincter complex was frequently disrupted as well. Tears in the
sphincter were easily diagnosed as a discontinuity in the normally circum-
ferential sphincter ring (Fig. 6). While adequate clinical history and anal
physiological testingmay assess severity and suggest sphincter trauma, anal
ultrasound is now the gold standard for the diagnosis and assessment of
surgically remediable sphincter disruption.

Indeed, the endosonographic localisation of sphincter tears has been
con¢rmed by histological examination of biopsies taken during sphincter
repair (32). Sonographic sphincter trauma is seen as either a localized area
of low re£ectivity in an otherwise highly re£ective external sphincter or as
an amorphous area of mixed re£ectivity (26,32,33) (Fig. 6). The internal
sphincter is practically always also disrupted during obstetric injury. The
diagnosis of postobstetric anterior sphincter defects may be enhanced by
the reduction in the length of the perineal body (34), and normal post-
partum changes in sphincter morphology are now well recognized (35).
Three-dimensional reconstruction of AES may also demonstrate the full
extent of a sphincter injury (36), and a direct correlation exists between

FIGURE 6 Extensive anterior external and internal sphincter defect following
obstetric injury in a young women.
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the length of a defect and the arc of displacement of the two ends of the
sphincter (24).

Diagnosis of obstetric sphincter tears is important because these
women may be helped by surgery that aims to restore integrity to the
sphincter ring. This usually takes the form of an overlapping sphincter
repair, where the external sphincter is mobilized, the scar excised, and the
free ends of the sphincter overlapped and sutured. Symptomatic improve-
ment is of the order of 85%, dropping to approximately 50% on long-term
follow-up. The prime role of anal imaging, whether sonography or MR, is
therefore to detect those patients who have an underlying tear and direct
them to surgery. Just as important, imaging can con¢dently exclude those
patients who have no laceration, sparing them an operation likely to be
unhelpful and instead directing them to more appropriate treatments such
as biofeedback behavioral therapy, sacral nerve stimulation, or sphincter
reconstruction, using either muscular £aps or implantable devices.

Many clinically unsuspected sphincter injuries have been diagnosed
using AES. In a group of 11 patients with a clinical diagnosis of idiopathic
fecal incontinence thought to be unrelated to sphincter trauma, four were
actually shown to have a sphincter defect on AES that was later con¢rmed
by EMG studies (37). AES is superior in the di¡erentiation between those
patients with idiopathic fecal incontinence and those with a sphincter
defect when comparedwith either simplemanometric assessment or vector
volume studies (38,39).

The anal sphincter complex in the femalemay also be examined via the
trans-vaginal route. The results of trans-vaginal scanning using the same
probe as that used for endoanal work were disappointing, although they
have provided images of the anal sphincters in a nondistended state (40).
The endoanal probe is di⁄cult to control when used in the vagina due to
the divergent axes of the anal canal and the vagina, and the distal canal is
often di⁄cult to image (41). The use of a shorter, side-¢ring scanner probe
has greatly improved the images acquired (42), such that trans-vaginal scan-
ning may now be a useful method of assessing women for sphincter trauma.

In a landmark publication that employed anal endosonography in
women before and after vaginal delivery, the incidence of anal sphincter
tears was estimated at approximately one third of all births (43), a stagger-
ingly high ¢gure subsequently con¢rmed by several other workers (44).
Symptoms of anal incontinence and markers of physiological deterioration
were strongly associated with sonographic sphincter tears (43). These
¢ndings eventually led to a complete change in obstetric emphasis; anal
incontinence following childbirth is now thought to be predominantly due
to sphincter tears. It is also clear that approximately 50% of women with
sphincter tears can initially be asymptomatic for a variable time, oftenmany
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years. Only subsequently, with the cumulative e¡ects of aging and
menopause, do symptoms of anal incontinence manifest themselves.
Unsurprisingly, the temporal separation between delivery and symptoms
means that sphincter tears are not usually considered when the patient
presents. It is interesting to note that the vast majority of anal sphincter
tears go unrecognized at the time of delivery; one prospective study of
2883 deliveries found 95 tears, an incidence of 3.3% (45), yet when these
same authors used anal endosonography in a consecutive group of unse-
lectedvaginal deliveries, the incidencewas35% inprimiparouswomen (43).

More recently, endocoil MR imaging has also been used to diagnose
and assess anal sphincter trauma (46,47) (Fig. 7). Endocoil MR is
considered by some to be superior to AES for the detection and
assessment of external sphincter defects, largely because of superior
external anal sphincter de¢nition (48). Alternatively, others have found
that AES remains equally e¡ective for diagnosis of sphincter disruption
(49). In reality, di¡erences may actually re£ect individual familiarity with
the techniques used rather than any inherent technical de¢ciency (50).
However, following the surge of interest in structural sphincter damage
precipitated by the development of AES, it is increasingly well recognized
that anal incontinence is not always a result of disruption and attention is
again returning to the concept of neuropathic sphincter damage. Much of
this change in attitude has been brought about by endocoil MR imaging,
which has revealed that intact sphincters may be ine¡ective because they
have been largely replaced by fat and ¢brous tissue, a phenomenon known
as external sphincter atrophy (51^53) (Fig. 8). This ¢nding is important
because patients who have both an atrophic external sphincter and a
coexisting sphincter defect have been found to fare poorly after surgical
repair of the defect, presumably because residual muscle is functionally
inadequate (51,54). The degree of fat replacement may be precisely
quanti¢ed using MR (53), but the appearances of atrophic muscle are
equally well appreciated by simple inspection once the investigator has
su⁄cient experience to recognize the morphology of normal muscle; an
atrophic external sphincter has reduced bulk when compared to a normal
sphincter and the quality of that muscle which is present is patchy and
indistinct (Fig. 8).

Sphincter atrophy may also a¡ect the internal sphincter, a
phenomenon known as idiopathic internal anal sphincter degeneration
(55). The internal sphincter normally thickens with age (56), but patients
with idiopathic degeneration show progressive thinning, a ¢nding that is
probably best assessed using AES since this technique visualises the
internal sphincter with greatest precision (49) (Fig. 9). Generally, a
diagnosis of idiopathic degeneration should be considered in any adult
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patient with passive incontinence in combination with a thin but intact
internal sphincter. The internal sphincter may also be damaged as an
innocent bystander during trans-anal surgical procedures, and it is now
well recognized that anal dilatation (57) or hemorrhoidectomy (58) may
unintentionally damage the internal sphincter and cause passive
incontinence (Fig. 10). Furthermore, sphincterotomy, which is used to
treat anal ¢ssures, is frequently overextensive in female patients and may
also precipitate incontinence (59).

In summary, anal imaging for incontinence aims to characterize
morphological sphincter abnormalities so that treatment is directed
appropriately (60). The common combinations encountered, and their
likely cause, are shown in Table 1.

FISTULA-IN-ANO

Fistula-in-ano is a relatively common condition and one in which, like
incontinence, anal imaging has had tremendous impact over the last

FIGURE 7 Axial endoanal MR image demonstrating an anterior sphincter tear
(arrow) following obstetric injury.
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decade. By de¢nition, a ¢stula describes an abnormal track that connects
two epithelial surfaces. For ¢stula-in-ano, the external opening is usually
perianal and the internal opening most often in the anal canal. The disease
therefore manifests as chronic perianal suppuration and discomfort. Treat-
ment is surgical, and while most anal ¢stulas are easily treated, some have
a tendency to recur, by as much as 25% in some series (61). Recurrence is
almost always due to occult sepsis that has initially escaped surgical detec-
tion and has thus gone untreated. Recurrent ¢stulas pose a notoriously
di⁄cult surgical challenge, and multiple failed operations are the rule
rather than the exception in these patients. Such a state of a¡airs further
complicates matters because the perianal scarring and distortion that
inevitably accompanies multiple surgical attempts at cure impairs accurate

FIGURE 8 Coronal endoanal MR image demonstrating gross external sphincter
atropy (arrow).
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preoperative assessment: digital palpation cannot easily distinguish sepsis
from scarring. The inevitable result is that these individuals are
progressively more di⁄cult to treat, with both patient and surgeon
becoming ever more exasperated.

The key to breaking this loop is accurate preoperative assessment, the
main aim of which is to identify unsuspected areas of sepsis so that they
can be targeted for subsequent treatment. Secondary aims are to de¢ne the
relationship of the ¢stula to the anal sphincter complex, which serves
to help predict the likelihood of postoperative anal incontinence. The
surgeon therefore needs to answer two questions:

What is the relationship between ¢stula and anal sphincter? Will
surgery risk incontinence and will sphincter-saving procedures be
necessary?

Are there secondary extensions from the primary track that might
cause relapse, and, if so, where are they?

FIGURE 9 AES in an adult patient with passive fecal incontinence reveals an intact
but thinned internal sphincter typical of idiopathic degeneration. The external
sphincter boundaries are well preserved, suggesting that atrophy is confined to
the internal sphincter.
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FIGURE 10 AES in a patient incontinent following hemorrhoidectomy reveals an
extensive posterior internal sphincter defect.

TABLE 1 Common Morphological Sphincter Abnormalities in Anal Incontinence

Sphincter abnormality Likely cause for incontinence

Combined anterior external and
internal sphincter defects

Obstetric trauma

Isolated anterior external
sphincter defect

Obstetric trauma

Isolated internal sphincter defect Iatrogenic trauma,
e.g., hemorrhoidectomy, anal dilatation

Thinned internal sphincter Idiopathic internal anal sphincter
degeneration

Thinned external sphincter External sphincter atrophy
Thinned internal and external sphincter Combined atrophy and degeneration
Sphincter defects combined with

generalized sphincter thinning
Obstetric injury combined with
long-standing underlying neuropathy
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Anal ¢stulas are believed to be a consequence of sepsis that originates
from anal glands that are located in the intersphincteric plane, between the
internal and external sphincter (Fig. 11). These glands originate at the level
of the dentate line, which is the where squamous epithelium meets
columnar in the mid-anal canal and which is therefore where the internal
opening of most anal ¢stulas can be found. The path that the ¢stula takes
between the internal and external opening will de¢ne the type of ¢stula and
will predict the degree of surgical di⁄culty. Parks exhaustively reviewed
400 consecutive patients with ¢stula-in-ano and concluded that all could
be basically classi¢ed into four groups, de¢ned by the relationship of the
primary ¢stula track to the anal sphincter complex (62) (Fig. 11).
Intersphincteric ¢stulas are themost common and do not cross the external
sphincter. They are therefore usually easy to treat, and laying them open
surgically does not involve division of the external sphincter. In contrast,
all of the other ¢stula types penetrate the external sphincter or striated
muscle of the pelvic £oor (Fig. 11). It is important to note that a focus of
infection in the intersphincteric space with communication to the anal
canal is common to all intersphincteric, transsphincteric, and suprasphinc-
teric ¢stulas, but extrasphincteric ¢stulas do not demonstrate this. Rather,
they are usually due to primary rectal or perirectal disease, and the possibi-
lity of conditions such as carcinoma, Crohn’s disease, and diverticular
disease should be considered when this type is encountered. Correct
determination of the height of the internal opening is also important. While
most ¢stulas have an internal opening at dentate line level, some are higher,
and generally the higher the internal opening, the more extensive sphincter
division will be when the track is laid open.

FIGURE 11 Diagram of Park’s classification of fistula-in-ano. (A) Intersphincteric
fistula; (B) transsphincteric fistula; (C) suprasphincteric fistula; (D) extrasphincteric
fistula.
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All ¢stulas may be complicated by ‘‘secondary tracks’’ or
‘‘extensions,’’ which are areas of sepsis remote from the primary track.
Extensions require speci¢c treatment if the ¢stula is not to recur and will
inevitably necessitate more extensive surgery for them to be adequately
drained. Indeed, failure to detect and deal with extensions is the singlemost
common cause of treatment failure. Extensions from the primary track
may be intersphincteric, ischioanal, and supralevator (pararectal). Relapse
is particularly common with supralevator sepsis because this is a di⁄cult
site to examine during examination under anesthetic (EUA) and, further-
more, the levator plate forms a relative barrier to free drainage even when
an extension has been identi¢ed. The ischioanal (ischiorectal) fossa is the
most common site to ¢nd an extension. Fistulas can also spread circumfer-
entially in three planes: in the intrasphincteric space, in the ischioanal fossa,
and in the supralevator space. Circumferential rami¢cations are termed
‘‘horseshoes’’ if they extend on either side of the internal opening and are
important because extensive surgery is needed to drain them adequately.

CLINICAL VALUE OF IMAGING

Traditionally, EUA has been the method by which surgeons have explored
the ¢stula and determined its relationship to the sphincter complex and
identi¢ed the presence of any extensions. However, EUA is frequently
misleading, especially in complex ¢stulas. This has driven the development
of preoperative imaging. Unfortunately, ¢stulography is generally thought
to be inadequate, mainly because the muscles of the pelvic £oor are not
visualized (63). AES held great promise, but while some authors have found
it useful, others have found it no better than digital assessment in the clinic
for assessment of complex ¢stulas (64). This is primarily because complex
¢stulas are frequently associated with extensions from the primary track,
which are often beyond the ¢eld of view of the anal endoprobe and thus
remain unrecognized. CT is of little use for ¢stula classi¢cation because its
intrinsic contrast is relatively poor. On the other hand, MRI has excellent
tissue contrast that renders it highly suitable both for the demonstration of
sepsis and adjacent anatomical structures. Furthermore, the ability of
MRI to easily image in any orientation means that the anal sphincter
complex can be resolved in surgically relevant planes.

The ¢rst study to indicate the potential accuracy of MRI for
preoperative classi¢cation of cryptogenic ¢stula-in-ano came from
St. Mark’s Hospital, where Lunniss and coworkers examined 16 patients
with MRI and found that imaging classi¢cation agreed with subsequent
surgical EUA (blind to MRI) in 14 (88%) (65). Interestingly, the two
patients in whom there was disagreement (MRI had suggested sepsis,
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whereas EUA was normal) later presented with disease at the site initially
predicted by MRI, a ¢nding that led the authors to conclude that MRI was
now the gold standard for ¢stula classi¢cation (65). Other authors have sub-
sequently validated this work; Beckingham et al. found thatMRI had a sen-
sitivity of 97% and speci¢city of 100% for detection and classi¢cation of
¢stula in 42 subjects, 4 of whom were misdiagnosed during EUA (66). An
interesting study from the same group separately classi¢ed patients on the
basis of ¢ndings at preoperative MRI and subsequent EUA and discovered
that MRI was the better predictor of postoperative relapse (67). That
study clearly suggested that MRI was adept at identifying features likely to
lead to postoperative recurrence, and Beets-Tan and colleagues extended
this concept to determine the peri-operative impact of MRI, ¢nding that
imaging provided important additional information in 21% of cases (68).
In the largest study of consecutive patients with recurrent disease to date,
Buchanan and coworkers examined 71 patients with MRI and revealed the
¢ndings to the surgeon peri-operatively (69). The surgeon was then free to
act on the imaging ¢ndings at their own discretion. The authors found a
postoperative relapse rate of only 16% for those surgeons who always
reexplored when MRI suggested they had missed disease, whereas the
relapse rate was 57% for those surgeonswho always ignoredMRI, believing
their own assessment to be superior. The authors concluded that
preoperative MRI in patients with complex recurrent disease could reduce
the incidence of postoperative relapse by approximately 75% (69), a
dramatic e¡ect of imaging in a clinical setting.

MR TECHNIQUE

A variety of MR imaging approaches may be taken to visualize ¢stulas, and
T2-weighted sequences, STIR sequences, and T1-weighted sequences
following gadolinium enhancement all have their advocates (70). It is now
generally accepted that either a body coil or, preferably, a pelvic surface coil
should be used. Whatever technique is adopted, it must be able to highlight
both sepsis and adjacent structures. Most importantly, some form of fat
suppression should be employed if using fast spin echo sequences since the
high signal normally returned from fat can easily hide an active track or
abscess. While endocoil MR exquisitely demonstrates the extent of the
primary track, it may also miss distant extensions because of ¢eld of view
problems, rather like AES, and should probably not be used in isolation
unless there is good reason to believe that the ¢stula is de¢nitely simple
(71). The authors favor a simple approach: a sagittal T2-weighted scan
through the midline is initially obtained, which reveals the extent and axis
of the anal canal. Subsequent axial and coronal STIR sequences are

Imaging the Anal Canal 377



planned from this and should encompass the full extent of the anal canal
musculature and also extend into those areas that might hide distant exten-
sions�the supralevator and presacral spaces, for example. Failure to align
studies with respect to the anal canal axis is a major source of error, espe-
cially with respect to identi¢cation of the level of the track and its internal
opening. Examination is rapid, well tolerated, relatively inexpensive, and
no special patient preparation is necessary. Other sequences, imaging
planes, or coils are used for problem solving after radiologist review.

Axial scans best relate the primary track to the sphincter complex and
are the basis for ¢stula classi¢cation, whereas coronal scans best visualize
the levator plate and facilitate diagnosis of both supralevator sepsis and
the level of the internal opening. The external sphincter, puborectalis, and
levator plate are of a signal similar to striated muscle elsewhere in the body,
standing out against low signal ischiorectal and ischioanal fat on STIR
sequences. In contrast, the internal sphincter returns high signal intensity
on both STIR and T2-weighted scans, enabling it to be distinguished from
the intersphincteric plane and external sphincter. It follows that an inter-
sphincteric ¢stula is recognized as a high signal track that remains con¢ned
throughout its course by the external sphincter (Fig. 12). In contrast to

FIGURE 12 Axial STIR MR image shows a fistula track (arrow) that is medial to the
external sphincter. Diagnosis: intersphincteric fistula.
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intersphincteric ¢stulas, transsphincteric ¢stulas penetrate the external
sphincter in order to reach the ischioanal=ischiorectal fossa. Thus, a track
in the ischioanal fossa generally indicates a transsphincteric ¢stula
(Fig. 13). The level at which the external sphincter complex is breached is
variable, but is most often at mid anal canal level, and the internal opening
is usually posterior at dentate line level. Suprasphincteric ¢stulas do not
traverse the external sphincter but arch over it instead. There will still be a
primary track in the ischioanal fossa, but the track will cross the pubo-
rectalis or levator plate instead of the external sphincter. The internal
opening is usually at the dentate line. This type of ¢stula is best appreciated
in the coronal plane, and in the authors’ experience is both very uncommon
and very di⁄cult to di¡erentiate from a high transsphincteric ¢stula. In
any event, there is little practical di¡erence because surgical management
is similar; both types are likely to need sphincter conservation and should
not be treated by simple ¢stulotomy since excessive sphincter division is
inevitable. Extrasphincteric ¢stulas are recognized by the absence of any
MR signal suggesting sepsis within the intersphincteric space. Again, there
will be a primary track in the ischioanal fossa, but the internal opening will
be rectal, a feature well appreciated on coronal views (Fig. 14).

FIGURE13 Axial STIR MR image shows a fistula track that is lateral to the external
sphincter, in the ischioanal fossa. A portion of the track (arrow) crosses the
external sphincter to reach a posterior internal opening at dentate line level.
Diagnosis: transsphincteric fistula.
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FIGURE 14 Coronal STIR MR image showing a right-sided extrasphincteric fistula.
Note that the fistula enters the anorectal junction directly and there is no sepsis in
the intersphincteric plane.

FIGURE 15 Coronal STIR MR image showing an anscess in the roof of the right
ischioanal fossa. This finding was ignored during subsequent surgery because
the abscess could not be palpated by the surgeon. The patient represented
several months later with sepsis at the site initially predicted by MR.
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FIGURE 16 Coronal T2-weighted MR image showing bilateral supralevator
abscesses.

FIGURE 17 Axial STIR MR image reveals a horseshoe extension in the roof of the
ischioanal fossa.
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The location of external openings is of little relevance, as these can
usually be seen on clinical inspection. However, occasionally the exit site
may intermittently heal, and thus the presence of signi¢cant underlying
disease may go unrecognized. This has recently become especially rele-
vant since treatment of perianal Crohn’s disease with anti-TNF-a agents
is contraindicated in the presence of an underlying abscess (72). The
level of the internal opening is more important since this will determine
the extent of sphincter division during ¢stulotomy. Unfortunately, the
dentate line cannot be identi¢ed on MRI as a discrete anatomical struc-
ture, and so its position must be inferred. Indeed, it is now recognized
that an inability to precisely identify the level of the internal opening
with respect to the dentate line is a relative de¢ciency of MRI (or indeed
any imaging technique) and a common cause of misclassi¢cation (69);
an insert showing the scan plane and level may help to precisely locate
the midpoint of the anal canal. Furthermore, as with AES, a visible track
extending right to the anal mucosal surface is frequently absent, and so
the location of an internal opening must be inferred from the location of
sepsis within the intersphincteric plane. Given this, if no enteric commu-
nication can be demonstrated, then a sinus should be diagnosed instead
of a ¢stula.

In any event, themajor role ofMRI is to identify tracks and extensions
that would otherwise have gone unrecognized. Secondary tracks and
extensions are easily visualized as high signal collections in either the infra-
levator (Fig. 15) or supralevator compartments (Fig. 16) and are described
with reference to their anatomical location and relationship to the primary
track. It is important to recognize that sepsis medial to the puborectalis or
levator on axial scanswill be supralevator in location, whereas sepsis lateral
to these muscles is infralevator. When a large track becomes an ‘‘abscess’’
is a matter of semantics, and a variety of de¢nitions have been used, some
of which rely on morphology, while others use diameter (e.g., > 1 cm).
Horseshoe extensions are de¢ned by sepsis that extends on both sides of
the internal opening in the horizontal plane. Horseshoes may be
intersphincteric, ischioanal, or supralevator (Fig. 17) and are important
because they demand extensive incision in order to be drained adequately.

Fistula-in-ano is one area in which recent radiological developments,
notably MRI, have made real and tangible di¡erences to patients. It could
easily be argued that failure to employ MRI is negligent in patients with
recurrent disease. Furthermore, MRI is now generally available, and high-
quality examination does not require special equipment. It su¡ers from
none of the drawbacks associated with other imaging modalities, and for
these reasons it could be argued there is little reason to request anything
else when assessment of a complex ¢stula is required.
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INTRODUCTION

In patients with pelvic organ prolapse, imaging can be used as an adjunct to
the physical examination, especially when pelvic examination is equivocal.
Pelvic physical examination is the traditional and established method to
evaluate patients with pelvic organ prolapse, and imaging is usually per-
formed to answer speci¢c questions such as the presence or absence of
enteroceles, rectoceles, sigmoidoceles, rectal intussusception, and pelvic
£oor abnormalities. Imaging may also be performed in patients with
severe or recurrent prolapse to delineate the pelvic compartments that are
abnormal prior to repeat surgery or other therapy.

Pelvic organ prolapse is characterized by abnormal descent and
protrusion of the pelvic organs into the vagina. The pelvis is divided into
compartments relative to the vagina: the bladder and urethra are in the
anterior compartment, the cervix in the middle compartment, and the cul-
de-sac and rectum in the posterior compartment. Normally, these organs
are supported by the endopelvic fascia and the muscles of the pelvic £oor.
The anterior portion of the endopelvic fascia between the bladder and
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vagina is called the pubocervical fascia, and the posterior portion between
the rectum and vagina is called the rectovaginal fascia. Tears in the
pubocervical fascia result in prolapse of the bladder (cystocele), tears in
the superior portion of the rectovaginal septum result in enteroceles, and
tears in the rectovaginal fascia result in anterior protrusion of the rectum
(rectocele). The stress on the endopelvic fascia is relieved by the continuous
tone of the levator ani muscle of the pelvic £oor. Neuromuscular damage
to this muscle can result in diminished tone and bulging, increasing the size
of the pelvic hiatus.

Pelvic organ prolapse is common. The annual incidence of
hospitalization for prolapse is reported as 0.20% and the rate of surgery as
1.58% per year for women who have had hysterectomy for prolapse (1). A
survey of healthy perimenopausal women found that 16% had organ
prolapse on physical examination (2). Prolapse almost invariably involves
multiple organs; in one report, 95% of patients investigated radiologically
for prolapse had abnormalities in all three pelvic compartments. It is
advisable to identify all the areas of prolapse preoperatively because they
may all require surgical correction, and ideally this is done at one operative
setting (3).

CLINICAL UTILITY OF IMAGING

Imaging helps to con¢rm abnormalities detected on physical examination
as well as to detect defects that may have been missed (4,5). Early
experience with evacuation proctography suggested that this radiological
technique detected enteroceles and sigmoidoceles not otherwise
identi¢able by physical examination (6). Subsequent comparative studies
have con¢rmed the relative insensitivity of physical examination. The latter
approach identi¢es only approximately 50% of enteroceles, but fares better
for recognition of rectoceles and cystoceles (7^9).

Insensitivity of physical examination is almost certainly related in
part to the patient’s inability to strain maximally while being examined.
Complete relaxation of pelvic £oormuscles occurs only during or following
defecation (and micturition), thereby allowing pelvic organ prolapse to
manifest itself to the fullest extent. The degree of straining achieved by
the patient while encumbered by an examining digit (with or without a
vaginal speculum) is clearly likely to be less than that achieved during
defecation.

Amore fundamental bene¢t of imaging is that it directly visualizes the
organs at the site of prolapse, whereas the position of these organs can only
be inferred on physical examination. In patients with severe prolapse, the
nature of the prolapsing viscera is also easier to determine on imaging than
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physical examination (4,10). It must be emphasized, however, that these
two diagnostic approaches are based upon entirely di¡erent reference
points: the hymeneal ring and the pubococcygeal line. A common reference
system would be enormously bene¢cial (11). It appears likely that the
limitations of physical examination have contributed to the frequent need
for reoperation.One study found that the diagnosis of rectocele, enterocele,
and cystocele was changed in 75% of patients in whom £uoroscopic
cystoproctography was performed (12). Incomplete recognition of
prolapse may be reduced by performing preoperative pelvic £oor imaging,
whether by £uroscopy or magnetic resonance imaging (MRI).

Similar to £uoroscopy, more defects are detected during MRI than
on physical examination (5). In one study, additional diagnoses such as
uterovaginal prolapse and enterocele were made on MRI in 34% of
patients when compared with the physical examination (13). Incidental
pelvic pathology is also demonstrated on MRI (14,15). In a study of
imaging with both £uoroscopy and MRI, the operative plan was modi¢ed
in 41% of cases due to additional diagnoses of sigmoidoceles, rectal
intussusception, and levator ani abnormalities (16). Since the post-
operative recurrence rate for pelvic £oor disorders is approximately 30%
and these disorders are often complex, imaging can be used to aid in
patient management (16,17).

Imaging has been suggested as an objective method with which to
assess pelvic £oor defects. It can be used to quantify organ descent before
surgery and to demonstrate improvement afterwards (3,5). Imaging,
especially with MRI, provides a global evaluation of the entire pelvic £oor.
Additionally, the e¡ects of prolapse in one compartment on adjacent
compartments can be shown.

FLUOROSCOPIC CYSTOPROCTOGRAPHY

Introduction

Evacuation proctography (defecography) was initially utilized for the
evaluation of anorectal dysfunction. In women, the role of this technique
may be expanded by opacifying the small bowel and vagina in addition
to the rectum, as this facilitates detection of an enterocele (6). The
incorporation of a cystogram into the technique of proctography provides
a more comprehensive radiological method of assessing the pelvic organs;
this requires catheterization and opaci¢cation of the bladder in addition
to opacifying the rectum, vagina, and small bowel. Sites of weakness
involving these organs are then imaged at rest, during straining, during
and after evacuation, and in the posttoilet state. The term dynamic
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cystoproctography (DCP) or, more completely, dynamic cystocolpoproc-
tography has been attached to this procedure, as well as other terms such
as colpocystodefecography and four-contrast defecography (7,18). This
radiographic approach was developed to serve as a complement to the phy-
sical examination for the evaluation of pelvic organ prolapse. The varied
sites of weakness may lead to protrusions of speci¢c organs resulting in rec-
tocele, cystocele, enterocele, and sigmoidocele, as well as symptoms of
stress urinary incontinence and fecal incontinence. A global approach to
pelvic £oor imaging is preferable, as weakness of the pelvic £oor in women
usually involves multiple organ systems.

Technique

Several items of specialized equipment are required for the examination.
These include a radiolucent commode, video-recording with slow motion
play-back capability, and a thick barium paste that approximates the
consistency of feces. The techniques of proctography are by no means
standardized; although contrast ¢lling of the vagina and rectum are almost
universal, the small bowel is not routinely opaci¢ed and most investigators
do not perform the cystographic phase. Because proctography depends
upon opaci¢cation of multiple pelvic organs, it is unquestionably an
intrusive procedure.

Irrespective of the form of proctography employed, it is crucial to
explain the procedure thoroughly to the patient beforehand and to provide
maximal privacy and reassurance for the patient during the procedure.
Respect for the dignity of the patient in an unfamiliar environment is of
paramount importance (19).

In most centers, DCP is performed in one phase after all the
constituent pelvic organs have been opaci¢ed. There is, however, only a
limited amount of space within the con¢nes of the bony pelvis. As a result,
unemptied organs may prevent recognition of other prolapsed organs
which are competing for available space. This is particularly true of the
bladder; an insu⁄ciently drained cystocele often prevents descent of small
bowel and may minimize a rectocele (20). Similarly, an incompletely
emptied rectocele or rectum may hide an enterocele. In view of these
common problems, a triphasic approach that is based upon sequential
organ emptying is usually employed at our institution (19). The following
account is a brief summary of this technique:

Initially, the pelvic small bowel is opaci¢ed with oral barium. The
bladder is then catheterized, and approximately 50mL of cystographic
contrast material are introduced. Fifty milliliters is su⁄cient to ¢ll the
dependent part of the bladder and reduces the amount of drainage
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subsequently required; the depth of a cystocele is not a¡ected by the amount
of instilled cystographic contrast material. Lateral ¢lms of the bladder at
rest and on maximal strain are obtained (cystographic phase) and the
bladder then emptied as much as possible via the catheter before the latter
is removed.

After further voiding in the bathroom, the vagina is then opaci¢ed
with 20mL of a barium suspension, and a folded gauze square is sometimes
inserted in the urogenital introitus to limit loss of contrast from the vagina
and thereby improve vaginal opaci¢cation (21). The rectum is then ¢lled
with approximately 200mL of a high-viscosity barium paste, which is
introduced via a caulking gun, and lateral ¢lms of the pelvis at rest and on
voluntary contraction of the pelvic £oor muscles (‘‘squeezing’’) are
obtained. The patient is then asked to evacuate as rapidly and completely
as possible, and lateral ¢lms are taken during and following evacuation.
The postevacuation ¢lm is obtained with the patient straining maximally.

The patient then goes to the bathroom again to attempt further
evacuation and voiding before returning for the posttoilet phase, which
consists of a ¢nal lateral ¢lm on the commode with the patient again
straining maximally. The entire examination is recorded on videotape for
subsequent review.

A more invasive variation of proctography is to combine it with
simultaneous peritoneography to directly visualize herniation of the
posterior peritoneal cul-de-sac (peritoneography) (22,23).

Radiological Definitions and Grading of Prolapse

Two basic considerations are relevant to the radiological assessment of pel-
vic organ prolapse. The ¢rst of these is to determine whether prolapse of a
speci¢c organ is indeed present. If so, then the degree of prolapse requires
quanti¢cation. Grading is particularly important because minor degrees of
prolapse are often asymptomatic. Unfortunately, radiologists have not yet
developed universally accepted radiological criteria for de¢ning prolapse
of pelvic organs (11). Furthermore, little attention has been devoted to
devising a system for the grading of organ prolapse.

Prolapse of pelvic organs is most often de¢ned radiologically by
reference to the pubococcygeal line, which extends from the inferiormargin
of the pubic symphysis to the sacrococcygeal junction (Fig. 1); this is
considered to represent the approximate line of attachment of the pelvic
£oor muscles. A cystocele, enterocele or sigmoidocele (Fig. 1) and vaginal
vault prolapse are de¢ned by extension of the bladder base, small bowel or
sigmoid colon, and vaginal apex, respectively, below this reference line.
An enterocele has frequently been de¢ned by the extension of small bowel
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below the vaginal apex, but the vagina is both toomobile a structure and too
high a reference point to be reliable. A radiological grading system for pro-
lapse of the above organs has been described; prolapse of any of
these organs is graded as small if there is organ descent up to 3 cm below
the pubococcygeal line, moderate if this extension measures between 3
and 6 cm, and large if descent is greater than 6 cm (19). These measure-
ments are all made on the images which show maximal organ descent. The
radiological de¢nition and grading of a rectocele is based on di¡erent
criteria (see below). Correction for magni¢cation is made possible by the

FIGURE 1 Sigmoidocele. Postevacuation image shows a loop of sigmoid colon (S)
that extends below the pubococcygeal line (black line), indicating a sigmoidocele
in the cul-de-sac. Note the radioopaque centimeter ruler (black arrow) within the
commode. The sigmoidocele is of moderate size, extending 4.5 cm below the
pubococcygeal line. v ¼ vagina; arrowhead indicates vaginal apex. Note barium
trapping within rectocele (r).
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incorporation of a midline radio-opaque centimeter ruler within the
commode (Fig. 1).

Specific Sites of Organ Prolapse

The relative prevalence of prolapsed organs found at DCP in a large group
of patients referred by urogynecology clinicians has been documented; a
cystocele or a rectocele is present in more than 90% of such patients, and
an enterocele is identi¢ed in approximately 30% (8). Sigmoidoceles are
demonstrated in 4^5% of DCPs, but are more frequently identi¢ed by
MRI. This is likely a consequence of limited retrograde ¢lling of the
sigmoid colon during DCP.

Rectocele

A rectocele is often de¢ned radiologically as any anterior rectal bulge
(6,7,24,25). When this de¢nition is used, the size of a rectocele can be
measured based upon its maximal depth measured at right angles to a line
extended upward through the anterior wall of the anal canal (Fig. 2). With
this measurement system, a rectocele has been considered small if less than
2 cm in depth, moderate if 2^4 cm in depth, and large if more than 4 cm in
depth. Based on these criteria, themajority of asymptomatic women harbor
a rectocele (26,27). Accordingly, this de¢nition is £awed and has led others
to restrict the diagnosis of rectocele to those anterior rectal bulges that are
greater than 3 cm (28).

Proctography also determines whether barium is retained within the
rectocele after evacuation (barium trapping) (Fig. 1; see also Fig. 5B). The
likelihood of barium trapping is directly related to rectocele size (6).
Trapping of contents is generally thought to explain the evacuation
disturbance associated with a rectocele (29). Recent experience has shown
that barium trapping diminishes considerably if a posttoilet image is
obtained; this is presumably related to more e¡ective evacuation in the
privacy of the bathroom (30). Trapping is an important radiographic
observation, because many surgeons are reluctant to operate on a rectocele
unless it retains contrast.

If symptomatic, rectoceles usually are associated with straining and a
sensation of incomplete evacuation. Patients may learn to obtain relief
from the uncomfortable feeling associated with retained material by apply-
ing digital pressure to the vagina or perineum. The retained material within
the rectocele may also cause dyspareunia due to pressure on the posterior
vaginal wall. In some patients, impaired evacuation is probably associated
with anismus rather than with the rectocele itself (31). Proctography may
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suggest the presence of anismus and, therefore, the need for biofeedback
therapy instead of surgery (32).

Historically, a variety of surgical techniques have been used for
rectocele repair, including posterior colporrhaphy, transanal repair, and
reinforcement of the rectovaginal septum with a graft (33). Discrete breaks
in the rectovaginal fascia may account for many rectoceles; these fascial
tears are amenable to direct surgical repair (34). The number of available
surgical approaches re£ects the variable results achieved by surgical
correction. Postoperative assessment by DCP often shows that the
rectocele persists despite symptomatic improvement, which is not
accompanied by a corresponding reduction in rectocele size (35).

There is also an entity, sometimes referred to as a ‘‘posterior
rectocele,’’ inwhich anoutpouching of the posterior rectalwall occurs. This

FIGURE 2 Rectocele. Image obtained during evacuation demonstrates a very
prominent rectocele (R). The rectocele is large; it extends 5 cm (arrowed line)
anterior to a line extended upwards from the anterior margin of the anal canal
(black line).
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outpouching is due to rectal herniation through a defect in the levator ani
and is therefore more appropriately referred to as ‘‘perineal herniation.’’
Unlike anterior rectoceles, these defects are usually lateralized to one side
of the pelvic £oor; they are therefore well visualized by either CT orMRI.

Enterocele

An enterocele is a herniation of small bowel either into the posterior
peritoneal cul-de-sac in the rectovaginal space (Fig. 3) or into the vagina
itself (see Fig. 5B). De¢nitive diagnosis therefore requires opaci¢cation of
both the pelvic small bowel and the vagina. The incidence of enterocele
has markedly increased as a result of widespread performance of both
hysterectomy and cystourethropexy, both of which open up the posterior
cul-de-sac. In one study, DCP revealed an enterocele in 64% of patients
who had undergone a hysterectomy and in 27% of patients who had
undergone cystopexy (18). Physicians performing surgery for stress

FIGURE3 Enterocele. Postevacuation image shows considerable descent of loops
of small bowel into the rectovaginal space, indicating an enterocele (E). Note
downward displacement of anterior wall of vagina (v) by unopacified cystocele
(c). Vaginal apex indicated by small arrow.
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incontinence need to consider global evaluation of pelvic organs before
undertaking such surgery (Fig. 4).

Unlike rectoceles, which are usually maximal during evacuation,
enteroceles often become evident only at the end of evacuation. Repeated
straining after evacuation may be essential for recognition of enteroceles.
In one study, almost half (43%) of the enteroceles were only seen on
postevacuation or posttoilet radiographs with the patient straining maxi-
mally, thus emphasizing the importance of this maneuver (8). Evacuation
should be as complete as possible because the unemptied rectum or recto-
cele may prevent descent of an enterocele (Fig. 5) (20). Obtaining a post-
toilet image after the patient has been to the bathroom to carry out further
rectal evacuation therefore o¡ers the best proctographic opportunity to
detect an enterocele. Similar to the problem caused by an unemptied
rectum, an insu⁄ciently drained cystocele may result in a coexistent
enterocele being overlooked or minimized.

FIGURE4 Massive enterocele following bladder neck suspension. Patient in whom
cystourethropexy was performed 8 months previously for stress urinary inconti-
nence now has a very large enterocele (E) demonstrated on posttoilet image.
Arrows indicate contrast within anteriorly displaced vagina.
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FIGURE 5 Competition for space between enterocele and rectocele. (A) Large
rectocele (R) is demonstrated during evacuation (same image as in Fig. 2). (B)
Postevacuation image shows that the rectocele (R) is now smaller, although it
has retained considerable contrast (barium trapping). As a result of evacuation
and straining, the anterior half of the grossly prolapsed vagina (arrowheads) is
now occupied by an enterocele (E). (C) Preliminary image obtained after opacifica-
tion of pelvic small bowel but before contrast filling of rectum demonstrates that the
enterocele (E) is very large. Its full extent is only evident because the rectum is
relatively collapsed.
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Both enteroceles and rectoceles are well demonstrated by either DCP
or MRI. Recently, detection of enteroceles by the technique of dynamic
anorectal endosonography has also been described; in a small series, all
enteroceles found in the pouch of Douglas by this endoluminal technique
were con¢rmed by subsequent proctography (36). Anorectal endosono-
graphy is easier to perform and less cumbersome for the patient than
proctography and deserves further evaluation.

The symptoms typically associated with an enterocele are a pelvic
pressure or dragging sensation, especially when standing or bearing down.
Symptoms of vaginal prolapse, pelvic fullness, and lower abdominal pain
have been shown to disappear after enterocele repair (37). Enteroceles have

FIGURE 5 (continued )
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long been held responsible for causing pressure on the rectum and thereby
obstructing rectal evacuation, so-called defecation block (38). A more
recent proctographic study showed that enteroceles do not impair rectal
evacuation (39).Our impression, based on extensive proctographic studies,
is that enteroceles descend only when the rectum starts to empty, and that
it is the distended rectum that prevents enterocele descent rather than the
rectum itself being obstructed by the enterocele. Not uncommonly, an
enterocele accompanies a deep rectal intussusception or rectal prolapse.

Surgical repair of an enterocele requires obliteration of the herniated,
bowel-containing cul-de-sac as well as resuspension of the unsupported
vaginal axis and repair of other associated defects. Large enteroceles
usually require a transabdominal approach so that concomitant abdominal
sacrocolpopexy or a similar vaginal suspension procedure can be per-
formed. Proctography is important in this respect, for the radiographic
detection of a large, previously undiagnosed enterocele may change the
surgical approach from a transvaginal to a transabdominal route of entry.

Peritoneocele

The combination of proctography and simultaneous peritoneography
demonstrates the location and extent of the posterior peritoneal cul-
de-sac. The term ‘‘peritoneocele’’ has been applied to herniation of the
cul-de-sac. Bremmer et al. de¢ned a peritoneocele as an extension of the
rectouterine excavation below the upper third of the vagina (23).

When peritoneography is performed, only approximately 50% of
peritoneoceles are found to contain bowel (22,23). In ourMRI experience,
however, either small or large bowel is usually present within a
peritoneocele; this probably re£ects our routine use of the posttoilet phase
(19). Peritoneoceles have been classi¢ed as rectal, septal, or vaginal,
depending on their location; rectal peritoneoceles are located within an
associated rectal intussusception; septal peritoneoceles descend within
the rectovaginal space; and vaginal peritoneoceles bulge into the vagina
itself (23). Recognition of a peritoneocele, whether by peritoneography or
MRI, is important because it predisposes to enterocele (or sigmoidocele)
and suggests the need for operative closure of the cul-de-sac if pelvic £oor
reconstructive surgery is undertaken (19). The presence of a peritoneocele
should be suspected at routine DCP if there is unexplained widening of the
rectovaginal space; in our experience, this is found in 9% of DCPs (8).

Sigmoidocele

A sigmoidocele is a redundancy of the sigmoid colon that extends caudally
into the cul-de-sac (Fig. 1) (40). They are less common than enteroceles
on DCP, being found in approximately 5% of proctograms (8,40,41). As
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with other organ prolapses, there is no unanimity of de¢nition. Fenner
(41) de¢ned a sigmoidocele as sigmoid colon extending more than 4 cm
below the pubococcygeal line; according to our de¢nition (see above),
such a ¢nding would constitute a moderate-sized sigmoid herniation
(19,41).

Large sigmoidoceles are often associated with constipation (40,41).
The redundant colon may compress the rectum and obstruct defecation;
this is more likely to occur with a sigmoidocele than an enterocele because
colonic content is more solid (41). Stasis of material within the redundant
sigmoid colon may also be contributory by causing further discomfort and
straining (40).

Sigmoidoceles, even when large, are usually not detected on physical
examination (19,41). Sigmoid resection and=or sigmoidopexy have been
shown to provide striking relief of associated constipation. Because bowel
surgery is generally performed by a colorectal surgeon rather than a pelvic
£oor reconstructive surgeon, preoperative recognition by proctography
is important (41). Obliteration of the cul-de-sac and repair of associated
pelvic £oor defects are usually accomplished at the same operative
setting.

Vaginal Vault Prolapse

Vaginal vault prolapse involves prolapse of the apex of the vagina toward,
through, or beyond the introitus, regardless as to whether a hysterectomy
has been previously performed (42). External vaginal prolapse or vaginal
prolapse to the introitus is usually clinically obvious. Vaginal vault prolapse
is almost always associated with prolapse of other pelvic organs, the most
common of which is an enterocele. This latter association usually re£ects
loss of support at the level of the vaginal apex, due to damage to the utero-
sacral-cardinal complex at the time of hysterectomy.

Provided adequate vaginal opaci¢cation ismaintained throughout the
study, the location of the vaginal apex can usually be determined on the
postevacuation and posttoilet images (Figs. 1 and 3). The degree of vaginal
vault prolapse can then be assessed based on the grading system already
described. However, when there is marked descent or eversion of the
vagina, it is generally impossible to determine the location of the vaginal
apex (Fig. 5B).With such gross vaginal prolapse, clinical inspection usually
is self-declarative.

The degree of vaginal vault prolapse is important because it may
in£uence both the route and type of surgical repair to be undertaken. For
example, the less severe degrees of vault prolapse may be corrected
transvaginally by a sacrospinous ligament suspension, whereas a trans-
abdominal sacral colpopexy involving attachment of the vault to the sacral
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periosteum with a suspensory sling of synthetic material is often necessary
for more severe vaginal descent. Obliteration of the cul-de-sac and repair
of concomitant pelvic £oor defects is carried out at the same time.

The direction of vaginal displacement is a valuable diagnostic
adjunct. Anterior vaginal displacement indicates posterior vaginal wall
failure, which traditionally is considered to be due to pressure from a
rectocele. Proctography, however, reveals that approximately one third of
patients with anterior displacement of the vagina have an enterocele or
sigmoidocele (Fig. 4) (8). Inferior displacement of the vagina, on the other
hand, is typically due to pressure from a cystocele (Fig. 3), although in

FIGURE 6 Cystocele. Cystogram image obtained on maximum strain shows a
large cystocele (C). The base of the cystocele extends 7 cm (arrowed line) below
the pubococcygeal line (straight line).
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a small minority of patients this ¢nding may be due to an intravaginal
enterocele (8).

Cystocele

Cystoceles are the result of defects in the pubocervical fascia. Symptoms
caused by a cystocelemay beminimal until it reaches the introitus; themost
common symptoms are a heaviness or ‘‘feeling of something bulging.’’
Large cystoceles may also lead to voiding dysfunction.

Cystoceles are de¢ned radiologically by descent of the bladder base
below the pubococcygeal line (Fig. 6). Contrast opaci¢cation is not essen-
tial for the recognition of cystoceles, as they can be inferred by downward
displacement of the vagina provided that the vagina is well opaci¢ed (see
Fig. 3). If cystography is not performed, it is often nevertheless necessary
to catheterize the bladder in order to facilitate bladder drainage. If this is
not done, the large area occupied by an undrained cystocele may prevent
detection of a coexistent enterocele or rectocele.

Retention of the catheter within the bladder may be useful during
¢lming as it can indicate the axis of the urethra and identify the region of
the bladder neck. The urethral axis is normally less than 35� to the verti-
cal; a horizontally inclined urethra indicates a urethrocele. Funneling
(beaking) of the bladder neck at rest may indicate intrinsic sphincter
de¢ciency but is a nonspeci¢c sign and may also be seen in continent
women (43).

Symptomatic cystoceles are generally treated surgically; in recent
years, abdominal or vaginal paravaginal repair has tended to replace
anterior colporrhaphy. An anti-incontinence procedure is frequently
included because elevation of the bladder often unkinks the bladder neck
and unmasks urinary incontinence.

MAGNETIC RESONANCE IMAGING

Introduction

Reasons for using MRI to image pelvic organ prolapse include superior
visualization of the soft tissues compared with £uoroscopy, decreased
invasiveness of the study, lack of ionizing radiation, and £exibility to
display pelvic anatomy in multiple planes (44). The limitations of MRI are
imaging patients in the supine position and potential to underestimate
rectal abnormalities, especially if rectal contrast is not used. Interest in this
modality for pelvic £oor imaging has been relatively recent, and validation
of the accuracy of MRI and optimal technique for the study is still in the
process of being determined.
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MRI Compared with DCP

When MRI has been compared to £uoroscopic cystoproctography, the
results have been variable. For the diagnosis of rectoceles, Delemarre
et al. (45) found that the rectoceles were smaller on MRI, while Gu£er
et al. (46) found that equivalent information was obtained from both
studies. However, both studies were performed without rectal contrast,
and the former study was done with the patient in the prone position.

In contrast, Lienemann et al. (28), Vanbeckevoort et al. (9), and
Kelvin et al. (19) compared MRI with £uoroscopy using rectal contrast. In
the ¢rst study, 44 patients had MRI with rectal and vaginal contrast as well
as £uoroscopy (28). Uterine prolapse and enteroceles were detected in
greater numbers onMR than £uoroscopy. The superior soft tissue contrast
on MRI allowed visualization of the cervix and defects involving the
rectovaginal septum. However, Vanbeckevoort et al. found that more
abnormal compartments were seen on £uoroscopy than on MRI in 35
patients (9). In another approach, Kelvin et al. studied 10 patients and
speci¢cally asked them to defecate rectal contrast during the MRI study
(19). In this study, a similar number of rectoceles and cystoceles were
detected on MRI and £uoroscopy, but the size of the abnormality was
greater on £uoroscopy likely due to the seated position.

Studies in larger numbers of patients will help to clarify the sensitivity
and accuracy of MRI as compared with DCP, which is the traditional test.
When comparing MRI defecography in a vertical con¢guration magnet
with £uoroscopy, both tests were found to be comparable for the detection
of anorectal pathology, and soft tissue abnormalities in the pelvis were also
diagnosed onMRI (47).

MRI Technique

OnMRI, sagittal images of the pelvis are obtained as patients increase their
intra-abdominal pressure. On these images, the bulging of the bladder,
cervix, and rectum into the vagina can be appreciated as on physical
examination andDCP. These abnormalities are also visible on axial images
at the appropriate level, and inferior displacement of the viscera is seen on
coronal images. Single shot fast spin echo T2-weighted images are usually
obtained as bladder urine, pelvic fat, and rectal gel are high in signal, but
gradient echo images have also been obtained (48).

The technique for MRI is not standardized, and di¡erent approaches
have been reported in the literature. Midline sagittal straining images,
sagittal images during patient defecation, and cystographic and
proctographic phases have been reported (15,19,28). If rectal contrast is
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not given, patients are asked to strainmaximally as the images are acquired.
If rectal contrast is administered, patients are asked to defecate onto an
absorbent pad placed on the MRI table. Rectal contrast agents include
sterile lubricating jelly, ultrasound gel, and mashed potatoes mixed with
gadolinium. Kelvin et al. have shown that contamination of the magnet
is not a problem since the material used for rectal contrast is semi-
solid (19).

The use of rectal contrast addresses concerns in the gynecological
literature that pelvic £oor defects may be inapparent due to suboptimal
straining in the supine position duringMRI (4,49). Another pitfall of asking
patients to strain but not defecate during the MRI study is that they may
inadvertently contract their muscles and actually raise the pelvic £oor
(50). Kelvin et al. found that 9 of 10 patients given rectal contrast were able
to subsequently defecate in the supine position in the MRI magnet (19).
An additional bene¢t of using rectal contrast is that abnormalities of rectal
evacuation, such as rectal intussusception and anismus, that currently are
evaluated by £uoroscopy can also be detected on MRI (51,52). Sample
protocols for MRI are described in the following paragraphs.

Prior to starting the study, the examination is described to the patient,
including the importance of bearing down maximally and defecating on
request. Initially, the patient is asked to void to reduce bladder distention
since, as described above, it has been shown to mask abnormalities on
£uoroscopic studies (6). If a pessary is present in the vagina, the patient is
asked to remove it since it hinders organ prolapse (53). The patient is
positioned supine on a waterproof pad with a pelvic coil in place. The
knees are £exed over a pillow to help the patient strain while supine (53).
Approximately 120mL of sterile lubricating jelly is inserted via a catheter
tip syringe into the rectum and 15^20mL of the same jelly is placed into
the vagina.

After the scout images, a sagittal single shot fast spin echo
T2-weighted scan of the pelvis is obtained. The midsagittal slice where the
urethra, vagina, and anus are best seen is selected for performing the single
location defecatory images. The patient is asked to defecate, and multiple
images are obtained at this level as the degree of pelvic £oor descent and
organ prolapse are monitored until no further prolapse is seen. Following
this sequence, additional images can be acquired in the sagittal plane to
include the parasagittal tissues and in the axial and coronal planes to
demonstrate organ descent and bulging of the pelvic £oor. Both rest and
strain images are obtained. Speci¢c parameters are single shot fast spin
echo sequence with time to echo of 60ms, ¢eld of view of 28^32 cm,
slice thickness of 6mm with a 2mm gap, matrix size of 256 x 256,
bandwidth of 32 kHz, and an echo train length of 16. Another technique
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that can be used for pelvic £oorMRI involves placing sonography gel in the
rectum and vagina and a ¢xed volume of saline in the bladder (54). Rest,
squeeze, strain, and defecation sagittal images are obtained with TR
5.8ms, TE 2.5ms, £ip angle 70 degrees, slice thickness 7mm, matrix 224 x
256, and the body coil.

Kelvin et al. described a triphasic method for the MRI examination
similar to £uoroscopy (19). Initially, the bladder is catheterized and 50mL
of saline infused followed by mid-sagittal rest and strain images to evaluate
bladder descent. Next the bladder is drained and ultrasound gel placed in
the vagina and rectum for evacuation images in the midsagittal plane. The
patient completes rectal evacuation in a restroom and is then rescanned to
evaluate for enteroceles that may have been inapparent when the bladder
and rectumwere distended (4,6). Kelvin et al. no longer opacify the bladder
during MRI; this was only done in their study population to exactly mimic
the £uoroscopic examination.

An MRI technique without contrast involves initially obtaining
sagittal images through the pelvis (53). Multiple midsagittal 5 mm thick
single shot fast spin echo images are then obtained during patient straining.

Although MRI studies are generally performed with the patient
supine, a few studies have been done on vertical con¢guration magnets
(52,55,56). Both rest and strain images and defecatory images have been
obtained (52,55,56). For defecation, a mixture of mashed potatoes and
gadolinium has been placed in the rectum and gradient echo images
obtained during evacuation (57).

Interpretation of the MRI Study

There is some variability in the criteria for diagnosing organ prolapse on
MRI. The most commonly used reference is the pubococcygeal line,
which itself is not de¢ned consistently in the literature. It has been drawn
on the midsagittal image from the inferior pubic symphysis to the last
coccygeal joint, the sacrococcygeal joint, or the junction of the ¢rst and
second coccygeal segments (Fig. 7) (2,17,50,53). Using this line, pelvic
organ prolapse is diagnosed if the bladder base, uterine cervix, and vaginal
apex descend below it (2,28,50). Widening of the rectovaginal space
below the upper one third of the vagina by peritoneal fat, small bowel, or
sigmoid colon is called peritoneocele, enterocele, or sigmoidocele (50).
An anterior bulge in the rectal contour greater than 2 cm relative to the
anal canal is called a rectocele (50). Goh et al. found that using these
criteria, prolapse was only infrequently seen in normal volunteers and
therefore these guidelines can be used to evaluate symptomatic patients
(50).
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Another measurement method is the ‘‘HMO’’ classi¢cation (15,53).
The ‘‘H’’ line is the antero-posterior width of the pelvic hiatus. On a sagittal
image, this line is drawn from the inferior pubic symphysis to the pubo-
rectalis (Fig. 8). The normal length of this line is less than 6 cm. Organ
prolapse is diagnosed when the organs have descended below the ‘‘H’’ line.
Organ descent 0^2 cm below the ‘‘H’’ line is graded as small, 2^4 cm is
moderate, and > 4 cm is large. The ‘‘M’’ line measures the descent of the
levator plate relative to the pubococcygeal line and is normally less than
2 cm.

The most common method of using bony landmarks (pubococcygeal
line) on MRI as opposed to using soft tissue landmarks on physical
examination has resulted in di⁄culty comparing the two techniques (58).

FIGURE 7 Pubococcygeal line. Sagittal T2-weighted image of the pelvis with rectal
contrast. The pubococcygeal line is drawn from the inferior pubis to the last
coccygeal joint.
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On physical examination, the hymenal ring is used for grading prolapse
(58). A midpubic line on MRI has been proposed to approximate the
hymenal ring for grading prolapse in a fashion similar to physical
examination (59). The line is drawn on a sagittal image through the long
axis of the pubic bone, and organ position is determined relative to this
(Fig. 9).

Additional measurements that can be performed on MRI are the
width and area of the pelvic hiatus on axial images and the angulation of
the levator plate on sagittal images. The transverse diameter of the levator
hiatus on axial images measures the extent of ballooning of the levator
muscle from rest to strain.

FIGURE 8 H and M lines. Sagittal T2-weighted image of the pelvis with rectal
contrast. The ‘‘H’’ line (long arrow) is drawn from the inferior pubis to the puborec-
talis. The ‘‘M’’ line (short arrow) is drawn from the pubococcygeal line to the ‘‘H’’
line.
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Specific Sites of Organ Prolapse

Rectum

Abnormalities of the rectum seen on MRI include anterior rectoceles,
perineal hernias, and intussusception. They are easily identi¢ed with the
use of rectal contrast and during defecation. The rectal wall is outlined by
the contrast and bulging of the contour or infolding can then be appreciated
(Fig. 10; see also Fig. 13). Tears in the rectovaginal fascia result in anterior
rectoceles and weakness or defects in the levator ani muscle result in
perineal hernias (60). These areas of thinning and bulging of the levator
muscle are inferred on DCP but directly visualized on MRI. In addition,

FIGURE 9 Midpubic line. Sagittal T2-weighted image of the pelvis with rectal
contrast. The midpubic line is drawn through the long axis of the pubis.
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the multiplanar imaging capability allows for assessment of lateral rectal
bulges.

Using £uoroscopic criteria, an anterior bulge of the rectal contour
smaller than 2^3 cm is considered normal (27,61,62). As stated earlier,
there is overlap in the size of rectoceles between asymptomatic and
symptomatic women, and treatment is not based on size alone
(61, 63^65). Symptoms such as discomfort from vaginal prolapse of a large
rectocele or a sensation of incomplete emptying with defecation guide
the need for surgical repair (61,62). Therefore, MRI ¢ndings must
be correlated with the patient’s symptoms. The sensitivity of supine MRI
for detection of rectoceles is reported to be 76^100% and speci¢city as
50% (14,17).

FIGURE 10 Anterior rectocele. Sagittal T2-weighted image of the pelvis with rectal
contrast during patient defecation. There is a large anterior rectocele. The size is
measured as the length (open arrow) anterior to the anal canal.
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MRI defecography performed on a vertical con¢guration magnet, if
available, can also be used to assess patients with rectal symptoms. It has
the potential to be the ideal test since the advantages of DCP and MRI are
combined. Defecatory images are obtained with the patient in a seated
position, and the soft tissues of the pelvis are visible. Similar to supine
MRI defecography studies, rectoceles, anorectal junction descent and
intussusception are seen on upright scans (51,52). With intussusception,
prolapsing rectal folds are identi¢ed in the rectum or anus. In a study
comparing supine MRI with patient straining and sitting MRI defecogra-
phy, intussusceptions seen on the seated study were missed on the supine
study (57). Whether the supine position or lack of defecation accounted
for the lower detection of intussusception on the supine images is not
known. However, the detection rate of other symptomatic abnormalities
was similar on both tests. Lamb et al. also assessed defecatory studies in a
vertical con¢guration magnet in 40 patients with defecatory dysfunction
and found both the anterior and posterior compartments were satisfactorily
evaluated (52).

An additional role of MRI is in evaluating the integrity of the anal
sphincter (25). The internal and external anal sphincters can be assessed
both for their thickness and for the presence of tears.

Cul-de-Sac

The prevalence of an enterocele type defect in the posterior=superior recto-
vaginal septum is 18^37% in patients with pelvic £oor abnormalities (54).
This defect allows herniation of peritoneal contents into the rectovaginal
space. In normal individuals, no space between the rectum and vagina is
identi¢ed at rest or with straining onMRI (54). In patients with pelvic £oor
dysfunction, a small space may be seen at rest that widens during straining
(Fig. 11) (54). The contents of the space are easily identi¢ed on MRI with-
out the need for oral or peritoneal contrast (14). These include mesenteric
fat or £uid, small bowel, or large bowel (Fig. 12). Colon is the least common,
being present in 5 of 49 cases in one MRI series (54). The sensitivity of
MRI for detection of these defects is 87% and speci¢city is 80% (14).

Urethra, Vagina, and Bladder

In patients with de¢cient urethral support, there is excessive change in the
urethral axis with increased abdominal pressure that is known as urethral
hypermobility. As a result, when abdominal pressure increases with cough-
ing or sneezing, it is transmitted preferentially to the bladder rather than
the urethra and there is urine leakage. This gives rise to the symptom of
genuine stress incontinence.
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FIGURE 11 Peritoneocele. (A) Sagittal T2-weighted image of the pelvis with rectal
and vaginal contrast. The patient is at rest and the vagina and rectum are closely
apposed (arrow). (B) During defecation, there is widening of the rectovaginal
space (arrow) with fat descent of the cervix also seen. (C) Parasagittal image
during continued defecation shows increasing fat (arrow) in the rectovaginal space
compatible with peritoneocele. C¼ cervix; R¼ rectum.
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On MRI, as on physical examination, a change in the urethral axis is
seen with patient straining. On sagittal images, the urethra changes from a
normal vertical position to an oblique or horizontal orientation (Fig. 13).
A urethral angle greater than 30 degrees from the vertical is considered
abnormal (15). Other ¢ndings described in women with incontinence
include a dorsal oblique orientation of the ligaments suspending the urethra
and increased volume of the retropubic space (66,67). Funneling or
dilatation of the proximal urethral lumen can also occur with increased
mobility of the posterior urethral wall (68). Patients with de¢ciency of the
intrinsic urethral sphincter may be injected with collagen deep to the
mucosa below the bladder neck. This injected collagen can be visualized
onMRI (69).

The layers of the urethral wall are demonstrated on T2-weighted
images obtained with a surface or endovaginal coil (70). The mucosa and

FIGURE 11 (continued )
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submucosa are hypointense, the smooth muscle layer is hyperintense, and
the outer striated muscle layer is hypointense on axial images (Fig. 14)
(71). High-resolution images with an endourethral coil have been
attempted to better delineate urethral anatomy (72). However, the cor-
relation between muscle bulk on MRI and incontinence is not known at
the present time.

On axial images, attempts have been made to identify the support
ligaments of the urethra. The urethra is believed to be ¢xed either directly
or indirectly to the pubic bone. It is not clear if ligaments directly attach
the urethra to the pelvic sidewall or whether this lateral support is through
the perivaginal fascia (70,73). Lateral ligaments extending from the urethra
to the arcus tendineus fascia pelvis have been described in healthy
volunteers and shown to have a dorsal oblique angulation in patients with

FIGURE12 Enterocele. Sagittal T2-weighted image of the pelvis with rectal contrast
shows small bowel loops (arrow) low in the pelvis compatible with enterocele (E).
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FIGURE 13 Urethral hypermobility and cystocele. (A) Sagittal T2-weighted image
of the pelvis with rectal contrast. The patient is at rest and the urethra (arrow) is
normal in orientation. (B) During patient defecation, the urethral axis changes from
vertical to horizontal, the urethra lies under the pubis, and there is funneling (long
arrow). A cystocele (c) also develops, and there is infolding of the rectal wall (short
arrow) compatible with intussusception.
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incontinence (67,74). Attenuation or absence of the ligaments from the
posterior pubic symphysis to the anterior vaginal wall was also noted in a
small study of incontinent women (66).

In addition to supporting ligaments, the mid and distal urethra is
embedded in the anterior wall of the vagina. Lateral tears in the endopelvic
fascia can also result in diminished urethral and vaginal support. Alteration
in the morphology of the vagina is an indirect sign suggestive of this tear.
On MRI performed in patients prior to and following surgery for lateral
vaginal support defects, there was loss of the normal ‘‘H’’ shape of the
vagina initially that was restored after surgery (75). The ‘‘H’’ shape is
described on axial images where the lateral edges of the vagina are directed
anteriorly towards the pubis while the center is posterior to the urethra
(Fig. 15). This shape is felt to be due to the lateral insertions of the

FIGURE 14 Urethral anatomy. Axial T2-weighted image of the urethra shows cen-
tral hypointense submucosa (long arrow), middle hyperintense smooth muscle
layer, and outer hypointense striated muscle layer (short arrow).
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FIGURE15 Vaginal anatomy. (A) Axial T2-weighted image of the pelvis shows nor-
mal ‘‘H’’ shape of the vagina with the lateral walls (arrows) extending anteriorly. (B)
Axial T2-weighted image of the pelvis in a patient with pelvic floor dysfunction
shows loss of the ‘‘H’’ shape with the right wall (long arrow) being posterior.
Normal left vaginal wall (short arrow). Findings possibly due to right paravaginal
fascial tear.
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endopelvic fascia overlying the anterior vaginal wall (66). Although loss of
the normal ‘‘H’’ shape of the vagina is suggestive of de¢cient vaginal sup-
port, it has also been seen in normal nulliparous volunteers (67,74).
Another sign of a lateral vaginal fascial tear described is lateral deviation
of the anterior portion of the levator muscle (76).

On sagittal images, the proximal vagina has a backward angulation
over the levator muscle (59). The attachment of the uterosacral ligaments
from the cervix and upper vagina to the presacral fascia pulls the vagina
over the levator plate. The vagina and vaginal apex are displaced inferiorly
with straining in patients with prolapse (Fig. 16). The bladder may bulge
into and deform the anterior wall and the rectum may deform the post-
erior wall. With complete prolapse beyond the hymen, there is a bulging
mass out of the vagina and the vaginal mucosa is everted and exposed. In
patients who have had a sacral colpopexy patch placed, a hypointense

FIGURE 16 Vaginal prolapse. Sagittal T2-weighted image of the pelvis with rectal
and vaginal contrast during patient defecation. The vagina (arrow) is low in the
pelvis compatible with vaginal prolapse. A cystocele is also present.
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band can be seen extending from the vagina to the sacrum on T2-weighted
images (77).

With cystoceles, there is descent of the bladder base that is readily evi-
dent on MRI (Fig. 13). A sensitivity of 100% and speci¢city of 83% is
reported using the pubosacral line as a reference (14). The bladder base
and cervical junction have been shown to be lower both at rest and straining
in multiparous women when compared to nulliparous women (55). Also in
patients with constipation, descent of the bladder and cervix is greater than
in patients with fecal incontinence (78).

Pelvic Floor

The levator ani muscle with its three components, the iliococcygeus, the
pubococcygeus, and the puborectalis, is part of the £oor of the pelvis and
is easily identi¢ed on MRI (79). The normal volume of the muscle is
approximately 32^46mL, and the normal thickness is approximately
3mm for the iliococcygeus and 5^6mm for the puborectalis (74,80,81).
The right side of the puborectalis has been reported to be thinner than
the left in normals; this di¡erence may partly be due to technical reasons
(82,74,81,82).

The iliococcygeus is posterior and superior and is normally convex
cranially on coronal images of the posterior pelvis (80,81,83). In women
without prolapse, the levator plate is nearly parallel to the pubococcygeal
line on sagittal images and a line drawn from the levator plate crosses the
pubis (74,84). However, in patients with prolapse, a line drawn from the
levator plate is caudal to the pubis on sagittal images (84). With straining,
the muscle bulges caudally and laterally and the pelvic hiatus enlarges
(Fig. 17).

The pelvic hiatus is enclosed by the puborectalismuscle (81). The nor-
mal width of the hiatus on an axial image is approximately 31^42mm
(74,74). The size of the hiatus increases with straining in asymptomatic as
well as symptomatic women, but the increase is greater in the latter group
(Fig. 18). The mean area of the hiatus measured 2006mm2 at rest and
2783mm2 with straining in a study of 25 asymptomatic women (50). In
another study of constipated women, the hiatus area increased by 159% in
patients compared with an increase of 55% in normal controls (78). Both
the size of the hiatus and caudal angulation of the levator may not change
after surgery for prolapse (5).

Occasionally, focal bulges and thinning of the muscle with protrusion
of pelvic fat and=or viscera may be seen on MRI (85). The signal intensity
of the muscle may also appear increased on proton density images possibly
due to fatty in¢ltration (82).Musclemovement with contraction and strain-
ing can also be dynamically monitored (86).
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FIGURE 17 Bulging of the levator ani. (A) Coronal T2-weighted image of the pos-
terior pelvis shows normal configuration of the levator ani (arrow). (B) During
patient straining, there is caudal angulation and bulging of the muscle (arrow).
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FIGURE18 Increase in size of the pelvic hiatus. (A) Axial T2-weighted image of the
pelvis with the patient at rest shows normal size of the pelvic hiatus enclosed by
the levator ani muscle. (B) During patient straining, the width of the hiatus (line)
increases abnormally, and there is descent of the cervix and bladder.
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TREATMENT CONSIDERATIONS

A variety of nonsurgical approaches may be utilized in the management of
pelvic organ prolapse if symptoms are not severe or if the patient refuses or
is un¢t for surgery. Nonsurgical options include pessaries, pelvic £oor
muscle exercises (Kegel exercises), and biofeedback therapy.

Goals of surgical therapy include symptomatic relief, restoration of
anatomical relationships, and preservation of organ function. Many pelvic
£oor surgeons believe correction of all pelvic support defects should be
attempted, whether symptomatic or not. If comprehensive repair is not
done, coexisting asymptomatic support defects are likely to become
symptomatic within a relatively short period of time (Fig. 4) (34).

More accurate preoperative assessment byDCPorMRI should hope-
fully reduce the incidence of operative failure. These techniques help the
surgeon plan the di¡erent components of pelvic reconstructive surgery
and, importantly, determine whether a transvaginal or transabdominal
approach will be required. The current trend is toward the transabdominal
route. Available evidence suggests that the reoperation rate is halved when
the abdominal approach is employed (87). Large enteroceles and marked
vaginal vault prolapse, in particular, aremuchmore amenable to correction
by transabdominal surgery. It should be recognized that enteroceles and
sigmoidoceles often escape preoperative detection unless radiological eva-
luation is performed. Global assessment of pelvic organ prolapse is opti-
mized by ensuring that competing organs are e¡ectively emptied by virtue
of a triphasic approach. As expressed succinctly by Halligan, ‘‘the global
pelvic £oor specialist has arrived, andhis closest ally is the radiologist’’ (88).
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FIGURE 1 Section through the right lobe of liver in a 76-year-old man with
pancreatic carcinoma. (see p. 103 for full legend)

FIGURE 2 Section through the right lobe of liver in a 68-year-old man with
metastatic melanoma. (see p. 104 for full legend)



FIGURE 3 Section through the right lobe of liver. (see p. 106 for full legend)

FIGURE5 This 34-year-old man presented with abdominal pain. (see p. 111 for full
legend)



FIGURE 4 Hemangioma in a 47-year-old woman. (see p. 110 for full legend)



FIGURE 6 Longitudinal section through the left lobe of liver in a 76-year-old man
receiving aduvant chemotherapy for colorectal carcinoma. (see p. 112 for full
legend)

FIGURE 7 Follow-up US in a 46-year-old woman who had undergone chemo-
embolization of an hepatocellular carcinoma (HCC). (see p. 113 for full legend)
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