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Foreword

Artificial organs have come a long way since the first dialysis machine, the rotating
artificial kidney, was invented in 1944 by Willem Johan Kolff, who is known as the
‘‘father of artificial organs’’. At that time he met stiff resistance from his hospital
superiors but his persistence paid off and a million saved lives have been attributed
to his first invention. He was indeed the first to mix medicine and engineering. An
artificial organ is any machine, device, or other material that is used to replace the
functions of a faulty or missing organ or other parts of the human body. Some body
parts are more of a challenge than others. The heart has one purpose and it is to
pump blood; however, the liver has biochemical and physiological functions which
are difficult to simulate. The implantation of an artificial organ is critical because of
the patient life dependency on the artificial organ itself. The treatment of choice is
organ transplantation, however, transplant candidates face a long waiting time and
many die while on the waiting list. In addition there are patients who are excluded
from transplantation because of age or presence of other diseases. This book pre-
sents an overview of the current state of knowledge of artificial organs including the
liver, pancreas, kidney, heart, cochlea, skin, stem cells, composite tissue allograft,
and sphincters. It is designed for students interested in the field of organ replacement
and bioartificial organs and it promotes an understanding of the designs and
materials required for successful implants. It fulfills a useful place in the medical
literature. The editors have gathered together experts in a variety of different fields
both from the experimental and clinical aspects. Research in the field of artificial
organs will lead to a closer relationship between science and technology and provides
a stepping stone for the future.

Professor the Lord Darzi of Denham KBE
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1
Management of Multiorgan Failure After Artificial
Organ Implantation

Michael Devile, Parind Patel and Carlos MH Gómez

Cardiovascular Failure

The requirements of hemodynamic support in
patients with artificial organs follow the same
principles as for any other patient. Ultimately
the need for such support will arise if the patient
is in shock. The key disturbance in shock is the
inability of the tissues and cells to obtain and
utilize enough oxygen for their aerobic respira-
tory needs, ultimately resulting in cell death.

Classification

Shock is classified into four types based on the
underlying pathophysiological mechanism:
hypovolemic, cardiogenic, obstructive, and dis-
tributive. (Table 1-1). The patient with artificial
organs will have a higher risk of all of the above
mechanisms at various stages of the peri and
postoperative process and extra vigilance is
therefore necessary. The management of shock
should nevertheless follow basic critical care
principles: re-establishing perfusion to vital
organs while treating the underlying condition.

Hypovolemic Shock

This can often present as an emergency (due to
massive hemorrhage for instance) or in a more
indolent manner leading to slow organ hypoper-
fusion (due to a mismatch of fluid input and
output). Initial resuscitation should consist of
restoring intravascular volume, but more
importantly reversing the cause (bleeding

vessels, coagulopathy, reversing gastrointestinal
losses). The choice of fluid should be based on
the fluid type that has been lost. For example,
blood and blood products should replace blood
and crystalloid should be used for vomiting and
dehydration. For mild to moderate blood loss
similar to that expected in a routine renal trans-
plant crystalloid (2–3 times the lost blood
volume) or colloid (1–2 times the lost blood
volume) is usually appropriate.

The debate of crystalloids versus colloid has
not been resolved; there exists numerous con-
flicting trials, meta-analysis, and opinions. The
crystalloids of choice in resuscitation are normal
saline or lactated Ringer’s solution because their
osmolality is similar to that of the intravascular
volume. In large-volume resuscitation, however,
excessive normal saline infusion may produce
hyperchloremic metabolic acidosis. As the
volume of distribution is much larger for crys-
talloids than for colloids, resuscitation with
crystalloids requires more fluid to achieve the
same end points and results in more edema.
Crystalloids are less expensive. The current
choice of colloids includes hydroxyethyl starch,
gelatins, and albumin all of which offer more
efficient intravascular volume expansion. The
administration of hydroxyethyl starch may
increase the risk of acute renal failure, although
newer preparations appear to be less proble-
matic. Previous concerns of albumin resuscita-
tion leading to increased mortality has recently
been dispelled by the SAFE study indicating that
albumin administration was safe and as effective
as crystalloid. With any fluid there is inevitable
dilution of blood (red blood cells) and coagula-
tion factors which needs to be considered.

N. Hakim (ed.), Artificial Organs, New Techniques in Surgery Series 4, DOI 10.1007/978-1-84882-283-2_1,
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Whatever the fluid, the therapy should be
titrated to re-establish normal blood pressure,
pulse, cardiac output, and end-organ perfusion.

Cardiogenic Shock

Cardiogenic shock essentially refers to the fail-
ing pump. The blood flow to the vital organs and
peripheries is decreased due to an intrinsic
defect in cardiac function. This can be due to
pathology affecting the heart muscle, rhythm, or
the valves.

The most common cause, both generally and
within transplant medicine and artificial organs,
is myocardial ischemia. As in all types of shock,
treating must be the priority: in cardiogenic shock
this is achieved by reversing the ischemia (with
angioplasty, thrombolysis, or emergency coron-
ary artery bypass grafting), correcting the dys-
rhythmias, or simply supporting the circulation
while allowing time for the stunned myocardium
to recover while preserving perfusion. The early

introduction of such measures has resulted in a
significant improvement in ischemia induced car-
diogenic shock and mortality.

In terms of hemodynamic support, various
inotropic agents exist (Table 1-2) which act via
modulation of the sympathetic nervous system
either as direct agonists (dobutamine, dopexa-
mine, dopamine, adrenaline) or indirectly by
inhibiting phosphodiesterase III (e.g., milri-
none). Both mechanisms result in an increase
in cAMP, an intracellular modulator of myocar-
dial contractility and arteriolar vasodilation.
Often the inotropes, because of the arterial vaso-
dilatory effects or the concurrent systemic
inflammatory response syndrome that may
occur with cell death, are combined with vaso-
pressors to maintain overall perfusion pressure
in general and coronary artery perfusion pres-
sure in particular. Although the use of these
agents is thought of as essential to the care of a
hemodynamically unstable patient, there is great
variability within countries and centers as to the
optimum agent. It is also notable that the role of

Table 1-1. Causes of Shock

Type of shock Signs Hemodynamic variables Causes relevant to artificial organs

Hypovolemic Weak pulse -CVP/PAOP Massive hemorrhage
Narrow pulse pressure -CO Gastrointestinal fluid loss
Poor peripheral perfusion "SVR Diuresis

Cardiogenic Pulmonary/peripheral edema "CVP/PAOP Acute coronary syndrome
Gallop rhythm, arrhythmias, & murmurs -CO Valvular heart disease/dysrhythmias
Poor peripheral perfusion "SVR Cardiomyopathy

Obstructive Distended neck veins "CVP/PAOP Tension pneumothorax
Poor peripheral perfusion -CO Cardiac tamponade
Respiratory failure "SVR Pulmonary embolism

Distributive Pyrexia -CVP/PAOP Sepsis/SIRS
Warm and vasodilated peripheries "CO Anaphylaxis
Edema -SVR Acute liver failure

Table 1-2. Vasoactive Drugs in Sepsis and the Usual Hemodynamic Responses

Drug Dose Principal mechanism Cardiac output Blood pressure SVR

Dobutamine 2–20 mcg/kg/min Beta 1 ++ + +
Dopamine 2–10 mcg/kg/min Dopamine!Beta 1!Alpha ++ + +
Dopexamine 0.25–4 mcg/kg/min Dopamine + Beta 2 ++ +/– –
Epinephrine 0.01–1 mcg/kg/min Beta 1+ Beta 2 + Alpha ++ + +
Milrinone 0.3–0.7 mcg/kg/min Phosphodiesterase inhibitor + +/– –
Norepinephrine 0.01–1 mcg/kg/min Alpha > beta 1, beta 2 + ++ ++
Phenylephrine 0.2–2.5 mcg/kg/min Alpha + ++ ++
Vasopressin 0.4–0.10 U/min V1 receptor + + ++
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sympathetic nervous system stimulation is of
questionable benefit in the failing heart where
the underlying cause of failure has not been
addressed.

Recently Levosimendan, an inotropic agent
that acts independently of the sympathetic ner-
vous system by sensitizing the myocardial con-
tractile proteins to calcium has been shown to
improve hemodynamics and cardiac output in
patients with cardiogenic shock following ACS
as well as after coronary bypass surgery. This
may prove useful as a pharmacological bridge
during myocardial stunning, possibly with fewer
(sympathetically mediated) detrimental effects.

Combined with revascularization, mechanical
support with IABP counterpulsation improves
outcome in patients with cardiogenic shock fol-
lowing acute coronary syndrome. Specific to car-
diogenic shock, the use of ventricular assist
devices may transiently improve hemodynamics
but this has not yet been translated into mortality
benefits and presently is reserved as a salvage
strategy in centers where it exists and other mea-
sures have failed. The same can be said of extra-
corporeal membrane oxygenation, although both
of these techniques are more useful following
cardiac transplantation.

It must also be remembered that hypovolemia
may also play a significant part in cardiogenic
shock, requiring the careful administration of
fluid to improve cardiac output via the Frank–
Starling principle. Simultaneous monitoring for
fluid overload via central venous, pulmonary
artery pressures, and signs of pulmonary edema
must be undertaken.

Distributive Shock

Distributive shock occurs when peripheral vas-
cular dilatation causes a fall in systemic vascular
resistance. As a result cardiac output is often
increased but the perfusion of many vital organs
is compromised because the blood pressure is
too low and the body loses its ability to distri-
bute blood properly

The most common cause is septic shock, but
a similar picture can be seen in anaphylaxis and
acute adrenal insufficiency. In addition a signif-
icant organ reperfusion induced systemic
inflammatory response syndrome (SIRS) imme-
diately follows transplantation which can mimic
distributive shock. However, newer immuno-
suppressive agents have dramatically reduced

the rates of acute graft rejection over the last
decade but instead have exacerbated the problem
of post-transplant infections. Although clinical
features include warm peripheries bounding
pulses, the significant alterations in the microcir-
culation results in tissue and organ dysfunction.
The longer the distributive shock remains the
greater the organ failure and mortality. As a result
of the persistently high mortality from septic
shock, the Surviving Sepsis Guidelines have
been acknowledged and implemented across the
world. Incorporated within these are the essential
themes of early and appropriate administration
of antibiotics and early goal directed shock resus-
citation. In the initial stage, because of capillary
leakage, hypovolemia contributes significantly to
the shock. Hence fluid resuscitation should be
initiated as in hypovolemic shock. Simulta-
neously, vasopressor therapy is required to main-
tain perfusion in the face of life-threatening
hypotension, even when hypovolemia has not
yet been resolved. Below a certain mean arterial
pressure, autoregulation in various vascular
beds can be lost and perfusion can become
linearly dependent on pressure. A mean arterial
pressure of 65 mmHg is generally accepted as a
target to preserve tissue perfusion. However, in
those who have hypertension, as in many renal
transplant patients, autoregulation will occur at
a higher point and hence greater MAP will be
needed.

Fluids and vasopressors are targeted to
hemodynamic variables along with assessment
and trends of regional and global perfusion such
as urine output, conscious level, acidemia, and
blood lactate concentrations.

As shown in Table 1-2 many vasopressors are
available. Norepinephrine may have advantages
over epinephrine in causing less compromise to
the splanchnic circulation and lactatemia. Dopa-
mine may cause unwanted tachycardia and
arrhythmias and provides no advantage in pre-
venting renal failure. Concerns also exist about
the immunosuppressive effects of dopamine.
Vasopressin may be an alternative to norepi-
nephrine or in patients with norepinephrine
resistance, although again there is little data to
support its routine use and certainly in higher
doses cardiac, digital, and splanchnic ischemia
have been reported.

To complicate matters, there is significant
cardiac dysfunction directly related to sepsis
that may require combination therapy with ino-
tropic agents as for cardiogenic shock.

Management of Multiorgan Failure After Artificial Organ Implantation 3



Finally, steroids remain controversial: they
probably have significant effects in reversing
shock, but long-term side effects such as neuro-
pathy and recurrent infections are thought to be
at least in part responsible for the observed lack
of mortality benefit.

Obstructive Shock

The treatment of obstructive shock is relatively
simple in principle although may prove to be
difficult in practice.

Relief of the obstruction is achieved by

• Urgent pericardiocentesis in cardiac tampo-
nade. This is a relatively likely complication
following cardiac transplant, but less likely in
other solid organs although anticoagulation
or coagulopathy that may occur can lead to
tamponade.

• Needle thoracostomy followed by formal
chest drain in tension pneumothorax. This
may occur perioperatively secondary to dia-
phragmatic damage or as a complication of
central venous catheterization or positive
pressure ventilation.

• Thrombolysis, pulmonary embolectomy, or
surgical removal of a massive pulmonary
embolism should be considered in any post-
transplant patient presenting with sudden
dyspnoea and hypoxia. The condition along
with fat embolism is more frequent following
lung transplant.

Maintaining a high preload may help with
obstructive shock, with fluid resuscitation
improving the patient’s cardiac output and
hypotension temporarily while buying time for
definitive intervention.

Conclusion

Shock is one of the most frequent situations
encountered in critical care patients. Post-
transplant and/or artificial organ insertion
shock is associated with poor outcome unless
rapidly treated and reversed. In any shocked
patient, hemodynamic therapy should be tar-
geted to achievable goals. This includes

• Find and treat the cause: this is the most
difficult and yet crucial aspect as the diagnosis
of the underlying problem may be difficult to

establish. Without addressing the ischemia or
hemorrhage the remaining targets would be
pointless.

• Establish adequate intravascular volume
resuscitation: this is relevant to hypovolemic
but also to other forms of shock in order to
optimize cardiovascular function.

• Establish an adequate blood pressure: this
may require the use of vasopressors and ino-
tropes, often in combination.

• Ensure organ function by targeting the above
therapy to maintain and preserve function of
all systems and prevent the situation cascad-
ing into multi-organ failure.

The challenge is to reverse the patient’s deterior-
ating condition rapidly to achieve an overall
successful outcome.

Respiratory Failure

Respiration is the complex process involving ven-
tilation, pulmonary gas exchange, oxygen deliv-
ery by the circulation, and oxygen utilization by
the tissues for the production of cellular high-
energy phosphate. By convention, respiratory
failure is used in a clinical context to mean failure
of ventilation and/or pulmonary gas exchange.

Respiratory support in a transplant patient
may be required immediately postoperatively
or at a later occasion for indications similar to
that of the general population.

The principle of the management of respira-
tory failure should begin primarily with the
diagnosis and treatment of the underlying
pathology, often simultaneously with respira-
tory support.

Definition

Type 1
This is defined as hypoxemia without hyper-

capnia, indeed the CO2 level may be normal or
low. It is typically caused by a ventilation/perfu-
sion mismatch; the air flowing in and out of the
lungs is not matched with the flow of blood to
the lungs.

This type is caused by conditions that affect
oxygenation like:

• Parenchymal disease

• Diseases of vasculature and shunts.

4 Artificial Organs



Type 2
This is defined as build up of carbon dioxide

from energy utilization. The underlying causes
include

• Reduced breathing effort (in the fatigued
patient)

• Increased resistance to breathing (such as in
asthma)

• A decrease in the area of the lung available for
gas exchange (such as in emphysema).

There are of course situations in which both
mechanisms coexist in varying degrees such as
asthmatics who develop chest infections.

Causes of Respiratory Failure

Many of the causes (Table 1-3) have specific
treatments. Respiratory support may become
necessary due to either continued deterioration
of the primary cause or development of acute
lung injury. Table 1-4 outlines some factors
known to precipitate lung injury.

Mortality from acute respiratory failure is
approximately 40%, but rises significantly if
associated with failure of other organs.

Management of Respiratory Failure

Treating the underlying cause must be the prior-
ity. Ventilation, either non-invasive or invasive,
merely supports the respiratory function of the

lungs while they are recovering from the pri-
mary pathology.

Initial supportive management may consist of
supplemental oxygen progressing to non-invasive
ventilation. The effectiveness of NIV will depend
on the underlying condition and is now considered
as a first-line intervention in patients with COPD
exacerbation. In acute cardiogenic pulmonary
edema, NIV either as continuous positive airway
pressure (CPAP)or as Bi-level positive airway pres-
sure (BiPAP) will improve gas exchange, reduce
respiratory rate, and the need for intubation. Its
use in other causes of respiratory failure (pneumo-
nia, asthma, acute lung disease, and neuromuscu-
lar disease) are less well defined , but at the very
least may provide time to prepare for intubation or
more definitive treatment.

The indications for intubation and mechan-
ical support are also difficult to describe as they
depend not only on the degree of hypoxia and/or
hypercarbia but also on the clinical observa-
tions. These include trends in respiratory rate,
use of accessory muscles, ability to cough and
talk, and changes in mental state.

Once ventilated, the emphasis should continue
with treatment of the predisposing cause of respira-
tory failure, as well as avoidance of ventilator
induced lung injury and ventilator-associated pneu-
monia. The causes of respiratory failure (Table 1-3)
may also lead to acute lung injury directly or as a
result of prolonged mechanical ventilation.

Acute Lung Injury

Definition

Acute lung injury and its more severe form, acute
respiratory distress syndrome (ARDS) are an
inflammatory response of the lung. The insult

Table 1-3. Causes of Respiratory Failure

Pulmonary dysfunction
Asthma
Chronic obstructive pulmonary disease
Pneumonia
Pneumothorax
Hemothorax
Acute lung injury (ALI) or acute respiratory distress syndrome (ARDS)
Cystic fibrosis

Cardiac dysfunction
Pulmonary edema
Valve pathology

Other
Fatigue due to prolonged tachypnoea in metabolic acidosis
Intoxication with drugs (i.e., morphine, benzodiazepines)

suppresses respiration.
Coma
Neuromuscular disease

Table 1-4. Precipitating Conditions Relevant to Transplant
Medicine

Direct Indirect

Pneumonia Massive transfusion
Lung contusion Sepsis
Aspiration of gastric contents Pancreatitis
Fat embolism Cardiopulmonary bypass
Toxic inhalation Burns
Pulmonary surgery Bone marrow transplant
Reperfusion injury Drugs and toxins

Management of Multiorgan Failure After Artificial Organ Implantation 5



may be direct (pulmonary) or indirect (non-
pulmonary) and the result is characterized by:

Acute onset
Bilateral infiltrates on chest radiograph
Clinical or measurable absence of left atrial

hypertension
Hypoxemia: Pa O2/FiO2 of <40 kPa for ALI

and < 26.7 kPa for ARDS

Epidemiology

The reported incidence of ALI is variable. A recent
population-based study from Washington showed
an incidence of acute lung injury of 78.9 per 100,000
person-years.. The mortality does appear to be
declining. In the late 1980s, the reported mortality
was around 60–70% (1995). The KCLIP study
shows the in-hospital mortality rate for ALI of
38.5% and ARDS of 41%. The incidence of acute
lung injury increased with age from 16 per 100,000
person-years for those 15 through 19 years of age to
306 per 100,000 person-years for those 75 through
84 years of age. Mortality increased with age from
24% for patients 15 through 19 years of age to 60%
for patients 85 years of age or older. It is estimated
that there are 190,600 cases of acute lung injury in
the United States which are associated with 74,500
deaths and 3.6 million hospital days.

There is no data regarding the incidence of
ALI or ARDS following artificial organ implan-
tation, although it seems likely the incidence is
greater as patients are more susceptible to many
of the causes, in particular infection and sepsis.

Pathogenesis

The initial insult to the lungs results in an inflam-
matory response which causes alveolar deposition
of fibrin and collagen, pulmonary microthrombi,
and acute destruction of the alveolo-capillary
membrane leading to increased permeability and
widespread inflammatory alveolar exudate.28

There may follow a fibrotic response character-
ized by repair and proliferation of fibroblasts and
type II pneumocytes.

The consequences of such changes are
alveolar edema and collapse, reduced lung
compliance, increased venous admixture, and
hypoxemia. There is also pulmonary vasocon-
striction, which increases alveolar dead space,
exacerbates the ventilation-perfusion mismatch
and may lead to pulmonary hypertension and

increased right ventricular work with conse-
quent failure.

Management

Continuous positive airways pressure (CPAP)
may be of benefit in mild cases, however, most
patients will require early intubation and
mechanical ventilation. Indications include
hypoxemic or hypercarbic respiratory failure,
acidemia, exhaustion, and reduced or altered
consciousness. Profound sedation is usually
required for ventilation as struggling or cough-
ing can cause loss of recruited lung and worsen-
ing oxygenation. Paralysis may be necessary if
sedation alone does not settle the patient.

The aim of ventilation is to improve oxygena-
tion without causing further damage to the lungs.
Difficulties arise as some alveoli are normal and
open while others are stiff and collapsed. It is
therefore necessary to try to open the collapsed
alveoli without damaging the normal areas. The
main causes of ventilator-induced lung damage
are over-distension, alveolar collapse, capillary
leak as well as cyclical opening and closing.

Lung Protective Ventilation

‘‘Lung-protective’’ ventilation strategies use
smaller tidal volumes and pressures in an
attempt to protect the lung from both overdis-
tension (VILI – ‘‘Ventilator Induced Lung
Injury’’) and dampen or prevent the release of
inflammatory mediators that may drive the
inflammatory response. If respiratory acidosis
develops through the use of low tidal volumes,
this is often tolerated (‘‘permissive hypercap-
nia’’). The ARDSnet conducted a multicenter,
prospective, randomized, controlled trial from
1996 to 1999 to determine whether the use of low
tidal volumes would improve clinical outcomes
in ARDS. The trial compared ‘‘traditional venti-
lation’’ (tidal volume of 12 ml/kg of predicted
body weight and a plateau airway pressure of
<50 cm H2O) with ‘‘low tidal volume’’ ventila-
tion (tidal volume of 6 ml/kg of predicted body
weight and a plateau pressure of <30 cm H2O).
The lower tidal volume group displayed a sig-
nificantly reduced mortality rate, 31 versus 40%.
The debate continues as to whether the low tidal
volumes were beneficial or the high tidal
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volumes were harmful. Nevertheless it appears
common practice to ventilate patients on lower
tidal volumes (<10 mls/kg).

Fluid Strategy

The management of acutely unwell patients is
faced with many dilemmas and ALI is no excep-
tion. ALI is characterized by increased pulmonary
vascular permeability and some would argue that
fluid restriction should decrease alveolar lung
edema and improve oxygenation and ventilation.
However, this may in turn render the patient
hypovolemic, thus reducing cardiac output,
oxygen delivery, and organ perfusion. Recent
evidence showed restrictive fluid strategy was
associated with improved gas exchange and ven-
tilator free days without any detriment to other
organs, although without any impact on mortal-
ity. Guiding fluid therapy with the use of a pul-
monary artery flotation catheter has also shown
no benefit in a heterogeneous group of critically
ill patients. A simple titration of the least
amount of fluid required to maintain general
perfusion appears to be the favored strategy at
present in ALI patients, particularly with other
organ failures.

Positive End Expiratory Pressure

The issue of positive end expiratory pressure
(PEEP) is also a source of varying results with
large studies showing no benefit but others
reporting large beneficial effects on survival and
lung physiology. These differences are, in addi-
tion to nuances of trial design, probably also
reflective of the difficulty in separating PEEP
from other ventilatory interventions. There is
good evidence to suggest that certain patients
with ALI/ARDS have more recruitable lungs and
that these certainly are more responsive to PEEP.
Current best practice is to set PEEP somewhere
above the lower inflection point of the pressur-
e–volume curve and to then perform a PEEP trial
in which PEEP is increased so long as there is no
corresponding increase in plateau pressure.

PEEP has been applied in ARDS and acute
lung injury in an attempt to improve oxygena-
tion and prevent lung shear-stress injury asso-
ciated with the cyclical opening and closing
of collapsed alveoli (‘‘atelectrauma’’). In the
face of ARDS, most clinicians would apply a

PEEP of 5–10 cm H2O. However, it is important
to balance the beneficial effect of PEEP on arter-
ial oxygenation and its adverse effects such as
cardiovascular compromise and increased air-
way pressures and over-distension. The ARDS-
net group performed a randomized, controlled
trial to determine whether higher levels of PEEP
would improve clinical outcomes in patients
with ARDS. All patients received mechanical
ventilation with a tidal-volume goal of 6 ml/kg
of predicted body weight and an end-inspiratory
plateau-pressure limit of 30 cm H2O. Mean PEEP
was 8.3 cm H2O in the lower group and 13.2 cm
H2O in the higher group. There were no signifi-
cant differences between the groups in the mor-
tality rate or number of ventilator-free days,
ICU-free days, or organ-failure free days

Corticosteroids

Corticosteroids have no role in the acute man-
agement of ARDS. However, a small trial in only
25 patients (Meduri) suggested a survival benefit
if high-dose methylprednisolone is given as a
treatment for the later ‘‘fibroproliferative’’
phase. Recently the ARDS Network performed
a large multi-center randomized trial to repro-
duce the previous findings. Although, overall,
60-day mortality was similar between the two
groups, methylprednisolone was associated
with significantly increased 60- and 180-day
mortality rates among patients enrolled at least
14 days after the onset of ARDS. Methylpredni-
solone therapy increased the number of ventila-
tor-free and shock-free days during the first 28
days, in association with an improvement in
oxygenation, with fewer days of vasopressor
therapy. When compared with placebo, methyl-
prednisolone did not increase the rate of infec-
tious complications but was associated with a
higher rate of neuromuscular weakness. Despite
the improvement in cardiopulmonary physiol-
ogy, the results of this study do not support the
routine use of methylprednisolone for persistent
ARDS. In addition, starting methylprednisolone
therapy more than 2 weeks after the onset of
ARDS may increase the risk of death.

Inhaled Pulmonary Vasodilators

Inhaled nitric oxide can selectively vasodilate
the pulmonary vascular and reduce pulmonary
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hypertension, decrease shunting, and improve
gas exchange in ARDS. There are no systemic
effects because nitric oxide is scavenged rapidly
by hemoglobin. However, numerous large clin-
ical trials have failed to demonstrate that the
improvements in oxygenation seen in patients
treated with nitric oxide translate into improved
outcome. Current expert opinion suggests that
nitric oxide should not be used routinely but be
reserved for patients in whom adequate oxyge-
nation cannot be achieved by lung protective
mechanical ventilation and prone positioning.

Inhaled prostacyclin vasodilates the pulmon-
ary bed as effectively as nitric oxide but does not
result in the same improvements in oxygena-
tion. Again mortality benefits have not been
proven.

Prone Ventilation

The benefits of prone ventilation are explained
by an improvement in ventilation perfusion
matching, recruitment of atelectasis, and the
delivery of more homogenous ventilation to all
parts of the lung. Two large randomized trials
have compared the effects of prone positioning
on mortality from ARDS. In both trials, there
was a significant improvement in oxygenation
when patients were turned prone. However,
this did not translate into improved clinical
outcome. The rates of displacement of endotra-
cheal tubes, vascular catheters, and thoracotomy
tubes were similar in the two groups in one trial
but increased in the prone group in the other
trial. Consensus appears to be that prone posi-
tioning is only useful in severe ARDS with
dependent disease and refractory hypoxemia.

High-Frequency Oscillatory Ventilation

High-frequency oscillatory ventilation (HFOV)
is, in theory, a ‘‘lung-protective’’ mode of venti-
lation. HFOV provides efficient gas exchange by
using very low tidal volumes and high respira-
tory rates. The application of a constant mean
airway pressure in HFOV allows the mainte-
nance of alveolar recruitment while avoiding
low end-expiratory pressure and high peak pres-
sures. The mean airway pressure generated
by HFOV is usually higher than that generated
by conventional ventilation (tidal volumes of
10 ml/kg). A randomized controlled comparing

HFOV with a conventional ventilation strategy
in 148 adults with ARDS confirmed that HFOV is
effective and safe and not associated with sig-
nificant hemodynamic effects. However, there
was no significant difference in mortality
between the groups. One of the limitations of
this (and almost all of the other older studies of
ventilation strategy) was that HFOV was not
compared with the current gold standard low*-
tidal volume approach used by the ARDSnet
trial.

Extracorporeal Support

Extracorporeal membrane oxygenation (ECMO)
proposes to provide the gas exchange via veno-
venous bypass while maintaining the lungs at
rest. The main advantage is that the lungs are
not exposed to injurious ventilatory strategies.
Again there have been no advantages demon-
strated in randomized clinical trials thus far and
the technique is only contemplated in refractory
hypoxemia in specialist units. Retrospective sin-
gle center series reported 67% rate of patients
weaned of ECMO with a 52% hospital survival
(Hemmila. Ann Surg. 04;240:595–607). Results
of a prospective controlled study (CESAR Trial)
are awaited. Preliminary results suggest a rela-
tive risk (survival or severe disability) in favor of
ECMO in adults with severe acute respiratory
failure of 0.69. Modifying the technique to
pumpless extracorporeal carbon dioxide while
employing a fully protective lung ventilation
strategy may be of benefit where hypercapnia is
the major manifestation of ARDS.

In summary, there is good evidence to sup-
port the following ventilation strategy: low tidal
volumes of 6 ml/kg and plateau pressures not
higher than 30 cm H2O, appropriate PEEP as
discussed, target arterial oxygen saturations of
90%, pH above 7.2 and judicious fluid
administration.

Disadvantages of Ventilation

Although mechanical ventilation is regarded
as life-saving support, there are many potential
complications including pneumothorax, airway
injury, alveolar damage, and ventilator-associated
pneumonia, among others. To tolerate endotra-
cheal intubation patients need to be sedated
which in turn has many unwanted effects such
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as hypotension and gastro-intestinal stasis. Posi-
tive pressure ventilation reduces venous return
and increases afterload of the right ventricle
which in turn may fail and lead to cardiovascular
collapse. Patients should be considered for wean-
ing from ventilation at the earliest opportunity

Non-invasive Ventilation (NIV)

This is the use of positive pressure ventilation
through specially designed face masks rather
than endotracheal tubes. The two most widely
used ventilatory modes are continuous positive
airway pressure (CPAP) and bilevel positive air-
way pressure (BiPAP). It is in general less effective
in delivery of pressure ventilation than invasive
(endotracheal) ventilation but requires less or no
sedation and can be administered in properly
equipped units outside intensive care.

It is potentially advantageous in cardiogenic
pulmonary edema, a condition in which many
clinicians find it useful to undertake a’’ trial of
CPAP’’ accompanied by conventional pharma-
cological afterload reduction and diuresis.
Recently, a meta-analysis pointed to a reduction
in the need for endotracheal intubation and
mortality in this group of patients.

Some clinicians advocate non-invasive venti-
lation as a useful tool to facilitate early extuba-
tion. Indeed a randomized controlled trial in
predominantly medical patients showed
reduced length of ventilation, intensive care
stay, tracheostomy requirement, and morality
in patients receiving NIV.

NIV is widely established as an important
component of the treatment of acute exacerba-
tions in chronic obstructive pulmonary disease.
Evidence from pooled randomized controlled
trials points to improvements in mortality,
length of stay, and intubation rate with early
introduction of NIV in addition to usual medical
treatment. Many groups also use NIV in the
treatment of obesity hypoventilation and
obstructive sleep apnea syndromes.

NIV in acute lung injury is neither favored by
many clinician nor supported by evidence.

Weaning

Withdrawal from mechanical ventilation should
be considered at the earliest opportunity, but
only if the patient can support there own

ventilation and oxygenation. There are several
objective parameters to look for when consider-
ing withdrawal, but there is no specific criteria
that generalizes to all patients. The objective
criteria include

• Adequate oxygenation (e.g., 8 kPa on FIO2 >
0.4; PEEP <5–10 cm H2O; PO2/FIO2

>300 mmHg (40 kPa))

• Stable cardiovascular system (e.g., HR <140;
stable BP; no (or minimal) pressors or
inotropes

• No significant respiratory or metabolic acidosis

• Adequate conscious level (e.g., arousable,
GCS >13, obeying commands, no continuous
sedative infusions)

• Adequate cough to clear respiratory secretions

• The acute disease process that led to the
patient needing mechanical ventilation must
also have been reversed or resolved.

Finally, weaning is a complex and disputed area
of critical care medicine in which, however, there
is evidence of benefit from a multidisciplinary
approach, consistency and simplicity, aggressive
treatment of infection and heart failure, nutrition,
daily weaning trials, and persistence.

Conclusion

The causes of respiratory failure are multiple.
Each will have its own specific treatment, but
advances in both non-invasive and invasive ven-
tilatory support have had a significant impact on
the outcome of such a life-threatening condi-
tion. The most notable benefit is time for the
diagnosis and treatment of the underlying con-
dition to occur.. ALI or ARDS as a cause of
respiratory failure or consequence of the under-
lying illness and the need for mechanical venti-
lation also has a dramatic impact on outcome.
Despite greater understanding of the cellular
and molecular mechanisms, specific therapies
do not exist. However, much has been learnt
from salvage therapies and the importance of
protective ventilation strategies.

Acute Renal Failure

Epidemiology

Acute renal failure (ARF) is a common compli-
cation following major surgery. After major
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surgery, incidences can range from 10% for
uncomplicated non-cardiac solid organ trans-
plants and artificial organs to 50% in cardiac
transplantation and extracorporeal circulatory
support.

Its presence carries a high mortality – ranging
from 15% with simple pre-renal azotemia to
greater than 60% in those requiring renal repla-
cement therapy (RRT).

The most common etiology of ARF in the
critically ill transplant patient is in the context of
multi-organ failure. The initial insult is usually
pre-renal, with renal hypoperfusion occurring
from either vasodilation in severe sepsis or hypo-
volaemia during the peri and immediate post-
operative period, e.g., intra-operative hemorrhage
or marked extracellular fluid shifts.

Progression from this initially reversible rise
in serum creatinine and urea concentrations
leads to acute tubular necrosis (ATN). Pre-
renal azotemia and ischemic ATN constitute a
continuum of the same pathophysiological pro-
cesses, and together account for 75% of the cases
of acute renal failure. Intrinsic damage from
renal disease accounts for around 30% of cases
in the post-transplant patient (Table 1-5) and is
most likely due to chemical/pharmacological
injury. Foremost among these are radiocontrast
media, nephrotoxic antibiotics, immunosup-
pressives, and non-steroidal anti-inflammatory
drugs.

Obstructive renal failure is less common
(10% approximate incidence) in critically ill
patients and may follow complications asso-
ciated with abdominal surgery.

Establishing the underlying cause of acute
renal dysfunction in this group of patients is
vitally important for the rapid initiation of effec-
tive treatment, maximizing the prospect of
reversing any acute renal disease. It is also
important for prognostic reasons as mortality
in acute tubular necrosis can be as high as
65%, compared with 5–20% for those patients
with ARF as part of a multisystem disease.

Risk Factors

The most commonly identified risk factors for
the development of renal failure are impaired
preoperative renal function. Transplant and arti-
ficial organ patients also suffer from other factors
known to be associated with renal failure, such as
hypertension, hyperlipidemia, atherosclerosis,
and diabetes. Patients with pre-existing renal
dysfunction are at highest risk of developing
postoperative renal failure. Renal dysfunction is
particularly common in patients awaiting liver
transplantation (and/or receiving artificial liver
support) and is well documented as an important
determinant of outcome. In these patients, quan-
tification of the severity of renal function is
complicated by the impact of hepatorenal dys-
function. This is usually present to some degree
by the time these patients require transplanta-
tion, even when it has not progressed to the full
blown hepatorenal syndrome (HRS). None of the
studies of long-term renal function in these
patients has factored in the potential impact of
post-transplant HRS from poor liver graft func-
tion and only a few have segregated patients
with recurrent hepatitis C or hepatitis B, who
may additionally have hepatitis-associated
glomerulonephritis.

The measurement of serum creatinine, how-
ever, seems to have a limited ability to identify
patients with preoperative renal dysfunction
because of its variation with age, sex, and muscle
mass. Calculated creatinine clearance as an
alternative measure of renal function is probably
much better at estimating renal reserve, thereby
identifying those at greater risk of needing post-
operative renal replacement therapy.

Postoperative renal failure requiring (RRT)
seems to increase markedly when creatinine

Table 1.5. Causes of Acute Renal Failure in the Critically ill Post
Transplant Surgery Population [After Cosgrove et al. 2007 Ann R Coll
Surg Engl. 89:22–29]

Pre-renal
• Hypotension; sepsis
• Hypovolemia: dehydration, blood loss, acute pancreatitis
• Reduced cardiac output: cardiac tamponade
• Intra-abdominal compartment syndrome
Renal
• Acute tubular necrosis
• Drugs: aminoglycosides, non-steroidal anti-inflammatory drugs,

radiographic contrast medium
• Toxins: endotoxins
• Hepatorenal syndrome
• Intra-abdominal compartment syndrome
• Pigment nephropathy (myoglobinuria): drug-induced

rhabdomyolysis
Post-renal
• Ureteral obstruction: stones, surgical,
• Bladder dysfunction: surgical
• Urethral obstruction: traumatic/prostatic hypertrophy
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clearance decreases below 60 ml/min, even if
the serum creatinine lies in the normal range.
Thus, the incorporation of this threshold into
the preoperative assessment may help to identify
high-risk patients for the early institution of
aggressive renal protective therapies, such as
volume expansion, use of vasopressors, and/or
specific pharmacological therapies.

Age-related predisposition to acute renal fail-
ure arises due to a combination of reduced renal
reserve, susceptibility to volume depletion, and
a reduced ability of the kidney to conserve salt
and concentrate urine. Body mass index (BMI)
has also been identified as a preoperative pre-
dictor of ARF, independent of associated comor-
bidities such as diabetes and hypertension.

Pathophysiology

Pre-renal Dysfunction and ATN:
Renovascular Hemodynamics

Pre-renal disease arises due to either a true hypo-
volaemia (e.g., acute haemorrhage) or a drop in
the effective circulating volume (e.g., fall in car-
diac output, widespread systemic vasodilation, or
intrarenal vasoconstriction). It arises because,
although the normally high renal blood flow
exceeds the organ’s usual oxygen requirements,
only 10% of this passes to the renal medulla,
where the PaO2 is only 1.2–2.2 kPa. These very
metabolically active medullary cells are therefore
markedly susceptible to underperfusion and con-
sequent cellular hypoxia.

Autoregulation

Initially the kidney responds by maintaining GFR
and renal blood flow to a relatively constant level,
through autoregulation. Net filtration pressure
and renal perfusion pressure are preserved
through an angiotensin II-mediated constriction
of the efferent arteriole, accompanied by an intra-
luminal myogenic compensatory vasodilation of
the afferent pre-glomerular arteriole, principally
through the paracrine actions of prostaglandins.
The net result is maintenance of a near constant
renal blood flow within a wide range of mean
arterial pressures, from around 60 to 160 mmHg.

Drugs that interfere with this autoregulatory
process include antagonists of the renin angiotensin

system and cyclo-oxygenase inhibitors such as non-
steroidal anti-inflammatory drugs. Another impor-
tant group of drugs that cause acute constriction of
the afferent arteriole after their first postoperative
dose is calcineurin inhibitor immunosuppressives
(CNI), principally ciclosporin and tacrolimus.
These agents cause an acute reduction in renal
perfusion by interfering with autoregulation, the
effects of which are particularly apparent in situa-
tions of hypovolaemia or reduced cardiac output.
This is particularly relevant in the immediate post-
operative period, where the altered physiological
milieu depends on this autoregulatory response.

Postoperative sepsis also directly and specifi-
cally interferes with renal hemodynamics
through the release of pro-inflammatory cyto-
kines. These interfere with autoregulation
through stimulation or antagonism of various
mediators, resulting in glomerular endothelial
dysfunction and consequent aggravated renal
ischemia.

Despite this, pre-renal dysfunction is often
reversible if the factors causing the renal hypoper-
fusion are corrected. The severity and duration of
renal ischemia which causes fixed post-ischemic
ATN is not well established and variable given
different patient characteristics, but there is
usually an interval that defines the transition
from functional pre-renal to post-ischemic ARF.
During this early functional stage, vigilant recog-
nition and aggressive optimization of renal blood
flow, through volume expansion and/or cautious
systemic vasoconstriction, can restore renal func-
tion to normal.

Histological Changes

Histologically, ischemia-induced renal failure in
animals includes loss of the proximal tubular
brush border, blebbing of apical membranes,
and cellular and mitochondrial swelling. With
advanced injury, tubular cells detach from the
basement membrane and contribute to intra-
luminal aggregation of cells and proteins leading
to tubular obstruction.

It is not clear though, whether this model
applies to the critically ill. It has been postulated
that in sepsis, cellular malfunction arises through
immune-mediated cellular apoptosis. However,
post-mortem evidence does not support this,
nor do situations where recovery of renal func-
tion ensues within days, far quicker than that
required for regeneration of renal tubular cells.
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An alternative explanation may be that in
sepsis cellular energetics are altered due to
impaired mitochondrial respiration – a failure
of oxygen utilization rather than delivery. This
model fits well with the relative paucity of his-
tological tubular changes in septic patients and
may account for the occasionally rapid restora-
tion of renal function seen in some critically ill
patients.

Renal Optimization After Artificial Organ
Implantation

The importance of maintaining adequate hydra-
tion and renal perfusion cannot be overstated.
The most effective prevention of ARF is stabili-
zation of systemic hemodynamics, optimization
of cardiac output and blood pressure and the
avoidance of specific risk factors such as
nephrotoxic drugs – ensuring meticulous main-
tenance of immunosuppressive and antibiotic
levels. When possible, a CNI should be withheld
until renal function has improved, particularly
in patients with renal failure from HRS or con-
gestive cardiac failure.

Obstruction to the lower urinary tract should
always be excluded and, in postoperative abdom-
inal surgical patients, intra-abdominal hyperten-
sion must be considered a contributing factor.

Early recognition and effective management
of any acute precipitant can minimize its sever-
ity, allowing natural reversal of the pathophy-
siology. This may include control of surgical
bleeding, radiological, or surgical drainage of a
septic focus, relief of ureteric and/or urethral
obstruction and abdominal decompression to
treat abdominal compartment syndrome.

Indeed, the evolution of clinical ATN has
been divided, rather arbitrarily, into four stages:
(1) initiation, (2) extension, (3) maintenance,
and (4) recovery. It is suggested that most of
the preventative interventions during ATN
should be active during the extension phase.

During the extension and maintenance
phases of established ATN, a variety of interven-
tions and drugs have been used either to prevent
injury or to hasten recovery of ischemic and/or
toxic ATN (e.g., endothelin receptor blockers,
growth factors adenosine and adenosine antago-
nists, nitric oxide synthase inhibitors). Although
some of these interventions are effective in alter-
ing the course of experimental ATN, all but a
few have shown clinical benefit. Unfortunately

overall treatments remain largely supportive,
with the exception of N-acetylcysteine in radio-
contrast-induced renal failure and activated
protein C in sepsis. Supportive stabilization of
general hemodynamics and optimization of car-
diac output are best achieved in critical care with
volume expansion, usually followed by
vasopressors.

Volume Expansion

Initially volume expansion aimed to achieve
supranormal cardiac index values comparable
to those shown by survivors and normal values
for mixed venous oxygen saturation. More
recently, however, less severe organ dysfunction
has been demonstrated with early institution of
treatment to increase central venous oxygen
saturation to 70% or higher as well as avoidance
of unnecessarily high increases in cardiac work,
especially in individuals observed to have
decreased cardiopulmonary reserve.

The importance of volume therapy and
hydration may also help to prevent radiocon-
trast media and amphotericin-induced ATN, as
well as drug-induced intrarenal tubular precipi-
tation of crystals following high doses of metho-
trexate, sulfonamides, or acyclovir.

Vasopressors

When appropriate volume expansion fails to
restore adequate mean arterial pressures, vaso-
pressors are indicated. Although there is concern
that these may cause intrarenal vasoconstriction
and counter any beneficial effects of increased
blood pressure, vasopressor administration does
improve renal blood flow, especially in patients
with sepsis characterized by systemic vasodila-
tion and impaired autoregulation.

Diuretics

Loop diuretics are commonly used in volume
control and boast the theoretical benefit of redu-
cing medullary oxygen demand and protecting
against ischemic injury. Beyond experimental
models, however, renal protection has never
been clinically demonstrated. They do not accel-
erate renal recovery, reduce the need for dialy-
sis, or decrease mortality and although some
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studies have suggested an increase in mortality,
it is likely that they are of no harm or benefit but
might be useful in the management of fluid over-
load. In some patients, they may convert oliguric
to non-oliguric renal failure, the latter being
associated with a better outcome. It is likely in
this situation that patients responding to loop
diuretics are characterized by a less severe form
of renal failure, rather than a direct beneficial
effect of diuretic therapy – offering merely prog-
nostic information rather than definitive treat-
ment. Their use, however, should not delay
initiation of renal replacement therapy by pro-
ducing a ‘‘false’’ diuresis in cases of firmly estab-
lished dialysis-dependent renal failure.

Renal Replacement Therapy

Physiological Functions of the Kidney and
Clinical Measurement

Many renal functions are shared with other
organs (e.g., acid–base balance with the lung,
calcium regulation with the parathyroid glands,
hemoglobin control with the hemopoietic sys-
tem) and therefore can be monitored. In con-
trast, other functions are exclusive to the kidney
but not routinely measured in the critically ill.
There are only two functions routinely mea-
sured that are ‘‘unique’’ to the kidney and
which are considered clinically important: pro-
duction of urine and the excretion of water solu-
ble waste products of metabolism. Thus, despite
several existing definitions of ARF, which tend
to focus on individual factors such as biochem-
istry, pre-existing renal impairment, nephro-
toxic drugs, and pathophysiology, clinicians
have focused on the two aspects of renal func-
tion that aim to encompass all these common
elements: serum creatinine and urine output.

Assessment of Renal Function – the RIFLE
Criteria

Urine output and serum creatinine are virtually
unique to the kidney and are easily measured.
Other biochemical criteria such as raised urea,
hyperkalaemia, and acid–base disturbance are
more open to influence from extra-renal factors,
e.g., gastrointestinal, respiratory, and endocrine
disturbances. Limitations of using the serum
creatinine rather than creatinine clearance in

identifying patients with pre-existing renal dis-
ease have already been discussed, as no single
creatinine value corresponds to a given GFR in
all patients. It is, however, the change in creati-
nine that is useful in determining the presence of
ARF and determining the exact GFR is rarely
necessary for clinical purposes. Instead it is
important to determine whether renal function
is stable or changing and this can usually be
determined by monitoring serum creatinine
alone.

Urine output is far less specific for renal fail-
ure, except when severely reduced or absent;
severe ARF can exist despite normal urine out-
put – i.e., non-oliguric ARF. It can also vary
depending on factors extrinsic to the kidney,
such as post-renal tract obstruction and the use
of loop diuretics which, as mentioned above,
may convert a non-oliguric ARF to an oliguric
renal failure, at the expense of intravascular
depletion unless this possibility is recognized
and treated.

With this in mind, the RIFLE system has
formed a new consensus classification from the
second International Consensus Conference of
the Acute Dialysis Quality Initiative (Table 1-6).

RIFLE stands for Risk of renal dysfunction,
Injury to the kidney, Failure of kidney function,
Loss of kidney function, and End stage renal
disease.

This is a multilevel classification that helps
to stratify and define ARF, where patients can
fulfil the criteria through changes in serum crea-
tinine, urine output, or both. It permits the

Table 1-6. The RIFLE Classification for Acute Renal Failure [After
Bellomo et al. Acute Renal Failure – Definition, Outcome Measures,
Animal Models, Fluid Therapy and Information Technology Needs:
the Second International Consensus Conference of the Acute Dialysis
Quality Initiative (ADQI) Group. Crit Care. 2004;8:R202–12]

GFR Criteria
Urine output
criteria

Risk Increased creatinine� 1.5 from
baseline

25% reduction in GFR

<0.5 ml/kg/h
over 6 h

Injury Increased creatinine � 2 from
baseline

50% reduction in GFR

<0.5 ml/kg/h
over 12 h

Failure Increased creatinine � 3 from
baseline

75% reduction in GFR

<0.3 ml/kg/h
over 24 h

Loss Persistent ARF. Complete loss of kidney function for>4
weeks

ESRD End-stage kidney stage (> 3 months)
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incorporation of a wide spectrum of disease that
is readily applicable across a wide patient group.

Indications for Renal Replacement Therapy

Common renal and non-renal indications for
renal replacement therapy (RRT) after artificial
organ implantation are listed in Table 1-7. In the
setting of oliguria, fluid overload, deranged elec-
trolytes and acidaemia RRT simplifies fluid and
nutritional management and its early use may
improve outcome.

However, establishing an extracorporeal circuit
is not without risks (bleeding, hypotension,
hypothermia, inflammatory response, line infec-
tions); in addition, it should not be regarded sim-
ply as replacement of all kidney functions. Indeed,
other than removal of metabolic waste products,
hydrogen ions, fluid balance, and other functions
of the kidney are not replaced. ARF requiring RRT
in intensive care patients carries a mortality of
40–70% compared with around 10% in similar
critically ill patients not requiring RRT. This
increased mortality is in fact due to non-renal
causes such as bleeding, sepsis, and respiratory
failure, suggesting that normal kidney function
has additional systemic effects that are not
replaced by RRT, the pathological consequences
of which are shown in Table 1-8. Thus, ARF carries

an independent risk of death, and patients may be
dying ‘‘of ’’ renal failure rather than ‘‘with’’ renal
failure. The kidney is thought to play a crucial role
in inflammation and the evolution of distal organ
injury particularly in the context of postoperative
sepsis and multi-organ dysfunction (Table 1-9).

Hence if ARF develops, a vicious cycle of
cytokine release, dysfunction of distal organs,
failure of urinary cytokine clearance, and further
distal organ dysfunction ensues. As mentioned,
often there exists a window of opportunity
between the potentially reversible pre-renal
phase and fully established ATN. In those
patients at risk of developing ARF either pre-
operatively or postoperatively, preventative
measures should be initiated early to avoid pro-
gression of renal dysfunction and its associated
poor outcome.

Taking into account the hazards and prog-
nostic implications of RRT, and the possible
benefits of its early commencement, there is
still no agreed consensus for the optimal point
at which to commence filtration. It is hoped,
however, that application of the RIFLE criteria
may in future aid to the development of specific
guidelines.

Introduction to Renal Replacement Therapy

Renal replacement therapy (RRT) describes a
broad spectrum of treatments that ultimately
aims to take over fluid control, acid–base bal-
ance, and metabolic waste product removal.
Treatments involve establishing an extracorpor-
eal circuit via an artery or vein, directing blood
flow through a filtration system that removes
waste solutes, water and other molecules before
being fed back to the patient. This filtration

Table 1-7. Indications for Continuous Renal Replacement Therapy

Renal Possible non-renal

Uremia Sepsis
Hyperkalemia Multiple organ dysfunction syndrome
Metabolic acidosis Pulmonary edema
Fluid overload Raised intracranial pressure

Temperature control

Table 1-8. The Pathological Consequences of Acute Renal Failure

Cardiovascular Hyperdynamic circulation, cardiomyopathy,
pericarditis

Pulmonary Pulmonary edema, alveolitis, pneumonia,
pulmonary hemorrhage

Gastrointestinal Motility impairment, erosions, ulcerations,
hemorrhage, pancreatitis, colitis

Neuromuscular Neuropathy, myopathy, encephalopathy
Immunological Impaired humoral and cellular immunity
Hematological Anemia, thrombocytopenia, bleeding diathesis
Metabolic Insulin resistance, hyperlipidemia, increased

protein catabolism, depletion of antioxidants

Table 1-9. Pathophysiological and Immunological Effects of Acute
Renal Failure, and Renal Replacement Therapy

The injured kidney: a pro-inflammatory mediator
• Increased release/impaired catabolism and elimination of

cytokines
• Activation of immunocompetent cells
• Release of factors promoting distal organ injury
Factors mediated by renal replacement therapies
• Hemodynamic factors
• Loss of nutrients (amino acids/antioxidants)
• Induction of an inflammatory reaction
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system may be driven by a pressure gradient
(hemofiltration) or by a concentration gradient
(hemodialysis).

Vascular Access

Most current RRT is veno-venous via a large bore
double lumen central venous cannula, with blood
flow through the circuit achieved by a peristaltic
roller pump. Insertion sites are largely deter-
mined by the presence of other central venous
catheters already in situ. Subclavian lines have
had stenosis rates quoted of up to 90%, which is
potentially problematic if formation of an arterio-
venous fistula is being considered for long-term
renal replacement. The internal jugular permits
greater patient mobility but is associated with
greater immediate complications. The femoral
route is useful for short-term renal replacement
but is associated with increased rate of infections.

Anticoagulation

All patients requiring renal replacement therapy
need suitable anticoagulation unless there is
significant coagulopathy or thrombocytopenia.
This is usually in the form of unfractionated
heparin, delivered via the extracorporeal circuit
rather than systemically to the patient, and is
administered upstream of the filter. Prostacyclin
is useful in cases of heparin-induced thrombo-
cytopenia and other agents employed include
low molecular weight heparin, sodium citrate,
and nafamostat mesilate.

Adverse Effects of RRT

The most common complications of RRT are
related to the extracorporeal circuit, vascular
access, and the consequences of filtration.
These are summarized in Table 1-10.

Principle of Hemofiltration

Ultrafiltration is the passage of fluid under
pressure across a semi-permeable membrane
where solutes are carried along with the fluid
by solvent drag (convection). Synthetic bio-
compatible membranes are made of polyacry-
lonitrile, polysulfone, polyamide, or cellulose
triacetate. These cause minimal complement or
leucocyte activation. Fluid balance is maintained
by the simultaneous re-infusion of a sterile crys-
talloid replacement fluid containing essential
plasma electrolytes. Replacement fluid can be
administered before the filter (pre-dilution) or,
more usually, after the filter (post-dilution). Pre-
dilution may be useful when high filtration rates
are required (10 l/day) or when filter clotting is a
problem as it reduces blood viscosity and subse-
quent clotting in the circuit. However, it may
decrease the efficiency of the system as the
blood being filtered contains a lower concentra-
tion of metabolic waste products.

Hemofiltration is very effective in the removal
of fluid and middle-sized molecules. The latter
has been suggested as an advantageous feature in
the treatment of sepsis, as most of the pro-inflam-
matory cytokines may be theoretically removed
by this technique.

Dialysis is the removal of solutes by diffusion
across a semi-permeable membrane down a con-
centration gradient. The dialysate fluid is of low
osmolaltity, and blood and dialysate fluid are
circulated in a ‘‘counter-current’’ fashion. How-
ever, unlike hemofiltration, no replacement
fluid is re-infused. Treatment is intermittent,
with large volumes of fluid being dialyzed
in a period of a few hours. Blood flow is
usually 150–300 ml/min, with dialysis flows at
1000–2000 ml/h.

Continuous Venovenous Hemodiafiltration
(CVVHDF)

This is the most popular mode in the ICU and
provides solute removal by diffusion and con-
vection simultaneously. It offers high-volume
ultrafiltration using replacement fluid, with
additional dialysate fluid being passed through
the hemofilter in a counter-current fashion to
blood flow. This improves the efficiency and
solute clearance rate, removing both small and
middle molecules.

Table 1-10. The Common Complications of RRT

Extracorporeal
circuit

Hypothermia, complement activation,
hypotension, anemia

Vascular access Air embolism, clotting and hemorrhage,
infection

Consequences of
filtration

Electrolyte loss (# Na+, #Ca2+#Mg2+#K+),
arrhythmias, hypovolaemia, metabolic
alkalosis, removal of therapeutic drugs
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Optimal Treatment Modalities for RRT

Continuous renal replacement therapy constitu-
tes a diverse range of treatments offering various
ways of providing RRT that may influence effi-
cacy and safety. These can be separated into
intermittent or continuous modalities.

Intermittent hemodialysis, although widely
used in the United States, generates huge osmo-
tic changes, fluid shifts, and consequent hypo-
tension – often to the detriment of renal blood
flow, potentially worsening renal ischemia. To
compensate, an increase in vasopressor and
fluid administration may be required, and the
latter can result in greater fluid accumulation
than before treatment.

Most physicians intuitively adopt continuous
haemofiltration which causes less intravascular
volume changes as time is allowed for fluid to
re-equilibrate between body compartments. This
is likely to be relevant in the postoperative trans-
plant patient, in particular those with vasodilatory
shock and capillary leak where sudden, large
volume fluid movement between compart-
ments can create life-threatening haemody-
namic changes (e.g., sepsis, acute pancreatitis,
and hepatic failure). There is, however, limited
evidence of the perceived superiority of contin-
uous versus intermittent techniques. It is likely
that, in the absence of haemodynamic instabil-
ity, the two modalities are probably equivalent.

Extracorporeal Inflammatory Mediator
Removal

One perceived advantage of haemofiltration in
the critically ill is clearance of middle-sized
molecules within the range of the various pro-
inflammatory cytokines involved in sepsis and
the systemic inflammatory response syndrome,
not uncommonly seen in postoperative trans-
plant and artificial organ implantation patients.

This theory, however, rests heavily on the
assumption that cytokines can be effectively
cleared and that the non-specific removal of
such mediators is actually beneficial to the
patients. Despite numerous studies, there is lim-
ited evidence to support this. Some cytokines
are removed by haemofilters –albeit in small
amounts – largely through adsorption, but the
efficiency of this process wanes rapidly, early on
in the filter’s life span. Given the high turnover
of endogenous inflammatory mediators and

required high filtration rates to make mediator
removal significant, its efficacy is questionable.
Nevertheless the theory of middle molecule
clearance carries significant weight in the treat-
ment of sepsis and ARF and may have a role to
play in the future.

Optimal Dose of Haemofiltration

Higher treatment doses of RRT have been asso-
ciated with improved survival. In particular cri-
tically ill patients with acute renal failure had
better outcome at 15 days post-RRT when trea-
ted with filtration rates of 35 ml/kg/h when
compared with 20 ml/kg/h. Interestingly, a simi-
lar study looking at early initiation of high
volume haemofiltration (HVHF), compared
with the lower dose found no significant differ-
ence in mortality. Preliminary experience of
early initiation of RRT and HVHF is promising,
but prospective randomized comparisons
between different timing of RRT seem warranted
before one can definitively be recommended
over the other.

Choice of Anticoagulation

In the absence of coagulopathy, unfractionated
heparin given either intravenously or adminis-
tered via the extracorporeal circuit is the most
common choice of anticoagulation. Only citrate
has been shown to be more effective than heparin
in terms of filter life and bleeding complications,
with some studies showing low molecular weight
heparins being associated with an increased risk
of hemorrhage, whereas others demonstrate its
safe use and longer filter life span.

Table 1-11. Current Best Practice Guidelines of Renal Replacement
Therapy in Critical Care

Mode of RRT CVVHDF/CVVHD
Onset (early/late) Early
Type of membrane

(synthetic/
traditional)

Synthetic biocompatible membranes
(polyacrylonitrile, polysulfone,
polyamide)

Dose of filtration (35/
20 ml/kg/h)

�35 ml/kg/h

Anticoagulation Unfractionated heparin or sodium
citrate

Vascular Access Internal jugular or *femoral
*short-term use only
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Current Best Practice Guidelines

In summary, there are many modes, treatments,
and doses of renal replacement therapy avail-
able. Although current evidence is limited,
there are still certain aspects that show more
promising preliminary outcomes than others.
However, the diversity of worldwide RRT prac-
tice is not aligned with best evidence throughout
the many different centers, which may contri-
bute to additional morbidity/mortality
observed. The current recommended best prac-
tice guidelines are summarized in Table 1-11.
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2
Artificial Circulatory Support

John Mulholland

Abstract Extracorporeal cardiopulmonary bypass
(CPB) is the most common type of artificial
circulatory support. The evolution of cardiac sur-
gery is inextricably linked with the success of
cardiopulmonary bypass. It facilitates surgery
both on the surface and within the chambers of
the heart providing the function of the heart and
lungs, giving the blood momentum, and perform-
ing gas exchange, respectively. This allows the
heart and lungs to be isolated from the patient’s
systemic circulation. CPB was first used by
John Gibbon on the May 6, 1953, to close an
atrial septal defect in 18-year-old Cecilia Bavo-
lek. Since then improvements in technology,
management and understanding of CPB have
significantly contributed to a reduction in patient
morbidity and mortality. It has also enabled a shift
toward an older more complicated patient
population.

This chapter examines the cannulation sites
necessary for CPB, their importance, and the
options available. The in-depth description of
the extracorporeal circuit focuses on the mate-
rials used and the properties of the various
components. The non-physiological aspects of
these components are highlighted and the
importance of full patient anticoagulation for
extracorporeal support is explained. The roles
of the various associated CPB techniques are
discussed, including myocardial protection
during cross-clamping of the aorta and deep
hypothermic arrest. The chapter also gives an
insight into many of the acute and long-term
complications of CPB and finally gives back-
ground information on the support devices
allied with cardiac surgery, from intra-aortic
balloon counterpulsation to the components
of long-term extracorporeal membrane oxyge-
nation (ECMO).

History

The key events in cardiopulmonary bypass history
are summarised in Table 2-1. In 1881, Von Schro-
der developed the method of bubbling air through
venous blood thereby aerating the blood. The fol-
lowing year he introduced the first bubble oxyge-
nator. It was 4 years before Von Frey and Gruber
introduced the first film oxygenator but all of this
was without the ability to control the anticoagula-
tion of the blood. This was made possible in 1916
when McLean isolated heparin. In 1928, Dale and
Schuster working at the National Institute for
Medical research in Hampstead, England, devel-
oped a double perfusion pump intended to carry
out whole body perfusion. It did not, but was,
however, adopted by Dr. John Gibbon in his first
heart–lung machine prototype in 1931.

Gibbon from the Massachusetts General Hos-
pital in Boston conceived the idea of the heart–
lung machine for extracorporeal circulation to
remove pulmonary emboli from moribund
patients. It took him 4 years before the first
successful application of the heart–lung
machine for extracorporeal circulation – on
his cat! The cat survived but it was not until
1939 that the second generation Gibbon heart–
lung machine was revealed. It abandoned the
Dale–Schuster pumps and incorporated the
pump Dr. Michael DeBakey had invented in
1934. Strangely enough it took 10 years before
Gibbon utilized protamine to reverse the antic-
oagulation effects of sodium heparin. During his
tenure at Massachusetts General, Gibbon met
Thomas Watson, chairman of International
Business Machines (IBM) Corporation. Watson,
who was fascinated by Gibbon’s research, pro-
mised to help and by 1949 IBM developed
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the Gibbon Model 1 heart–lung machine. It con-
sisted of DeBakey Pumps and film oxygenator.
For all Gibbons research in the area it was actu-
ally Dr. Clarence Dennis who performed the first
human open heart surgery cases involving extra-
corporeal circulation in 1951. The patient did
not survive and on June 19 the same year IBM
delivered the Gibbon Model 2 heart–lung to
Jefferson Medical College Hospital Philadelphia.
It was not until 1953 when Dr. Frank F Allbritten
designed the left ventricular vent to solve
intracardiac air complications that Gibbon

performed the first successful application of
extracorporeal circulation in a human. It was
on the May 6, 1953, at the Jefferson Medical
College Hospital, Philadelphia, that Gibbon suc-
cessfully used the heart–lung machine he had
conceived over 22 years previous to provide
total heart and lung support for 18-year-old
Cecilia Bavolek while he closed a hole in her atrial
septum. Since these improvements in technology
(see Figure 2-1), management and understanding
of cardiopulmonary bypass have significantly
contributed to a reduction in patient morbid-
ity and mortality. It has also enabled a shift
toward an older more complicated patient
population and opened up the possibilities
of longer-term support devices.

Open Heart Surgery

Access to the heart is achieved by median
sternotomy and a longitudinal incision in the
pericardium. Following cannulation and connec-
tion to the CPB circuit (see following sections),
blood flow to the heart is stopped by applying a
cross-clamp to the ascending aorta. While this
facilitates operation on a bloodless field it also
stops the blood supply to the myocardium (heart
muscle) a situation known as ischemia. The myo-
cardium is protected during this ischemic period
using one of the methods outlined in the section
on myocardial protection. The required cardiac
operation can now be performed.1

Coronary Artery Bypass Grafting (CABG)

This involves the use of a suitable conduit to
bypass a blockage or multiple blockages in the
coronary arteries (see Figure 2-2). The conduit

Table 2-1. Key Events in Cardiopulmonary Bypass History

1628 William Harvey, St. Bartholomew’s Hospital, London, presents his theory of the circulatory system. Describes the function of the heart,
arteries, and veins. Considered to be one of the greatest advances in medicine

1881 Von Schroder developed the method of bubbling air through venous blood thereby aerating the blood
1916 McLean isolated heparin making controlled anticoagulation possible
1931 Dr. John H. Gibbon, Jr., Massachusetts General Hospital, Boston, conceives the idea of the heart–lung machine for extracorporeal

circulation
1935 May 10, Dr. John H. Gibbon, Jr., first successful application of the heart–lung machine for extracorporeal circulation in an animal (cat)
1949 Dr. John H. Gibbon, Jr. uses protamine to reverse the anticoagulation effects of sodium heparin
1953 Dr. John H. Gibbon, Jr., Jefferson Medical College Hospital, Philadelphia. First successful application of extracorporeal circulation in a

human, an 18-year-old female with an atrial septal defect

Figure 2-1. Evolution of cardiopulmonary bypass.
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re-establishes a full blood supply to the area of
the myocardium previously compromised by
the blockage.

Conduits

• The internal thoracic artery – considered to be
the most successful conduit in terms of long-
term patency and freedom from adverse car-
diac events. It is dissected from the underside
of the chest wall and has its own blood supply.

• The long saphenous vein – this is the most
commonly used conduit and is harvested
from the medial aspect of the lower limb.
Once harvested, side branches are ligated
and the vein is used ensuring correct orienta-
tion with regards to valves in the vein and the
intended blood flow of the bypass graft.

• The radial artery – this is a free arterial graft
that is harvested from the non-dominant

upper limb. Its use and patency rates have
increased over the last decade.

• The short saphenous vein – usually used if the
above conduits are not available but the
patency rates are not as good.

• Others – other conduits that have been used
over the years include the gastroepiploic and
inferior epigastric arteries, bovine mammary
arteries, and synthetic conduits. All have rela-
tively poor patency rates.

Once the cross-clamp is in place a suitable
point in the coronary artery (post blockage) is
identified and the distal anastomosis is per-
formed. A longitudinal incision is made in the
artery and the anastomosis is made with a single
continuous polypropylene suture. Once all of
the distal anastomosis are finished the cross-
clamp is removed and the top end of the conduit
is attached to the aorta using a partial clamp
therefore completing the bypass graft.1

Saphenous Vein

 Blockage

Left Internal 
Mammary Artery

Figure 2-2. Schematic of the Coron-
ary Artery Bypass Operation (CABG).
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Valve Operations

Once the cross-clamp is in place the relevant
chamber of the heart is opened to provide access
to the valve. If the valve cannot be repaired
(commonly only certain problems with the
mitral valve are repaired), the native valve is
removed leaving a clean, defined muscular
valve annulus. The prosthetic valve is then
fixed in position using sutures that pass through
both the muscular annulus and the prosthetic
valve sewing ring. Vents are used to keep the
operating field (heart chambers) bloodless
and the heart must be de-aired before the cham-
ber is closed and the cross-clamp is removed.
A schematic of the aortic valve replacement
operation is shown in Figure 2-3

Other Cardiac Operations

These include closure of holes in the heart,
removal of growths or debris in the heart cham-
bers, and replacement/repair of the aorta. While
the operative technique varies the basics of the
operation remain the same.

Cannulation for Cardiopulmonary Bypass

Once the patient is anesthetized, the chest is
opened via medium sternotomy and the pericar-
dium is lifted to make the heart accessible for
cannulation. The objective of cannulation is to
facilitate the removal and subsequent return of
the patient’s entire circulating blood volume,
this process will be repeated approximately
every 30 s. On the arterial side, the preferred
cannulation sites are the aorta, the femoral
artery, and sometimes the auxiliary artery.

Isolated right atrial cannulation can be achieved
using a wire basket known as a Ross Basket. A two-
stage venous cannulae is thought to give better
drainage as its tip sits in the inferior vena cava
while a second set of holes are positioned in the
right atrium. Bi-caval cannulation is used when
access to the chambers on the right side of the
heart is required. This involves separate cannulae
fused to one pipe via a y-connector. The femoral
vein is another right-sided cannulation option.

Good cannulation on the arterial side can
reduce pressure drops and therefore blood
damage, as well as damage to the aorta. On the
venous side, good cannulation ensures an empty

Open Aorta

Aortic Valve
Annulus

Left Ventricle

Artificial Heart Valve

Figure 2-3. Schematic of an Aortic Valve Replacement (AVR).
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heart, which is easier to operate on and reduces
the hemodilution caused by fluid addition to
maintain a circulating volume.

The ideal cannulae possess a good balance
between the lowest possible pressure drop (see
Figure 2-4) and a small cross sectional area. A
small cross-sectional area, known as the French
size, means that smaller holes are required to
insert the cannula and that they are less intrusive
in the operating field. A low-pressure drop on the

arterial side means that higher blood flow rates
(artificial cardiac output) can be achieved redu-
cing the risk of blood damage. On the venous side,
a low pressure drop will increase the capacity to
remove blood from the patient. One of the key
design criteria for cannulae is a thin wall. The
thinner the wall, the greater the inner diameter
and lower the pressure drop to French size ratio.
How thin the wall can be is limited by the require-
ment for structural strength. Figure 2-5 shows how

Two stage venous cannula Dispersion tip arterial cannula

Figure 2-4. Pressure loss vs. flow, for example, high tech venous and arterial cannulae.

Figure 2-5. The influence of pressure
drop on wall thickness.
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the wall thickness can effect the pressure drop in
two cannulae of the same french size (24fr).

Once cannulation is completed the perfusion
team now has access for the removal and supply
of blood, the patient can be connected to the
CPB circuit. Once the patient’s heart and lung
support is being provided by the artificial cir-
cuit, ventilation of the patient can be stopped.

Summary of the Short-Term CPB Circuit

Figure 2-6 shows the basic components of the
CPB circuit. Venous blood drains via gravity
from the right atrium through a 0.5 in. polyvi-
nyl chloride (PVC) pipe into the venous reser-
voir (1,1a). The venous reservoir serves two
purposes, the first of which is to filter the
blood. This is done in the central column of
the reservoir and consists of a porous plastic
foam and a polypropylene woven screen (1b).

The porous foam presents the blood with a tor-
turous fluid path, removing particulate emboli.
The woven polypropylene sheet is designed to
remove gaseous microemboli. The combination
of the two provides filtration to 40 microns. The
second role of the venous reservoir is to act as a
capacitance chamber to manage the acute
volume shifts experienced during CPB as a result
of heart manipulation, shunts, hypothermia and
drugs.

The filtered venous blood is then drawn from
the reservoir (1c) and pumped toward the heat
exchanger and oxygenator block (3). The two
types of arterial pump commonly used are a
partially occlusive peristaltic roller pump (2a) or
a non-occlusive constrained vortex centrifugal
pump (2b). The arterial pump is essentially an
analogue of the ventricles, providing the blood
with momentum. The cardiac output supplied
by this pump is calculated using the patients sur-
face area multiplied by a cardiac index ranging

1

1a

1c

1b

2a

4

3a

3

2b

3b

Figure 2-6. Short-term cardiopul-
monary bypass circuit.
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from 1.8 to 2.4 L/min/m2, 2depending on patient
temperature. Blood then passes to heat exchanger
(3) passing over concertinated plastic-coated
aluminium or polypropylene membrane. This
membrane separates the blood from tempera-
ture-controlled water (controlled by separate
heater chiller unit) on the other side (3a). This
enables control of the blood temperature and
therefore patient temperature. Blood then passes
to the oxygenator or gas exchange device (3). This
consists of a porous polypropylene membrane
arranged in hollow fibers (3b). The tiny holes in
the membrane create a virtual blood gas interface
but do not allow the passage of fluid. This phe-
nomenon combined with a large surface area
(similar concept to the lungs) ensures the effi-
cient addition of oxygen and removal of carbon
dioxide. The last component of a standard CPB
circuit prior to the aorta is a 40-micron arterial
line screen filter (4). This may remove further
microemboli and definitely acts as a gross air
bubble trap, reducing the risk of patient mortality
or morbidity from this source. As with many of
the components in the CPB circuit the flow path
through this device is from top to bottom, a key
characteristic for trapping air.

A Pump to Substitute for the Heart

To successfully substitute for the heart, a pump
must meet a number of criteria. It must be cap-
able of delivering up to 7 L/min, be sterile, have a
low prime volume and be gentle on the blood’s
components. Furthermore, it must be affordable
and utterly reliable.

The fluid dynamics of blood is complicated
by its non-Newtonian character: its viscosity
varies with its velocity. Red blood cells change
shape becoming more elongated as their velocity
increase becoming less viscous. Other notable
factors affecting viscosity are temperature –
cooled blood is more viscous; and hematocrit –
viscosity falls when the concentration of red
blood cells falls.

Within the pump, and also throughout the
circuit, areas of extreme pressure must be engi-
neered out. Flow of fluid that becomes turbulent
produce shear stresses that damage cells, and
areas of negative pressure have the ability to
drag gas out of solution and thus entrain gas
into blood.

The arguments about the advantages of deli-
vering a pulsatile flow are unresolved; Taylor

(1989) links improved cerebral perfusion with
the delivery of pulsatile flow in prolonged CPB,
however, advantages have been difficult to prove
and the technique is rarely employed during
CPB. The gaining success of pumps providing
long-term support is forcing the issue back on to
the agenda.

For surgery either a roller pump or the cen-
trifugal pump is utilized to deliver flow during
CPB. Outside of the surgery support may also be
needed for significantly longer periods of time
and other forms of pump might be employed.
The longer-term pumps are less frequently used
and expensive, with differing cost to benefit
ratios.

The Roller Pump

The roller pump (shown in Figure 2-7) is an
occlusive, positive displacement pump with a
peristaltic action. It delivers a fixed quantity of
fluid with each revolution of the rollers in the
raceway. The consoles give relatively little flex-
ibility in positioning and the tubing inevitably

Figure 2-7. The roller pump (peristaltic pump).
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suffers from spallation, tubing wear due to the
motion of the pumps rollers, shortening the
length of their clinical application. Tubing is
either PVC or silicone. The roller pump is
used for the majority of extracorporeal support
internationally being both cheap and highly
reliable.

The Centrifugal Pump

Figure 2-8 shows the centrifugal pump (or con-
strained vortex pump) which is characterized by
fluid entering along the axis of its impeller and
then emitting in a direction radial (or tangential)
to the impellers axis. It is a kinetic pump that
adds energy by fluid accelerating past the rotating
impeller. It is both pre- and post-load dependent
giving it sensitivity to the fluctuating resistance of
the patient’s vasculature.

The early suggestions that centrifugal pumps
reduce heparin consumption and reduce blood
damage have not been realized but it is accepted
that it will not pump gross air as readily as the
roller pump, which is an important safety feature.
This is explained by equation F¼mr2, where ‘F’
is the force, ‘m’ is the mass and ‘r’ is the radius; air
has no mass and therefore will receive no force or
momentum in a centrifugal pump.

A magnetic coupling between the impeller
and the drive unit provides sterility and a

disposable pump head. The centrifugal pump
requires little fluid to prime and can be posi-
tioned without compromise, allowing the possi-
bility of a shortened circuit. Their Achilles heel
is cost: the disposable kit for a roller pump is a
length of tubing, whereas for a centrifugal pump
it is a relatively sophisticated pump head.

A new generation of centrifugal pumps have
entered clinical practice, devoid of bearings and
seals. A magnetic field is utilized not only to
couple the impeller and the drive unit but also
to levitate the impellers within the pump head.
Their impressive longevity has earned them pro-
longed licenses for clinical use.

Replicating the Lungs

The need to not only pump blood but also per-
form gas exchange in the process brought many
challenges. The act of oxygenation and carbon
dioxide removal left the blood further damaged
and containing multiple gaseous microemboli.
The breakthrough of membrane oxygenators
resolved a number of the issues generated by the
direct gas interface oxygenators. The American
Association of Medical Implants (AAMI) sets a
minimum time of 8 hours for an oxygenator to
perform on bypass, a target achieved by micro-
porous membranes. For prolonged support, true
membranes are better suited.

Direct Gas Interface Oxygenators

The direct gas interface oxygenators include
screen, rotating disc, and bubble oxygenators
all of which have the gas (an oxygen/air mix) in
direct contact with the fluid (venous blood). The
screen oxygenator shown in Figure 2-9 had 365
working parts and provided oxygen by trickling
blood over many vertical sheets. The disc oxyge-
nator shown in Figure 2-10 used discs rotating in
a trough of the patient’s blood to expose a thin
layer of blood to atmospheric oxygen. Bubble
oxygenators, a technique first introduced in
1882 by Von Shroder are now rarely, if ever,
used in hospitals in Europe and North America.
Oxygen bubbles of 3–4 mm in diameter are
bubbled through the blood, creating the blood-
oxygen interface. To remove these bubbles, the
blood is then passed through a de-foaming
chamber, a bubble trap, and a filter.Figure 2-8. Centrifugal pump (constrained vortex).
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These suffer from three weaknesses: first, the
considerable quantity of microbubbles remain-
ing in the blood postoxygenation; second, the
limited amount of gas exchange; and third, the
extensive blood–air interface.

Membrane Oxygenators

Microporous Membranes

The widely used hollow fiber microporous oxy-
genators (Figure 2-11) were first mass produced
in the early 1980s. The membrane is created by
being drawn longitudinally, with the pores being
produced by inducing small ruptures in the tube
wall. This makes for a net-like structure with
alternating unexpanded regions and small
pores.

Sheaves of microporous polypropylene
fibers, with diameters between 100 and 200 mm,
connect to an inlet and outlet within a cylindri-
cal housing. The gas passes inside the fibers and
the blood around the outside. Laminar flow pro-
duces a boundary effect that limits the percen-
tage of red blood cells exposed to the membrane.
To counter this non-laminar flow is encouraged
by manipulating the flow paths through the
oxygenator.

Like the lungs the membrane oxygenator pre-
sents the blood with a large surface area in order
to increase efficiency (commonly between 1.8
and 2.4 m2). This has resulted in very efficient
gas exchange, probably over efficient and there-
fore future design should move toward reducing
the non-physiological surface area of this com-
ponents and the associated problems.

Seepage through the membrane’s micropores
is halted primarily due to hydrophilic nature of
the polypropylene membrane. Second the blood,
on contact with the membrane, deposits a coat-
ing of proteins and platelets on the membrane

Figure 2-9. Screen oxygenator with 365 working parts.

Figure 2-10. Disc oxygenator with a
3-day turn around.
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surface inhibiting plasma loss and third the sur-
face tension of the blood counters seepage.

True Membranes

A pure membrane consists of silicone rubber
sheets coiled in a cylindrical fashion. The sili-
cone is non-porous making for a complete bar-
rier between gas and blood. There is a greatly
reduced risk of fluid seeping to the gas side or
conversely gas being entrained into the blood.
Though a pure membrane benefits from non-
plasma leakage it also stops large molecules
from diffusing through the membrane. This
can stop the anesthetic gas isoflourane from
entering the blood supply. The membranes are
expensive to manufacture and high volume of
prime is required. However, its longevity makes
it an ideal membrane for long-term support,

known as extracorporeal membrane oxygena-
tion, discussed later.

Heat Exchangers

Like the oxygenator, the increase in surface area
increases efficiency. For this reason most heat
exchangers are concertinated. Common materi-
als are stainless steel, aluminum (both of which
can be plastic coated), or polypropolene. Water
is pumped at a controlled temperature around
10 L/min on one side of this heat exchanger
membrane and this dictates the temperature of
the blood on the other side of the membrane and
therefore patient temperature. As mentioned
earlier many patients are cooled at the start of
CPB (sometimes as low as 128C for major aortic
work) and then rewarmed to normothermia
(37–37.58C). Arterial blood temperature should
never exceed 37.58C and the gradient between
the water and the blood temperature should not
exceed 108C. This reduces the risk of cerebral
injury, enzyme, and protein breakdown from
this source.

Arterial Line Filters

The arterial line filter is the last filtration point on
the CPB circuit before the blood is returned to the
patient. It is designed to remove any microemboli
above 40 mm (the most common ALF size). While
this level of filtration has already occurred in the
filters of the venous reservoir, the ALF will catch
any microemboli (gaseous or particulate) gener-
ated from that point onward. This filtration is
important because the diameters of the vessels
in the patient’s arterial network progressively
decrease in size distally to the heart. As large
bubble travel down this network, it will break
into smaller bubbles that possess a greater surface
tension. There is a critical point when the bubble
size has decreased to a point where the surface
tension becomes greater than the force that can
be applied on it by the pressure of blood. It now
acts as a plug and is treated as a foreign body,
instigating an inflammatory response. Conse-
quently the tissue downstream of the blockage
becomes ischemic and eventually cell death
occurs. If this occurs in the brain neurological,
impairment is the result (see complications). Fil-
ter size should not venture much smaller than 40

Figure 2-11. Microporous membrane oxygenator (positioned under
venous reservoir system).
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mm due to concerns of filtering out and becoming
blocked with blood components.3

Protecting the Myocardium

The ideal cardiac operating field is a blood free,
stationary heart. This is achieved by positioning
a large cross-clamp on the aorta above the cor-
onary arteries and before the aortic cannula
from the CPB circuit. This stops blood flow in
the coronary arteries and therefore the myocar-
dium must be protected. The two principle
forms of myocardial protection are cross-
clamp fibrillation and cardioplegia.

Cross-Clamp Fibrillation

Cross-clamp fibrillation involves passing a
current into the heart to induce controlled
ventricular fibrillation. The fibrillating or ‘nearly
still’ heart can then be operated on. Additional
myocardial protection is provided by the sys-
temic cooling of the patient to 328C, reducing
the metabolic demands of the myocardium. This
technique only allows the blood supply to the
heart to be stopped for up to 15 min and is there-
fore only suitable for CABG operations. While
gradual revascularization and ischemic precondi-
tioning are advantageous, the drawbacks are mul-
tiple, potentailly damaging applications of the
cross-clamp to the aorta.

Cardioplegia

Cardioplegia involves infusing a hyperkalemic
solution into the isolated coronary system caus-
ing diastolic arrest. The ‘completely still’ heart
has therefore a very small metabolic require-
ment. Cardioplegia is given as one large initial
dose and subsequent maintenance doses. This
can prolong the cross-clamp or ischemic time
for longer than 1 hour if required. The hyperka-
lemic solution can be given mixed with the
patient’s own blood or as a crystalloid solution
and either warm or cold.

Whole Body Hypothermia

This technique is actually whole body protection
(all organs) rather than just myocardial protection.

It is mainly used for major aortic work and
involves the patient being cooled as low as 128C.
At this temperature, the patient’s metabolic rate is
extremely low and the patient can be drained of all
their circulating blood to give the ideal blood free-
operating field. Surgery can then be performed on
the head and neck vessels and around the arch of
the aorta. It is widely accepted that at this tem-
perature circulatory arrest is possible for 20 min
without having to use any isolated organ perfusion
(e.g., cerebral, visceral).4

Monitoring During CPB

Venous Reservoir Level

The volume of blood in the venous reservoir is
influenced by two variables: the inlet flowrate of
blood from the right atrium via the venous line
and the outlet flowrate of the CPB pump (roller
or centrifugal). The later is relatively constant
and controlled by the perfusionist, while the
inlet flowrate is dictated by the patient’s sys-
temic vascular resistance, the position of the
heart, surgical, and anesthetic intervention. To
maintain a level in the venous reservoir the two
variables must be the same, the responsibility of
the perfusionist. If this does not happen the reser-
voir level will either increase (not immediately
dangerous) or drop, a situation resulting in air
entrainment into the CPB circuit. For an average
patient, a reservoir level of 400 ml could disap-
pear in just over 4 s with gross air entering the
patient 12 s later. The issue surrounding gross air
embolism cannot be overstated.

Activated Clotting Time

The importance of ensuring anticoagulation
cannot be understated. There are many emer-
gency situations that arise during CPB that the
cardiac team can overcome. A patient’s blood
clotting during CPB is not a recoverable situa-
tion. Full anticoagulation is required to prevent
clotted blood blocking the CPB circuit. Heparin
is an anticoagulant that is ideal for this pur-
pose: it has an affect that is easily measurable
by activated clotted time (ACT), well tolerated,
is relatively cheap and is easily reversible with
protamine. Heparin binds to anti-thrombin III;
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300-units/kg body weight is given at the anes-
thetic end as well as some in the CPB circuit
prime. The level of anticoagulation is measured
using an activated clotting time. This measures
the time to clot formation of a known quantity
of blood accelerated by a known amount of
activator (kaolin and/or celite). The ACT-
monitoring equipment shown in Figure 2-12
uses a cuvette system (which reduces user
variability) to provide an accelerated real-time
activated clotting result. Having an early real-
time result is especially important to confirm
adequate anticoagulation in an emergency
situation. The threshold level for satisfactory
anticoagulation varies from unit to unit but
three times the patient’s baseline ACT is an
accepted minimum. The ACT is monitoring
prior to heparin, post-heparin (pre-bypass), at
least every 30 min during CPB and finally fol-
lowing. As well as avoiding a lack of anticoa-
gulation, ensuring good anticoagulation will
help protect the patients clotting factors and
reduce the risk of small cell aggregates forming
which can potentially block smaller capillaries.
Once the patient has been disconnected from
the CPB circuit that heparin is reversed using
protamine. Protamine should be administered
slowly as it has a number of adverse effects,
including anaphylaxis, vasodilatation, pulmon-
ary hypotension, and complement activation.5

Arterial Pump Flow

Arterial pump flow or cardiac output during
CPB must be maintained between a range that
ensures the patients metabolic demands at met

without increasing blood damage and microem-
boli delivery. Extracorporeal support facilitates a
very acute control over the patients cardiac out-
put. The patients cardiac output (and therefore
blood pressure) can be reduced to almost zero
for short periods of time. Prolonged under-
perfusion can result in organ damage, for
example, the kidneys, the liver, the gut, and the
brain. As a guide the patients target cardiac
output is calculated using the body surface
area multiplied by a cardiac index of 2.4
L/min/m2. This cardiac index can be reduced
as the patient’s temperature and therefore meta-
bolic demand is reduced. The monitoring and
decisions with regards to pump flow are intrin-
sically linked to arterial pressure and circulating
blood volume. Most pumps used in cardiac cen-
ters worldwide deliver continuous not pulsatile
flow.

Gas Flows in Flowmeter

Like pump flow, gas exchange, principally the
oxygen and carbon dioxide levels of the blood
must be maintained between limits. These must
ensure that patients metabolic demands are
met without exceeding the oxygen content of
the blood or removing to much carbon dioxide.
The efficiency of the gas exchange devices
makes high O2 levels (risk of cell damage and
gas coming out of solution) and low CO2 levels
(interference with cerebral auto regulation) a
real threat. These parameters are checked at
least every 15 min via a blood gas analyzer
(see Figure 2-13 showing examples of good
and poor blood chemistry). In addition, some
cardiac units have in-line blood gas monitoring
which monitors the blood chemistry every 5 s
using spectrophotometry.

Arterial Pressure

Arterial pressure or perfusion pressure is influ-
enced by both blood flow and SVR. The pump is
controlled as previously described, while the
SVR is controlled pharmacologically using
vasoconstrictors and vasodilators. A mean
pressure of 70 mmHg is widely accepted as a
target arterial pressure as the research dictates
that this pressure provides adequate perfusion
for the major organs. There is room to move
below this, specifically for the brain which

Figure 2-12. Modern ACT monitoring.
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autoregulates but not below 50 mmHg for any
length of time. A pressure above a mean of
70 mmHg can make the surgery more difficult,
especially with regards to the visualizing the oper-
ating field. There is still not a definitive answer
with regards to the effect on the organs of non-
pulsatile flow during CPB (see Figure 2-14). The
main questions surround not only organ function

but the ability to generate pulsatile flow in the
patient’s circulation and the blood damage it causes.

Venous Pressure

The central venous pressure (CVP) gives a direct
indication of the amount of blood in the heart.
This is important to ensure that we do not over-
fill the heart when we are gradually terminating
CPB and asking the heart to do its own work
again. It also provides advance warning when
blood is not draining properly from the heart
alerting the perfusionist to an impending reduc-
tion in venous reservoir level. For most cardiac
operations, the CVP will be zero or negative due
to the gravity drainage. The right atrium is not
designed to deal with negative pressures and
while this clearly upset the patient’s oncotic bal-
ance, some of the other potential non-
physiological effects are still not clearly defined.

Urine Output

Urine output is one of the key markers for kid-
ney function but also plays a role in the patient’s

Hb too low – O2 carrying capacity, 
oncotic pressure of the blood

Acidotic pH due to high CO2, low O2

and an overall deficiency in meeting 
the patient’s metabolic demands

Haematocrit (% of cells in blood) 
confirming the low Hb but also a low 
level of white cells (infection risk) and 
platelets (bleeding risk)

Low bicarbonate levels, negative base 
defecit confirming the metabolic 
deficiency and a low arterial % as a 
result of reduced O2 carrying capacity 
(Hb)

Good Blood Chemistry Poor Blood Chemistry

Figure 2-13. Labeled examples of good and poor blood chemistry during CPB.

180 mmHg 

280 mmHg

Figure 2-14. The arterial Tycos gauge showing operating thresholds.
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total fluid balance as well as influencing many
other CPB decisions. These include appropriate
fluid use, whether the patient requires higher
perfusion pressures or flows, whether pharma-
cological intervention is required, and the
potential need for an artificial hemoconcentra-
tor. Hemoconcentration provides a similar
function to dialysis but fluid removal is based
on the principle of convective solute transport
across a semipermeable membrane compared
to dialysis, where the driving force is solute
osmotic pressure. With hemoconcentration
access is more straightforward as the patient
is on extracorporeal support and therefore has
a faster filtration rate.

‘Tycos’ Pressure

The Tycos pressure is a direct measurement of
the pressure at the tip of the aortic cannula. It
provides information about the positioning of
the cannula throughout the case as well as any
obstructions (for example, aortic cross-clamp).
This area of interaction between the CPB circuit
and the patient’s aorta is extremely non-
physiological and has a knock on effect for the
fluid dynamics throughout the circulation. The
starting point during normal circulation is the
aortic valve annulus (about 21 mm in diameter)
with an axial exit flowrate of around 5 L/min
(0.24 m/s). CPB changes this starting point to a
tube (about 8 mm) angled off the aortas axis
still with a flowrate of around 5 L/min but with
a 7-fold increase blood velocity of 1.66 m/s.
While the knock on effect with regards to the
change in fluid dynamics in the organs is
unclear, the positional aspect of the cannula
must be considered. It is important to avoid
blood jetting at 1.66 m/s against the wall of the
aorta, especially a weak aorta or one heavily
calcified due to athero-sclerosis.

ECG

With the heart isolated from the circulation by
the cross-clamp the cardiac team have a very
different aim than other medical teams in terms
of target ECG, namely the maintenance of VF
(cross-clamp fibrillation) or the maintenance of
asystole. Once the cross-clamp is removed and
blood supply to the myocardium is resumed,
sinus rhythm is the goal. If sinus rhythm is not

forthcoming prior to the cessation of CPB, then
epicardial pacing wires and temporary pacing
will be used in the post-operative period. An
example each of the ECG and arterial pressure
traces during CPB is shown in Figure 2-15.

Arterial and Venous Saturations

These are monitored to ensure that the extra-
corporeal circuit is not only adding oxygen but
meeting the patient’s metabolic demands. Arter-
ial saturations above 98% and venous satura-
tions above 70% are the thresholds used.

Arterial and Venous Blood Temperature

These are monitored closely to ensure good glo-
bal cooling and rewarming of the patient with-
out exposing patients to the temperate risks
discussed in the section on heat exchangers.

CPB Safety Features

All of the monitored parameters have either
operator or mechanical safety devices. These
safety features vary from an audible alarm to
stopping the arterial pump. The mechanical
alarm are detailed below:

b)

a)

Figure 2-15. ECG and Arterial Blood Pressure on CPB: (a) x-clamp off
and (b) x-clamp on.
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• Venous reservoir level – level and/or bubble
alarm stops arterial pump (see Figure 2-16)

• Arterial pump flow – audible alarm warns of
high/low flows

• Gas flows – audible alarm

• Arterial (Tycos pressure) – pressure alarm
stops arterial pump

• Arterial and venous saturation – audible alarm

• Arterial and venous temperature – audible alarm

The operator or clinical perfusionist is the
overall safety device as well as ensuring the extra-
corporeal support is as physiological as possible.
Clinical perfusionists are trained to have a unique
blend of in-depth cardiac-specific medical knowl-
edge and advanced technical skills. Accreditation
varies across the world but always involves a bal-
ance between clinical and theoretical training.

Non-physiological Aspects
of Cardiopulmonary Bypass

It is clear that extracorporeal support exposes
both the patient and the patient’s blood to forces
and an environment not experienced in normal

physiological. It is a testament to the bodies
resilience that it can withstand such an insult.
Acute non-physiology can result in mortality
and moderate non-physiology can result in
morbidity.

• Anticoagulation

• Exposure of the blood to air

• Exposure of the blood to shear stresses

• Exposure of the blood to non-physiological
pressures

• Exposure of the aortic wall to non-physiological
pressures and shear stresses

• Exposure of the organs to non-pulsatile
perfusion

• Hemodilution

• Exposure of the right atrium to negative
pressure

• Generation of gaseous and particulate
microemboli

Complications of the Non-physiological
Aspects of Cardiopulmonary Bypass

The in-hospital mortality varies depending on
the operation, for example, CABG – 2–3%, iso-
lated valve surgery – 4.3%, and combined CABG
and valve surgery – 7.6%. Many of the non-
physiological aspects of CPB contributed to the
following post-operative problems.

Bleeding

The complex alterations of hemostasis lead to
platelet dysfunction and increased fibrinolysis.
These alterations can result in the requirement
for donor blood products like red blood cells,
platelets, and fresh plasma, all of which are
associated with risk. About 1–3% of patients
require re-exploration for persistent bleeding.

Neurological Events

As many as 75% of patients suffer subtle, rever-
sible neurological deficits post-operatively. Stroke
as a result of a macroembolism, intracerebral
hemorrhage, or thrombotic occlusion is seen in
<1% of patients below 70 years and 5% of patients
above 70 years. Cerebral complications are asso-
ciated with poor long-term outcome and increased
mortality and morbidity.6

Figure 2-16. Level sensor that uses capacitance to detect level falling
– will stop arterial pump.
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Kidney Dysfunction

Kidney or renal dysfunction is associated with
hemodilution, hypothermia, and endocrine
effects during CPB. About 1–5% of cardiac sur-
gical patients require acute renal failure and
require dialysis.7

Low Cardiac Output

This can present itself in several forms, namely
low blood pressure, bradycardia or tachycardia,
acidosis, and reduced urine output. CPB can
contribute to many of the underlying reasons
for low cardiac output, for example, inadequate
circulating volume, myocardial injury, abnor-
mal ECG, and electrolyte imbalance. It is impor-
tant that the underlying reason is identified and
the low cardiac output is avoided/reversed.8

Pulmonary Complications

Most patients suffer a mild reduction in lung
function post-operatively. Many of the non-
physiological aspects of CPB contribute to
this. The main CPB contributor to major pul-
monary dysfunction (about 2% of patients) is
the inflammatory response caused by exposure
to non-physiological surfaces and air. The
inflammatory response created by the non-
physiological surface still occurs even though
there have been advances in surface biocompat-
ibility over the last 5 years. Many of the modern
circuits have a coating on all surfaces to increase
biocompatibility. Some coatings attempt to
mimic endothelium (phosphorylcholine), while
others are coated with heparin (carmeda). Good
anticoagulation with systemic heparin offers
some protection against post-operative inflam-
matory response and associated morbidity but it
acts near the end of the clotting cascade and
therefore does not suppress the activation of the
upstream protease cascades (bleeding issues).9

ECG Complications

The most common ECG irregularity is atrial
fibrillation (reported in 25–30% of CABG patients
on the second or third post-operative day). From
the CPB point of view, this can be a result of
poor myocardial protection, magnesium, and/or

potassium imbalance. If AF persists the risk of
microemboli generation (clot) should be
reduced pharmacologically or via electro-
cardioversion.

Long-Term Circulatory Support

Patients in cardiogenic shock or who fail to wean
from bypass may require post-CPB support as a
bridge to recovery or transplant. Commonly
used circulatory support strategies are intra-
aortic balloon (IAB) counterpulsation and ven-
tricular assist devices (VAD).

IAB counterpulsation involves a catheter with
a 34 or 40 cc balloon at one end being inserted
into the descending aorta via the femoral artery.
The balloon sits just below the head and neck
vessels and above the renal arteries. It uses the
ECG as a trigger to inflate during diastole (the
period of aortic valve closure during the cardiac
cycle – dicrotic notch to the onset of the next
cycle) and deflate during systole. This not only
increases the diastolic pressure and therefore
blood supply to the myocardium during infla-
tion but also reduces the pressure the heart must
work against by deflating. IAB counterpulsation
can only provide up to 1.5 L/min of cardiac
output support. IAB placement and the influ-
ence on the cardiac cycle are shown in Figure
2-17. Figure 2-17b shows three cardiac cycles
and the influence of the IAB on both the second
and the third cycles. The first cycle is shown for
reference.

VAD technology can be applied to the left,
right, or to both sides of the heart. It is more
invasive than an IAB as relevant cannulation
sites are required to remove and return blood.
The extracorporeal circuit incorporates a centri-
fugal pump that can supply up to 6 L/min of
cardiac output support (for a period of months),
i.e., the heart does not need to contribute any of
the work itself. They are used as a bridge to
recovery or a bridge to transplant. Some of the
longer-term VAD’s use pneumatic or hydraulic
chamber technology in an attempt to provide
more physiological support. Finally extracorpor-
eal membrane oxygenation (ECMO) or extracor-
poreal carbon dioxide removal (ECO2R) incorpo-
rate a gas exchange device as well as a pump. The
success rate of these techniques is considerably
higher in pediatrics than adult surgery. The basic
principles of these circuits are the same as the
shorter-term circuits, only the materials differ
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slightly. The key to success of long-term extra-
corporeal support is not found in the technol-
ogy of the circuits, but the clinical/medical
management of the patients.
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3
The Artificial Kidney

Christopher Kirwan and Andrew Frankel

Introduction

Approximately 100 individuals, per million
population, per year, reach end-stage renal fail-
ure in the United Kingdom, with many more
who have used hemodialysis for short-term
treatment of acute renal failure or as a bridge
to renal transplantation. An increase in preva-
lence of conditions such as diabetes means that
in the future more and more people will be
diagnosed with renal failure and will require
renal replacement therapy.1

Most of the patients who receive hemodialy-
sis would die without it and owe their lives to the
artificial kidney. This chapter reviews the his-
tory of and the progression of the technology
associated with the artificial kidney and ending
with consideration of possible future technical
advances.

The Kidney

The known functions of the kidney can be sepa-
rated into four main categories: excretory, reg-
ulatory, endocrine, and metabolic (Table 3-1).
The principle role is the elimination of waste
material and the regulation of the volume and
composition of body fluid.

The endocrine and metabolic functions of the
kidney can be replacedwithmedications. Recom-
binant erythropoietin (r-epo) in combination
with iron supplementation can help to control
anemia. Calcium homeostasis is impaired
because a diseased kidney cannot perform the
second hydroxylation of vitamin D to its active
component calcitriol or 1,25 di-hydroxycholecal-
ciferol. Calcitriol can be replaced by tablets.

The challenge for physicians and engineers
was to create a system that could replace the
excretory and regulatory role of the failing
kidney.

The kidney receives approximately 25% of
cardiac output or 1300 ml of blood every min-
ute. The functioning unit of the kidney is called
a nephron. There are approximately one mil-
lion nephrons in each kidney, and each
nephron is made up of a filtering unit (the
glomerulus) and its associated tubule, which
regulates the filtrate produced from the glo-
merulus (Figure 3-1).2

Within the glomerulus, a hydrostatic pres-
sure gradient of approximately 10 mmHg pro-
vides the driving force for the ultrafiltration of
a virtually protein and fat-free fluid across the
glomerular capillary wall into the renal tubule.
The total ultrafiltration is more commonly
known as the glomerular filtration rate (GFR)
and in a healthy person this equates to the
ultrafiltration of approximately 180 L of water
a day.

The selective secretion and re-absorption of
water, essential electrolytes, glucose, and
amino acids occur as the filtrate moves along
the renal tubule. Virtually all of the potassium,
bicarbonate amino acids, and glucose are reab-
sorbed in the proximal renal tubule along with
60–80% of filtered water. Further water and
sodium chloride are reabsorbed more distally
with fine tuning of salt water balance occurring
in the distal tubule and the collecting duct
under the influence of aldosterone and anti-
diuretic hormone. This leaves approximately 2
L of urine a day. As renal failure progresses,
the GFR falls and eventually dialysis is required
to replace the excretory and regulatory
functions.
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The Artificial Kidney

In order to appreciate how the artificial kidney is
developed, it is necessary to understand the
basic components required (Table 3-2).

In this article, by concentrating on each com-
ponent individually, we can build up a picture of
how a successful artificial kidney has evolved
over the years, allowing the expansion of hemo-
dialysis into a recognized and readily available
treatment.

The Semipermeable Membrane

An understanding of osmosis, diffusion, and semi-
permeable membranes began to emerge in the
mid-1800s. There are two ways solutes can be
moved through a membrane: diffusion and con-
vection (Figure 3-2). Diffusion of solutes from a
high concentration to a low concentration even-
tually leaves an equal concentration on both sides
of the membrane. Convection pulls solution and
solutes across a membrane. Thomas Graham, a
professor of chemistry in Glasgow, first coined
the phrase dialysis in 1854 when he described the
movement of various types of solutes through a
membrane forced by osmotic pressures.3 Graham
used ox bladders for his first membranes but later
used vegetable parchment coated with albumin. A
year later Adolf Fick described two equations
which quantified that the flow ofmass by diffusion
(i.e., the flux) across a plane was proportional to
the concentration gradient of the diffusant across
that plane.4 The membrane, or plane, he used in
his studies was colloidin.4 Colloidin is syrup-like
liquid made from cellulose, nitric acid, alcohol,
and ether and when it dries it forms a porous film.

In 1913, John Abel, a renowned pharmacolo-
gist at Johns Hopkins University USA, published
an article describing hemodialysis in animals
using a semipermeable membrane made of col-
loidin.5 This was the first ‘‘Artificial Kidney’’.

Soon the first reports of dialysis in humans
appeared. George Haas a German physician,
dialyzed six patients over a colloidin membrane
between 1924 and 1925, but none of them sur-
vived.6–8 Two further patients were dialyzed
over colloidin in 1928 when Haas experimented
with heparin as an anticoagulant, but he
described the results as disappointing, citing
technical difficulties and opposition from
colleagues.9

In 1923, Heinrich Necheles tried a prepared
peritoneum (Gold-beater’s skin), often from a
sheep or an ox, as a membrane when dialyzing
uremic dogs,10 but this technique did not
progress.

It became clear that a membrane had to be
robust, easily sterilized without damage to the
material or alterations in its properties and have
a long shelf life. Colloidin performed badly in all
of these areas but conveniently an alternative
was already in use in the food and packaging
industry.

In 1839, cellulose was the name given to
the compound that ‘‘fills the cells that make
up wood’’.11 It was first purified from wood
in 1885 and subsequently cellulose acetate
was synthesized around 1895. It is thought
that as early as 1910 it was available in
sheet form under the name cellophane. Cello-
phane was used for laboratory studies of dia-
lysis in sheet form by Freda Wilson of the
University of British Columbia in 1927 and
she showed how easy it was to sterilize.12

This versatile and cheap product was already
being made into tubing for the manufacture
of sausages by the Visking Company of Chi-
cago. It was tough, did not burst under mod-
erate pressures and even in its commercial
form was relatively free of microscopic
holes. Andrus used the sausage skin in
laboratory dialysis experiments and it proved
to have excellent diffusion characteristics.13

During the 1930s, many papers (reviewed by
Fagette14) were published on the physical and
dialysis characteristics of various forms of
cellulose membranes.

In 1937, a New York hematologist, William
Thalhimer, began to use cellophane tubing 2 cm
wide and 30 cm long, in an artificial kidney
similar to the one Abel constructed, to dialyze
dogs. Along with his work into heparin, this
provided the vital realization that commercially
available cellophane could be used for in vivo
hemodialysis.15,16

Table 3-1. The Functions of the Kidney

Excretory - excretion of waste products and drugs
Regulatory - control of body fluid volume and its composition
Endocrine - production of erythropoietin, renin and

prostaglandins
Metabolic - metabolism of vitamin D
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Cellulose acetate or cellophane was univer-
sally used as the membrane in dialysis machines
up until around the 1960s. There were frequent
leaks and a number of reports of ruptured

cellophane membranes which constantly fuelled
the search for other materials. Frederick Kiil was
the first to use a new membrane called cupro-
phan. Cuprophan membranes had a greater

Figure 3-1. A diagram of the glomerulus and the nephron.
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porosity for solutes and water than other mate-
rials. Initially it was only available as flat sheets
but by 1966 there was standardized industrial
production of these dialysis membranes, and in
1969, the success had stimulated the production
of the cuprophan tubular membrane.

Concurrently, 1964 saw the production of the
next major step in the development of the artifi-
cial kidney, the hollow fiber dialyzers. Richard
Stewart began to explore themedical applications
of cellulose acetate hollow fibers.17,18 These ultra-
thin fibers were approximately 200 mm in dia-
meter and 5 mm thick. The fiber wall represented
the dialysis membrane. The artificial kidney that
he designed contained 11000 fibers18 and the
version that was used in the clinical trial in 1967
is very similar to current designs. He also demon-
strated that substances could be selectively

removed from the blood as well as excess water.
The capillary sized fibers allowed the production
of a dialyzer with a much larger surface area
for blood to membrane contact while using rela-
tively small amounts of extra corporeal blood
(Figure 3-3). This resulted in increased efficiency
of dialysis.

Hollow fiber dialyzers began a revolution in
the way dialysis was considered and offered.
The change in membrane type and size runs
parallel with the reduction in size of the sup-
port structure for the artificial kidney, develop-
ment of new polymers for the fibers, and a
clearer understanding of the physiological
effects and consequences of dialysis at a micro-
scale level.

The human glomerular basement membrane
has a higher permeability and larger ultrafiltra-
tion coefficient than the classical cellulose
membranes. In the late 1970s, the polymer poly-
sulfone was introduced as the next generation
membrane and its benefits of large sieving coef-
ficients for inulin and ß2 microglobulin were
reported a few years later along with improved
biocompatibility.19

Acetate, diacetate, Hemophan1, and Helix-
one1, as well as the original polysulfone, are just
a few of the many different polymers that are
now available for membranes in the artificial
kidney. They all work in roughly the same way

Table 3-2. Basic Components of an Artificial Kidney

• Semipermeable membrane separating blood and dialyzate
• Membrane support structure
• Blood compartment
-Anticoagulation
-Access to the blood stream

• Dialyzate compartment
-Dialyzate composition
-Water

Figure 3-2. A diagram illustrating the
difference between diffusion and
convection.
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with varying degrees of efficiency. The modern
Helixone1membrane (FreseniusMedical Care),
for example, is a polysulfone-based high flux
membrane in which the porosity of the inner
layer is finely controlled at the nanoscale by
nanotechnology. Nanotechnology is an atomic-
ally precise, functional machine system that is
developed on the scale of the nanometer (1 nm =
1/1,000,000,000 m). In more general terms it is
any technology related to features of nanometer
scale such as thin films, fine particles, chemical
synthesis, and advanced microlithography.20

The Helixone1 membrane is produced using a
nano-controlled spinning procedure, which
produces a significant effect on the structure of
the skin layer of the membrane at the nanoscale
level.20 The result is an increased number of
membrane pores where the spectrum of pore
diameters is narrowed and concentrated around
the desired values.21 This enables the increased
removal of medium sized molecules such as ß2-
microglobulin, with virtually no albumin leak at
all.22 The membranes also span a range of

surface areas from 0.7 to 1.8 m2. They can be
labeled low flux or high flux depending on
whether they are specific for the removal of ß2-
microglobulin (high flux).

Therefore the history of the artificial kidney,
from an experiment to a widely used therapy,
closely follows the development of the dialysis
membranes and the ability to manufacture them
in reproducible conditions on an industrial scale.

Membrane Support Structure

The support structure allows the membranes to
perform the functional role of dialysis between
the patients’ blood and the dialyzate. In order
to make dialysis a reality, the technology relat-
ing to the support structure for the membranes
had to progress at the same rate as the mem-
branes. In 1913, Able constructed the first dia-
lysis machine it was extremely basic and was
the basis for the machine that Haas used on
humans in 1928 (Figure 3-4).

Figure 3-3. A diagram of a capillary fiber membrane with its support structure and a photo of a membrane that has been cross sectioned.
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In 1943, William Kolff, a Dutch physician con-
structed the rotating drum dialyzer which was the
first artificial kidney to be successfully used reg-
ularly on humans.23 This device resembled a
drum barrel made of slats with open spaces
between the slats. Approximately 30–40 m of
cellulose acetate tubing was wrapped around a

small drum which was then partially immersed
into a 100 L bath of dialyzate (Figure 3-5).

The patient’s heart and own blood pressure
forced blood into the cellulose acetate tubing. As
the drum turned, it propelled the blood from one
end of the tubing to the other. This allowed the
diffusion of molecules from blood to dialyzate
and vice versa. The blood was then collected in a
glass cylinder with an open nipple at the lower
end which was connected by rubber tubing to
the patient’s venous access. By alternating low-
ering and raising the cylinder, blood was col-
lected and drained back into the patient’s vein.

The procedure required a large volume of
blood circulation outside the body during dialy-
sis and required priming with at least 2 units of
transfused blood.

Kolff gave away several of the rotating drum
kidneys to promote the concept of dialysis.
Some of the first published reports of patients
treated with this artificial kidney came from the
Royal Postgraduate Medical School at Hammer-
smith Hospital, London.24

The innovative Canadian surgeon Gordon
Murray (1894–1976) is often forgotten when

Figure 3-4. The first artificial kidney used on humans developed by Haas in 1928.

Figure 3-5. A picture of the rotating drum dialyzer invented by Kolff.
(Cannot find copyright owner.)
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discussing the history of dialysis. He is credited
with having performed the first successful hemo-
dialysis in humans in North America but neither
he nor Kolff were aware of each other’s work
during the mid-1940s when wartime hampered
communication. Murray’s extensive investiga-
tions and experience in the use of heparin in
vascular surgery laid the groundwork for the
use of this anticoagulant with the artificial kid-
ney. In 1945, he first designed a coil dialyzer in
which cellophane tubing was wound about a steel
frame. This machine, however, was confined to a
basement after only a few treatments due to gen-
eral lack of enthusiasm. In 1952, with resurgence
in interest, he developed his second-generation
apparatus. This was a plate dialyzer constructed
with the help of Walter Roschlau and indepen-
dent of Leonard Skeggs and Jack Leonards who
are mentioned later. In all, he performed dialysis
on only 11 patients with presumed acute renal
failure, 5 of whom survived. He felt this was a
relative failure and his treatments were dismissed
by his colleagues. Murray finally lost interest
in the artificial kidney when he discovered his
idea had been marketed independently by a
German researcher, Erwin Halstrup, who had
worked with him for a while. The two machines
were locked away and only resurfaced after his
death.25,26

Until Nils Alwall produced his dialyzer in 1946
there was no controlled way to remove fluid from
the patients’ blood. This process, known as ultra-
filtration, was achieved by using pressure to
squeeze water from the plasma through the dia-
lyzer membrane. In previous machines pressure
from the cardiovascular system alone was not
high enough to instigate ultrafiltration but had
it been, the membranes would not have been
strong enough to withstand it. The Alwall Dialy-
zer was similar to the rotating drum. Approxi-
mately 11 m of cellulose acetate tubing was
wrapped around a stationary, vertical drum
made of a metal screen. The membranes, in this
situation, could withstand higher pressures
because of their positioning between the metal
plates of the screen. The membranes were
enclosed in a tightly closed cylinder so that pres-
sure adjustments to the dialyzate, in addition to
the pressure coming from the cardiovascular sys-
tem, could be tailored to control ultrafiltration.

In parallel to the increased availability of dia-
lysis membranes two design variations began to
emerge during the 1950s: (1) modifications of
the original rotating drum dialyzer and (2) the

twin coil dialyzer and the new flat plate
dialyzers.

Rather than passing blood through membra-
nous tubes, plate dialyzers directed the flow of
dialysis solution and blood through alternating
layers of membranous material.

In 1948, Skeggs and Leonards developed the
first parallel flow artificial kidney.27 The artifi-
cial kidney was designed to have a low resistance
to blood flow and to have an adjustable surface
area. Two sheets of membrane are sandwiched
between two rubber pads in order to reduce the
blood volume and to ensure uniform distribu-
tion of blood across the membrane. Using multi-
ple layers added to its efficiency. The device had
a very low resistance to blood flow and it could
be used without a blood pump.

A siphon on the effluent of the dialyzing fluid
allowed water to be removed from the blood in
the artificial kidney. This is the first reference to
negative pressure dialysis. This is different to
ultrafiltration because negative pressure from
the dialyzate is used to draw fluid off the
human plasma rather than positive pressure in
the blood stream to push fluid out of the plasma.

Meanwhile, Kolff sent his blueprints to George
Thorn at the Peter Brigham Hospital in Boston,
USA. During the Korean War in the 1950s, the
Kolff–Brigham dialyzer, a modification of the
original rotating drum dialyzer, was used to
treat injured American soldiers (Figure 3-6).
The membrane surface area could be adjusted
by increasing or decreasing the number of
wraps of tubing and a hood was added to better
control the blood temperature.28

Von Garrelts had constructed a dialyzer in
1948 by wrapping a cellulose acetate membrane
around a core. The layers of membrane were
separated by rods. It was very bulky and weighed
over 100 pounds and thus not used.

In 1952, Inouye and Engelberg took this
concept and miniaturized it by wrapping the
cellulose acetate tubing around a beaker and
separating the layers with fiberglass mesh. He
placed this "coil" in a pressure cooker in order to
enclose it and control the temperature. There
were openings in the pot for the dialyzing fluid.
With the use of a vacuum on the dialyzate leav-
ing the pot, he was able to draw the excess water
out of the patient’s blood. A blood pump, assist-
ing the patients’ blood pressure, was required to
overcome resistance within the device.29 Blood
pumps are now an integral part of modern
dialyzers.
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This machine had to be abandoned, but
using some of the concepts of the pressure
cooker kidney and the principles of the Alwall
machine, the Kolff–Travenol disposable twin
coil dialyzer emerged in 1952. This device con-
sisted of a twin coil seated in a big cylindrical
steel tank that could hold about 100 L of water.
The twin coil was pre-assembled and sterilized,
but it required a liter of blood to prime it and
had a high compliance to pressure changes. Hot
water and cold water were mixed together,
when making the dialyzate, to get the correct
temperature as the block heater was only able to
maintain a given temperature. It also necessi-
tated a blood perfusion pump and a significant
arteriovenous pressure differential across the
membranes developed, which resulted in an
uncontrolled ultrafiltration. There were no
alarms, temperature or pressure monitors, full

function checks, blood leak detectors, or air
embolism detectors, all of which are standard
on today’s machines. It was, however, robust
and kept in use in Edinburgh until the late
1980s!30

Concurrently, in 1952, Guarino and Guarino
developed an artificial kidney which would
reduce the amount of blood outside of the
body and to eliminate the need for pumping
the blood through the device. In reverse to pre-
vious designs the dialyzing fluid was directed
inside the cellulose acetate tubing and the
blood cascaded down over the membrane hav-
ing entered the device from the top. The metal
tubing inside themembrane gave structural sup-
port. The artificial kidney had a very low blood
volume but it had limited use because there was
concern regarding the possibility of the dialyz-
ing fluid leaking into the blood.

Figure 3-6. A diagram representing the Bringham-modified Kolff kidney, better known as the Kolff Brigham dialyzer.
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In 1960, Fredrik Kiil provided the definitive
plate dialyzer31 which was still used in some
clinics until the 1990s. Three or more ‘‘Kiil’’
boards were used with two sheets of, the newly
available, cuprophan membrane sandwiched
between each pair of boards. The grooves in
the boards directed the blood between the
layers of membrane and the dialyzate outside
the membrane envelope in opposite directions
from one end of the boards to the other. The
priming volume was less than 300 ml, but often
the patients would have to construct the device
themselves. This was complex and time con-
suming confining the patient for an extra
4 hours for any individual 10 hour dialysis ses-
sion (Figure 3-7). As improvements in access to
the patients’ blood stream improved no blood
pump was needed to drive this device. Excess
fluid was removed by the use of negative pres-
sure on the dialyzate effluent line.

As the dialysis program expanded this type of
device was used for overnight, unattended
hemodialysis that was pioneered by Belding
Scribner32 and his group in Seattle, USA. A
totally monitored dialyzate system was required

to automatically mix the dialyzate and to control
temperature and conductivity. This delivery sys-
tem was developed by Albert Babb, while at the
University of Washington.

Following on from the knowledge gained with
the Kiil dialyzer, Babb designed and developed
the Milton-Roy Model A, built by the Milton Roy
Company in St. Petersburg, Florida in 1964. It was
also designed to perform nocturnal home hemo-
dialysis. It wasmade in a wooden veneer to have a
furniture appearance for the home. It featured
automatic hot water disinfection (up to 908c),
automatic alarm checks, solid-state (diode)
logic, and acoustic tile inside to reduce noise.

This instrument became the first of a series of
negative pressure single patient systems, which
was modified to use hollow fiber membranes, cul-
minating in the hemodiaysis machines seen today.

The introduction of hollow fiber dialyzers,
during the 1960s, marked a change in dialysis
machines from their initial development by
dedicated artisans, who were engineers and phy-
sicians, to highly sophisticated machines and
components that rely on large production series
and standardized manufacturing processes. The

Figure 3-7. Modified two layer Kiil dialyzer during hemodialysis (1964).
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artificial kidney is now not just the component
that ‘‘filters the blood’’ but also includes blood
access system, smooth and biocompatible blood
pathways and circuit design, standardized thick-
ness and porosity of membranes with accurate
pump, alarm, and failure systems. A myriad of
machines are now produced by a number of
different companies (Figure 3-8).

Blood Component

Anticoagulation

Preventing the blood from clotting once it had
entered the extracorporeal circuit of a dialysis
machine was one of the first major barriers in the
development of the artificial kidney. George Haas
initially used hiruidin, which is found in the saliva
of leeches, as an anticoagulant for blood. Hiruidin
was not practical for human use as it caused aller-
gic reactions and was difficult to purify.

Jay Maclean was a medical student who dis-
covered heparin in 1915 while studying pro-
thrombotic agents.33 He isolated a substance
from the liver that seemed to prevent coagula-
tion but his pharmacology professor James
Howell controversially omitted his name from
the two papers that first used the term
heparin.34,35 Howell eventually realized that
heparin was more readily available from other
tissues such as lung or intestine and not a phos-
pholipid as originally thought, by this time,
however, the name had already stuck! After pur-
ification and standardization, heparin became
readily available in 1937. William Thalhimer, as
mentioned above, was the first person to use
heparin in exchange transfusion for the allevia-
tion of uremia16 and then for hemodialysis15 in
nephrectomized dogs. With this much more
effective and less toxic anticoagulant, Kolff
could now develop hemodialysis as a realistic
treatment modality.

Access to the Blood Stream

Intermittent chronic hemodialysis also requires
regular, reusable access to the patients’ blood in
order for it to pass through the artificial kidney.
Modern hemodialysis processes 70–110 L of
blood in a 4–5-hour period, which requires
easy and reusable access to the blood stream.
When Kolff first designed his machine the

methods for extracting blood and returning it
to the body rapidly exhausted the patients’
arteries and veins. This meant that initially

Figure 3-8. A ‘state of the art’ Fresenius 5008, one of the most
advanced dialysis machines available today.
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dialysis was only suitable for acute renal failure
and the chronic health of the patient relied on
the recovery of renal function. A move toward
chronic renal replacement therapy could only
occur with safe, reliable, and reusable access to
the patients’ blood supply.

Developments began in 1960 with the Scrib-
ner shunt36 (Figure 3-9).37 Permanent cannulae
were placed in the vein and an artery of the
forearm of a patient. When they were not being
used for dialysis, they were linked together with
a Teflon tube to allow blood to flow across.

In 1966, Brescia and colleagues created the
arteriovenous fistula (AVF) by joining an artery
in the arm with a nearby vein38 (Figure 3-10).39

The vein, which is normally part of a low-pres-
sure system, becomes arterialized, swells, and
develops a thickened wall. Needles can easily
be placed into the fistula, which is just under
the surface of the skin, to allow repeated access.
The AVF remains the gold standard of perma-
nent dialysis access today.

Semipermanent access such as the Perm-
Cath1 catheter and the Tesio1 catheter are
venous cannulae which are tunneled under the
skin from their point of entry to a large central
vein. These are often placed under fluoroscopy
by physicians or radiologists and provide access
to the blood stream in patients’ who cannot have
an AVF or when their AVF has failed. The main
advantage of these forms of access is they can be
used immediately. The main disadvantages
include repeated infections and limited life span.

As another alternative, the LifeSite1 Haemo-
dialysis Access System combines unique valve
technology with a cannulae connection system
to the blood stream. The LifeSite1 system con-
sists of an implantable valve and cannulae. The
valve is implanted subcutaneously and is

attached to a patient’s blood vessel via the venous
cannulae and can be used immediately. The valve
is made of medical grade materials that include
titanium alloy, stainless steel, and silicone elasto-
mers. The cannulaematerial used in the LifeSite1

System is similar to other venous catheters. The
valve has a dimpled entrance in the center of its
domed top to accept a standard 14-gauge fistula
needle (Figure 3-11).40 Insertion of the fistula
needle opens the valve and allows blood flow.
When the fistula needle is withdrawn, the valve
closes and blood flow stops. The dialysis needle is
inserted into the same site each treatment result-
ing in the formation of a fibrous tract or ‘‘button-
hole’’. This access system is designed to eliminate
the disfigurement associated with AV fistulae and
grafts, as well as, the lifestyle impairments asso-
ciated with protruding permanent catheters.

Dialyzate

Composition

The dialyzate is the chemical bath that is used to
draw waste products out of the blood. Diffusion
moves waste products in the blood across the
membrane into the dialyzate compartment,
where they are carried out of the body. At the
same time, electrolytes and other chemicals in the
dialyzate solution cross the membrane into the
blood compartment. The purified, chemically
balanced blood is then returned to the body.

Since the inception of a chronic dialysis pro-
gramme, there has been a realization that the
composition of the dialyzate is as important as
all the other components of the artificial kidney.
In 1913, when Abel and Rowntree first tried
dialysis using animal blood the dialyzate was a

Figure 3-9. A Scribner shunt in
patients forearm.
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solution of normal saline and potassium.
Gordon Murray, in his few attempts at dialysis
realized that he had to use a dialyzate that
contained physiological similarities to plasma
and settled for Ringers solution.26 For many
years, dialyzate was mixed by hand in
large vats that the various membranes passed
through. As the membranes and their support
structures improved, it could be mixed in a large
communal vat and actively passed across a num-
ber of membranes at once.

Now dialyzate solutions are mixed to various
prescriptions by the dialysis machines and the
buffer added after mixing with a sterile water
supply. The concentrations of sodium, potas-
sium, and calcium are carefully chosen in the
dialyzate to match the patients need. Along with
the buffer these make up the most important
features of the dialyzate. We know that the cor-
rect prescription of dialyzate can improve the
cardiovascular stability of patients receiving
hemodialysis treatment.41

Another important role of the dialyzate is to
correct the patients’ metabolic acidosis. This is
done by the diffusive influx of the buffer supply,
mainly bicarbonate, rather than through hydro-
gen ion clearance. Because of precipitation with
calcium andmagnesium and the risk of bacterial
contamination, bicarbonate was abandoned and
replaced by acetate during the first two decades
of dialysis therapy. The key advantages were its

equimolar conversion to bicarbonate, a bacter-
iostatic effect, and low cost. However, acetate-
induced side-effects have been reported in a
large number of studies during the 1980s due
to the limitations in hepatic acetate metabolism
in some patients.42 In the last two decades, tech-
nical improvements, avoiding carbonate salt
precipitation, and the development of high
flux/high efficiency dialysis with worsened acet-
ate-induced side-effects have gradually led to the
reintroduction and generalization of bicarbo-
nate as the preferred dialyzate buffer.

Direction of dialyzate flow as well as its com-
position is important. The Skeggs Leonards
Plate Dialyzer was the first to push blood
through the blood compartment in one direc-
tion and suction or vacuum pressure pulls the
dialyzate through the dialyzate compartment in
the opposite direction.27 This countercurrent
system is the most efficient mechanism of ultra-
filtration and works to drain excess fluid out of
the bloodstream and into the dialyzate and is
now standard practice.

Water

Water has an enormous role in the delivery of
safe, good dialysis. In modern machines, the
dialyzate is pumped over the membrane at
approximately 800 ml per minute.

Figure 3-10. A left brachial arterio-
venous fistula (AVF).
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For a unit that dialyses 90 patients a day,
spread over three separate shifts, approximately
17,000 L of water will pass across the dialysis
membranes and patients’ blood in that period. It
is therefore imperative that the water is free of
infection and as pure as possible. This is a main
focus within dialysis units, who have their own
purification systems with national standards
and strict quality control systems that have to
be adhered to. In the 1970s, as dialysis became
an established form of therapy, nephrologists
realized the importance of water through a series
of clinical incidents.

Sporadic outbreaks of encephalopathy in
several dialysis units around the country
were associated with aluminium toxicity.43

Aluminium hydroxide, along with filtration,
is used to improve the taste of ‘‘peaty’’ water
and subsequently throughout the country, the
drinking water aluminium concentration var-
ied. This water was then used to mix the
buffer solution of the dialyzate. To overcome
this problem mains water is now treated
using softeners, reverse osmosis, or ion
exchange to remove the aluminium.44 Water
and plasma aluminium content is monitored
routinely as part of the quality control sys-
tems and ‘‘dialysis dementia’’ in the United
Kinhdom is a thing of the past.

Similarly hemolytic anemia was identified
as a problem in hemodialysis patients in the
1970s.45,46 Chloramine is formed when ammo-
nia is added to water that contains free chlor-
ine. This process is used by water companies to
disinfect drinking water. Chloramine lasts a
long time in water to more effectively remove
pathogens such as bacteria and virus’. Water
that contains chloramine is safe for people to
drink, bathe, and cook in because the digestive
process neutralizes it. Chloramine can, how-
ever, easily harm patients if it enters the
blood stream during the dialysis process caus-
ing hemolytic anemia. Recently, recombinant
erythropoetin resistance has been recognized
as an insidious presentation of chloramine
toxicity.47

Chloramine continues to cause problems in
dialysis centers48–50 and often it is because its
concentration in the water tends to vary
throughout the year. Levels are increased by
water companies when bacterial contamination
increases and the carbon filters, which easily
remove chloramine, subsequently become
insufficient.

The Future

Renal transplantation is the preferred treat-
ment for many people with chronic renal
failure; however, due to lack of donor
organs and the unsuitability of a significant
proportion of patients, hemodialysis will
continue to be a common therapy. In the
United Kingdom, hemodialysis commonly
occurs in 4-hour sessions, three times a
week and despite the progress that has
been made in the last 50 years, hemodialysis
is widely recognized as unphysiologic51 and
continues to be associated with high mor-
bidity and mortality.

Since the invention of hollow fiber dialyzers
the major areas of development have been new
materials with enhancement of the delivery in
dialysis using better machines cumulating in
improved efficiency. We now provide safer and
better tolerated dialysis but without the decrease
in mortality we would desire.52,53

An ideal device for renal replacement therapy
would mimic the function of the natural kidney
(Table 3-3). It would be continuously operating,
it would remove solute with a molecular weight
spectrum, it would be flexible and remove water
and solutes on an individual patient need, it
would be wearable or implantable, and it must
be biocompatible.

Nissenson and collegues54 recently pub-
lished an article about their vision for the
future of the artificial kidney. In order to
achieve the ambitious specifications they
have pursued nanotechnology in the devel-
opment of their artificial kidney, the Human
Nephron Filter (HNF). As mentioned above,
the hollow fiber membranes are already
introducing aspects of this technology in
artificial kidneys.

Table 3-3. Criteria for the Ideal Artificial Kidney

• Continuous
• Remove solutes with a wide range of molecular weights
• Function relative to individual patient needs
• Portable/wearable/implantable
• Biocompatible
• Light weight
• Low cost

• Safe
• Reliable
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The HNF consists of two membranes oper-
ating in series within one device. The G mem-
brane mimics the function of the glomerulus,
using convection to generate plasma ultra fil-
trate containing all solutes approaching the
molecular weight of albumin. The T membrane
mimics the functions of the renal tubule, selec-
tively reclaiming designated solutes to main-
tain body homeostasis, again by convection
(Figure 3-12)54

Although only in developmental stages
the authors have an animal prototype and
many of the breakthrough aspects such as
the chemistry, the pores, and the membranes
are almost in place.

Progress continues to be made with living
membranes. The ultimate goal of this approach
is to replace the metabolic activity of the kidney
to improve biological homeostasis, including
immunologic, cardiovascular, and mineral
metabolism. This all depends on the ability to
isolate and expand in culture tubule cells from
adult kidneys55 and then incorporate them
onto a standard hemofiltration cartridge.56 In
vitro and ex vivo animal experiments56–58 have
allowed an initial trial of the ‘‘renal tubule cell
assist device’’ (RAD) in critically ill humans
receiving continuous veno-venous hemofiltra-
tion in the ICU with encouraging results59 lead-
ing to a phase II trial.

Figure 3-11. The LifeSite1 Haemodialysis Access System.
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Conclusions

The development artificial kidney has pro-
gressed rapidly since its application to humans
while the need for hemodialysis has continued to
grow. The availability and variety are such that
the nephrologist can tailor dialysis to the phy-
siological need of the patient by using different
combinations of membranes, dialyzate solu-
tions, and pump speeds. There is, however, still
progress to bemade inmorbidity, mortality, and
quality of life for hemodialysis patients but the
future of the artificial kidney looks exciting as
new technologies emerge.
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matière ligneuse véritable’. [The committee was formed
of Brogniart, Pelouze and Dumas, and reported to the
Académie on 14th January 1839: C R Acad Sci Paris1839;
VIII: 51. It appears that the author of the word glucose,
and presumably also cellulose, was Dumas, the rappor-
teur of the committee.]. In: eds. Book ‘En effet, il y a dans
les bois le tissu primitif, isomère avec amidon, que nous
applerons cellulose, et de plus unematière qui en remplit
les cellules, et qui constitue la matière ligneuse véritable’.
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4
Liver Substitution

Sambit Sen and Roger Williams

Introduction

Liver failure, whether occurring de novo without
pre-existing liver disease (acute liver failure,
ALF) or as an acute episode of decompensation
superimposed on a chronic liver disorder
(acute-on-chronic liver failure, ACLF), carries a
high mortality. The lack of the detoxification,
metabolic, and regulatory functions of the liver
leads to life-threatening complications, includ-
ing kidney failure, hepatic encephalopathy (HE),
cerebral edema, severe hypotension, and sus-
ceptibility to infections culminating in multi-
organ failure.1,2 The only established therapy
for patients of ALF who fail to improve with
supportive management is liver transplantation
(LTx), but currently one-third of these patients
die while waiting for a transplant and the organ
shortage is increasing.3 Living-related donor
transplantation has proved encouraging,4 yet a
suitable donor is found in time in only 30% of
cases (of living-related donor transplantation).5

Many patients of ACLF are not eligible for LTx,
and current management focuses on treatment
of the individual organ dysfunction. However,
liver failure, whether of the acute or acute-on-
chronic variety, is to some extent reversible. A
supportive therapy which can tide over the acute
period of crisis (and act as a bridge to liver
transplantation in cases of ALF) can possibly
be life-saving,6 and the search for an effective
liver support system continues. Essentially, two
types are under development: artificial devices,
based on the removal of albumin-bound toxins,
and bioartificial devices, using hepatocytes to
perform the functions of the failing liver.

However, one has to first consider whether
liver support can be expected to work and pro-
vide worthwhile clinical benefit in the setting of

liver failure in man. A recent review looks at the
history of the development of liver support,
elegantly tracing the quest for the elusive ideal
liver support system.7 Early studies demon-
strated that cross-circulation of the patient
with baboons or healthy human subjects led to
recovery from coma.8,9 Similarly, extracorporeal
animal liver perfusion was found to be of help
in supporting ALF patients,10,11 as was single
plasma exchange therapy.12 Amongst the many
other therapies tried, hemoperfusion over char-
coal and, more recently, high-volume plasma-
pheresis13 (which showed reduction of plasma
bilirubin and arterial ammonia,14 with improve-
ment of peripheral hemodynamics15 and cere-
bral blood flow16) have all been the subject of
encouraging results, although with charcoal
hemoperfusion this could not be confirmed in
a controlled trial. Most substances are non-
selectively removed by these various techniques,
including some which are important physiolo-
gically (growth factors, clotting factors),17,18 and
with charcoal hemoperfusion, the filters causing
activation of leucocytes with consequent cyto-
kine release may have predisposed to bleeding
and disseminated intravascular coagulation.19

There also exists a vast amount of published
literature relating to the testing of bioartificial
liver (BAL) devices in in vitro and animal mod-
els.19–23 Thus studies with rat models of liver
failure have shown improvement of parameters
like serum bilirubin, albumin, and clotting
factor production. A carefully controlled study
with the Academic Medical Center-BAL
(Amsterdam) in pigs with hepatic ischemia-
induced ALF showed improvement of blood
ammonia and bilirubin levels, with prolongation
of survival (longest surviving animal kept alive
up to 63 h).24 A subsequent controlled study
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performed in anhepatic pigs with the same
device25 showed that those treated with BAL
containing autologous hepatocytes survived
longer (mean 65 h) compared to animals not
treated with BAL (46 h) or treated with the BAL
device without incorporating hepatocytes (43 h).
The treatment was also associated with a signifi-
cant decrease of arterial ammonia. What is
perhaps surprising and certainly worth com-
menting upon is that in the long history of
developing devices for liver support, despite
beneficial effects in various animal models
(large and small) of ALF, most of the devices
have remained unproven when used subse-
quently in patients with ALF.

Functions Required of a Liver
Support System

Liver failure leads to impairment of all aspects of
hepatic function, including detoxifying and syn-
thetic functions, as well as bile excretion. Altered
hepatic metabolism is probably central to this.26

For example, impaired gluconeogenesis and gly-
cogenolysis predisposes to hypoglycemia. Albu-
min synthesis is hampered, as is the production
of clotting factors. The impaired urea cycle leads
to accumulation of ammonia in the body, and the
metabolism of protein breakdown products is
also impaired. This leads to the accumulation of
a whole variety of toxins in the body, most of
which, apart from a few like ammonia and lactate,
are albumin-bound in the plasma (Table 4-1).
This means that they cannot be adequately

removed by conventional techniques of hemofil-
tration/hemodialysis. The importance of these
toxins may be related to their role in the devel-
opment of associated end-organ failures, espe-
cially affecting the brain, the circulation, and the
kidneys, which considerably worsen the outcome
in both ALF and ACLF.

The observation that these end-organ dys-
functions can be reversed following LTx has led
to the hypothesis that the hepatic dysfunction is
central to their pathogenesis, with the accumu-
lation of toxins as the immediately responsible
mechanism.1 A liver support system which can
remove these toxins could potentially prevent or
reverse end-organ failure, and significantly
improve outcome in liver failure, particularly if
these toxins also cause further damage to the
liver.27 Clearance of these toxins from the body
could potentially interrupt this vicious cycle
leading to further hepatic function deterioration
as well as end-organ failure. A system favorably
modulating humoral and molecular mechan-
isms of liver regeneration (with reduction of
plasma levels of regeneration-inhibitory sub-
stances like transforming growth factor (TGF)
b) is ideally desirable,28 as would one which
could reasonably duplicate the role of the liver
in the biotransformation and metabolism of var-
ious drugs and intermediate metabolites. While
replacing lost biosynthetic functions would
also be important, most substances produced
by the liver can be given exogenously by intra-
venous infusion, and this particular aspect of
liver synthetic function may not be of primary
concern.29

Assessment of Current Liver
Support Systems

The several liver support systems that are cur-
rently under investigation are considered under
the two main categories of artificial and bioarti-
ficial. Despite natural concerns to try every pos-
sible therapy in an individual patient suddenly
struck down by liver failure, especially ALF, the
value of such devices can only be properly
assessed in the setting of a controlled clinical
trial. Such trials need to be adequately powered
in the number of cases, with strict criteria for
entry and with survival as the primary end point.
However, the critical clinical condition of liver
failure patients as well as the rarity of ALF gen-
erally makes performing such a study difficult.

Table 4-1. Some of the Endogenous Albumin-Bound Toxins, Which
Accumulate in Liver Failure, Which Can Be Potentially Removed by
Albumin Dialysis or Fractionated Plasma Separation and Adsorption

Aromatic amino acids
Bile acids
Bilirubin
Digoxin-like substances
Endogenous benzodiazepines
Indols
Mercaptans
Middle- and short-chain fatty acids
Nitric oxide
Phenols
Prostacyclins
Tryptophan
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Patients with different degrees of severity of the
syndrome are often grouped together within
trials, and intensive care regimes are difficult
to standardize. Furthermore LTx, when indi-
cated, is likely to be performed at different
times in the clinical course of patients and will
hugely influence survival. Thus surrogate mar-
kers, rather than survival, are often used in
assessing the efficacy of therapy. All these need
to be kept in mind when interpreting the results
of clinical trials of liver support systems. The
reason why ALF figured prominently in pre-
vious studies was because it was considered
that the chances of survival were so low that
any possible therapy could be justified. The
recent trials on artificial systems have been in
the much more common condition of ACLF,
which is the major cause for liver failure and is
responsible for increasing numbers of hospital
admissions worldwide. Therefore, one would
expect ACLF to be the main clinical indication
where liver support would be required.

Bioartificial Systems

Design of Devices

By utilizing viable hepatocytes these systems
should reproduce the synthetic, detoxifying as
well as excretory functions of the liver. Unfortu-
nately human liver cells, which would be the best
to use, are difficult to obtain and are difficult to
grow in culture, becoming phenotypically unstable
and rapidly losing liver-specific gene expression.
The minimum quantity of cells required is not
known, but based on the experience of hepatic
resection in humans,30 around 150–450 g of cells
(or 1010 hepatocytes), providing the function of
10–30% of the normal liver mass, is required to
support the failing liver19,29 (though some experi-
mental data in animal models have suggested
that smaller quantities of cells may be enough to
enhance spontaneous recovery, possibly by redu-
cing plasma levels of regeneration-inhibitory sub-
stances like TGF-b31). Most of the current devices
are based on the use of hepatocytes from other
species, particularly pigs (as in the Demetriou BAL
device HepatAssist (Circe Biomedical, Lexington,
MA), using 6–10� 109 cells, or 30–50 g).23 A great
advantage of porcine hepatocytes, unlike human
liver cells, is that they can be satisfactorily cryo-
preserved, with cell isolation at a convenient time
followed by storage at a clinical site prior to use,

thereby avoiding the costs and contamination
risks of long-term hepatocyte culture.32 Cryopre-
servation is associated with caspase activation and
apoptosis, which can be prevented by adding cas-
pase inhibitors (ZVAD-fmk).33 Another approach
has been with genetically engineered human hepa-
tocytes to produce cells with the desired functional
and survival capabilities. Thus, the C3A hepato-
cyte line, a sub-clone of the ubiquitous HepG2
hepatoblastoma cell line, has been used in one
system (4 � 1010, or 200 g in each bioreactor
cartridge of the Sussman device (extracorporeal
liver assist device (ELAD, Vitagen, La Jolla,
CA)).22 Another immortalized human hepatocyte
cell line under investigation is HHY41, which
retains many liver-specific functions, protein
synthesis, gluconeogenesis, and cytochrome P450
activity and is particularly resistant to acetami-
nophen.34–36

At the heart of the design for a BAL is the
bioreactor (Figure 4-1). The simplest type, and
one used most commonly, consists of a column
containing hollow fiber capillaries through
which flows the patient’s plasma. In the extra-
capillary space lie the hepatocytes, either alone22

or attached to microcarrier beads.23 Plasma can
be separated, warmed, and oxygenated in the
secondary circuit before being perfused through
the bioreactor capillaries. Free exchange of
molecules can occur between plasma/blood and
hepatocytes in the bioreactor across a mem-
brane with a cut-off selected to allow the
movement of most toxins as well as transport
proteins like albumin (66 kDa molecular weight),
while preventing passage of immunoglobulins
(100–900 kDa), complements (>200 kDa), or
viruses and cells. Most groups have used cut-
offs between 50 and 150 kDa.2,19 The hepatocytes
extract oxygen and nutrients and detoxify toxins
from the plasma, and their metabolites are simul-
taneously passed back into the plasma. The
Demetriou system also incorporates two charcoal
columns in the circuit prior to the bioreactor for
removal of toxins which could damage or impair
the function of the pig hepatocytes.

The more sophisticated system developed by
Gerlach et al.37 (Modular Extracorporeal Liver
Support (MELS, Hybrid Organ, Berlin, Germany))
uses three sets of capillary tubes – one to provide
oxygenation, and two to carry inflowing and out-
flowing plasma. The hepatocytes (400–600 g of
primary human hepatocytes from explanted livers
found unsuitable for LTx) remain in the extraca-
pillary space. A detoxification module allows
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single-pass albumin dialysis to be performed, and
continuous veno-venous hemodiafiltration can be
included. The Academic Medical Center-BAL
(AMC-BAL, Hep-Art, Amsterdam, The Nether-
lands) developed by Chamuleau et al.38 incorpo-
rates a spirally wound polyester matrix sheet that
includes an integral hollow fiber compartment for
oxygenation and uses 220 � 106 porcine hepato-
cytes (Figure 4-2). In addition to these hollow
fiber-based bioreactors, some others have tried
designs based on ‘‘flat plates and monolayers,’’
‘‘perfused beds/scaffolds,’’ and ‘‘encapsulation
and suspension.’’19 A porcine hepatocyte-based
BAL using a ‘‘radial-flow’’ bioreactor (RFB) has
been developed in Italy39 and has undergone
phase I clinical trials.

Clinical Trials

The first clinical use of a BAL device, comprising
a kidney dialysis unit loaded with cryopreserved
rabbit hepatocytes, was in 1987 to treat a single

patient with ALF. The serum bilirubin
decreased, neurological status improved, and
the patient was ultimately discharged from hos-
pital.40 Of the many clinical studies of the differ-
ent devices since then, only those relevant to
currently available devices are included in the
following assessment. The numerous difficulties
associated with performing such trials in this
extremely sick group of patients have already
been referred to.

Porcine Hepatocyte-Based BAL

One of the first trials using this system (1996),
which was developed by Demetriou and collea-
gues at the Cedars-Sinai Medical Center, USA,
described 12 ALF patients, all of whom could be
bridged over to LTx.41 Following treatment last-
ing for 21–96 h, reversal of decerebration was
observed in all 11 patients who were in grade 4
encephalopathy, with significantly improved

Figure 4-1. Schematic showing the structure of bioreactors in Sussman’s extracorporeal liver assist device (ELAD) (top) and Demetriou’s HepatAssist
bioartificial liver (BAL) (bottom).
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intracranial pressure (from a mean of 18.2 to
8.5 mmHg) and cerebral perfusion pressure.
While improvement of the neurological state was
most prominent, some important biochemical
changes were noted as well. Serum ammonia
(155.6–121.6 mmol/l) and bilirubin (21.6–18.2 mg/
dl) improved, although the prothrombin time did
not. Interestingly, two patients who underwent
total hepatectomy to reduce the necrotic tissue
mass were successfully maintained on BAL until
they were transplanted. The results were less pro-
mising in eight ACLF patients, six of whom died
within 14 days of the last BAL treatment. In another
report by the same group (1997)42 data were given on
18 ALF patients treated with BAL, of whom 16 could
be successfully bridged over to transplantation, while
1 patient recovered sufficiently not to need it.

A more recent French study with BAL (using
5 � 109 porcine hepatocytes in each bioreactor)
in 10 ALF patients43 again reported changes
predominantly in the neurological state, with
improvement of Glasgow Coma Score in 6
(mean of 6.5–9.6). Serum bilirubin level was

reduced (486.6–347 mmol/l), without any other
changes in liver function tests. Arterial ammonia
did not improve significantly, and there was no
evidence of improved protein synthesis. On the
contrary, serum albumin worsened significantly
(27.8–22.7 g/l) after the first session of BAL treat-
ment. Five patients had bleeding complications,
probably explained by the significant reduction
of both platelets (194.7–140 � 109/l) and fibrino-
gen (0.96–0.47 g/l) after the first session. Six
patients had transient episodes of hemodynamic
instability, although ultimately all patients could
be bridged over to transplantation, and eight
were alive and well at 18 months.

The device was further developed to make use
of cryopreserved cells and include a larger num-
ber of hepatocytes (HepatAssist, Circe
Biomedical), and has been evaluated in a large
multi-center randomized controlled trial in 171
patients (fulminant hepatic failure – 147, pri-
mary graft non-function – 24), conducted in
the United States and Europe.44 While some
improvements in intracranial pressure and con-
sciousness level were seen, there was little
evidence of improved synthetic function. Most
disappointingly, a survival advantage was evi-
dent only in the sub-group with acetaminophen
etiology (n¼39) (BAL – 70% vs controls – 37%).
Thirty-day survival in the entire study popula-
tion was 62% for controls vs 71% for BAL-
treated patients, while among fulminant liver
failure patients alone, it was 59% vs 73%, respec-
tively (p¼0.1). However, this primary end point
was confounded by the major impact of LTx;
54% of the entire study population was trans-
planted. Thirty-day survival with LTx (n¼90)
was 84% (BAL – 89% vs controls – 80%), while
that without LTx (n¼81) was 46% (BAL – 51% vs
controls – 40%). A covariate time-dependent
proportional hazard model with time-to-death
as end point was therefore employed to account
for the impact of LTx and other factors predic-
tive of survival (including etiology, stage of
encephalopathy) and showed a 47% reduction
in mortality favoring BAL treatment (p¼0.03) in
the fulminant hepatic failure group (n¼147).

Hepatoblastoma-Based Extracorporeal
Liver Assist Device (ELAD)

The ELAD device developed by Sussman and
colleagues was tried in one early randomized
controlled study in London45; 24 ALF patients

Figure 4-2. Schematic of Chamuleau’s AMC-bioartificial liver.38 (A)
polysulfon dialysis housing; (B) three-dimensional non-woven polyester
matrix for high-density hepatocyte culture; (C) polypropylene hollow
fiber membranes for oxygen supply and CO2 removal; (D) hollow fibers
act as spacers between layers of the 3D matrix, creating numerous
channels for the uniform flow and distribution of medium; (E) endcaps
via which bioreactor is perfused with culture gas; (F) side-ports via
which medium is perfused through the extra-fiber bioreactor space and
is in direct contact with hepatocytes.
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were enrolled, comprising 17 patients not ful-
filling criteria for transplantation (predicted
survival 50%) – group-I, and 7 patients fulfilling
criteria (predicted survival <10%) – group-II.
The device proved safe, without causing coagu-
lopathy or hemodynamic instability to any sig-
nificant extent. Arterial ammonia fell marginally
in the ELAD group after 6 h treatment, and the
rise in serum bilirubin over the period of the
trial was more pronounced in the controls, but
not significantly so. Worsening of encephalopa-
thy was less in the ELAD-treated patients (3/12,
25%) compared to controls (7/12, 58%). How-
ever, a clear survival advantage was not shown.
Survival in group-I was 7/9 (78%) with ELAD
and 6/8 (75%) for controls, the much higher
figure than anticipated making it difficult to
show a survival advantage. There were only a
small number of patients in group-II, and one
each of three treated and four control patients
survived. Interestingly, a significant improve-
ment in galactose elimination capacity was
demonstrated during the 6 h of ELAD treatment
(compared to a decrease in controls), along with
a fourfold increase of growth hormone levels
(which decreased in the controls). Transforming
growth factor levels did not change.

Since then, the device has undergone mod-
ifications, with plasma, rather than whole
blood, being used for perfusion of the bior-
eactor hollow fibers, increase of the hepato-
cyte volume to 600–800 g, and introduction of
an oxygenation system (VitaGen Inc). The
results of a randomized controlled phase I
trial in patients with fulminant hepatic failure
were reported (still in abstract form46).
Patients were stratified into those listed for
LTx (n=19) and those not listed (n¼5). Of
the 19 patients listed for LTx, 12 received
ELAD therapy; 11/12 (92%) ELAD patients
went on to receive LTx, while only 3/7 (43%)
controls were transplanted (p<0.05); 10/12
(83%) ELAD patients also achieved the pri-
mary end point of 30-day survival, compared
to 3/7 (43%) controls (p¼0.12). The device
appeared to be safe and, though the study
was not powered to look at outcome, showed
a significant advantage for patients receiving a
LTx in the ELAD group and a trend toward
improved survival for those patients listed for
LTx. On this basis, a phase II randomized
controlled trial has been started in the United
States.

Other Devices

Based on the encouraging results of carefully
controlled studies of the AMC-BAL (Amster-
dam) in large animal models, a phase I clinical
trial with the device was carried out in Italy.47

Seven ALF patients with grade 3–4 encephalo-
pathy, listed for LTx, were treated for 8–35 h.
Neurological improvement was observed in all
patients. Serum bilirubin decreased by a mean of
31% (range 3–62%), as did arterial ammonia
(44%, range 9–66%). The only adverse effect
observed was transient hypotension in two
patients immediately after starting the device.
One of the patients improved sufficiently not to
require LTx, while the remaining six were
transplanted.

Early experience with the Modular Extracor-
poreal Liver Support (MELS) (Berlin) in eight
patients has been reported.48 Two patients each
with ALF and ACLF were successfully bridged
over to LTx, and one of two others with ACLF
who were not eligible for transplant survived.
Two patients with primary non-function of
their liver grafts were bridged over to re-trans-
plant. Overall treatment time varied between 7
and 144 h. No adverse events were noted. Neuro-
logical improvement, as well as some improve-
ment of renal function and coagulation status,
was observed. The Berlin group has also been
working on a hybrid liver support system with
extracorporeal plasma separation and perfusion
through a bioreactor using 500 g of primary por-
cine hepatocytes from specific pathogen-free
pigs. Results in a group of seven ALF patients
(with grade 2–4 encephalopathy) who were listed
for LTx have recently been published.49 After
treatment for 8–46 h, all seven could be success-
fully bridged to LTx. Interestingly, ammonia
uptake and urea synthesis by the bioreactor
were observed, along with some influence on
glucose metabolism. Glucose uptake by the bior-
eactor increased when the plasma glucose rose,
while it was released when the plasma levels
dropped. These fascinating results have led to a
phase I trial being carried out, where eight
patients with ALF were bridged to LTx using
this system.50 The treatment was found to be
safe and well-tolerated. Thrombocytopenia was
the only significant side effect noted. Screening of
patients’ sera for antibodies specific for porcine
endogenous retroviruses (PERVs) showed no
reactivity.
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Some of the other bioartificial systems which
have undergone phase I clinical trials are the
‘‘radial-flow’’ bioreactor (RFB, Italy)39 device,
the TECA-HALSS (China), the HBAL (China),
and the BLSS (Excorp Medical, Minneapolis,
MN) systems.51

Safety Concerns

Any extracorporeal blood purification system
has potential complications associated with its
use. These include problems related to catheter-
ization and anti-coagulation, thrombocytopenia
and coagulopathies, susceptibility to infections
and cardiac dysrhythmias, as well as hemody-
namic, metabolic, and hypothermia-related con-
sequences of the volume of blood circulating
through the extracorporeal circuit.2,19,52

In addition, there are specific safety concerns
regarding the use of the hepatocyte component,
namely immune reactions to foreign antigens,
xenozoonosis, and escape of tumorigenic cells
into the patient. Antibodies directed against
porcine antigens are detectable in the sera of
patients treated with pig hepatocyte-containing
BAL.53 However, high titers are not generated
for 1 (IgM) to 3 (IgG) weeks, indicating that this
would become a problem clinically only with
repetitive treatments. A similar response has
been observed following ex vivo cross-species
liver perfusion, with, in one case, an anaphylac-
tic reaction being seen after 16 such perfusions
over 2.5 months.54 Where the aim is to provide
long-term liver support, a human hepatocyte-
based BAL (or an artificial device) will need to
be used.

The issue regarding xenozoonosis is more com-
plicated. PERV is ubiquitous among bred pigs,
and transmission to humans via BAL has been a
persistent fear. So strong have been the objections
raised that trials using these systems, while per-
mitted in the United States, remain on hold in the
United Kingdom and most parts of Europe. PERV
DNA and RNA have been detected in the super-
natant of pig hepatocyte culture systems.55 In vitro
studies have found that these viruses can infect
human cell lines.55–60 However, PERV transmis-
sion to humans was not demonstrable in in vivo
studies.61–63 A recent study also could not find any
evidence of PERV infection, using reverse tran-
scriptase polymerase chain reaction, 6 months
after BAL treatment.43 The low membrane cut-off
probably filters off any viable virus particles which

might be present. Nyberg et al. have shown that a
pore size of 5 nm (corresponding to a cut-off of
50–100 kDa) prevents PERV infection in human
cells for 7 days59 (while treatments are meant to
last for not more than 1 day). Although the threat
of PERV will probably not translate into reality,
there might, quite conceivably, be other unknown
viruses posing a greater threat.

The escape of tumorigenic cells from the
human hepatoblastoma cell line is a potential
hazard in the ELAD system. However, the
addition of downstream cell filters to remove
immortalized cells from the circulating fluid is
generally regarded as being an adequate safety
measure against seeding.

Artificial Extracorporeal Systems

The safety concerns and the high costs asso-
ciated with hepatocyte-containing devices have
led to a renewed interest in artificial liver sup-
port devices. The main difference in the newer
systems is an increased selectivity of the detox-
ifying capacity, based on the removal of albu-
min-bound toxins.

The Importance of Albumin

The mechanisms underlying the development of
the multi-organ dysfunction of liver failure are, as
yet, poorly understood. The toxin hypothesis’’
implicates a variety of toxins which accumulate as
a result of impaired hepatic metabolism/detoxifica-
tion. Ammonia, protein breakdown products
(aromatic amino acids, tryptophan, indole, mercap-
tan, phenol), and endogenous benzodiazepines,
among others, are implicated in the development
of hepatic encephalopathy. Nitric oxide (NO) and
prostanoids are believed to be important in the
pathogenesis of circulatory and renal dysfunction.
Pro-inflammatory cytokines probably have wide-
ranging influences, and oxidative stress has effects
ranging from increased capillary permeability to
modulating cell death.6 However, the vast majority
of these toxins (except possibly ammonia) are
water-insoluble and albumin-bound (Table 4-1),
and conventional renal replacement therapy cannot
effectively remove them.

Intravenous albumin administration is of
benefit in the treatment of patients with cirrho-
sis,64–66 and improves survival in those with
spontaneous bacterial peritonitis67 or with
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hepatorenal syndrome,68, 69 but the benefits
exceed what could have been expected if it was
acting simply as a volume expander. Indeed, it has
been suggested that albumin is an important
molecule involved in detoxification and binds
various substances70 and is perhaps more impor-
tant in liver diseases than was previously
thought.71 This is the basis for the use of albumin
as a binding and scavenging molecule in devices
based on albumin dialysis or fractionated plasma
separation and adsorption (FPSA), and therefore
the trial of such devices in patients with liver
failure.

Design of Devices

Molecular Adsorbents Recirculating System
(MARS)

The first of the newer artificial liver support
devices was based on the use of albumin dialysis
with a membrane having a sufficiently small pore
size. This makes the system specific for albumin-
bound substances, which form the majority of the
toxins accumulating in liver failure72 (Table 4-1).
At the same time, larger molecules (immunoglo-
bulins, growth factors) which might be physiolo-
gically important are prevented from crossing
over, thus eliminating one of the main problems
with the earlier devices.17,18

MARS (Gambro AB, Lund, Sweden),73,74

which has been developed over the last decade,
is currently under extensive investigation and
clinical trial. This uses a hollow fiber dialysis
module where the patient’s blood is dialyzed
across an albumin-impregnated polysulfone
membrane (with a cut-off of 50 kDa), while
maintaining a constant flow of 20% albumin as
dialysate in the extracapillary compartment
(Figure 4-3). The premise is that toxins bound
to albumin in the patient’s blood will detach and
bind to the binding sites on the membrane, as
albumin, when attached to polymers, have a
higher affinity for albumin-bound toxins.75

These then pass on to the albumin in the dialysate
(where albumin is present at a concentration
(200 g/l) five to seven times that in the plasma).
The dialysate, carrying a quantity of toxins, is
then cleansed by perfusing over activated char-
coal and anion-exchange resin. These take up
most of the albumin-bound substances. Water-
soluble toxins are removed by passage through a
hemodialysis/hemofiltration module, which is

run in conjunction with the albumin dialysis
module. The dialysate is thus regenerated and
once more capable of taking up more toxins
from the blood. This recirculation component of
the MARS system, using a fixed volume (600 ml)
of albumin, is considerably more cost-effective
than a single-pass albumin dialysis system
would be.

Early in vitro studies showed that this method
resulted in effective removal of unconjugated
bilirubin, drugs with a high protein-binding
ratio (sulfobromophthalein, theophylline), and a
protein-bound toxin (phenol).73 Further studies
demonstrated that the system effectively removed
strongly albumin-bound toxins like unconju-
gated bilirubin or free fatty acids from plasma
and blood in vivo as well.76 A subsequent study74

looked at the in vivo effect of MARS on

(a) the amino acid profile,
(b) (i) physiologically important high molecu-

lar weight proteins (albumin, �-1-glycopro-
tein, �-1-antitrypsine, �-2-macroglobulin,
transferrin), (ii) hormone-binding proteins
(thyroxine-binding globulin [TBG]), and
(iii) hormone systems (thyroxine and thyr-
oid-stimulating hormone [TSH]) (to evalu-
ate the relative selectivity of the albumin-
mediated detoxification), and

(c) albumin-bound toxic substances (bilirubin,
bile acids, free fatty acids, tryptophan).

The results showed that there was an improve-
ment of the amino acid profile, with relative
clearance of the aromatic amino acids (which
accumulate in hepatic insufficiency) and an
improved ratio of branched chain amino acids
to aromatic amino acids. There was no signifi-
cant removal of the physiologically important
proteins or TBG, nor was there a significant
change of the thyroid hormone profile. There
was, however, a significant removal of all the
albumin-bound toxins, which was most effective
for fatty acids, followed by bile acids, trypto-
phan, and bilirubin.

Single-Pass Albumin Dialysis (SPAD)

The newly developed SPAD system (Fresenius
Medical Care AG, Bad Homburg, Germany)
(Figure 4-4) dialyses blood/plasma against a
4.4% solution of albumin, which is disposed of
after a single pass. A standard renal replacement
therapy machine is used without any additional

64 Artificial Organs



perfusion pump system, making the equipment
required simpler. This fact, and the use of consid-
erably more diluted albumin as the dialysate (4.4%,
as opposed to 20% in case of MARS), offsets the
cost of not recirculating the dialysate. Continuous
veno-venous hemodiafiltration can be undertaken
in conjunction as well. A point to note is that in
MARS dialysis, the albumin dialysate is pre-
cleansed by passing through the adsorbent col-
umns for �30 min prior to starting treatment,
potentially freeing up more binding sites on the
albumin molecule. This does not occur in SPAD,
which, at least theoretically, is a disadvantage.

Prometheus

The fractionated plasma separation and adsorp-
tion (FPSA)77 system, introduced in 1999,
removes albumin-bound toxins by fractionation
of the plasma with the subsequent detoxification

of the native albumin by adsorption. It uses an
albumin-permeable membrane with a cut-off of
250 kDa. Albumin and possibly other plasma
proteins with their bound toxins cross the mem-
brane and pass through special adsorbers (one
or two columns in series in the secondary cir-
cuit, containing a neutral resin adsorber and an
anion exchanger) that remove the toxins. The
cleansed albumin is returned to the plasma. In
the commercially produced Prometheus system
(Fresenius Medical Care AG, Bad Homburg,
Germany)78 (Figure 4-5) the FPSA method is
combined with high-flux hemodialysis (of the
blood directly, as opposed to the MARS system,
where hemodialysis/filtration of the albumin
dialysate is performed).

It is worthwhile noting some salient differences
between FPSA and albumin dialysis. No albumin
solution is required as a dialysate in FPSA. This
would probably result in lower running costs. The
patient’s own albumin is separated from the

Figure 4-3. The MARS circuit. Inset: The structure of the MARS membrane. Toxins pass from plasma albumin onto the binding site on the
membrane, and then to the albumin in the dialysate.
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plasma and then detoxified in contact with adsor-
bent columns. This means that FPSA uses a far
less selective membrane than albumin dialysis
(MARS or SPAD). Loss of the patient’s albumin

into the circuit is a more real risk in the former
compared to the latter. This also means that using
potent though unselective adsorbers such as acti-
vated charcoal in FPSA (in contact with the

Figure 4-5. Schematic of the Pro-
metheus circuit, utilizing the principle
of fractionated plasma separation and
adsorption (FPSA). The plasma is frac-
tionated across an albumin-permeable
membrane, with the subsequent
detoxification of the native albumin
by adsorption of bound toxins across
one or two adsorber columns (contain-
ing a neutral resin adsorber and an
anion exchanger) in the secondary cir-
cuit. The cleansed albumin is returned
to the plasma. The reconstituted blood
subsequently undergoes high-flux
hemodialysis before being returned to
the patient.

Figure 4-4. Schematic of the single-
pass albumin dialysis (SPAD) system.
Plasma from a reservoir is dialyzed
against a 4.4% solution of albumin,
which is disposed of after a single
pass. A standard renal replacement
therapy machine is used to run the
circuit.
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patient’s own plasma fraction, and therefore risk-
ing the possible removal of biologically useful
molecules) would be far more hazardous than
their use in albumin dialysis (where contact
would be only with the albumin solution of the
dialysate). This probably explains why charcoal,
used in the earlier version of FPSA, was replaced
by a neutral resin adsorber, while it continues to
be used safely in MARS. Finally, while heparin
continues to be used as the anti-coagulant of
choice in MARS and SPAD, it seems to have
resulted in clotting problems with FPSA,78 where
citrate is being looked at as an alternative.79

Clinical Trials

MARS

Acute-on-chronic Liver Failure (ACLF). In the
initial clinical trials MARS has predominantly
been evaluated in the context of ACLF, even
though most studies were small and uncontrolled.
Improvement of hyperbilirubinemia, HE, circula-
tory, and renal functions have been observed.80–82

The improvement of HE has been associated with
a reduction of serum ammonia levels, decrease of
intracranial pressures, and increase of cerebral
perfusion pressures.80–83 Circulatory changes
following MARS treatment have manifested in
the form of increased mean arterial pressure and
systemic vascular resistance and decreased cardiac
output.80,81,84,85 A recent study demonstrated clini-
cally significant, acute reduction of portal pressure
in severe alcoholic hepatitis.86

The largest series of patients with ACLF
(n=26), with intrahepatic cholestasis (bilirubin
level > 20 mg/dL), treated with MARS has been
reported from Rostock.87 The series included 10
patients with a United Network Organ Sharing
(UNOS) status 2b, all of whom survived, and 16
patients with a UNOS status 2a, of whom 7
survived. Another study on patients with severe
acute alcoholic hepatitis treated with MARS
(n=8)88 showed improvement of 3-month pre-
dicted mortality (pre-MARS: 76%, post-MARS:
27%), with 50% of patients (4/8) still surviving at
3 months.

The first randomized trial of MARS evaluated
13 ACLF patients with type-I hepatorenal syn-
drome who were treated with either MARS (n=8)
or standard medical therapy including hemodia-
filtration (n=5).85 The mortality rate was 100% in
the group receiving hemodiafiltration at day 7

compared with 62.5% in the MARS group at day
7 and 75% at day 30, respectively (p< 0.01). Mean
survival was longer in the MARS group, which was
accompanied by a significant decrease in serum
bilirubin and creatinine, and increase in serum
sodium and prothrombin activity. MAP at the
end of treatment was significantly greater in the
MARS group. Although urine output did not
increase significantly in the MARS group, 4 of
the 8 patients showed an increase compared with
none of the control group.

A subsequent randomized controlled trial,
performed in two centers (Rostock and Essen),
included 24 patients with ACLF with marked
hyperbilirubinemia (serum bilirubin>20 mg/dl
[340 mmol/L]) who were randomized to receive
standard medical therapy alone (n=12) or MARS
in addition (n=12).89 The primary end point of
bilirubin <15 mg/dL for three consecutive days
was reached in 5 of 12 MARS patients and in 2 of
12 control patients. Compared to controls, bilir-
ubin, bile acids, and creatinine decreased and
MAP and HE improved in the MARS group.
Most importantly, albumin dialysis was asso-
ciated with a significant improvement in 30-day
survival (11/12 vs 6/11 in controls).

An FDA-controlled multi-center randomized
trial (not yet published) on the role of MARS in
advanced hepatic encephalopathy (grade III/IV)
has recently been completed in 70 cirrhotic
patients in the United States and Europe
(reported only in abstract form).90 MARS treat-
ment (daily for 6 h over five consecutive days)
significantly improved encephalopathy com-
pared to standard medical therapy. The number
of patients dying during the 180 days of follow-
up and the number having LTx, however, were
not significantly different in the two groups.
Resolving coma within 5 days was shown to
have a strong impact on the 2-week transplant-
free survival: 81% compared with 34% in those
remaining in coma (p<0.001).91 A European
multi-center randomized controlled trial evalu-
ating the role of MARS in ACLF with mortality as
the primary end point is awaiting completion.

Acute Liver Failure. In the context of ALF, no
controlled studies have been performed as yet.
Outcome data are available from three centers –
Rome, Helsinki, and Gothenburg. Novelli et al.92

from Rome have treated nine cases of fulminant
hepatic failure. Three patients survived without
requiring transplantation. The remaining six
were transplanted, of whom four survived,
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while two died due to sepsis. The authors have
extended the series to 24, in whom they report
improvement of serum bilirubin, INR, and
ammonia as well as neurological status (though
outcome is not described).93,94 Isoniemi95 (Hel-
sinki) has reported 45 cases of ALF managed
with MARS; 80% of the patients survived,
which is a strikingly high proportion. Native
liver recovered in 23 cases, while 13 patients
were transplanted successfully. Hemodynamic
and neurological improvements were noted fol-
lowing MARS therapy in most cases. While
these results are quite encouraging, especially
in those with a toxic etiology, it is to be noted
that at least in some of these cases MARS was
started before the development of encephalo-
pathy, and in the absence of matched controls
such improvement is difficult to interpret. Fell-
din et al. (Gothenburg) describe 10 patients of
ALF treated with MARS, of whom 7 survived.
Beneficial effect was most evident in those who
received 5 or more sessions of treatment (4/5
survivors).96,97

Among other studies, one has described
improvement in encephalopathy, a reduction of
cerebral edema and intracranial pressure, with
increase of cerebral perfusion pressure in three
ALF patients treated with MARS.98 A recent small
randomized controlled study in patients with
hyperacute liver failure found that a single ses-
sion of MARS treatment (n=8) improved sys-
temic hemodynamics (mean arterial pressure,
systemic vascular resistance, and cardiac output)
compared to controls (n=5), who had only been
mechanically cooled to match the MARS group.99

A phase I trial from the United States evaluated a
slightly modified system using continuous albu-
min dialysis with continuous hemodiafiltration
in nine ALF patients (UNOS status 1: 5; status
2a: 4).100 Of those with status 1, one recovered
native hepatic function while three were bridged
to transplantation.

Two recent studies have reported the use of
MARS in ALF related to hepatitis B. A Chinese
series describes ten such patients, of whom one
was successfully bridged to LTx and three were
alive at 3-month follow-up.101 Hemodynamic,
neurological, and biochemical improvements
were noted. An Italian series describes MARS
treatment in five patients of hepatitis B-related
ALF in lymphoma patients undergoing che-
motherapy.102 Three were alive at 1-year fol-
low-up, while MARS was thought to have been
commenced too late in the two who died.

A recent report describes the interim ana-
lysis on the first 27 patients included in a
randomized controlled single-center trial
evaluating MARS in hypoxic liver failure due
to cardiogenic shock following cardiac sur-
gery.103 Seven out of 14 patients (50%) in the
MARS group survived, compared to 4 out of 13
(32%) in the non-MARS group. No significant
difference in survival was found. A full report
is awaited.

There are also individual case reports of the
use of MARS (n=4)104–106 or albumin dialysis
(n=1)107 to treat Wilson’s disease with ALF
(grade 3–4 encephalopathy, oligo-anuria, coagu-
lopathy), all of whom were successfully bridged
to transplantation after a period ranging from 9
to 59 days. MARS has also been used to treat ALF
due to paracetamol overdose (n=3)104,108,109 and
mushroom intoxication (n=3),104,110,111 where all
survived without requiring transplantation, while
a case of acute Budd–Chiari syndrome died in
spite of MARS and transplantation.104 A series of
five MARS-treated paracetamol overdose
patients report survival in four, with one patient
dying of brain edema.112

Other Indications. Results with MARS in the
treatment of primary graft dysfunction follow-
ing liver transplantation are limited. One
study113 reported six such patients (primary
non-function: n=4, delayed non-function:
n=2), where MARS treatment led to a recovery
in five cases, eliminating the need for re-trans-
plantation. The sixth patient died. Another
study104 reported two patients of liver failure
following transplantation, one due to primary
non-function and the other due to severe graft
dysfunction, both of whom were bridged to
re-transplantation with MARS. The former
died following sepsis, while the latter survived.
Data available from four other centers describe
eight cases of primary graft dysfunction
treated with MARS, of whom three recovered
and four were successfully bridged to re-
transplantation.114

There have been reports of the use of MARS
for the treatment of liver failure following hepa-
tic resection (n=7),104,115–117 but only one such
patient survived.104 There have also been anec-
dotal reports of the use of MARS in progressive
intrahepatic cholestasis due to chronic graft-
versus-host disease (n=1),118 and in patients
with heart failure, complicated by liver failure,
awaiting heart transplantation.119
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Newer Indications. Over the last 3 years, two
new clinical indications for the use of MARS
therapy appear to be emerging. Intrahepatic
cholestasis with intractable pruritus can be an
extremely debilitating condition, severely
impairing the patient’s quality of life. Therapeu-
tic options are limited for cases which fail to
respond to currently available medications. In
this setting, MARS has given a rapid, significant,
and reasonably well-sustained response.120–122

Mullhaupt et al. described rapid resolution of
pruritus following a single session of MARS in
a patient with primary biliary cirrhosis, but with
recurrence of symptoms within 5 days.121 Macia
et al. described a similar improvement with
MARS in two patients with primary biliary cir-
rhosis and one patient with post-transplantation
biliary stenosis, with the effect persisting for 3–8
weeks.123 In one of these patients, out-patient
follow-up with a MARS session every few
months (after the initial therapy) was successful
in achieving long-term improvement. Doria et
al. reported three patients with hepatitis C-
virus-related intractable pruritus, treated with
seven sessions of MARS, where an improvement
persisting for several months was noted.122 Bell-
mann et al. recently described seven patients
with post-transplantation intractable pruritus
who were treated with three consecutive ses-
sions of MARS.124 Six patients responded, and
the improvement was sustained for >3 months
in three of them. The last two studies also
demonstrated an associated reduction of serum
bile acids, implicating this as a potential
mechanism of the response. However, removal
of plasma opioids such as met-enkephalins125

may be responsible as well.
The other emerging indication for MARS

therapy is in the setting of overdose/toxicity
with protein-bound, especially albumin-bound,
substances which are often non-dialyzable. We
have reported the rapid clinical improvement
following a single MARS session of a patient
with phenytoin toxicity, associated with a linear
rapid reduction of both total and free plasma
phenytoin levels.126 This observation was taken
further in a subsequent study in an animal
model of ALF, where we determined whether
this detoxifying capacity was restricted to only
albumin-bound substances or could be general-
ized to substances bound to other proteins as
well.127 The results demonstrated that fentanyl
(85% bound to �-1-acid glycoprotein in the
plasma) was removed as efficiently by MARS as

midazolam (97% bound to albumin). These data
provide the rationale to explore the role of
MARS in the treatment of toxicities with a vari-
ety of protein-bound non-dialyzable substances.

Pathophysiological Basis. The pathophysiologi-
cal basis of the development of the clinical
manifestations of ACLF is only poorly under-
stood. Similarly, very little is known about the
mechanisms underlying the observed clinical
improvements following MARS therapy. The
improvement in HE may be due to the associated
significant reduction of serum ammonia
levels,80–82 as a result of direct removal by the
MARS system.128 Another possible explanation
might be a favorable alteration of the amino
acids profile, with relative clearance of aromatic
amino acids, as had been observed in the early in
vivo studies.74 A reduction of plasma nitrates and
nitrites following MARS, probably due to direct
removal by the system,128 may contribute to the
improvement of the circulatory status. Whether
production of nitric oxide is altered as well fol-
lowing therapy is as yet not known. This systemic
hemodynamic improvement may, at least in part,
be responsible for the associated improvement of
renal function. An alteration in the profile of
inflammatory mediators and cytokines, either
by removal by the MARS circuit or by altered
production due to an ‘‘improved’’ internal envir-
onment following blood purification by MARS,
might conceivably have a role to play. Prelimin-
ary data from one study failed to show any
change of plasma levels of tumor necrosis factor
(TNF)-� or its receptors following MARS treat-
ment, in spite of their detection in the dialysate in
fairly considerable amounts, indicating removal
of these substances across the membrane.128

SPAD

In vitro studies suggest that its detoxifying capa-
city is similar to or even greater than (especially
with regard to bilirubin and ammonia clearance)
that of MARS.129 However, would these results
hold up in vivo too? As of now, there are only a
few reports of its clinical use. One was a case of
fulminant Wilson’s disease, where it was found
to efficiently clear bilirubin and copper, both
protein-bound, from the plasma.107 Subse-
quently, three cirrhotic patients were treated
long term, resulting in two successful transplan-
tations and one patient dying from sepsis after
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140 days.130 There is another case report of a
successful short-term bridging to LTx from
Berlin.131

Prometheus

Since Prometheus was first used successfully in a
young patient with ALF and multi-organ failure
due to ecstasy and cocaine intoxication (who
was deemed ineligible for LTx),132 more clinical
data have emerged. The results of Prometheus
treatment in 11 patients with ACLF and accom-
panying renal failure have been published.78

Improvement of serum levels of conjugated
bilirubin, bile acids, ammonia, cholinesterase,
creatinine, urea, and blood pH occurred. A
drop in blood pressure in two patients and
uncontrolled bleeding in one patient were the
adverse events noted. Another randomized
cross-over study compared alternating treat-
ments with MARS and Prometheus in eight
patients with ACLF. Reduction ratios of both
bilirubin and urea were more with Prometheus.
Their safety profiles were found to be compar-
able.133 In another study, the removal capacity
and selectivity of the Prometheus system was
evaluated in a clinical trial on nine patients of
ACLF.134 Levels of endogenous toxins (urea
nitrogen, creatinine, total bilirubin, and bile
acids) were found to decrease significantly. A
subsequent report by the same group reported
toxin removal in ACLF by Prometheus (n=9) to
be more effective compared to that by MARS
(n=9).135 Prospective controlled trials are
planned for the future.

Safety Profile

The safety of the MARS device has been
evaluated through its use in over 3000
patients worldwide. The MARS Registry,
which is maintained by the University of
Rostock, contains data on about 500 patients
treated with this device.136,137 In general, the
treatment is well tolerated and the only con-
sistent adverse finding with the use of MARS
is thrombocytopenia. Critical analysis of the
data from the Registry in patients with ACLF
suggests that its use should be contraindi-
cated in those with established disseminated
intravascular coagulation (DIC) or in those
patients with ‘‘incipient’’ DIC characterized

by progressive thrombocytopenia (< 50 �
109/L) and/or coagulopathy (INR > 2.3).
Another factor found in the interim analysis
of the first multi-center European clinical
trial in ACLF patients is the adverse influence
on outcome of already established renal
support.

The initial pilot trial looking at the safety of
the Prometheus system found it to be generally
safe and well tolerated.78 A drop in blood pres-
sure in two patients and uncontrolled bleeding
in one patient were the adverse events noted. In
general, a significant drop in mean arterial
pressure was noted during Prometheus treat-
ment, which returned to the pre-treatment
levels by the following day. This might be
related to the larger extracorporeal blood and
plasma volume for Prometheus (because of the
additional plasma volume in the secondary cir-
cuit) compared to either MARS or SPAD. A
reversible increase of white cells (though no
other signs of systemic inflammation), possible
due to transient leukocyte activation by the
membrane, was noted too. However, no case
of thrombocytopenia (as has sometimes been
seen with MARS therapy) was observed.
Finally, heparin, which remains the anti-coagu-
lant of choice in MARS and SPAD, seems to
have resulted in clotting problems with Pro-
metheus,78 where citrate is being looked at as
an alternative.79

Conclusion

Most of the benefits observed with liver support
in the setting of ALF have been in the form of
successful bridging to transplantation, rather
than recovery of the native liver. The latter has
been relatively more often achieved only in stu-
dies on patients with ACLF. While most studies
with hybrid bioartificial systems have demon-
strated their immediate safety, concerns persist,
particularly regarding the acquisition of retro-
viral infections when porcine hepatocyte mod-
ules are used. The complexity of the circuits and
the high costs involved inevitably will be a limit-
ing factor to their use. Artificial systems are sim-
pler, safer, and cheaper. The data supporting
their use in ACLF are encouraging. However,
only when a carefully conducted controlled clin-
ical trial has shown proven benefit, including
survival, can we be certain of its value, whatever
the efficacy of toxin removal.
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The difficulties in showing such a benefit with
a controlled trial in ALF have already been
referred to. LTx has a major influence on survival
in the most severe group of cases, and the timing
of it is inevitably going to differ from case to case
and from center to center depending on the avail-
ability of organs. One group of patients that could
be utilized for future trials in ALF would be
patients who are early in the course of their dis-
ease, in whom subsequent improvement or dete-
rioration can be correlated with the requirement
for LTx as the primary end point. The main
difficulty with such a trial is in setting the selec-
tion criteria for inclusion so that mortality is still
sufficiently high in the control group for a benefit
to be shown. Another category of ALF patients
who could be studied are those who fulfill criteria
for LTx, but who because of co-morbidity or
other reasons are considered unsuitable for it.
ALF from paracetamol hepatotoxicity has a dif-
ferent clinical course with lower requirement for
LTx and higher incidence of spontaneous recov-
ery than ALF due to other etiologies, and prob-
ably merits a separate and specifically designed
trial, taking into account the percentage of cases
that do go downhill rapidly. Whatever the inclu-
sion criteria and design of the trial in ALF, the
patients must be stratified for etiology, age, and
rapidity of onset of encephalopathy.

As regards the setting of ACLF, well-designed
controlled trials (especially with MARS) with
survival as the primary end point have already
been set up. The main point to note is that quite
large numbers of patients (about 150–200)
would need to be included for the trials to be
adequately powered. This implies that these
logistically complex studies need to be carried
out in multiple centers while at the same time
maintaining the basic homogeneity of the trial –
which in practice can be more daunting than
they would appear in theory.

As for the devices themselves, what of the
future? While the search for an effective liver
support system remains the Holy Grail for
researchers in this area, the value of the present
systems, whether hybrid bioartificial or entirely
artificial, is still far from certain. What still
remains a puzzle with the bioartificial devices
is the lack of major discernible synthetic effect
from the biological component. Further work on
what underlies the improvement in conscious-
ness levels with BAL, as well as of the various
beneficial effects reported with MARS, is clearly
essential. The shortage of human hepatocytes

for use in BAL could be solved by the use of
stem cells, especially hemopoietic stem cells,
induced to differentiate into mature functional
hepatocytes.138 Reversible immortalization of
tumorigenic human cell lines using the Cre-Lox
genetic engineering system, with excision of the
immortalizing gene, thus removing the threat of
tumorigenesis,139 is another approach which has
already been tested experimentally. The viability
and functional capacity of hepatocytes138 has
been shown to be improved by co-culture with
non-hepatocytic/endothelial cells, and their pre-
sence would also help through the scavenging
functions of the endothelial cells.140 As to the
improvement in the design of bioreactors, better
provision for the functions of bile excretion could
be of benefit. Interestingly, it has recently been
reported that bile duct-like structures form in
cultures of bile epithelial cells.141,142 But all these
possible developments will add even further to
the complexity (and costs) of the hybrid bioarti-
ficial devices. As to improvements for the artifi-
cial devices like MARS, additional adsorption
columns for removal of specific toxins, like cop-
per for acute Wilson’s disease, and modification
to the membrane and its albumin impregnation
so as to decrease quantities of albumin required
and increase transport efficiency would be worth-
while. SPAD and FPSA are variations of these
devices which are already being tested. Which of
these systems will ultimately stand the test of
time? Only the future will tell.
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5
Glucose Sensors and Insulin Pumps: Prospects
for an Artificial Pancreas

Martin Press

Introduction

Insulin is an extraordinary hormone. When we
eat, as any medical student will tell you, insulin
stimulates glucose uptake into insulin-sensitive
tissues (muscle, fat, liver). What they often
appreciate less is that this effect requires the
high insulin levels which occur only transiently
after meals. When we are not eating, there is a
continued need for glucose homeostasis, and
insulin then, at much lower concentrations, reg-
ulates glucose production, predominantly from
glycogen stores in the liver. Patients are often
baffled that they can wake up with higher glucose
levels than those they went to bed with despite
not having eaten anything, but hepatic glucose
production, regulated by insulin, is the main
determinant of fasting blood glucose levels. Insu-
lin, in effect, does the work of two hormones.

It does so by having two quite different dose–
response curves in different organs (Figure 5-1).
The steep part of these respective curves is seen
at concentrations which are some 10-fold apart.
Thus, at fasting insulin concentrations, small
changes in insulin, such as are constantly seen
as the pancreatic b-cells respond to minute
changes in glucose concentrations, have a neg-
ligible effect on glucose uptake. However, this
same fluctuation in insulin levels modulates
significant changes in hepatic glucose produc-
tion and is thus able to rapidly correct any
tendency for glucose levels to stray outside a
very narrow physiological range. Following a
meal, not only is glucose uptake stimulated,
but hepatic glucose production is also almost
completely suppressed.

It is not clear why it is that the liver has not
evolved to be able to measure glucose levels itself
and has to rely on the pancreatic b-cells to ‘tell’ it
how much glucose to produce. So long as the
pancreatic b-cells are working well it presents no
problems. But if a diabetic patient gives himself
too much insulin, the resultant high-circulating
insulin levels are read by the liver as the signal
that glucose levels are too high and hepatic glucose
production promptly falls, resulting in hypoglyce-
mia. Conversely, insulin deficiency as a result of
pancreatic b-cell failure is the signal to the liver
that glucose levels are low, with the result that
hepatic glucose production increases inappropri-
ately. In the extreme situation of diabetic ketoaci-
dosis, when the pancreatic b-cells fail completely,
the liver is pouring glucose into the circulation to
try to correct a non-existent state of hypoglycemia.

Conventional Insulin Treatment

In vivo, insulin is secreted in pulses every
10–15 min. Given that the half life of insulin in
the circulation is less than 5 min, this results in
wide short-term variation in insulin concentra-
tions which enables minute-to-minute regulation
of blood glucose levels. While the replacement of
other endocrine hormones with long half lives,
such as thyroxine, does not present a great clini-
cal problem, the idea of replacing a hormone such
as insulin whose concentrations are constantly
changing is another matter altogether and indeed
it is amazing that in patients with Type 1 diabetes
we manage as well as we do with just a few injec-
tions a day.

N. Hakim (ed.), Artificial Organs, New Techniques in Surgery Series 4, DOI 10.1007/978-1-84882-283-2_5,
� Springer-Verlag London Limited 2009
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Traditional insulin therapy has in the past
involved relatively ‘dirty’ insulin preparations,
purified from animal pancreases. When insulin
was first introduced into clinical practice in the
1920s this did not matter as the impressive point
was that one was preventing what would other-
wise be inevitable death from diabetic ketoaci-
dosis. However, the impure insulin preparations
extracted from animal pancreases elicit an
immunological response which involves insulin
antibodies which tend to buffer sudden changes
in insulin concentrations and may cause immu-
nological reactions at the injection sites. With
the appreciation that a more sophisticated
approach was necessary in order to achieve ade-
quate metabolic control to prevent diabetic
complications and optimize quality of life, the
shortcomings of the old insulin preparations
became even more apparent.

In the 1970s, so-called mono-component
insulins were introduced which contained very
few impurities. These were extracted from pigs,
whose insulin is only 1 amino acid different
from man (compared to bovine insulin, which

is 3 amino acids different). As a result, they
elicited less in the way of an antibody response.
Since then, there has been an almost complete
move toward recombinant DNA technology to
synthesize insulin de novo in the laboratory. The
resultant insulin is 100% pure and is identical to
naturally produced human insulin. Indeed, its
original marketing bore a strong resemblance to
that of Coca Cola in being ‘the real thing’.

Because soluble, ‘regular’ insulin synthesized
in this way elicits little or no significant antibody
response, it tends to be shorter acting than
extracted insulin. However, the recombinant
DNA technology has been taken one step further
and, by means of substitutions, deletions, or
rearrangements within the molecule, manufac-
turers have been able to produce insulins with
even shorter durations of action. There are cur-
rently three genetically modified ultra-short act-
ing insulins on the British market, lispro, aspart,
and glulisine, each the result of different mole-
cular modifications, but all with essentially the
same pharmacokinetics.

The physiological significance of this genetic
engineering is that we now have insulins whose
duration of action is sufficiently short as to
mimic the narrow insulin peaks secreted phy-
siologically with meals. Soluble (regular) insulin
as injected exists as a hexamer and, since it takes
some 30–40 min to dissociate into monomers
and enter the circulation, the injection needs to
be given 30–40 min before the patient wants to
eat. This causes practical problems, especially
with children. Even then, the biological effect
of the insulin is still not fast enough to prevent
a rapid rise in blood glucose levels, so that
patients have to be encouraged to eat small
meals and then a snack 3 or 4 h later, when the
meal has gone but the insulin is still working, if
they wish to avoid hypoglycemia before the next
meal.

In contrast, with ultra-short acting analogues
the dissociation is so rapid that there is an
almost immediate rise in circulating insulin
levels and the elevation in insulin levels lasts
for only 3 or 4 h. When the meal effect is gone,
so is the insulin. This means that the insulin can
(indeed, must) be taken immediately before the
patient eats, and mid-morning, mid-afternoon,
and bedtime snacks are not necessary. The
patient can eat (within reason) whatever they
wish and adjust the insulin dose to the carbohy-
drate content of the meal so that the old idea of
needing to restrict carbohydrate intake has been
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Figure 5-1. Glucose kinetics (with kind permission of Oxford
University Press). Glucose uptake is stimulated by insulin, but only at
the elevated concentrations seen after meals. At low insulin levels,
glucose uptake is not zero because of insulin-independent uptake by
tissues such as the brain, in particular. Glucose production, in contrast, is
regulated at the low insulin levels typically seen in the fasting state, in
which glucose production is the main determinant of fasting glucose
levels.
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replaced with a philosophy of learning the car-
bohydrate content of foods and matching insu-
lin doses to the carbohydrate intake.

As emphasized above, these high-insulin
peaks are present for only a few hours after
each meal. In between meals, low levels of insu-
lin are still necessary to regulate hepatic glucose
production and maintain normoglycemia. With
conventional insulin regimens, this has always
proved difficult due partly to the vagaries of
absorption of depot insulin preparations with
marked variation from one injection to the
next and partly to the fact that insulin levels
following an injection inevitably peak and then
wane. The latter is particularly a problem over-
night when insulin requirements are typically
low in the first part of the night but rise in the
second part (the so-called ‘dawn phenomenon’),
just when the effect of an intermediate acting
insulin is waning.

What is ideally required therefore, is a system
of administering insulin which provides a rela-
tively constant ‘basal’ infusion of insulin around
the clock, with ‘boluses’ of insulin which are
given just before the patient eats. This is what
the insulin pumps currently available seek to
provide. They give a constant trickle of insulin
as a basal rate with extra as boluses whenever
told to do so. They can be programmed to give a
different basal rate at different times of the day
(a higher rate from 5 am until 8 am, for example)
while at the same time giving complete flexibility
with respect to the number of times the patient
eats and the dose of insulin needed to balance
the amount of carbohydrate the meals or snacks
contain. A recent study showed that metabolic
control was a direct function of the number of
insulin boluses given1.

Open Loop Insulin Pumps: History

The concept of a portable pump, permanently
attached to the patient and under the patient’s
control, was first developed in the late 1970s. The
first publication on ‘continuous subcutaneous
insulin infusion’ (CSII), by Dr John Pickup of
Guy’s Hospital, was published in the British Med-
ical Journal in 19782 and the pump that he used is
now in the Science Museum in London.

At that time, small pumps were used to give
in-patients morphine or other drugs for rela-
tively short periods of time. They were designed
to be left on the bedside table. Some of the first

attempts to give insulin from a portable pump
involved simply strapping these same pumps to
the patient’s belt but they were desperately
heavy and crude. Smaller, lighter pumps were
rapidly developed. The first studies in England
were done predominantly with the Mill Hill infu-
ser, while those in the USA used a purpose built
pump made by Auto-Syringe in New Hampshire
(Figure 5-2). Dean Kamen, who dropped out of
college to start Auto-Syringe in 1979, has
become better known recently for inventing the
Segway personal transporter, from which
George Bush famously fell off. He is in the
great tradition of eccentric inventors.3 He sold
Auto-Syringe after a few years to Baxter Inter-
national for $30 million and, with the money,
bought an island off the coast of Connecticut,
declared independence from the United States
and appointed the founders of Ben and Jerry’s as
joint Ministers of Ice Cream!

MiniMed, the company which has dominated
the development of diabetes technology since
their first pump was launched in 1983, was also
very much associated with one particular man.
Mr. Al Mann personally funded the development
of insulin pumps and glucose sensors by Mini-
Med for 20 years and without his personal com-
mitment it is very doubtful that an artificial
pancreas would even be on the horizon at this
point.

While it was the technology that grabbed the
headlines, equally important was the change in
mindset whereby it was left to the patient to take
responsibility for their diabetes, following
changes in their blood glucose levels with self-
administered finger pricks and a portable glucose
meter. This in turn arose from Dr Clara Lowy’s
study, also published in 1978,4 on women who
monitored their diabetic control during preg-
nancy and who, to the doctors’ astonishment,
chose to continue to monitor their blood glucose
levels afterwards because it put them in control.

All pumps currently available commercially
use broadly the same principles. Inside a case
the size of a small mobile phone is a battery and
a small electric motor which drives a syringe
pump. This delivers a near-continuous infusion
of insulin through a long tube to a plastic can-
nula which is inserted through the skin into
subcutaneous adipose tissue. The cannula is
typically changed twice a week while the insulin
reservoir has to be topped up at intervals which
depend on the insulin requirements of the
patient.
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Several companies have brought insulin
pumps to market over the years, and at present
in Britain, there are at least four available. The
original Auto-Syringe pump had only two but-
tons, labeled ‘basal’ and ‘bolus’ (Figure 5-2). The
basal rate could be adjusted in steps of 1 unit per
24 h and it was a long time before other manu-
facturers offered such fine adjustment, which
is necessary because the slope of the dose–
response curve of glucose production versus
insulin is so steep (Figure 5-1). Other aspects of
pump development consisted largely of impro-
ved safety features and more sophisticated pro-
grammes for varying the shape and duration of
bolus delivery. Roche offers the improved conve-
nience of prefilled insulin syringes. Most centers
now use ultra-short acting insulin analogues
rather than insulin itself to take advantage of the
narrowness of the post-meal insulin peak and
the speed with which it is possible to change
effective circulating insulin levels.

Open Loop Insulin Pumps: Pros and Cons

Compared to what is now regarded as a conven-
tional regimen of multiple daily injections
(MDI), pumps have both advantages and disad-
vantages. Thus, there is no need with the pump
to inject yourself, but on the other hand you
have to replace the giving set and cannula twice
a week. There is no peaking or waning of insulin

effect as seen overnight and in the inter-prandial
periods with conventional regimens. On the
other hand, if there is an interruption in insulin
supply for more than an hour or two, there is
rapid metabolic decompensation leading to
hyperglycemia and ketosis since there is no sub-
cutaneous insulin reserve.

Most studies comparing CSII and MDI have
described either a reduction in glycated hemo-
globin without a corresponding increase in the
incidence of hypoglycemia or a reduction in
hypoglycemia without a concomitant rise in
HbA1c.

5 However, to most patients on an insulin
pump, the major advantage relates to flexibility
and issues of lifestyle and quality of life rather
than directly to the diabetic control itself.

Although CSII offers the convenience of
being able to programme the pump to allow for
reproducible fluctuations in insulin sensitivity,
most centers start with a single daily basal rate,
which is typically some 20–30% less than the
patient has previously been receiving from
their long-acting insulin because of better
absorption. The pump makes it possible to
allow for diurnal variation in insulin sensitivity
(we are most insulin resistant in the early hours
of the morning as the result of growth hormone
secretion during deep sleep in the early part of
the night). Disetronic (since taken over by
Roche) took this concept to extremes with their
philosophy of programming frequent changes in
basal rate around the clock to match changes in

Figure 5-2. Original Auto-Syringe
insulin pump, circa 1981. A small
syringe filled with insulin was con-
nected to a catheter inserted into sub-
cutaneous fat via a fine tube. The
syringe was driven by an electric
motor the speed of which was depen-
dent on the ‘basal’ and ‘bolus’ settings
of the pump.
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average diurnal insulin sensitivity. This
approach failed to take into account the fact
that everyone is different and no one exactly
follows the average. In practice, a single 24 h
constant basal rate usually works surprisingly
well and in order to do better, there is no alter-
native but to work out an individualized pro-
gramme of basal rates for each patient. Even
then, the necessary diurnal changes in basal
rates vary from one day to another in a given
patient, which is why perfect control is not
attainable with an open loop system.

Overnight basal rates are adjusted to give
satisfactory mean fasting glucose levels. So long
as there is no mid-morning snack, morning
basal levels are adjusted according to pre-lunch
glucose levels and so on. Some centers omit the
previous meal and meal bolus to adjust the basal
rate but this may change insulin sensitivity and
gives the whole procedure a spurious accuracy.
Patients are not machines and do not give
exactly the same results if tested more than once.

Meal boluses are calculated on the basis of
meal carbohydrate content and we are not the
only unit to have obtained excellent results by
giving patients an intensive educational course,
modeled on the principles of DAFNE (Dosage
Adjustment For Normal Eating) and BERTIE
(Bournemouth’s Education Resources for Train-
ing in Insulin and Eating), to teach them to
estimate the doses they are likely to need for a
particular meal.

Just as with the basal rates, it is necessary to
modify and adapt the formula used to calculate
meal boluses in a particular patient. Thus, for
example, the patient may start with, say, 1 unit
per 10 g carbohydrate ingested and increase or
decrease this as necessary according to their
response. Sometimes it may be necessary to
vary the ratio to allow for fluctuations in diurnal
insulin sensitivity. Thus, for example, if they eat
60 g of carbohydrate for both breakfast and
lunch, many patients find that while 6 units of
insulin will be sufficient at lunchtime, they may
need 7 or 8 units to cover breakfast. This may
also reflect some ‘carry-over’ of insulin from the
breakfast dose. Supper usually needs more insu-
lin in any case because for most patients it is the
biggest meal of the day.

The real beauty of the pump, however, is that
it gives such great flexibility with respect to the
timing and amount of meals. With a conven-
tional insulin regimen, once the insulin injection
has been given, one has to eat to match the

insulin or risk hypoglycemia. Conversely, if
one eats more than one had intended when the
injection was given, one has to either accept that
glucose levels will run high or give oneself an
extra injection. With the pump, it is perfectly
possible to give a bolus to cover one’s main
course and only when dessert comes to decide
whether to give extra insulin to cover it. Extra
small boluses of insulin to cover between-meal
snacks can be given without any problem.

When we exercise, circulating insulin levels
typically fall by some 30% and this, together with
an increase in glucagon, adrenaline, and growth
hormone, modulates the mobilization of the
necessary metabolic fuels. In patients with
Type 1 diabetes, there is no way of reducing
insulin levels, which are determined by the pre-
vious injection of insulin, except with the pump.
As alluded to above, the lack of a subcutaneous
insulin reservoir is a drawback if the insulin
supply from the pump is interrupted, with one
exception. This is exactly what is wanted during
exercise.

Patients taking injections have little choice
but to take extra sugar to prevent hypoglycemia
when they exercise. However, giving sets on
modern pumps have a quick release connector
which allows patients to simply disconnect the
pump and take it off when they exercise. If they
are going to exercise for more than half an hour,
they should keep the pump on but can turn the
basal rate down to mimic what normal b-cells
would do.

Modern ‘open-loop’ insulin pumps are in no
sense automatic. Just as a car does not go round a
corner unless you turn the steering wheel, so a
pump has to be told how much insulin to give.
This in turn means that the patient has to do
regular finger-prick glucose estimations. Unsur-
prisingly, the more finger-pricks the patient does,
the better the control. One of the fashionable
‘tools’ available to patients on pumps who are
prepared to do more than the minimum number
of finger-pricks is to give correction doses to
bring down a high glucose level. The disadvan-
tage of this is first that it is difficult, when giving
insulin without food, not to give too much, and
overshoot into hypoglycemia, and second that it
tends to make patients err on the cautious side
with their meal doses. One might add that it
encourages patients to do 8 or 10 finger-pricks a
day, which some of us might think would be
spending too much time and energy on their
diabetes and too little on the rest of their lives!
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The latest version of Medtronic’s pump
incorporates a ‘Bolus Wizard’ to help the patient
to work out how much insulin they need (Roche
market a similar bolus calculator and other
manufacturers are also developing ‘smart
pumps’). It takes into account not only what
your blood sugar level is and how much carbo-
hydrate you are planning to eat but also calcu-
lates and allows for the amount of insulin still
acting in your circulation from your previous
meal bolus. Many patients find this ingenious
piece of software invaluable although they have
to realize that the Wizard’s suggested doses are
no more than a recommendation and they need
to have the confidence to override the sugges-
tions when necessary. Furthermore, high post-
prandial glucose levels as a result of not taking
enough insulin with the previous meal come
down anyway, and the idea of chasing them
down faster carries the danger of making the
patient more neurotic about the risk to their
health of a brief post-prandial peak than is
appropriate. I am personally much more con-
cerned about a high fasting glucose value
because it will probably have been high all night.

There are two other drawbacks which are
unique to the pump. The first is cost. Most
manufacturers charge roughly £2,500 for the
pump itself but on top of this is the cost of
giving sets and cannulas, which comfortably
add another £1,000 per year, not to mention
the strips for the glucose meter for the extra
finger-pricks which are necessary if one is to
take full advantage of what the pump has to
offer. Both the pump manufacturers and the
glucose meter manufacturers, like mobile
phone manufacturers, tend to give the basic
equipment away quite cheaply for what it is
and then make their money on the supplies,
sticks, or phone calls, respectively. In Britain,
recommended targets for diabetes control
which made the patient eligible for reimburse-
ment for pumps and pump supplies were pub-
lished in 2003. Patients who could not achieve
levels of glycated hemoglobin below 7.5% (or
6.5% if they had other cardiovascular risk fac-
tors) ‘without disabling hypoglycemia’ were
deemed eligible. The levels chosen meant that
a far higher percentage of patients with Type 1
diabetes were eligible than the 2 or 3% currently
on insulin pumps in the United Kingdom.
Clearly there would be very substantial implica-
tions for the health-care budget if all such
patients were started on CSII.

Finally, there is the issue of visibility and body
image: the concept that one is wearing a badge of
illness. Even if the pump is invisible to an out-
sider (and there is no reason why it should not
be), it is a constant reminder to the patient him-
self of the fact that they have a medical problem.
When pumps first became available on a large
scale in the United States in the early 80s, the first
people to want them were, unsurprisingly, those
for whom this was not a big issue and who were
keen to be part of the new technological revolu-
tion. Twenty-five years later, pumps are old hat
(at least the open loop pumps available commer-
cially) and it is much more a question of the
attitude of the professional group managing the
patient and whether the money will be reim-
bursed which decides whether a given patient
goes onto an insulin pump.

Some groups start patients with newly diag-
nosed Type 1 diabetes on pumps from the be-
ginning, even though such patients are usually
relatively easy to manage for the first year or two
because they have significant residual b-cell func-
tion. The logic for this is first that this is what they
are going to need in due course and the sooner
they get used to the idea the better, and second,
that there is evidence that diabetic control in the
first years of diabetes has a disproportionate influ-
ence on the risk of complications in later years.

Open-loop pumps have advantages over mul-
tiple injections,5 particularly in patients whose
life style varies considerably from one day to the
next. When we put people on pumps, we always
stress that this is an experiment and that, if they
do not like it, they can go back to injections
without having lost anything. Very few people
do. Clearly the patients who go onto pumps
have been selected because we think they will
suit them but in practice, once a patient has got
used to being attached to a gadget 24 h a day there
is rarely any looking back.

Unfortunately, even with the most highly
motivated patient, it is still not possible to
achieve perfect control. Blood glucose is influ-
enced by things of which we still have little
understanding so that even a patient who eats
exactly the same amount of exactly the same
food, and who takes exactly the same amount
of exercise at the same time each day, will have
different glycemic profiles from one day to the
next. Instability and unpredictability are the
hallmarks of Type 1 diabetes. This high variance
means that attempts to achieve completely nor-
mal average glucose levels are inevitably limited
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by the resultant increase in the frequency of
hypoglycemic episodes.

This is quite simply the nature of Type 1 dia-
betes and does not imply failure on the part of
either the patient or the medical team. Thus, the
landmark Diabetes Control and Complications
Trial (DCCT), which attempted to achieve the
best possible control with either pumps or multi-
ple injections, managed only an average HbA1c,
reflecting the average blood glucose for the past 2
months or so, of 7%, compared to an upper limit
of normal for subjects without diabetes of 6.1.6

This was because the incidence of severe hypo-
glycemia (defined as requiring the intervention of
others) was 62 per 100 patient years (compared to
19 in the conventionally treated control group).
Thus, the markedly increased incidence of hypo-
glycemia prevented normalization of HbA1c, and
it is hardly surprising that intensive treatment,
while it reduced the incidence of complications,
failed to prevent them altogether.

Intraportal Insulin Delivery

In the 1990s, three manufacturers (Siemens,
Infusaid, and Minimed) explored whether there
were advantages to infusing the insulin into the
peritoneal cavity rather than into fat. The think-
ing was first that this would mimic physiological
delivery of insulin into the portal vein so that the
liver would see much higher concentrations
than other organs, and second that an artificial
pancreas would probably involve a fully
implanted system, so that this would be the
next logical step. Both Siemens and Infusaid
dropped out in the 1990s because of prohibitive
development costs while MiniMed went on to do
a clinical trial of a closed loop system which used
an intravenous sensor and intraperitoneal insu-
lin delivery which was abandoned after a few
years because of sensor problems.

Intraperitoneal insulin delivery has one
major clinical advantage, which is a much
reduced risk of hypoglycemia. At the same
time, it has several major disadvantages. It
requires a small operation to implant the
pump. The insulin reservoir has to be refilled
every few months in the hospital and further
surgery is needed every few years to replace the
batteries. There were major problems with insu-
lin aggregation and blockage of the catheter tube
with the specially manufactured 400 U/ml insu-
lin which was necessary, necessitating a redesign

of the pump with a side-port which could be
used to flush the catheter. Intraperitoneal insu-
lin delivery is arguably the best route by which
to give insulin but at present it is out of fashion
because of these drawbacks and current devel-
opment work on artificial pancreases is focusing
on subcutaneous insulin delivery with ultra-
short-acting insulin analogues.

Need for Closed Loop System

Although subcutaneous insulin infusion pumps
have been available since the early 1980s, there
were major issues with the development of con-
tinuous glucose sensors and they did not
become commercially available until 1999.
They showed vividly just how bad glucose con-
trol is in patients with Type 1 diabetes. In an
unselected group of patients, Bode showed that
patients with Type 1 diabetes spend only 14.5 h
per day in the euglycemic range (70–180 mg/dl,
3.9–10.0 mmol/l), with 2.3 h below and 7.2 h
above these limits.7 Apart from the increased
risk of complications from the hyperglycemic
values, patients will feel less well as the result
of the fluctuation of their glucose levels while
episodes of hypoglycemia may compromise
their quality of life still further.

In order to achieve near-normal glucose con-
trol, and in particular to achieve it without hypo-
glycemia, one needs a closed loop system whereby
blood glucose levels are monitored on a minute-
to-minute basis and the amount of insulin infused
into the circulation is also varied on a minute-
to-minute basis to keep glucose levels normal. In
the fasting state, insulin levels need to change
very rapidly to counter changes in glucose levels.
Furthermore, immediately after meals, when large
amounts of glucose enter the blood stream from
the digestion of starch, the magnitude of the neces-
sary increase in insulin levels needs to be consid-
erable. Conversely, an immediate fall in insulin
levels is necessary in response to exercise to facil-
itate the mobilization of metabolic fuels. All of
these are of course exactly what healthy pancreatic
b-cells do very effectively.

Transplants

Replacement of the b-cells is perfectly possible
either by transplanting a whole pancreas or,
because the patient with Type 1 diabetes needs
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only the b-cell containing islets, by isolating
and transplanting the islets alone. Whole pan-
creas transplantation carries a high chance of
long-term insulin independence. The operation
is reserved almost exclusively for patients need-
ing a kidney transplant for end-stage diabetic
nephropathy who will require a kidney.

Pancreatic islet transplantation is less invasive
since the islets comprise only some 2–3 ml and
they can be transplanted without the need for
surgery. However, it is not easy to isolate suffi-
ciently large numbers of viable islets from a cada-
ver pancreas. To compensate for the fact that so
many islets are lost during the procedure of iso-
lation and transplantation, more than one trans-
plant is usually necessary, making the procedure
currently somewhat extravagant. Although dia-
betes is stabilized and serious hypoglycemia is
abolished, long-term insulin independence is
achieved in only a minority of patients.

Most importantly, however, the need for long-
term immunosuppression, with the inevitable
drug side effects and increased incidence of infec-
tions and malignancies, makes either procedure
less than ideal. One is effectively exchanging one
problem for another and unless the diabetes is
causing major problems this exchange is not jus-
tified. Furthermore, the shortage of donor organs
means that transplantation is not going to be the
solution except for a small minority of patients
for the foreseeable future until a source of b-cells
in quantity becomes available.

Closed Loop Insulin Pumps: History

The attraction of closed loop insulin pumps is
that one will in theory have the advantages of a
transplant without the drawbacks. The credit for
the first closed-loop insulin pumps goes to
Michael Albisser in Canada8 and Ernst-Friedrich
Pfeiffer in Germany in 1974. These initial experi-
ments led to the development of the Biostator,9 a
large and cumbersome machine suitable only for
bedside use (Figure 5-3). Heparin was infused
very slowly through the central lumen of a dou-
ble lumen catheter inserted into an antecubital
vein, while blood was withdrawn, only slightly
more quickly, through the other. One was thus
able to withdraw heparinized blood without
anticoagulating the patient. To avoid exsangui-
nating the patient, the flow rate had to be very
slow, which in turn introduced a significant
delay to the glucose measurements.

A glucose analyzer on one side of the
machine contained the pump to withdraw the
blood and measure glucose concentrations,
while on the other side was a barely less cum-
bersome insulin infusion set-up. In the middle
was a keyboard and what, by today’s standards,
was a very primitive computer. The apparatus
could only be used for relatively brief
acute procedures such as surgery or labor and
the need to miniaturise the system was obvious.
At the time, it was thought that it might be
possible to miniaturise the glucose analyzer
and insulin infuser, but it was felt that it
would be the impossibility of miniaturizing a
computer that would preclude the development
of a portable artificial pancreas!

Nevertheless, when open-loop pumps came
into widespread use in the early 1980s, it was
widely believed that closed-loop pumps were

Figure 5-3. The Biostator dates from the mid-1970s and constituted
one of the first attempts at a closed loop insulin pump. Glucose levels
were measured on blood continuously withdrawn from an indwelling
venous catheter. A computer with basic algorithms regulated the rate of
delivery of insulin into a second catheter. Interestingly, it was the computer
which was felt at the time to be the component which was unlikely ever to
be miniaturized to the point at which a closed loop pump might become
portable. (With kind permission of Prof Freckmann at the Institute of
Diabetes Technology).
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only a matter of a few years away, and indeed the
first description from Japan of a wearable closed-
loop system in man in 198210 reinforced this
belief. In that paper, the rate limiting step was
perceived to be that of biocompatibility, meaning
that the sensor had to be changed every few
days. One felt at the time that the Japanese
would soon solve the problem. They have not
done so, however, and instead one now accepts
that subcutaneous sensors have to be changed, just
like insulin pump cannulae, up to twice a week.

The closed-loop comprises three components:
the glucose sensor, the insulin pump, and the
computer software telling the pump how much
insulin to give. Unsurprisingly, each of these has
its own problems. The fact that it has taken so
long since 1982 vividly attests to these difficulties.

Glucose Sensors

Many attempts have been made to develop a non-
invasive way to measure blood glucose. It would, in
effect, allow patients to do finger-prick glucose
measurements without having to prick their fingers.
This would allow much more frequent checks on
glucose levels which in turn would make it possible
to monitor not only single levels but also trends.
Unfortunately, despite attempts to use many differ-
ent physical principles, including near-infrared
spectroscopy, changes in tissue refractive errors
(and hence in light scattering), fluorescence decay
times, and many others, none of these methods has
proved as accurate as the invasive methods. The
methods simply have too little specificity and
hence have to contend with too great a level
of background noise. The reader is referred
to the review in John Pickup’s textbook if
they wish to go into these methods in more
detail11.

The Glucowatch represented a way to mea-
sure glucose outside the body by a supposedly
non-invasive method. In this technique, the gad-
get worn on the wrist applied a voltage between
two electrodes which resulted in salt, water, and
its contained glucose being sucked through the
skin by a process of reverse iontophoresis.
Unfortunately, it could only be used for a matter
of hours at a time, tended to cause a mild burn
and stopped working if the patient sweated.
Given that sweating is a feature of hypoglycemia,
exactly the situation in which one most needs an
accurate glucose measurement, this represented
a major drawback and Animas has now with-
drawn the product.

The commonest implanted glucose sensors
use glucose oxidase, which catalyses the reaction
between glucose and water to form gluconic acid
and hydrogen peroxide:

glucoseþ O2 ! gluconic acidþ H2O2

If a voltage is applied to the electrode, the
H2O2 is oxidized with the release of two
electrons:

H2O2 ! O2 þ 2Hþ þ 2e�

In other words, a current is generated which is
proportional to the ambient glucose concentration.
This is the same reaction as is used on many of the
strips used for finger-prick glucose estimation.

One way to use this technology to give a
continuous glucose sensor is the microdialysis
technique which has been developed commer-
cially by Menarini (www.menarini.com) as the
GlucoDay. The patient wears a small pump
which circulates saline through a loop of micro-
dialysis tube implanted under the abdominal
skin. As the saline traverses the semipermeable
microdialysis tube it picks up glucose in propor-
tion to ambient tissue concentrations. The glu-
cose estimation is performed within the
machine itself, ex vivo, and a continuous tracing
of tissue glucose levels is recorded.

The main drawbacks are the sheer bulk of the
equipment necessary to house the pump and the
two reservoirs (for the saline and the waste),
the fact that one cannot shower and the fact
that the tubing has to be changed in the hospital
every couple of days. After each change, it may
need many hours to reequilibrate before calibra-
tion. The slower the flow through the tubing the
better the equilibration with interstitial fluid and
hence the accuracy, but the longer the delay which
may be as much as 30 min and which causes
problems with the response time of the appara-
tus, especially in the context of closed-loop insu-
lin pumps. A newer model is in clinical trials.

The field of sensor technology has in practice
been dominated by the products originally mar-
keted by MiniMed, which became Medtronic in
2001. The first commercially available sensor
became available in 1999 and was called the
Continuous Glucose Monitoring System
(CGMS), although strictly speaking it performs
measurements every 10 s which are averaged
every 5 min so that it is only near continuous.
A hollow plastic tube is introduced into
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subcutaneous fat using a steel needle in the mid-
dle as introducer. The glucose oxidase is around
the tip of the tube and is connected via a wire to
the ‘monitor’ on the belt, which applies the
necessary voltage to the electrode and records
the resultant current (Figure 5-4).

As with all sensors, calibration is a potential
problem. Ideally one wants to calibrate at time
points which give a wide range of glucose
values. At the same time, there is a delay
between blood and tissue glucose levels of
some 10–15 min so that one also wants the
glucose level to be stable at the time the calibra-
tion is done. In practice, these conditions are
hard to meet but, clinically, absolute precision
may be less important than the ability to detect
trends in changes in glucose concentrations.
The accuracy may break down at low glucose

levels, when tissue glucose uptake reduces local
concentrations more than blood levels, but in
other circumstances tissue glucose is a suffi-
ciently accurate guide to blood levels.

The original Minimed CGMS could store data
over a 3-day period, but it then had to be down-
loaded through a PC to find out what glucose
levels had been doing over the past 72 h. When it
was first marketed, the hope was that it would
revolutionize the management of Type 1 dia-
betes by identifying where the problems lay
with the insulin doses being used. In practice,
consistent patterns in diurnal glucose profiles
can usually be identified with old-fashioned fin-
ger-pricks and what the sensors usually did was
to demonstrate, if one did not already know it,
that no 2 days are the same for the patient with
Type 1 diabetes and that it is not their fault that
they cannot achieve perfect control.

The thinking behind the CGMS was not to use
it on its own but to develop it to the point that it
could be used to drive an insulin pump. Indeed,
there was a certain symmetry to a patient wear-
ing a pump on one side of their belt and a CGMS
monitor on the other. However, when Medtronic
went forward to clinical trials, they chose instead
to go for a fully implanted system using the
intraperitoneal pump described above, driven
via a subcutaneous wire by an intravenous sen-
sor inserted through the subclavian vein and
suspended in the superior vena cava just above
the right atrium to give an intravenous/intraper-
itoneal (iv/ip) system.

Clinical trials with this system began in 2001
and very promising results were reported, parti-
cularly from Eric Renard’s group in Montpelier.
However, although it proved possible to use the
system quite successfully to control overnight
and inter-prandial glucose levels, the response
time of the sensor was not quick enough to
respond to the rapid changes in insulin require-
ments encountered immediately after a meal or,
just as importantly, to reduce insulin infusion
rates when glucose levels fell. This in turn
resulted from the fact that there had been pro-
blems with the fragility of the sensors in the
turbulence of vena caval blood flow. The sensor
had had to be strengthened and the price paid
for greater rigidity had been a slower response
time.

This highlighted the whole question of what
one was trying to achieve. As indicated in the
introduction, insulin effectively behaves as two
separate hormones. When we eat, we ‘tell’ the

Figure 5-4. Minimed’s original Continuous Glucose Monitoring
System (CGMS). The ‘monitor’ on the belt applies a voltage to the
subcutaneous sensor and collects output current from the electrode. In
this version, data were downloaded onto a PC at the end of the 3-day
monitoring period and related to insulin doses, meals, activity, etc.
retrospectively. Reproduced by kind permission of Medtronic Ltd.
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pancreas that we are going to do so and the
b-cells are primed in terms of insulin secretion
increasing even before food has been ingested.
Furthermore, secretion of incretins, released
from the gut in response to food, changes the
algorithm regulating the amount of insulin
secreted such that more insulin is secreted at a
given glucose level. While it is perfectly possible
with a system of ‘meal announcement’ to tell an
insulin pump that a meal is imminent and the
algorithms need to change, the goal of the pro-
ject was a fully automatic system which did not
need any input from the patient and was not
therefore at risk from human error.

If this was the goal, then the trial was a fail-
ure. Even though intraperitoneal insulin deliv-
ery has clear advantages, the fully implanted
artificial pancreas has, at least for the time
being, been abandoned in favor of the tried
and tested subcutaneous sensor driving an
external pump giving insulin subcutaneously
(an sc/sc system).

Current State of Play

Pumps

It is the 30th anniversary of the first insulin
pumps. During this time, much effort has gone
into their development. Although new genera-
tions of pump continue to evolve, conventional
pumps have now become sophisticated and reli-
able machines.

The major pump manufacturers and their
pumps are (alphabetically):

1. Animas
http://www.animascorp.com/

2. Cozmo
http://www.delteccozmo.com/

3. Minimed Paradigm
http://www.minimed.com/

4. Roche Accu-Chek (and they continue to mar-
ket the Disetronic D-tron Plus, which has the
advantage of pre-filled insulin syringes)
http://www.disetronic-usa.com/

The websites all have a pronounced North
American slant, which is appropriate given the
fact that more than 20% of patients with Type 1
diabetes are on pumps in the United States com-
pared to less than 5% in Britain (with other
European countries somewhere in between).
This in turn represents the historical fact that

pumps have only recently been financed in the
United Kingdom. Pumps currently cost between
£2,300 and £2,700 plus roughly £1,000/year for
consumables.

Those interested in future developments
in insulin pumps may wish also to visit the web-
sites of Omnipod, made by Insulet (http://
www.myomnipod.com/), which does away with
tubing but is not yet approved in Europe, the
h-Patch from Valeritas (http://www.valeritas.
com/h_patch.shtml), which is primarily aimed
at Type 2 diabetes, and the tiny nanopump devel-
oped by Debiotech, recently acquired by Animas
(http://www.debiotech.com/debiotech. html).

Sensors

In 1982, when the first closed-loop artificial pan-
creas paper was published, the limiting factor to
its long-term success was perceived to be one of
biocompatibility. Twenty-five years on, this has
not been solved but the potential need to replace
sensors has been accepted and the focus has
switched elsewhere.

Recently, real-time sensors have become
available so that the patient can see at a
glance what their glucose level is at any one
time and, just as importantly, how fast it is
changing and in what direction. Three compa-
nies currently have real-time continuous glu-
cose sensors approved by the FDA. They are
(alphabetically):

1. Abbott FreeStyle Navigator (Figure 5-5)
http://www.continuousmonitor.com/

2. DexCom Seven (so called because it is
approved for use for 7 days)
http://www.dexcom.com/html/dexcom_pro-
ducts.html

3. Medtronic MiniMed Guardian Real-time
(Figure 5-6)
http://www.minimed.com/products/
insulinpumps/index.html

A detailed table comparing the respective products
can be found at
http://www.childrenwithdiabetes.com/
continu-ous.htm.

All do essentially the same thing. They differ
slightly in the size of the electrode and the fre-
quency with which it is suggested they should be
changed. All incorporate a small transmitter and
a receiver with a screen and can be used as
hypo-/hyper-glycemia alarms. This latter
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function is not perfect, however, because if you
set the alarm to go off when glucose levels fall
below, say, 4 mmol/l, the sensor delay may mean
that you are not given enough warning and are
already confused by the time you are being told
to take action. If on the other hand, you set the
alarm threshold higher, it is constantly going off
at normal glucose levels. The sound of the warn-
ing beeps from glucose sensors has already
become commonplace at gatherings of scientists
working in the field! Nevertheless, the important
point is that these sensors give the patient an
idea not only of what their blood glucose levels is
but also of whether it is rising or falling.

Although links between sensor manufacturers
and pump manufacturers are in the offing, Mini-
med is currently the only manufacturer to appear
in both lists. In fact, they have recently developed
the Paradigm Real-Time system, in which it is the
pump which collects and displays the glucose
data transmitted from the sensor, obviating the
need for a second ‘box’ (Figure 5-6). Although the
pump is not driven by the sensor, this represents
a step toward a fully integrated artificial pancreas.
For those patients not using sensors, they have
also now developed (in collaboration with Bayer)
the Contour Link, a glucose meter able to trans-
mit finger-prick glucose data to the Paradigm
pump for recording and trend analysis.

While every diabetes meeting currently includes
a favorable presentation on the benefits of real-

time glucose monitoring, it remains to be seen
whether in due course drawbacks will also become
apparent. The past year has seen many presenta-
tions on the benefits to the patient but for every
patient who can respond appropriately to a given
change in glucose level there may be at least one
other patient who reacts inappropriately and for
whom a real-time sensor could potentially cause as
many problems as it solves. A clinical trial of out-
comes is currently in progress.

There are also, of course, major cost impli-
cations. MiniMed’s current UK costs are £2,200
for the system plus £375 per 10 sensors.
Because it is so expensive, we currently have
approval to use real-time sensors only on a
small number of patients with particularly
unstable diabetes and frequent hypoglycemia
though the use of one for a few days may also
be useful in chosen cases to identify unrecog-
nized problems.

Once sensors are used to drive pumps, the
safety issues will become even more important
and far more data will be needed on the accuracy
and reliability of the sensors. Clearly if a sensor
tells a pump that the glucose level is 12 mmol/l
when it is in fact only 6 the consequences for the
patient could be extremely dangerous. Exactly
what safety measures will need to be taken, or
whether a pump will need more than one sensor
(so that if they disagree with each other an alarm
is triggered), remains to be seen.

Figure 5-5. Abbott FreeStyle Navi-
gator. The small unit on the left is
attached to the skin and covers the
electrode itself. The tissue glucose con-
centration is transmitted to a hand-
held unit which displays not only the
actual glucose level but also the fact
that it is falling and displays an alarm
for a risk of impending hypoglycemia.
Reproduced by kind permission of
Abbott Diabetes Care.
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Control Algorithms

While the manufacturers cited above can now
provide the hardware both for the sensors and
for the pumps, the attention now turns to the
software connecting the two and the necessary
control algorithms.

Although many systems have been explored,
the two which have been most thoroughly stu-
died are the Model Predictive Control (MPC), an
adaptive system capable of ‘learning’ to some
extent, and the Proportional-Integral-Derivative
(PID) system which adds together functions
reflecting the current glucose level, how far it is
from the desired target and how fast it is

changing. Whereas the PID system is essentially
retrospective, looking back over previous glu-
cose levels to come up with a suggested insulin
infusion rate, the MPC system is more forward
looking, basing its recommendations for insulin
infusion rates on the patient’s own responses to
given insulin infusion rates in the past. It is said
to have advantages in systems with long delays
and at extremes of glucose levels. A detailed
review of this highly specialized area can be
found in Roman Hovorka’s excellent recent
review.12

One of the major issues with feedback loops is
the effect of a delay at any point in the system.
Hovorka has estimated that an iv sensor linked to
an ip pump has a delay of about 70 min between
the glucose sensing and the insulin effect (com-
pared to a delay of only 30 min with a native
pancreas) and this rises to almost 100 min with
an sc sensor and sc insulin delivery. Delays in a
feedback loop tend to cause oscillation and the
question is whether it will ever be possible to
achieve good enough control with a single pro-
gramme with such a long delay.

Clinical experience with closed-loop pumps
remains very limited with only about 100 patient
days at this point. Good glycemic control has
been shown to be possible with a closed-loop so
long as the subject does not eat, because the
variation in the amount of insulin needed is
modest, but problems arise following a meal
when, if insulin levels do not increase promptly
as soon as food is ingested, an unacceptably large
hyperglycemic excursion results. More impor-
tantly, if insulin levels do not fall fast enough
when glucose levels start to fall, the patient runs
a real risk of overshooting into hypoglycemia.

It is theoretically possible to circumvent this
problem with a hybrid, semi-automatic system
involving ‘meal announcement’ whereby the
patient gives the pump a signal that they are
about to eat which changes the computer algo-
rithm. This mimics the physiological situation
in which the pancreatic b-cells do not operate
with a single control algorithm. When you eat,
the K cells in the stomach and upper small bowel
secrete GIP (glucose sensitive insulinotropic
polypeptide), while the L-cells further down the
gut secrete GLP-1 (glucagon-like peptide, Type 1).
These incretins ‘tell’ the b-cells that you have eaten
and change the algorithm so that, at a given glu-
cose level, the b-cells secrete more insulin. In fact,
even before you eat, neural signals lead to an

Figure 5-6. Medtronic MiniMed Paradigm Real-time monitor
with MiniLink. The sensor has been inserted into the subcutaneous
tissue in the right iliac fossa. This patient is also wearing a paradigm
insulin pump infusing insulin continuously via the tubing and a cannula
into the subcutaneous tissue of the left iliac fossa. Tissue glucose levels,
transmitted from the sensor via the MiniLink, are collected in the pump
which displays not only the actual tissue glucose levels but also the rate
of change. At this stage, insulin delivery rates cannot be regulated by
sensor glucose data. Reproduced by kind permission of Medtronic Ltd.
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increase in insulin secretion before blood glu-
cose levels begin to rise.

The idea of making an artificial pancreas
which is more independent than the native pan-
creas and needs only a single algorithm seems
somewhat ambitious. With hybrid systems, it
will be necessary to persuade the regulatory
authorities that an artificial pancreas which is
not fully automatic and which relies on human
input will still prove to be safe. The Yale group
has successfully used a system whereby there is
only one algorithm but the patient gives a pre-
meal priming dose of insulin 15 min before the
meal to raise insulin levels more quickly than
would otherwise occur.13

Although the control algorithms are the
piece of the puzzle that there is least experience
of, one feels quite positive because serious
mathematicians are now putting a lot of
thought and effort into the design of appropri-
ate software. One important new advance is
that, in contrast to the old physiological ‘gray
box’ mathematical modeling, the FDA has just
given approval for an in silico metabolic simu-
lator which makes it possible to compare dif-
ferent control algorithms without the need for
animal trials.

Closed Loop Pumps and the JDRF
Artificial Pancreas (AP) Project

In 1982, with open-loop pumps already available
and the publication of the first closed-loop
paper, one felt that closed-loop pumps might
only be 5 years away. Yet it took until 1999
before satisfactory glucose sensors became
available. In 2001, when Minimed began trials
of their fully implanted closed loop system, one
again felt that closed-loop pumps were only a
few years away. These studies were able to
achieve good control, at least so long as the
patients did not eat, but were abandoned due
to problems with the sensor.

Against this background, the announce-
ment in late 2005 by the Juvenile Diabetes
Research Foundation (JDRF), whose mission
statement is a cure for Type 1 diabetes, of
major support for its Artificial Pancreas Pro-
ject is a major cause for optimism. Not only
will this ensure long-term funding and support
for the project but, just as importantly, since it
is now a charity rather than a pharmaceutical

company making the running, it will also
provide great help to clear the legal and regu-
latory hurdles which an artificial pancreas
necessarily entails.

Conclusion

The fact that we have reached this stage owes a
lot to Mr. Al Mann, who founded Minimed in
1980 and who personally financed the project for
many years at a time when other companies
were giving up. As we reach the 30th anniversary
of insulin pumps, we have several manufac-
turers making portable, sophisticated, and reli-
able pumps.

Glucose sensors have proved much more
difficult and it took all of the 1980s and
1990s until the first glucose sensor was
approved. Even now, there remain problems
both with their accuracy and, more particu-
larly, with their reliability. The early attempt
at a trial for a closed-loop pump in 2001 used
an intravenous sensor (and intra-peritoneal
insulin delivery) but reliability problems
have meant that intravenous sensors are no
longer available. The delay inherent in a
closed-loop system which uses subcutaneous
sensors and subcutaneous insulin delivery
currently being developed for an artificial
pancreas introduces additional problems
because it introduces such a long delay into
the feedback loop. If such a system is to work,
it seems likely that it will have to be semi-
automatic. That is to say, the pump is auto-
matic through the night and between meals
but relies on patient intervention to deal with
meal boluses. Such an approach is looking
really very promising.13

By the time a safe and successful artificial
pancreas becomes a reality, countless millions
will have been spent on the project and it will be
hard to recoup these development costs. One
hopes that companies will not even try to do
so. The recent setting up by the JDRF of its AP
(Artificial Pancreas) project has revitalized the
whole field. The hope is that within the next 5–10
years the artificial pancreas will provide the
solution which gives all patients with Type 1
diabetes the prospect of near-normal glucose
control and hence the best possible quality of
life and a greatly reduced risk of diabetic
complications.
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6
From Basic Wound Healing to Modern Skin Engineering

L.C. Andersson, H.C. Nettelblad and G. Kratz

Introduction

The skin is our largest organ and it simulta-
neously fulfills many functions required in
everyday life. The most important function of
the skin is to act as a barrier between the body
and the external environment. Many immune
cells are also present in the skin to provide
protection against invading micro-organisms.
The skin is in addition an important participant
in the physiological water homeostasis and it is
one of the main ways the body regulates its
temperature. Normal skin has sensation with
protective value; a physical tensile capacity
allowing for body mobility and it provides the
external contour as well as the texture and the
color of the exterior.

Over the millennia mankind has been fasci-
nated by the body’s ability to heal itself.
Throughout history the main goal has always
been to cover skin defects and to close wounds
in order to protect the human body. Skin graft-
ing and flap surgical procedures have been used
in order to facilitate wound healing for thou-
sands of years. Due to the advances in critical
care and resuscitation, patients who, in the past,
would have died in the acute phase are now
surviving. Consequently there is a much greater
need for high-quality skin substitutes. The clin-
ical demand has driven newer technologies,
building upon principles learned using cadaver
and autografts, to the creation of engineered
skin substitutes using living allograft cells as
well as the combining of technologies to create
composites – the most advanced products and at
present the closest products to living skin. An
autologous split thickness skin graft currently
still remains superior to all commercially

available skin substitutes with regards to its
unique qualities. There are, however, situations
where we prefer to use non-autologous substi-
tutes, either because the patient may be too
fragile for the added surgical trauma of harvest-
ing split-skin grafts or due to the fact that there
is not enough skin which could be harvested, for
example, post-burn.

Structure of the Skin

The skin consists of two principal layers: the
epidermis and the dermis. The epidermis con-
sists of a keratinized layer with no vital cells
and cell layers of keratinocytes which produce
keratin. The epidermis provides protection
against micro-organisms and loss of fluids.
The epidermis within the basal cell layer con-
tains melanocytes that produce melanin, our
skin pigmentation. The dermis mainly consists
of fibroblasts and interstitial connective tissue.
The fibroblasts produce collagen and elastine,
which provide the tensile strength of the skin
composite. The dermis also harbors hair follicles,
which are lined by epidermal cells and are loca-
lized adjacent to sebaceous glands, which pro-
duce sebum. There are also sweat glands, blood
vessels, and nerves in the dermis (Figure 6-1).
The dermis provides the tensile strength and
elasticity that allows mobility of the skin.1

Historical Overview

Our ancestors struggled to treat wounds and
defects inflicted either by nature or by acts of
man. Skin substitutes in the form of xenografts
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were first used to provide wound coverage as far
back as 1500 BC (frog skin). In the 1600s, lizard
skin was used in western cultures and this pro-
gressed to the use of mammalian skins as well as
cadaver skin during the twentieth century,
including dog and rabbit skin and the still-used
pigskin products.2–4 Facial deformities such as
defects after the amputation of the nose were the
type of problems that received the most atten-
tion. A famed practitioner, Sushruta (circa 600
BC), described operations for reconstruction of
the nose without any form of anesthesia. Tissue
from the forehead was dissected but remained
attached to the area between the eyebrows and
was then turned down in order to reconstruct a
nose and left intact for 3–4 weeks. The nasal
bridge was then divided and the nose was
improved in its shape. It was further described
that the donor defect in the forehead healed
rather well and left very little deformity.5 During
the Roman Empire, Celsus (25 BC–50 AD) raised
smaller flaps which involved the skin and the fat
(pieces of skin and fat, with blood circulation
still attached to the body in at least one area) in
order to reconstruct skin defects in facial areas.6

Over the years, many others have contributed to
new techniques and variations involving differ-
ent types of flaps in order to correct defects with,
but it was not until the beginning of the

nineteenth century that the concept of skin
grafting (auto grafting: a skin piece from one
part of the body was cut loose with no attach-
ment and no circulation, then grafted onto a
well-vascularized wound on the same indivi-
dual) became clinically used. Sir Astley Cooper
removed skin from an amputated thumb and
used it to cover the stump defect with as a full-
thickness skin graft in 1817.7 Nevertheless, skin
grafting was not fully recognized and accepted
for clinical use until the last quarter of the nine-
teenth century. In 1869, Reverdin reported that
the healing of granulating wounds was improved
by so-called ‘‘epidermic grafts’’.8 In 1874,
Thiersch advocated the use of larger sheets of
epidermal grafts to cover wounds with and also
emphasized the importance of an epidermal
component in the graft with a small amount of
dermis (Figure 6-2). The grafts used were thin
split thickness skin grafts containing both the
epidermis and the parts of the dermis and these
pieces of skin were tangentially excised and
grafted onto wounds and skin defects. The
actual donor sites were then left to heal sponta-
neously through epithelialization from the
depth and from the sides of the donor defect,
which was itself superficial enough and the heal-
ing would be achieved in approximately 2
weeks.9 Xenografts gave way to homografts in

Figure 6-1. The skin in cross section.
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the form of allograft (cadaveric graft) and auto-
graft. The modern development of intensive care
and improved surgical techniques enabled skin
and fat flaps to be developed further into tissue
flaps involving, e.g., skin, fat, tendon, muscle,
and bone tissue. The tissue could be harvested in
one part of the body and transferred to another
body region in order to cover wounds with. The
blood supply after having been disconnected at
the original site was re-established via microsur-
gery. Many other developments in modern med-
icine also contributed to the overall need for
larger wound areas to be covered with skin, e.g.,
burns and trauma10 Our increased understanding
of immunology and wound healing has also been
a contributing factor of great importance in mod-
ern wound management. The clinical demand of
skin has driven the bio-engineering of skin, in
the form of skin substitutes and skin cultivation,
which will be integrated, more and more into
clinical practice in the future.11

Wound Healing

The body will immediately respond with an
acute inflammation if the skin is acutely
damaged. Many physiological substances are

released at this stage in order to initiate the
normal wound-healing process. Granulation tis-
sue of fibroblasts and new capillaries will grow
into the wound. Collagen will be produced to
provide stability and strength and an epithelia-
lization from the wound edges will start. There
are many factors that contribute to a normal
wound-healing process and many others,
which disturb this important process. An acute
wound may not progress in the normal wound-
healing process and instead become chronic.
The understanding of wound healing constantly
increases and many new treatments which facil-
itate wound healing are continuously being
developed.9

Epidermal Wound Healing

The epidermal cells divide and migrate if
damage to the epidermis has occurred. A
wound no deeper than after the harvest of a
split-skin graft (Figure 6-3) will heal sponta-
neously (epithelialization) if no infection arises,
usually within 2–3 weeks with the correct type of
wound dressing which protects from external
bacteria, viruses, and particles. Damage to the
epidermis does not normally result in

Figure 6-2. The skin in cross section - indicating the depth of a Thiersch graft.
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contractive scarring but some pigmentation var-
iation may be seen as a long-term result. The
healing of the epidermis will proceed both from
the wound edges as well as from the underlying
tissues since there are keratinocytes which line
the hair follicles. It can take several years for the
basal cell membrane to remodel and for the
melanocytes to migrate into the damaged area.9

Dermal Wound Healing

The healing of a wound, which extends deep
down into the dermis, at the same depth as
when a full-thickness skin graft is harvested,
will take a lot longer than the healing of an
epidermal superficial wound (Figure 6-4).
There will be no epithelialization from the dee-
per tissues due to lack of keratinocytes in these
planes, but healing takes place solely from the
wound edges. Before the epithelialization from
the wound edges can take place, a layer of gran-
ulation tissue consisting of fibroblasts and capil-
laries will form in order to reinstitute the dermis.
The actual epithelialization from the wound
edges will then spontaneously start on top of
the granulation tissue. The wound should

decrease by 10–15% of the original size per
week in order to represent normal wound heal-
ing.12 The actual healing time of deep dermal or
deeper tissue wounds will vary, all depending on
the size of the wound and external interfering
factors, e.g., foreign bodies, micro-organisms,
and the patients’ general condition. Large der-
mal wounds may need surgical intervention with
debridements and skin grafting in order to heal.
The dermal fibroblasts will produce collagen
and scar tissue will form. The scar tissue in the
dermis will over time be remodeled, but the
scarred skin will contract and become less flex-
ible and smoother than normal skin is. The
dermal tensile strength may also be reduced in
scarred skin. The skin mobility in scarred skin
after dermal healing will be reduced and skin
scar contractions may have to be surgically
‘‘released’’ or corrected in order to improve the
function of a specific area of the body. The
scarred skin after damage to the dermis also
appears different in pigmentation than an indi-
vidual’s normal skin. The whole maturing pro-
cess of a dermal scar can take several years and
surgical interventions may be necessary during
parts of this process in order to improve a
patient’s function and appearance.9 These

Figure 6-3. The skin in cross section -indicating the depth of a split-thickness graft.
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types of clinical problems can especially be seen
in burn injuries to the hands, due to the large
flexibility and mobility of the hand. It is often
initially necessary to debride and excise deeper
hand-burns and to cover the healthy bleeding
wounds with superficial skin grafts in order to
avoid secondary infections and contractive scar-
ring with reduced hand function. Further cor-
rective surgery may still be required later, but
the early excision of the dead tissue is very
important as it significantly enhances the
chances of good hand function (Figure 6-5).13

Clinical Management of Wounds

Modern wound-healing treatments consist of
debridement, negative pressure wound therapy,
topical growth factors, the use of bio-engineered
tissue, reconstructive wound-closure techniques
(skin grafts, local flaps, pedicle flaps and micro-
surgical free flaps), and hyperbaric oxygen. It is
important to have at least one of the physicians
on the multidisciplinary wound team familiar
with modern wound-care techniques. Debride-
ment is the basis of all wound-healing strategies.
Debriding a wound is defined as removing

necrotic tissue, foreign material, and bacteria
from an acute or chronic wound, all of which
inhibits the wound healing.12 An acute wound
has yet to progress through the sequential
stages, a chronic wound has become ‘‘stuck’’ in
one of the wound-healing stages. The advent of
negative pressure wound therapy has reduced
the number of non-healing wounds. The nega-
tive pressure device can provide rapid formation
of granulation tissues and its ability to decrease
edema helps prepare the wound for simple
wound-closure techniques.14

Pre-debridement Assessment

The goal of treating any type of wound is to
create an environment that is conductive to nor-
mal and timely healing. The process begins with
the identification of a correct diagnosis of the
wounds’ etiology and continues with optimizing
the patient’s medical condition, including blood
flow to the wound site. A proper wound assess-
ment before debridement is essential, the origin
and age of the wound should be determined, the
patient’s general condition (nutrition, smoking,
local circulation, etc.) must also be taken into

Figure 6-4. The skin in cross section indicating the depth of a full-thickness graft.
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account and a careful medical history should be
obtained to identify any possible wound-healing
inhibiting medical conditions. It is also clearly
important to understand the extent of a wound,
specifically with regards to wound depth and the
involvement of deeper tissue, e.g., tendons and
bone. An underlying osteomyelitis could feed a
wound with bacteria if undiscovered.15 Magnetic
resonance imaging (MRI) is today the gold stan-
dard way to diagnose osteomyelitis. An infected
tendon and fascia can, in the same way, be a
focus of infection. The wound-healing process
and the take of a skin graft may be disturbed if
the bacterial concentration on a wound is higher
than 105 per gram of tissue. A further increase of
the bacterial load could spread from a local
superficial infection to a systemic one which
leads to septicemia. The application of topical
antibiotics such as silver sulfadiazine, mafenide
acetate, and silver nitrate all help to lower the
bacterial count and reduce the risk of sepsis and
can these be used before wound debridement.16,17

Debridement

Different debridement techniques include sur-
gery, topical agents, and bio-surgery. The most
important surgical step in treating any wound is
to perform adequate debridement to remove all
foreign material and unhealthy or non-viable
tissue until the wound edges and base consist
only of normal, soft, well-vascularized healthy
tissue.12 Only an atraumatic surgical technique
(sharp dissection, skin hooks, bipolar cautery,
etc.) should be used in order to avoid damaging
the underlying healthy tissue.18 This underlying
healthy tissue will become the basis for the
wound-healing progression. A chronic wound
has to be converted by debridement to an acute
wound so that it can then proceed through the
normal healing phases. Frequent debridements
remove the inhibitors of wound healing such as
metalloproteases, including the collagenase
matrix metalloproteinase 1 and 8 and elastase
and it allows the growth factors to function more

Figure 6-5. Deeply burnt hand (left) with exposed tendons before debridment and six months later after excision and skin grafting with meshed
split-skin grafts.
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effectively.19 An immediate debridement is
necessary when a necrotizing fasciatis or an
ascending cellulitis occurs in conjunction with
a wound. No other treatment could achieve bac-
terial control in such a wound status. Biological
debriding agents such as maggots are an effec-
tive alternative to surgical debridement in
patients who cannot go to the operating theatre
for medical reasons. The maggots secrete
enzymes that dissolve necrotic tissue and the
biofilm that surrounds bacteria. This forms a
nutrient-rich liquid that larvae can feed on.
They are placed on wounds and covered with a
semipermeable dressing. Debridement by mag-
gots is painless but the sensate patient can feel
the larvae moving. Importantly maggots help to
sterilize wounds because they consume all bac-
teria regardless of their resistance to antibiotics
including methicillin-resistant Staphylococcus
aureus (MRSA).20–23

Post-debridement Treatment

After debridement a clear, well-vascularized
wound should be kept in the optimal environ-
ment for healing (moist, clean, and vascular-
ized) in order to enable the use of growth factors.
Moist healing has been shown to be far more
rapid than healing under an eschar or in other
dry conditions. In this environment, the wound
base can support and promote successful

collagen deposition, angiogenesis, epithelializa-
tion, and wound contracture; the result should
be the formation of healthy red granulation tis-
sue with neoepithelialization at the borders.
Epithelializing wounds are characterized by a
pink neoepithelium that usually creeps in from
the edges.12 A well-vascularized wound should,
after debridement, heal by secondary intention
or accept a skin graft.24–26 Other surgical
wound-closure techniques may also be required,
e.g., flaps, all depending on the wound’s location
and extent. Exposed bone should if possible be
covered with vascularized tissue, which is trans-
ferred into the wound in conjunction with the
debridement. Preferably should a muscle–fat–
skin flap be used in order to heal the wound
defect, as well as to help the bone tissue ‘‘fight’’
a threatening osteomyelitis (Figure 6-6).

Dressings of Wounds

There is no single dressing suitable for all types
of wounds and often a number of different dres-
sing types will be needed throughout the healing
process. Dressings containing silver have
returned in advanced wound care and are
found used in conjunction with many pro-
ducts.27,28 Silver ions kill a broad spectrum of
bacteria including methicillin-resistant Staphy-
lococcus aureus (MRSA), Vancomycin-resistant
Enterococcus, and Pseudomonas aeruginosa.12

Figure 6-6. Chronic wound with osteomyelitis and exposed bone (sternum) after heart surgery (left). Debridment and wound closure with a
pedicled musculo-cutaneus rectus abdominis flap (right).
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Modern Skin Engineering

Tissue engineering is an interdisciplinary scien-
tific field that combines the principles of life
science and engineering toward the develop-
ment of biologic substitutes that will serve to
restore, maintain, or improve tissue function.29

First, specific cells must be harvested, isolated,
and expanded in tissue culture. The second
component of tissue engineering focuses on the
scaffold for tissue structure. Collaboration with
biomedical engineers is critical for the develop-
ment of novel scaffolds that will have the optimal
combination of immunological compatibility,
sufficient mechanical strength, and biodegrad-
ability (Figure 6-7). Third, the implanted con-
struct should be incorporated into the healing
tissue helping to restore structure and func-
tion.10 Various tissues have been engineered
but the most developed are skin substitutes
and a number of these produces have US/FDA
approval and are currently available.2 The need
for skin grafting has been the driving force
behind the development of these skin substi-
tutes.11 The skin is the largest single organ of
the human body and although composed of only
two specialized tissue layers, it remains a recon-
structive challenge in many cases when compro-
mised. The philosophy of replacing like with like
has contributed to the development of the treat-
ment strategies used today. The simplest treat-
ment is secondary closure, which is when a
wound is left to heal spontaneously. This does
not always lead to a good functional and esthetic
result and more complex tissue reconstruction
may be necessary. Advanced type of tissue

reconstruction in the form of distant-free tissue
transfer can lead to superior functional results,
but sets large demands on the patient and the
surgical team. A large wound area due to its size
may not be possible to treat with the patients’
own tissue. A layer of tissue, which is mechani-
cally similar to the original skin over a recon-
struction site, has to be used in order to com-
plete the reconstruction and to avoid failure.
This has made bioengineered skin substitutes a
solution that has received much attention lately.
Skin substitutes are a heterogeneous group of
substances that aid in the temporary or perma-
nent closure of many types of wounds. Depend-
ing on wound and product characteristics, dif-
ferent skin substitutes may be chosen. Artificial
skin substitutes, products of tissue engineering,
consist of microengineered, biocompatible,
polymer matrix in combination with cellular,
and/or extracellular elements such as collagen.30

An ideal skin substitute should possess the phy-
sical characteristics and function of normal skin
while healing takes place. However, no perfect or
ideal skin substitute yet exists.2

Characteristics and Clinical Use
of Skin Substitutes

Skin substitutes are a heterogeneous class of
therapeutic devices that vary in their biology
and application. Although there is no single
perfect skin substitute, certain characteristics
can be considered when evaluating alternatives.
A long shelf-life and easy storage makes the
product readily available. The substitute should
be easy to prepare and apply without intensive
training. Flexibility of thickness allows the pro-
duct to be tailored to every type of wound. The
product should be able to withstand a hypoxic
wound bed and have a degree of resistance to
infection in order to allow relatively ischemic
tissues to be candidates for application. The
ideal skin substitute should have resistance to
tensile forces and provide permanent and long-
term wound stability. It should reproduce both
components of the skin (epidermis and dermis)
and provide no antigenicity that could compro-
mise the graft or host or present difficulties with
future applications.2 Because no single product
meets all these criteria, each patient case
requires careful evaluation before choosing the
appropriate treatment. Although many acute
and chronic wounds may benefit from a tailoredFigure 6-7. Preparation of a bio-engineered skin substitute.
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multidisciplinary approach that utilizes one or
more of the products mentioned, each patient
should be evaluated for other possible therapies
before the use of skin substitutes. Adequate
assessment of patient-related factors, surgical
debridement, and infection control will first
have to be performed. Different techniques
such as local or regional flaps or microvascular
(free tissue) transplantation should be consid-
ered and the incorporation of a skin substitute
can be included in the patient’s treatment plan.
If a patient is not considered a candidate for
wound or defect reconstruction, creative appli-
cations of skin substitute technologies may not
only significantly benefit a patient, but also be
the only option for wound closure.2

Types of Skin Substitutes

Xenografts are tissues transplanted from one
species onto another species, used as a tempor-
ary graft (e.g., frog skin and lizard skin). Porcine
products are the most commonly used xeno-
grafts today.3,4 Permacol and OASIS are among
the currently available products.31,32

Allografts are grafts transplanted between
genetically non-identical individuals of the same
species. Most human skin substitute allografts
come from cadaveric sources. Allografts fall into
three categories: epithelial/epidermal, dermal,
and composite (epidermal and dermal). Within
these three categories, they may be acellular, cel-
lular/living, or cellular/nonliving. AlloDerm is a
commercial available acellular dermal allograft
that was initially developed for skin defects, but
it has also been used on burns and soft tissue
replacement.33–35 This product retains dermal
elements and the basement membrane allowed
keratinocytes to migrate into the material. A sub-
sequent split-thickness graft or cultured kerati-
nocyte graft is added after neovascularization of
the neodermis (Figure 6-8) for epidermal cover.
Clinical use of acellularized human cadaveric der-
mis and ultra-thin skin grafts has shown good
clinical results in face, hand, and foot burns.33–35

Graftjacket, Neoform, and DermaMatrix are
further acellular dermal allografts available.36,37

ICX-SKN, TransCyte (also known as Dermagraft-
TC) and Dermagraft are cellular dermal allografts
which use a scaffold of dermal collagen that is
seeded with neonatal fibroblasts to stimulate cells
within the host’s wound to promote healing.38–44

Composite allograft products are the most
advanced and closest products to living skin
that are currently commercially available. Apli-
graft and Orcelare are the currently available pro-
ducts. Apiligraf has been used in the treatment of
epidermolysis bullosa (EB). In a study of nine
patients with 96 sites of skin loss, 90–100% heal-
ing was observed by 5–7 days with clinically nor-
mal appearing skin in place by days 10–14.45,46

OrCel, a composite bilayer produce with neonatal
keratinocytes impregnated onto a coated non-
porous sponge composed of type I bovine col-
lagen has also been used for wound coverage after
contracture release in EB patients.47,48 The FDA
has approved its use for reconstruction or treat-
ment of recessive dystrophic EB of the hands and
skin graft donor sites in these patients. Studies
evaluating its use in chronic venous and diabetic
lower extremity ulcers are ongoing.

Autografts are tissues grafted to a new posi-
tion on the same individual. They are commonly
divided into three main categories:2

(1) Split-thickness skin grafts (STSGs) which
contain the epidermis and a variable thick-
ness of the upper layers of dermis, leaving
the remaining layers of dermis in place to
heal by secondary epithelialization from the
wound edges and keratinocytes within the
adnexa of the deeper dermis.

(2) Full-thickness skin grafts (FTSGs) which con-
tain the epidermis and the entire dermis.49

These types of grafts are preferred in areas

Figure 6-8. Histology from biopsy showing a neodermis with
ingrowth of capillaries, collagen, and fibroblasts after use of a cell
free dermal substitute.
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where significant scarring or contracture of
the grafts would provide harmful esthetic
or functional consequences. Because of the
limited supply of FTSG donor sites they are
usually reserved for reconstructing wounds
of the head, neck, hands, and genitals.

(3) Cultured autologous skin substitutes which
are frequently referred to as cultured epider-
mal autografts (CEAs). This nomenclature
includes epidermal grafts and excludes der-
mal/epidermal grafts. The CEAs are grafted
onto a wound and the healing of the new
epidermis is initiated (Figure 6-9). Epicel and
Laserskin are among the currently available
products.50,51 Cultured skin substitute (CASS)
is a CEA with the addition of a cultured auto-
logous dermal layer, making it a more anato-
mically correct skin substitute. This product is
still in clinical trials but it does in theory
represent the most advanced autologous skin
substitute available. The product is created by
culturing autologous fibroblasts and keratino-
cytes with collagen and glycosaminoglycan
substrates.52,53

A synthetic monolayer substitute Suprathel is a
monolayer acellular synthetic dressing which has
proven to decrease pain when used on donor
sites.54,55

Synthetic biolayer substitutes are acellular
products engineered without allogenic cells,
they function as dermal templates and promote
in growth of host tissues to repair defects or
create a neodermis. After in growth, skin grafting
can be performed on top of the new dermis. They
also contain a removable silicone epidermal layer

to help protect the wound from moisture loss and
contamination. Commercially available products
are Biobrane and Integra. Biobrane is a biosyn-
thetic skin substitute consisting of a bilaminate
membrane of nylon mesh bonded to a thin layer
of silicone, which is, coated with porcine type 1
collagen-derived peptides (dermal analogue).
The silicone layer functions as temporary epider-
mis.56–58 Integra Bilayer Matrix Wound Dressing
is a synthetic bilayer acellular skin substitute
composed of an outer silastic sheet (epidermal
analogue) with a matrix composed of bovine col-
lagen and glycosaminoglycan (dermal analo-
gue).59–67 The silastic sheet provides temporary
cover before skin grafting is performed.

What Does the Future Hold in Modern
Skin Engineering?

The wound-healing treatments with debride-
ment remain very important. Infection control
is vital for any healing. None of the available skin
substitutes has been shown to be superior to
autologous split-skin grafting (Figure 6-10).
Existing substitutes do also have problems
which include graft take, infection, immune
and allergic reactions, and the need for a second
procedure. We can today cultivate keratino-
cytes, fibroblasts as well as melanocytes in
vitro and the cultivated cells are transplanted
onto patients in different ways and in combina-
tion with skin substitutes, in order to facilitate
wound healing and to provide patients with bet-
ter esthetic and functional results (Figures 6-11,
6-12). The skin cannot regenerate itself and it

Figure 6-9. Spraying of cultivated cells onto dermal skin.
Figure 6-10. Late result of skin-grafted right hand compared to non-
injured left hand.
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Figure 6-11. Cultivated Fibroblasts (left) and Keratinocytes (right) in vitro.

Figure 6-12. Vitiligo, before and after grafting of cultivated melanocytes.
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does heal with scarring which sometimes con-
tracts severely. The future involves further
understanding of the wound-healing mechan-
isms as well as further discoveries of the differ-
ent functions of the different skin cells. The
discovery of plasticity of cells (cells ability to
transdifferentiate) may also influence the devel-
opment of new types of skin substitute products
with no antigenicity.68–73 The ‘‘key’’ to the sti-
mulation of regeneration of the skin could
reduce/eliminate skin scarring and provide us
with better protection against micro-organisms
which continue to threaten our existence.

References

1. Rudolph R, Ballantyne DL. Skin grafts. In: McCarthy J
(ed). Plastic Surgery: Vol 1 General Principles. Philadel-
phia, PA: WB Saunders, 1990:221–25.

2. Shores JT, Gabriel A, Gupta S. Skin substitutes and
alternatives: a review. Adv Skin Wound Care. September
2007; Vol. 20 No. 9. PP. 493–508.

3. Piccolo N, Piccolo-Lobo M, and Piccolo-Daher M. Use of
frogskin as a temporary biological dressing, Proc Am
Burn Assoc. 1992;24.

4. Chiu T, Burd A. ‘‘Xenograft’’ dressing in the treatment of
burns. Clin Dermatol. 2005;23:419–23.

5. Bhishagratna K. The Sushruta Samhita: An English
Translation Based on Original Texts. Cosmo Publica-
tions 2006.

6. Spencer WG. Celsus De Medicina, with English transla-
tion. Vol. 3. Cambridge, MA: Harward University press.
1938.

7. Balch CM, Marzoni FA. Skin transplantation during the
pre-Reverdin era, 1804–1869. Surg Gynecol Obstet.
1977;144:766.

8. Reverdin JL. Greffes epidermiques; experience faite dans
le service de M. le docteur Guyon, a l’Hopital Necker,
pendant 1869. Bull Soc. Imperiale Chir. Paris Series 2,
Vol.10, published in 1870.

9. Peacock EE, Cohen IK. Wound healing. In: McCarthy J
(ed). Plastic Surgery: Vol 1 General Principles. Philadel-
phia, PA: WB Saunders, 1990;161–178.

10. Chong AKS, Chang J. Tissue Engineering for the Hand
Surgeon. A Clinical Perspective. J Hand Surg. March
2006;31A:3.

11. Mooney DJ, Mikos AG. Growing new organs. Sci Am.
1999;280:60–65.

12. Attinger CE, Janis JE, Steinberg J, Schwartz J, Al-Attar A,
Couch K. Clinic approach to Wounds: Debridement and
Wound Bed Preparation Including the Use of Dressings
and Wound-Healing Adjuvants. Plastic and Reconstruc-
tive Surgery. Clinical Approach to Wounds. June Supple-
ment 2006;117:7S.

13. Zellweger G. Die Behandlung Der Verbrennungen.
1985;118–121.

14. Defranzo AJ, Argenta LC, Marks M, et al. The use of
vacuum-assisted closure therapy for the treatment of
lower-extremity wound with exposed bone. Plast
Reconstr Surg. 2001;108:1184.

15. Grayson ML, Gibbons GW, Balogh K, et al. Probing to
bone in infected pedal ulcers: A clinical sign of osteomy-
litis in diabetic patients. JAMA. 1995;273:721.

16. Fox CL. Silver sulfadiazine, a new topical therapy for
Pseudomonas in burns. Arch Surg. 1968;96:184.

17. Kucan JO, Robson MC, Heggers JP, et al. Comparison of
silver sulfadiazine, povidone-iodine and physiological
saline in the treatment of chronic pressure ulcers. J Am
Geriatr Soc. 1981;29:232.

18. Edgerton MT. The Art of Surgical Technique, Baltimore:
Williams & Wilkins; 1988.

19. Trentgrove NJ, Stacey MC, Macauley S, et al. Analysis of the
acute and chronic wound environments: The role of pro-
teases and their inhibitors. Wound Repair Regen. 1999;7:442.

20. Courtenay M, Church JC, Ryan TJ. Larva therapy in
wound management. J R Soc Med. 2000;93:394.

21. Sherman RA, Hall MJ, Thomas S. Medicinal maggots: An
ancient remedy for some contemporary afflictions. Ann
Rev Entomol. 2000;45:55.

22. Wollina U, Karte K, Herold C. Biosurgery in wound
healing: The renaissance of maggot therapy. J Eur Acad
Dermatol Venerol. 2000;14:285.

23. Sherman RA, Sherman J, Gilead L, et al. Maggot therapy
in outpatients. Arch Phys Med Rehab. 2001;81:1226.

24. Krizek TJ, Robson MC. The evolution of quantitative bac-
teriology in wound management. Am J Surg. 1975;130:579.

25. Robson MC, Heggers JP. Delayed wound closure based
on bacterial counts. J Surg Oncol. 1970;2:379.

26. Robson MC, Heggers JP. Bacterial quantification of open
wounds. Mil Med. 1969;134:19.

27. Tredget EE, Shankowsky HA, Goeneveld A, et al. A
matched-pair, randomised study evaluating the efficacy
and safety of Acticoat silver coated dressing for treat-
ment of burn wounds. J Burn Care Rehabil. 1998;19:531.

28. Yin HQ, Langford R, Burrell RE. Comparative evaluation
of the antimicrobial activity of Acticoat antimicrobial
dressing. J Burn Care Rehabil. 1999;20:195.

29. Langer R, Vacanti JP. Tissue engineering. Science.
1993;260:920–926.

30. Enoch S, Grey JE, Harding KG. ABC of wound healing.
Recent advances and emerging treatments. BMJ. 22 April
2006;332:962–965.

31. Harper C. Permacol: clinical experience with a new bio-
material. Hosp Med. 2001;62:90–5.

32. Hodde JP, Ernst DM, Hiles MC. An investigation of the
long-term bioactivity of endogenous growth factor in
OASIS Wound Matrix. J Wound Care. 2005;14:23–5.

33. Wainwright DJ. Use of an acellular allograft dermal
matrix (Alloderm) in the management of full-thickness
burns. Burns. 1995;21:243–8.

34. Munster AM, Smith-Meek M, Shalom A. Acellular allo-
graft dermal matrix: immediate or delayed epidermal
coverage? Burns. 2001;27:150–3.

35. Sheridan R, Choucair R, Donelan M, Lydon M, Petras L,
Tomkins R. Acellular allodermis in burns surgery: 1-year
results of a pilot trial. J Burn Care Rehabil. 1998;19:528–30.

36. Brigido SA, Boc SF, Lopez RC. Effective management
of major lower extremity wounds using an acellular
regenerative tissue matrix: a pilot study. Orthopedics.
2004;27(Suppl):s145–9.

37. Schoepf C. Allograft safety: efficacy of the tutoplast pro-
cess. Implants- Int Magazine Oral Implant. 2006;7.

38. Lukish JR, Eichelberger MR, Newman KD, et al. The use of
a bioactive skin substitute decreases length of stay for
pediatric burn patients. J Pediatr Surg. 2001;36:1118–21.

104 Artificial Organs



39. Demling RH, Desanti L. Management of partial thickness
facial burns (comparison of topical antibiotics and bio-
engineered skin substitutes) Burns. 1999;25:256–61.

40. Mansbridge J, Liu K, Patch R, Symons K, Pinney E.
Three-dimensional fibroblast culture implant for the
treatment of diabetic foot ulcers: metabolic activity and
therapeutic range. Tissue Eng. 1998;4:403–14.

41. Harding KG, Moore K, Phillips TJ. Wound chronicity
and fibroblast senescence-implications for treatment.
Int Wound J. 2005;2:364–8.

42. Boyd M, Flasza M, Johnson PA, Roberts JS, Kemp P.
Integration and Persistence of an investigational
human living skin equivalent (1CX-SKN) in human sur-
gical wounds. Regen Med. 2007;2:369–76.

43. Bello YM, Falabella AF, Eaglstein WH. Tissue-engi-
neered skin. Current status in wound healing. Am J
Clin Dermatol. 2001;2:305–13.

44. Purdue GF, Hunt JL, Still JM Jr. et al. A mulitcenter
clinical trial of a biosynthetic skin replacement, Derma-
graft-TC, compared with cryopreserved human cadaver
skin for temporary coverage of excised burn wounds. J
Burn Care Rehabil. 1997;18(1 Pt 1):52–7.

45. Fivenson DP, Scherschun L, Cohen LV. Apligraft in the
treatment of severe mitten deformity associated with
recessive dystrophic epidermolysis bullosa. Plast Reconstr
Surg. 2003;112:584–8.

46. Fivenson DP, Scherschun L, Choucair M, Kukuruga D,
Young J, Shwayder T. Graftskin therapy in epidermolysis
Bullosa. J Am Acad Dermatol. 2003;48:886–92.

47. Still J, Glat P, Silverstein P, Griswold J, Mozingo D. The
use of a collagen sponge/living cell composite material to
treat donor sites in burn patients. Burns. 2003;29:837–41.

48. Sibbald RG, Zuker R, Coutts P, Coelho S, Williamson D,
Queen D. Using a dermal skin substitute in the treatment
of chronic wounds secondary to recessive dystrophic
epidermolysis bullosa: a case series. Ostomy Wound
Manage. 2005;51(11):22–46.

49. Wright KA, Nadire KB, Busto P, Tubo R, McPherson JM,
Wentworth BM, Alternative delivery of keratinocytes
using a polyurethane membrane and the implications
for its use in the treatment of full-thickness burn injury.
Burns. 1998;24:7–17.

50. Carsin H, Ainaud P, Le Bever H, et al. Cultured epithelial
autografts in extensive burn coverage of severely trau-
matized patients: a five year single- centre experience
with 30 patients. Burns. 2000;26:379–87.

51. Lobmann R, Pittasch D, Muhlen I, Lehnert H. Autolo-
gous human keratinocytes cultured on membranes com-
posed of benzyl ester of hyaluronic acid for grafting in
nonhealing diabetic foot lesions: a pilot study. J Diabetes
Complications. 2003;17:199–204.

52. Harriger MD, Warden GD, Greenhalgh DG, Kagan RJ,
Boyce ST. Pigmentation and microanatomy of skin
regenerated from composite grafts of cultured cells and
biopolymers applied to full-thickness burn wounds.
Transplantation. 1995;59:702–7.

53. Boyce ST, Goretsky MJ, Greenhalgh DG, Kagan RJ, Rie-
man MT, Warden GD. Comparative assessment of cul-
tured skin substitutes and native skin autograft for treat-
ment of full-thickness burns. Ann Surg. 1995;222:743–52.

54. Schwarze H, Kuntscher M, Uhlig C, et al. Suprathel, a
new skin substitute, in the management of donor
sites of split-thickness skin grafts: Results of a clin-
ical study. Burns. 2007; E-pub:doi: 10.1016/j.burns.
2006. 10.393.

55. Banes AJ, Compton DW, Bomhoeft J, et al. Biologic,
biosynthetic, and synthetic dressings a temporary
wound covers: a biochemical comparison. J Burn Care
Rehabil. 1986;7:96–104.

56. McHugh TP, Robson MC, Heggars JP, Phillips LG, Smith
DJ Jr, McCollum MC. Therapeutic efficacy of Biobrane in
partial- and full-thickness thermal injury. Surgery.
1986;100:661–4.

57. Feldman DL, Rogers A, Karpinski RH. A prospective trial
comparing Biobrane DuoDERM and Xeroform for skin
graft donor sites. Surg Gynecol Obstet. 1991;173:1–5.

58. Prasad JK, Feller I, Thomson PD. A Prospective con-
trolled trial of Biobrane versus scarlet red on skin graft
donor areas. J Burn Care Rehabil. 1987;8:384–6.

59. Grzesiak JJ, Pierschbacher MD, Amodeo MF, Malaney
TI, Glass JR. Enhancement of cell interactions with col-
lagen/gylcosaminoglycan matrices by RGD derivatiza-
tion. Biomaterials. 1997;18:1625–32.

60. Stern R, McPherson M, Longaker MT.Histologic study of
artifical skin used in the treatment of full-thickness
thermal injury. J Burn Care Rehabil. 1990;11:7–13.

61. Komorowska-Timek E, Gabriel A, Bennett DC, et al.
Artificial dermis as an alternative for coverage of com-
plex scalp defects following excision of malignant
tumours. Plast Reconstr Surg. 2005;115:1010–7.

62. Machens HG, Berger AC, Mailaender P, Bioartificial
skin. Cells Tissue Organs. 2000;167:88–94.

63. Orgill DP, Straus FH 2nd, Lee RC. The use of collagen-
GAG membranes in reconstructive surgery. Ann NY
Acad Sci. 1999;888:233–48.

64. Fitton AR, Drew P, Dickson WA. The use of a bilaminate
artificial skin substitute (Integra) in acute resurfacing
of burns: an early experience. Br J Plast Surg. 2001;
54:208–12.

65. Klein MB, Engrav LH, Holmes JH, et al. Management of
facial burns with a collagen/glycosaminoglycan skin sub-
stitute-prospective experience with 12 consecutive patients
with large, deep facial burns. Burns. 2005;31: 257–61.

66. Groos N, Guillot M, Zilliox R, Braye FM. Use of an
artificial dermis (integra) for the reconstruction of
extensive burn scars in children. About 22 grafts. Eur J
Paediatr Surg. 2005;15:187–92.

67. Jeschke MG, Rose C, Angele P, Fuchtmeier B, Nerlich MN,
Bolder U. Development of new reconstructive techniques:
use of Integra in combination with fibrin glue and nega-
tive-pressure therapy for reconstruction of acute and
chronic wounds. Plast Reconstr Surg. 2004;113:525–30.

68. Brazelton TR, Rossi FM., Kesher, GI, Blau, HM. From
marrow to brain: expression of neuronal phenotypes in
adult mice. Science. 2000;290:1775–1779.

69. Mezey E, Chandross KJ, Harta G, Maki RA, McKercher
SR. Turning blood into brain: cells bearing neuronal
antigens generated in vivo from bone marrow. Science.
2000;290:1779–1782.

71. Orlic D, Kajstura J, Chimenti S, Jakoniuk I, Anderson
SM, Li B, et al. Bone marrow cells regenerate infracted
myocardium. Nature. 2001;410:701–705.

72. Sigurjonsson OE, Perreault MC, Egeland T, Glover JC.
Adult human hematopoietic stem cells produce neurons
efficiently in the regenerating chicken embryo spinal
cord. Proc Natl Acad Sci USA. 2005;102:5227–5232.

73. Wurmser AE, Nakashima, K, Summers RG, Toni N, D,
Amour KA, Lie DC, et al. Cell fusion-independent differ-
entiation of neural stem cells to the endothelial lineage.
Nature. 2004;430:350–356.

From Basic Wound Healing to Modern Skin Engineering 105



7
Artificial Sphincters

Austin Obichere and Ibnauf Suliman

Introduction

Sphincters in broad term refer to circular
muscles within the gastrointestinal or urogen-
ital tract that regulate the release of bowel
contents or urine to the outside. Incontinence
(fecal or urinary) is due to inability to control
stool or urine expulsion as a result of disease,
accident, or injury to the anal and sphincter
urethrae muscles, respectively. The concept of
artificial sphincter use in surgery is not new
and was first conceived over 50 years ago to
restore continence either by surgically fash-
ioning/transposing muscle or by implanting
prosthetic materials to achieve normal bowel
or urinary action.

This chapter will review the origin and evolu-
tion of artificial sphincters in colorectal surgery.
Its role in the clinical management of end-stage
fecal incontinence and as an alternative to
abdominal wall colostomies will be discussed,
and promising future strategies for restoring
normal anal defecation examined. A detailed
account of the artificial urinary sphincter is out-
side the scope of this chapter and will be dis-
cussed elsewhere.

Origin of Artificial Sphincters

The emergence of artificial sphincters in sur-
gery followed attempts to either surgically fash-
ion or implant prosthesis to achieve urinary or
bowel control and avoid diverting urinary
tubes/catheters and abdominal wall stomas.
The evolution of the artificial bowel sphinc-
ter arguably takes it origin from the work of
‘M. Pillore’, a French surgeon who successfully

performed a caecostomy for complete bowel
obstruction caused by rectal carcinoma in
1776. Unfortunately, the patient died 20 days
after the operation and an autopsy revealed
gangrene of the small bowel due to two pounds
of mercury he had ingested, believing this
would overcome his obstruction. However, the
birth of a left iliac colostomy was conceived
nearly two decades later in 1793 by Duret – in
a desperate attempt to relieve intestinal obs-
truction in an infant 3 days old with imperfo-
rate anus. He had initially performed lumbar
colostomy upon the dead body of a baby
2 weeks old, but abandoned this approach as
he feared leakage of meconium into the perito-
neum. We are told that the operation was a
success and that the infant lived to a ripe old
age of 45 years. Other notable achievements
of this remarkable pioneer surgeon include
anchoring the mesocolon with suture to pre-
vent stoma retraction. He recognized the
occurrence of stomal prolapse and initiated
a crude form of continence through bowel
cleansing of stool via the ‘artificial anus’ using
plain water containing two drops of syrup of
rhubarb.

The contribution of these pioneer surgeons
firmly established the colostomy as a success-
ful treatment strategy for managing malignant
or end-stage benign colorectal disorders that
has not needed to change for over 200 years.
However, despite much progress in surgical
technique, stoma design, and management,
fecal incontinence and perceived abnormal
body image remain major pitfalls impairing
patient quality of life and has resulted in a
relentless quest for better fecal effluent con-
trol with surgically fashioned or prosthetic
bowel sphincters.

N. Hakim (ed.), Artificial Organs, New Techniques in Surgery Series 4, DOI 10.1007/978-1-84882-283-2_7,
� Springer-Verlag London Limited 2009

107



Surgically Fashioned Bowel Sphincters

In selected patients, construction of an artificial
or neo-anal sphincter can be achieved by trans-
posing preserved fascia or skeletal muscle in
close proximity to the anal canal. The resulting
neo-sphincter constitutes an acceptable alterna-
tive to a permanent colostomy, thus avoiding the
psychological issues relating to perceived abnor-
mal body image of a stoma. Such a neo-sphincter
may be described as passive, dynamic, or
physiological.

Passive Neo-sphincter

Harvey Stone conceived the idea of using pre-
served fascia as a subcutaneous purse string
suture that was drawn up snugly around the
anus for treating anal incontinence of operative
or traumatic origin. Several years later in 1929,
he modified this procedure, anchoring the two
loops of fascia to the gluteus maximus muscle on
opposite sides so that the anus could be tigh-
tened by contraction of the muscle.1 It is of
interest that much earlier, at the turn of the
20th century, Chetwood described a technique
whereby the gluteus maximus muscle was trans-
posed for sphincter reconstruction while
Chittenden in 1930 promoted another variety
of the passive neo-sphincter utilizing bilateral
gluteus maximus flaps that were sutured ante-
rior to the rectum thus suspending it in a ham-
mock of muscle.2,3

The gluteus maximus muscle gained further
popularity in reconstructive surgery for anal
incontinence when Bistrom (1944) described a
method of detaching a part of the origin of the
muscle and fashioning an opening through
which the rectum was pulled through to create
a sphincter mechanism.4 It soon became evident
that the direct pull of the parallel muscle bundles
even at normal resting tone provided some
degree of continence that could be reinforced
voluntarily and that the normal physiological
length tension relationship was re-established.
Furthermore, the muscle is well innervated and
vascularized, which permits transfer of a seg-
ment with little risk of developing ischemia.

More recently, construction of an anal sphinc-
ter mechanism using either the origin or the
insertion of the gluteus maximus muscle has
been reported.5,6 The former being a modification
of the original technique described by Bistrom,

involved creation of bilateral muscular slings that
were split to encircle the rectum in order to sta-
bilize each other at a proper resting tension and
fiber length. In the case of the latter, muscle was
detached from its insertion on the linear aspera of
the femur to create a double scissor-like dia-
phragm around the rectum which was then
anchored to the ischial tuberosities. However,
despite reported claims of improved anal conti-
nence by proponents of these two methods, they
have failed to gain widespread acceptance and
have so far been restricted to isolated cases.

Utilization of the gracilis muscle to create a
continent neo-anal sphincter in four children
with end-stage anal incontinence was described
by Pickrell in 1952 and emerged as the favored
operation because the muscle was not bulky
and did not impair certain motor functions
such as climbing stairs. In his original article,
Pickrell described transposition of a single
gracilis muscle in a clockwise fashion 3608
surrounding the rectum and fixed to the con-
tra-lateral ischial tuberosity with suture.7

Modifications of this technique now include a
bilateral muscle wrap which adopts either one
of two configurations; a complete circumferen-
tial wrap using both muscles or the creation of a
sling behind the rectum with a single gracilis
muscle reminiscent of the puborectalis, while
the other was rotated in a clockwise fashion to
encircle the rectum.

These operations were designed primarily for
the management of end-stage fecal incontinence
due to defective anal sphincter function as
opposed to attempts in restoring anal conti-
nence after abdomino-perineal excision of the
rectum. However, passive transposition of a sin-
gle gracilis after surgical ablation of the rectum
has also been reported, whereby an opening was
created in the muscle through which the colon
was pulled through and anchored to the peri-
neum. The transposed gracilis was secured to
adjacent deep perineal muscles, the presacral
aponeurosis, and the contralateral ischial tuber-
osity.8 In one series, use of adductor longus
muscle to create a neo-anal sphincter after rectal
excision has also been described.9

Indications

Passive artificial muscle sphincters were ori-
ginally designed for the treatment of fecal
incontinence, but have recently been added
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to the armamentarium at the disposal of colo-
proctologist where total anorectal reconstruc-
tion may be required for the following
conditions;

• End-stage fecal incontinence

• Abdomino-perineal excision of rectum

• Congenital anorectal disorder (Imperforate
anus/Spina bifida)

• Sphincter injury/trauma.

Types of Passive Neo-sphincters

A variety of skeletal muscles have so far been
successfully transposed to create a passive neo-
anus. The common denominator in all cases is
that the muscle utilized in the creation of a
passive artificial anus must carry its own neuro-
vascular supply and lie in close proximity to the
anal canal. Skeletal muscles harboring these
characteristics are as follows;

• Gracilis (unilateral or bilateral)

• Gluteus maximus (unilateral or bilateral)

• Adductor longus (unilateral)

• Satorius (unilateral)

• Rectus femoris (unilateral)

Complications

A major drawback of passive anal sphincter
reconstructive techniques is that fecal conti-
nence is short-lived because striated skeletal
muscle fatigue easily and cannot sustain pro-
longed voluntary contraction. This led to
attempts by others to discover new techniques
and strategies designed to create fatigue resis-
tant-striated skeletal muscles and resulted in
electrically stimulated neo-sphincters (fatigue
resistant muscles).10,11

Reports of muscle necrosis of the harvested
neo-sphincter have largely been attributed to
poor muscle quality or surgical technique. The
gracilis which is by far the most commonly
used muscle, receives its neurovascular supply
in the upper third of the muscle thereby allow-
ing transposition around its proximal pedicle.
Ischemic injury therefore occurs as a result of
direct trauma to the neurovascular bundle dur-
ing muscle harvesting or indirectly, due to
excessive pedicle tension from re-routing,
peri-operative hematoma formation, or tissue
edema.

Infection remains the main harbinger of
failure of passive neo-sphincters requiring revi-
sional surgery where initial conservative treat-
ment with antibiotics with or without wound
lavage/debridement fails. A variety of organisms
both gut-derived and skin microbes have been
identified but colononization by methicillin-
resistant Staphylococcus aureus (MRSA) means
that failure is near irreversible. Sometimes due
to overwhelming sepsis such as necrotizing
fascitis and associated muscle necrosis, sal-
vage is not possible and neo-sphincter re-
construction using the contra-lateral muscle
should be considered and re-scheduled to a later
date.

Poor-quality muscle either inherent or due to
atrophy from fatigue will result in poor outcome
and incontinence. Most patients therefore
require self medication with constipating agents
to attain acceptable continence followed by the
assistance of self-administered enema to evacu-
ate stool. Understandably, achieving the right
balance can be difficult and tiresome for many
patients.

Dynamic/Electrically Stimulated
Neo-sphincters

It was discovered in animal experiments and in
humans that repeated electrical stimulation of
skeletal muscle from external sources resulted in
conversion from type 2 (easily fatigued) to type 1
(fatigue-resistant) muscle fibers.12,13 This adaptive
response to a generated electrical pulse allows
sustained voluntary contraction of the neo-anal
sphincter, enhancing the fecal continence achieved
by a passive muscle wrap.

A significant advance in this technique was
pioneered by Cor Baeten and Norman Williams
who independently developed different types of
implantable device to induce this vital change
in muscle property, thereby improving neo-
sphincter function and making this sort of sur-
gery a practical reality.10,11 Baeten developed
an intra-muscular (albeit perineural) mode of
muscle stimulation, whereas Williams directly
stimulated the nerve trunk to the gracilis. The
former technique has proved more robust in
most surgeon’s hands as it avoids problems
with electrode displacement which seems com-
moner when the nerve trunk is stimulated
directly (Figure 7-1).
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Indications

The electrically stimulated neo-sphincter has
been shown to be more effective than the passive
muscle wraps in terms of continence control and
quality of life. It is more likely to produce higher
resting anal pressures than the non unstimu-
lated neo-sphincter, and hence improve conti-
nence. Despite sharing similar indications with
its predecessor (see above), dynamic neo-
sphincters have gained popularity particularly
among highly motivated young adults with
sphincter injury from trauma or accident, who
are determined to avoid an abdominal wall
stoma.

Types of Dynamic Neo-sphincters

The two skeletal muscles most frequently uti-
lized in the construction of surgically fashio-
ned neo-sphincters are the gracilis and gluteus
maximus. The former is generally preferred
because it is less bulky, easier to transpose,
and does not impair motor function like walk-
ing up stairs. On the other hand, dissection and
separation of the gluteus into two parts with
careful preservation of the inferior gluteal neu-
rovascular supply to the distal half, is more chal-
lenging and has deterred widespread use of this
muscle.

Five different configurations of gracilo-
plasty (alpha, gamma, epsilon, split sling,
and double wrap) have been described and
in one study that compared the first three
types, it emerged that the alpha wrap gener-
ates lower neo-anal pressures than gamma
and epsilon.14

Dynamic Neo-sphincter Following
Abdomino-perineal Excision of Rectum

The last decade has seen attempts by surgeons to
construct a dynamic neo-sphincter following
surgical excision of the rectum for carcinoma,
with some degree of success.12,14–17 All authors
adopt chronic low-frequency electrical stimula-
tion for muscle conversion even though the
timing of its onset and duration vary among
investigators. Most experts favor construction
of the neo-sphincter with double gracilis muscle
wrap at the same time as perineal stoma forma-
tion, usually without a defunctioning stoma pre-
sumably because it allows early stimulation of
the transposed muscle.12,16,18 But Williams and
colleagues employed a three-staged approach
that included perineal colostomy formation
with vascular delay of the distal gracilis muscle,
creation of a stimulated graciloplasty, and clo-
sure of the defunctioning stoma.15

The gracilis vascular delay procedure,
whereby the distal perforating vessels to the
muscle are ligated, allows new channels to form
from the proximal major vessel and was thought
to reduce the risk of distal muscle ischemia after
transposition.19 However, the emergence of
direct anatomical and physiological evidence
from experimental studies showing only one
arterial system within the gracilis muscle ques-
tions previous practice involving an additional
operation for vascular delay, implying that this
approach may now be redundant.12

The main indication for rectal excision and
neo-sphincter reconstruction in these circum-
stances has been in the treatment of distal rectal
cancer. Initial concerns regarding the risk of
jeopardizing the possible cure of the patient in
return for avoiding a colostomy have so far been
refuted by some studies which have shown that
it is an oncologically safe operation. One study
reviewed 20 patients who had abdomino-perineal
reconstruction with a double dynamic gracilo-
plasty after rectal excision for low rectal cancer
found no local recurrence, but revealed four
patients who developed distant metastasis.12 In
another report of 12 patients who had electri-
cally stimulated graciloplasty after abdomino-
perineal excision of the rectum, 10 had rectal
adenocarcinoma of which 6 were Dukes stage
A, 3 were B, and only 1 was stage C.14,20 There
was no local recurrence at a median follow-up
of 54 months (range, 3–79), but pulmonary

gracilis
muscle
(old
position)

gracilis
muscle
(new
position)

pulse generator

magnet

leads

Figure 7-1. Electrically stimulated neo-sphincter.
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metastases developed in the patient with Dukes
C rectal cancer. Furthermore, in a personal ser-
ies of 81 patients over a 10-year period of which
37 surviving patients were followed for a mean
period of 79 months, the study concluded that
restorative perineal graciloplasty did not reduce
the effectiveness of abdomino-perineal resection
in the cure of cancer.17

Functional Outcome of Dynamic
Graciloplasty

Total anorectal reconstruction with electrically
stimulated graciloplasty after abdomino-perineal
excision of the rectum may be primary (recon-
struction of the neo-anus in the same operation
as the abdomino-perineal resection) or second-
ary (neo-sphincter reconstruction several years
after a Miles resection). The former method is
by far the most frequently performed, perhaps
due to the anticipated increased morbidity with
the latter. In seven patients who had a
secondary procedure a mean of 8.5 years after
a Miles resection, it was found that although
continence was regained in five patients, they
suffered numerous complications, additional
operations, long hospital stay, and subsequent
re-admissions.21

The reported functional results following
reconstruction of a neo-anorectum with gracilo-
plasty (stimulated or unstimulated) after excision
of the rectum for cancer, vary considerably in
the literature. One series evaluated 26 out of
31 patients for continence at a mean follow-up
of 40 months, revealing continence to liquid and
solid stool in 22 patients or 85%.18 Mercati and
colleagues found that all seven patients who had
unstimulated graciloplasties in their series were
satisfied with the level of continence achieved
with the neo-anus, although they acknowledged
that these patients suffered a slight-to-moderate
fecal incontinence causing a persistently wet anus
that required the use of pads.16 In another study,
‘successful’ functional outcome was reported in 8
of 15 patients (53%) who were continent to solid
and liquid stool, but continence in these circum-
stances included occasional fecal soiling.12

Contrary to the above findings which support
a favorable functional outcome, others have
reported episodes of incontinence to solid
stool, persistent soiling due to liquid stool neces-
sitating wearing of sanitary pads at all times, and
difficulty with stool evacuation requiring the aid

of regular enemas.14 This disparity in reported
continence may be attributed to differing tech-
niques employed by investigators as exemplified
by Williams and colleagues, who favored a
staged approach with a single gracilis muscle
wrap, while others constructed the neo-sphincter
with a double gracilis wrap at the same time as
formation of a perineal colostomy.12,15,16,18 In
addition, there is no standardized or validated
tool available to measure functional outcome
after anorectal reconstruction with the dynamic
graciloplasty, thereby encouraging comparison
of studies in this area.

It is of interest that amalgamation of data
from the literature would appear to suggest
that the double gracilis neo-anus gives better
functional results compared to the single muscle
wrap. However, the contrasting methods
employed in these studies in determining the
patients’ level of continence with a neo-sphinc-
ter has been overlooked, and obvious failure in
taking account of the effect of observer bias.
Moreover, one group recently reviewed morbid-
ity and functional outcome in 15 patients with a
mean follow-up of 28 months who had under-
gone double dynamic graciloplasty after abdo-
mino-perineal resection. They found that of 12
patients available for assessment, five out of six
cases without neo-sphincter stenosis, had ‘good
continence’, indicating that the double dynamic
graciloplasty was associated with a high rate of
stenosis which compromised functional out-
come.22 The reason why this is so has been
attributed to the forces generated by asymme-
trical contraction of both gracilis muscles. Given
these conflicting reports in the literature, it is
clear that there are areas of significant variation
amongst experts pertaining to graciloplasty con-
figuration, timing of surgery, and implantation
of the electrical device and function. Unques-
tionably, it would seem that the true functional
outcome of these procedures remain uncertain.

Complications

The dynamic neo-sphincter operation is techni-
cally demanding has a long-learning curve and
carries considerable morbidity. It has therefore
been recommended this type of surgery be con-
fined to specialist colorectal centers. Complica-
tions may also be due to the technical challenges
encountered during harvesting and creation of
the neo-anus or device related.
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As with the passive neo-sphincter, muscle
necrosis from direct and indirect causes of
ischemia along with reports of infection are
also encountered following construction of the
dynamic neo-sphincter. Neo-sphincter stenosis
is a problem that was described recently and is
associated with the double gracilis wrap that
appears to generate asymmetrical pressure
forces around the neo-anus.22,23

The device-related complications are numer-
ous and range from mechanical failure which is
frequently the result of complete battery dis-
charge to the local effects of the device itself.
Localized pain or discomfort, device or lead
migration, and erosion of skin lead disconnec-
tion or fracture are some of the well-documented
problems of the device. Repeated operations and
ultimately explantation of the device are some-
times necessary to address some of these draw-
backs contributing to further overall morbidity
in these patients.

Inability to evacuate stool is commoner fol-
lowing neo-anal reconstruction with dynamic
graciloplasty than with the passive neo-sphincter,
presumably because the former has been shown
to generate higher neo-anal pressures on mano-
metry. Nonetheless, it is a problem that leaves
the patient entirely reliant on enemas to achi-
eve stool expulsion despite terminating elec-
trical discharges from the pulse generator to
the neo-sphincter by interrupting the establi-
shed electrical circuit with a magnet. Given the
high morbidity associated with neo-sphincter
reconstruction, all patients are likely to benefit
from a centralized service with the necessary
expertise on site, along with a plan that incorpo-
rates pre-operative counseling and a selective
approach.

Physiological Neo-sphincter

The passive and dynamic neo-sphincters offer
little or no body image disturbance unlike an
abdominal wall stoma. They also provide
added benefit in terms of continence control
via the neo-anus, albeit an effective biological
‘thirsch’ wire. Unfortunately, these patients rely
on regular enemas or irrigation of the neo-anus
for the evacuation of ‘formed’ stool and are
incontinent to liquid fecal discharge. Further-
more, the loss of normal reservoir capacity
provided by the excised rectum and lack of a
sensory component either through disease or

surgery means that these types of neo-sphincters
will always fall short of normal physiological
function.24

Recent reports from animal experiments
describe a new generation of neo-sphincter
reconstruction capable of voluntary action fol-
lowing cross-innervation of the nerve supplying
the transplanted muscle and the pudendal nerve.
Sato and colleagues created a neo-sphincter with
the biceps femoris muscle (equivalent of the
human gracilis muscle) in 22 dogs after rectal
extirpation and performed anastomosis between
the nerve to the muscle and the pudendal
nerve.25 Following nerve regeneration, they
demonstrated successful muscle conversion
from type 2 to type 1 fibers with apparent satis-
factory defecatory function. Similarly, Congi-
liosi and others rendered three groups of
10 dogs incontinent and compared passive,
dynamic, and a physiological neo-anal wrap
with pudendal nerve anastomosis.26 They
observed that the physiological group produced
a functional anal sphincter superior to the other
two methods. More recently one novel study
showed experimentally that it was possible to
reconstruct a functional external anal sphincter
using a free latissmus dorsi flap with pudendal
neuromicrovascular anastomoses in nine mon-
grel dogs rendered fecally incontinent.27 What
these studies seem to imply is that the pudendal
nerve potentially has a crucial role in attempts to
restore native innervation and voluntary anal
sphincter function.

Preliminary studies in human cadavers have
shown that it is possible to create a physiological
neo-sphincter using the gluteus maximus
muscle – inferior half of the muscle supplied by
the inferior gluteal neurovascular bundle.28

Another group also demonstrated in human
cadavers that it was possible to technically
reconstruct a physiological neo-sphincter using
the gracils muscle with pudendal nerve anasto-
mosis.29 The first clinical case of the ‘voluntary’
neo-sphincter after abdomino-perineal resec-
tion of the rectum has shown encouraging
early results for a technique which may signal a
new more efficient alternative to the dynamic
neo-sphincter28 (Figure 7-2). Long-term data in
10 out of a series of 19 patients from a single
center over an 8-year period indicate that volun-
tary defecation was achieved in all 10 patients
without the need for enemas or irrigation. In
addition, better continence scores and quality
of life were demonstrated in this group when
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compared to 27 historical controls who had
abdomino-perineal excision of the rectum
and end colostomy formation.30 Sato and his
colleagues proposed that the resulting restora-
tion of sensitivity after pudendal nerve ana-
stomosis, allows recognition of the need to
defecate and might explain the promising
results so far reported following construction
of the physiological neo-anus.

Indications

Physiological neo-sphincters share similar indi-
cations to passive and dynamic types and in
common with the other two rely on skeletal
muscle that can be transposed along with their
own neuro-vascular bundle. The main contra-
indication, therefore, would include patients
with impaired nerve or muscular function from
neuromuscular disorders. So far, all 19 patients
who have undergone physiological neo-sphinc-
ter reconstruction have been diagnosed with low
rectal cancer treated by abdomino-perineal exci-
sion of the rectum.30 It is foreseeable that this
approach may play a role in the surgical man-
agement of end-stage fecal incontinence due to
other benign conditions provided that further
data confirm the efficacy of this promising
technique.

Types

A single center experience utilizing the lower
half of the gluteus maximus muscle with its
own inferior gluteal neuro-vascular bundle
account for all the patients in the literature
who have had anal continence restored by phy-
siological neo-sphincter reconstruction. How-
ever, use of the gracilis muscle and free latissmus
dorsi flaps with pudendal neuromicrovascular
anastomoses hold future promise.27,29 It is
expected that other skeletal muscles with their
own neurovascular supply may be adopted in
the future or perhaps preferred to the gluteus
muscle so long as more studies concur that the
technique is feasible and is a superior alternative
to other types of neo-sphincters.

Complications

With the exception of device-related complica-
tions, the physiological neo-sphincters present
similar problems encountered with the dynamic
neo-anus.

Muscle ischemia and necrosis resulting from
infection, intrinsic skeletal muscle characteris-
tics, or poor harvesting techniques are other
complications that occur without exception in
all neo-sphincters. However, the physiological

Figure 7-2. Physiological neo-sphincter
illustrating pudendal and inferior glu-
teal nerve anastomosis and gluteus
muscle wrap around the colon.
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neo-sphincter whose function is dependent on
pudendal nerve growth to re-connect with the
muscle, presents a potentially unique problem of
disuse muscle atrophy. This phenomenon com-
monly occurs during the period required for
adequate nerve regeneration. Given that the esti-
mated peripheral nerve regeneration rate is
1 mm/day, recovery of muscle function may
fail or be delayed, depending on the distance
between the site of nerve anastomosis and the
muscle end-plate. To overcome this potential
drawback of muscle atrophy, it has been sug-
gested that direct electrical stimulation of the
muscle during the time required for nerve
growth may reverse this process.30 The evidence
supporting the prevention of disuse muscle
atrophy in the physiological neo-sphincter has
been extrapolated from data demonstrating
continued neo-sphincter muscle activity by pro-
grammed electrical stimulation using an exter-
nal device.

Experimental Organ Transplantation

The quest for anal continence after abdomino-
perineal excision of the rectum has led a number
of surgeons to create a neo-anus reconstructed
from muscle, or even an anal artificial sphinc-
ter.31 However, clinical results have not been
altogether satisfactory, partly because these
methods were intended to deal with the strength
of the anal sphincter alone, reminiscent of a
biological Thiersch.

Anal continence is not just the result of con-
tractile activity in the anal sphincter, but also
depends on good sensation, reasonable capacity,
and a colon and rectum that are neither too
active nor too inert. Furthermore, the ability to
be continent and the ability to evacuate are to
some extent mutually antagonistic. This means
that many of the above surgical attempts to
restore continence have been bedeviled by defe-
catory problems because the patient has no idea
when the rectum is full and because contractile
rectal activity and deactivation of whatever
device is being used to control continence are
not coordinated.

Anorectal transplantation should have the
potential to solve a number of the above pro-
blems. Parts designed for a specialized purpose
would seem on first principles to have a better
chance of restoring best function compared to
transposed muscle or implanted plastics, and

the pudendal nerve, being a mixed motor and
sensory nerve, should be able to restore sensa-
tion, motor function, and perhaps reflexes.

What has been most exciting about novel
techniques employing pudendal nerve anasto-
mosis is the prospect of restoring a sensory
component. Many of the clinical problems of
the dynamic neo-sphincters relate to the lack of
knowledge of the need to defecate through loss
of a normal sensory pathway. Anorectal trans-
plantation with pudendal nerve anastomosis
therefore holds out the prospect of potentially
normal anorectal function. But it is beset by its
own difficulties, not least the apparent extreme
technical difficulty involved surgically, added to
which are the issues of returning physiological
function and immunological considerations.

Evolution of Organ Transplantation:
Essential or for Quality of Life?

Organ transplantation has traditionally been
aimed at restoring life to patients who would
otherwise face imminent death from fatal dis-
ease or failure of a vital organ. This concept was
reinforced by transplantation of the heart, lungs,
liver – and to a lesser extent kidneys and small
intestine, where imminent demise from organ
failure might be avoided with long-term dialysis
and total parenteral nutrition, respectively.
There is no doubt that organ transplantation
not only saves lives but might also provide the
recipient with a new lease of life and freedom to
perform normal daily activities with improved
quality of life.

The last two decades have seen patient quality
of well-being increasingly recognized as an
important outcome measure of surgical practice
and it is not in the least surprising why some
investigators have now been prepared to con-
sider transplantation of a non-essential organ
primarily to improve quality of life – as exem-
plified by recent clinical transplantation of the
larynx, womb, hand, and face.32–35

Permanent colostomies following anorectal
amputation for cancer can be devastating for
some people who would rather contemplate sui-
cide than accept life passing bowel contents
through an artificial opening on their abdominal
wall.36–38 It remains debatable whether current
alternative surgical techniques such as the peri-
neal stoma and neo-sphincters, which avoid a
colostomy, might reasonably be considered a
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sufficient answer because of persisting defeca-
tory problems which impair quality of life. The
physiological neo-sphincters using pudendal
nerve anastomosis may be an advance because
the pudendal nerve might not only permit reflex
sphincter function but also allow the patient to
sense the need to defecate.

It is envisaged that anorectal transplanta-
tion is a possible strategy that would replace
the anorectal structural unit after abdomino-
perineal resection, if it were technically and
biologically feasible. The resulting preserva-
tion of body image and potential return of
normal anal defecation might improve patient
quality of life far beyond currently available
methods, thereby reinforcing calls that trans-
plantation of a non-essential organ can be
performed for quality of life reasons alone.39

Assessing the Feasibility of Anorectal
Transplantation

Anatomy and Function of the Pudendal
Nerve. The pudendal nerve is a mixed nerve
carrying sensory, motor, and autonomic fibers
from three roots derived from the second, third,
and fourth (S2–S4) ventral rami of the sacral
plexus. Normally the three roots unite to form
two cords, which unify to create a main trunk,
commencing at the upper border of the ischial
spine and carrying sensory fibers to genitalia,
muscular branches to the sphincter urethrae,
perineum, and external anal sphincter. The
pudendal nerve trunk passes back between the
piriformis and the coccygeus muscle and curls
around the sacrospinous ligament before run-
ning forward to lie within the pudendal canal
(Alcock’s) on the inferior lateral wall of the
ischiorectal fossa.40

The pudendal nerve has three main branches:
inferior rectal, which constitutes the motor sup-
ply to the external anal sphincter and controls
voluntary sphincter action; dorsal nerve of the
penis/clitoris, which innervates the genitals; and
the common perineal nerve, giving muscular
branches to the perineal muscles and sphincter
urethrae. The inferior rectal nerve branch
emerges from the posterior end of Alcock’s
canal, before division of the pudendal trunk
into its terminal branches (dorsal nerve of
penis/clitoris and common perineal) which
occurs within the canal itself 41 (Figure 7-3).

Like all anatomical structures, the pudendal
nerve is not exempt from anomalies involving
any part of its entire course. A thorough under-
standing of variations of the main nerve trunk
and its branches is vital for accurate nerve selec-
tion in any attempt to reconstruct the ‘physiolo-
gical’ anorectum following rectal excision.

Surgical Approach. Most surgeons are unfami-
liar with pudendal nerve anatomy because its
exposure is infrequently encountered in clinical
practice. When access is attempted, the surgeon
may find it difficult, with risk of injury to the
nerve and its branches. Moreover, interest to
date in the pudendal nerve has largely focused

Figure 7-3. Normal course of pudendal nerve and branches.
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on the successful application of non- and mini-
mally invasive techniques for the diagnosis and
treatment of pudendal neuropathy, a recognized
cause of pelvic floor, rectal, and anal sphincter
disorders, rather than surgery.42

Surgical access to the pudendal nerve in
humans has mostly been limited to cadaveric
studies and occasional attempts at pudendal
nerve decompression for cases of unexplained
anal or perineal pain. Pudendal nerve trunk
anomalies have been demonstrated, but sur-
geons wishing to develop a reproducible surgical
approach have little to guide them.43 Indeed,
some investigators acknowledge that optimal
exposure of the pudendal nerve and its branches
without injury is a potential obstacle to attempts
to reconstruct a functional anal sphincter com-
plex after rectal extirpation.26

One study examined pudendal nerve anat-
omy in cadavers seeking to identify potential
anomalies of clinical significance and to
describe a new, simple, reproducible approach
for maximal exposure of the nerve and its
branches that might contribute to improved
access for functional reconstructive proce-
dures.44 They found that a simple four step sur-
gical approach was not only simple but also
reproducible and gave maximal pudendal
nerve exposure as follows

Step 1: The mid-point of the lateral border
of the sacrum, the ischial tuberosity, and the
ipsilateral greater trochanter of the femur were
identified and marked with indelible ink

(Figure 7-4). These surface landmarks were cho-
sen because they were easily identifiable and
define the anatomical region of interest.

Step 2: A vertical incision through skin and
subcutaneous tissue was extended from the mid
sacrum to the ischial tuberosity, then curved
upward and laterally to the greater trochanter
to create a flap that was reflected to reveal obli-
que fibers of the distal half of gluteus maximus
arising from its sacral origin and directed down-
ward (Figure 7-5).

Step 3: A longitudinal incision was made
through the exposed gluteus maximus onto the
sacrum and extended distally to the ischial tuber-
osity so that lateral retraction of this muscle
exposed the glistening fibers of the sacrotuberous

Figure 7-4. Surface landmarks for
pudendal nerve exposure in human
cadaver.

Figure 7-5. Exposure of gluteus maximus muscle.
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ligament and inferior gluteal neurovascular bun-
dle arising from its free edge (Figure 7-6).

Step 4: The sacrotuberous ligament was then
divided at its distal attachment and drawn out-
ward along its free border to reveal the pudendal
neurovascular bundle in a connective tissue tun-
nel (Alcock’s canal) (Figure 7-7).

The study concluded that the aforementioned
four-step approach, permitted optimal exposure
of the pudendal nerve and its branches thereby
facilitating restoration of neural innervation to
anal sphincter reconstructive procedures. Simi-
larly, another group explored the anatomic
bases of the functional graciloplasty with puden-
dal nerve anastomoses in seven adult human
cadavers.45 They showed that re-innervation of
the gracilis muscle transposed around the anus
with pudendal end-to-side anastomoses was fea-
sible and predicted eventual clinical application.

Nerve Regeneration and Attainment of Restored
Function. Peripheral nerve regeneration and
the return of normal physiological function
after transection or injury have been the subject
of numerous experimental and clinical studies.
Promising experimental results in large animals
suggest that a mixed peripheral nerve like the
pudendal nerve following controlled injury, as
in transection, can regenerate to innervate the
target organ and potentially restore automatic
function.25,26 This return in function is almost
universally assessed by qualitative techniques as
accurate quantitative tests are impossible to
interpret in animals, despite their crucial role
in the clinical assessment of regeneration.
However, more recently, quantitative methods
utilizing qol tools and radiological imaging to
assess defecatory function have been adopted
in patients who have undergone anorectal

Figure 7-6. Exposure of sacrotuberous
ligament.

Figure 7-7. Maximal exposure of
pudendal neurovascular bundle.
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reconstruction with the physiological neo-
sphincter after rectal excision for cancer.

The pathophysiology of nerve injury has not
been fully elucidated but current knowledge
would seem to implicate diminished viability
or death of Schwann cells, axonal degeneration,
depletion of nerve or target-derived neuro-
trophic factors, and the loss of primary sensory
(dorsal root ganglia) and motor neurons.46

Predictably, attempts to improve nerve regen-
eration would therefore have to rely on the
successful manipulation of the aforementioned
pathophysiological processes triggered by nerve
injury.47

Nerve growth factor (NGF), neuropetide-3
(NT-3), and neuropeptide-Y (NT-Y) are just a
few of the neurotrophic factors that have been
shown to play a role in the maintenance and
survival of nerve cells, in addition to mimicking
the effect of target organ-derived trophic factors
on neuronal cells.48 Convincing evidence of neu-
ronal regeneration using exogenous neuro-
trophic factors has been demonstrated, largely
in small laboratory animals, although equally
encouraging results employing similar techni-
ques have been reported in non-human pri-
mates.49 The outcome of ongoing clinical trials
is awaited.

Most investigators recognize that the specifi-
city of re-innervation is the most important
determinant of successful nerve regeneration,
but there is controversy whether the regenerat-
ing axons are physically guided by basal laminar
tubes or are drawn directly by neurotrophic
factors originating from the distal nerve stump
and targets which influence the sorting of regen-
erating axons.46 However, it appears that both
factors come into play following injury of the
peripheral nervous system. A major drawback
encountered after nerve injury is the frequent
retraction of fibers resulting in a shortfall in
length which must be accommodated to allow
successful reinnervation of target or end organs.
To this end, the use of nerve autograft to fill a
significant gap remains the gold standard,47 but
where an autograft is not possible, an allograft
or autogenous biodegradable nerve conduits
have so far shown promise in experimental
studies.50–52

Where anorectal transplantation with puden-
dal nerve anastomosis following surgical abla-
tion of the rectum is shown to be technically and
biologically feasible, regeneration of the recipi-
ent’s pudendal nerve and reinnervation of the

graft with the attendant immunological chal-
lenges will become the key to success. It is also
anticipated that ongoing research leading to bet-
ter understanding of the host rejection response,
advances in immunotherapy, and the develop-
ment of neurotrophic factors will ultimately
transform application of allogenic nerve grafts
from the laboratory into the clinical setting.

Technological Advances Which Make
Anorectal Transplantation Feasible

Tremendous technological advances over the
last 30 years have made organ transplantation a
feasible alternative treatment for end-stage
organ failure. In many cases, it is considered a
less expensive form of treatment for a failed or
diseased organ, which adds to the human and
clinical interests among investigators and has
resulted in remarkable progress in terms of
graft survival and recipient well-being. This
improved outcome owes much to better surgical
techniques and in particular microsurgery
which allows anastomosis of vessels and nerve
repair of structures measuring less than 1 mm in
diameter.

Improvements in graft survival and function
have also resulted from better matching at the
DR site of HLA locus of the major histocompat-
ibility complex (MHC), coupled with advances
in harvested graft preservation techniques.

Perhaps the greatest stride forward in terms
of graft survival has been in the area of immune
therapy and modulation of the host response to
foreign antigen. In 1978, the clinical advent of
a novel immunosuppressive agent, cyclosporin
A, transformed organ transplantation with imp-
roved outcome.53 Further progress soon followed
with the introduction of Tacrolimus (Prograf,
FK506), a fungal metabolite which acts in a simi-
lar way to Cyclosporin A by inhibiting the earliest
steps of T-cell activation.54

Randomized clinical trials now indicate
that Tacrolimus in comparison to Cyclosporin
A results in a further decrease in the incidence
of rejection.55–57 The development of newer
drugs in this area offers even greater pro-
spects of achieving one of the ultimate goals
in organ transplantation: to protect the trans-
planted graft and recipient from rejection and
adverse effects so well that transplantation for
quality of life indications becomes widely
accepted.
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Anorectal Transplantation

Despite the arguments in favor of anorectal
transplantation as an alternative to abdominal
wall colostomy after excision of the rectum, there
are no data in the literature that have examined
the feasibility of this new concept in humans.
However, one study explored the technical feasi-
bility of orthotopic allotransplantation of the
anorectum and assessed graft viability after abdo-
mino-perineal excision of the rectum in an animal
model.57

Pre-operative Preparation. Large White Land-
race pigs were selected for this study because
preliminary cadaveric dissection had shown
that females had a well-developed external
sphincter muscle complex surrounding the
anal canal and vagina, in contrast to males,
in which the muscle was less bulky and
encircled the anal canal only. In view of this
peculiar anatomy, and ease of operation, four
females (22–42 kg) provided donor anorectum
to four recipient males (29–39 kg) having
received pre-medication (xylazine 1 mg/kg
and ketamine 5 mg/kg) 1 h before standard
general anesthesia (1–2% halothane in 4 L
oxygen and 1 L nitric oxide per minute)
(Figure 7-8). Intravenous access was estab-
lished in each recipient and 4.3% dextrose/
saline given at a rate of 100 ml/h, during
and after transplantation.

Donor Operation. Commencing in the left lat-
eral position, a circumano-vaginal incision was
extended on both sides in a posterior lateral
direction (Figure 7-9). Preliminary cadaveric
dissections had shown that mobilization
between the rectum and the coccyx, with detach-
ment of the gluteus maximus muscle along the
incision margin, provided optimal exposure of
the pudendal neurovascular bundle arising from
the lateral pelvic wall.

The external anal sphincter around both anus
and vagina was dissected free and detached from
the pubic bone (Figure 7-10).

The animal was then placed in the supine
position and laparotomy with division of the
symphysis pubis performed. The inferior
mesenteric artery and vein were prepared for
division and the operation was suspended
while the recipient was prepared. When this
was accomplished, intravenous heparin 200
units per kg body weight was given, and the
pudendal structures divided as far proximal as
possible to facilitate subsequent re-anastomosis
in the recipient. The colon was then transected,
followed by division of the inferior mesenteric
artery and vein, releasing the specimen. Bench
dissection was then performed to detach the
vagina from the donor specimen (Figure 7-11).
The mesenteric artery was cannulated and per-
fused with 200 ml heparinized saline (5000 units
heparin in 1000 ml normal saline) and preserved
at 0–48C to await transplantation.

Figure 7-8. Illustration of pig under
standard general anesthesia.

Artificial Sphincters 119



Recipient Operation. The perineal phase was
similar to the donor operation, except instead
of dealing with vagina, these pigs being male, the
external anal sphincter encircling the anal canal
was stripped free from the cavernosum muscle
which was preserved. The abdominal phase
omitted division of the pubic symphysis. The
next steps were heparinization of recipient
(200 units/kg); transperineal introduction of
the anorectal graft; rectal anastomosis at the
proximal end (single layer of interrupted 3/0
polyglactin) to stabilize the graft before micro-
surgical anastomosis of inferior mesenteric
artery and vein (10/0 nylon in all pigs); laparot-
omy wound closure; microsurgical pudendal
artery anastomosis (10/0 nylon in 2 pigs); bilat-
eral pudendal nerve anastomosis (10/0 nylon by
epineural technique in three pigs) (Figure 7-12);
and closure of the perineum (3/0 prolene)
(Figure 7-13). After transplantation, all recipient
animals were given intramuscular analgesia
(carpofen 4 mg/kg) every 4 h.

Recorded Variables Post Transplantation. The
duration in minutes of the operation and
ischemic times were recorded by an observer
and various parameters of anastomosed struc-
tures (vein, artery and nerve) were measured

with a millimeter grid scale using a microscope
at �10 magnification. Orthotopic allotransplan-
tation of the anorectum was attempted in four
short-term live pig models, and before they were
sacrificed 24 h later, observation at laparotomy
revealed two pink grafts, one slightly dusky but
healthy graft and one outright failure, reflecting
the state of the mesenteric vessels, which were
patent in three and thrombosed in one. Histolo-
gical examination of these observed findings
showed no difference between the control biop-
sies and the three cases with satisfactory mesen-
teric flow. However, gross ischemia was present
histologically in the failed case.

The study concluded that anorectal transplan-
tation was technically feasible in a short-term pig
model and called for further long-term studies to
assess the return of normal defecation, preven-
tion of sepsis, and overcome rejection issues
before it can be considered in humans. It is of
interest that in this model, the animals did not
receive antibiotic or immuno-suppressive ther-
apy, a reasonable strategy given that the earliest
signs of acute rejection may take up to 1 week to
develop in the colon.58 One possible explanation
for this delayed large bowel antigenicity com-
pared to the small intestine is the relative
paucity of lymphoid tissue in the colon.59 This

Figure 7-9. Exposure of perineum in
pig and circumano-vaginal incision.
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phenomena may facilitate a good outcome of
future attempts at anorectal transplantation, per-
haps because fewer immunological challenges are
encountered.

Indications

Although clinically unproven, anorectal trans-
plantation would be a reasonable alternative
strategy in people requiring rectal extirpation
for cancer, trauma, or end-stage benign disease.
This novel approach is beset with numerous
obstacles not least the technical, immunological,
and biological challenges which to date are
untested in humans. However, it is foreseen
that over the next decade the expected expan-
sion in organ transplantation for quality of life
reasons alone as opposed to saving life will drive
renewed interest in this area as investigators
continue in their quest to restore normal defeca-
tion albeit physiological, following surgical exci-
sion of the rectum.

Complications

The drawbacks of anorectal transplantation can
broadly be divided into problems related to
the technique (organ harvesting/preservation,
donor/recipient operations) and the immunolo-
gical and biological challenges.

The technique for anorectal transplanta-
tion has yet to be elucidated in humans but
knowledge of the normal immune response to
foreign protein is fundamental to our under-
standing of the complex immune-biological
events triggered by organ transplantation;
that must be conquered not only to prevent
rejection but also to improve survival and
function of allogenic graft. This immune-
biological challenge may take the form of
immune response to foreign antigen, allograft
rejection, and major histocompatibility com-
plex (MHC).

Immune Response to Foreign Antigen. Allotrans-
plantation induces an immune response in the

Figure 7-10. Dissection en bloc of the anorectum, pudendal neurovascular bundle, vagina, and uterus.
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recipient which may be antigen specific (T and
B cell mediated) or non-specific (macrophage
and cytokine mediated), but frequently involves
a combination of these two mechanisms. Anti-
gens are presented to recipient T cells either
directly (antigen delivered by donor antigen
presenting cell) or indirectly (antigen delivered
by recipient antigen presenting cell). The acti-
vated T cell via chemical messengers recruits
other T and B cells to proliferate, differentiate,
and develop effector function which then causes
damage in an antigen-specific manner. The
effector function of T cells arises through
enhanced cytotoxic activity of natural killer
cells, interleukin and interferon, while B cell

effector function results in proliferation and dif-
ferentiation to plasma cells which secrete speci-
fic antibody resulting in complement fixation or
antibody-mediated cytotoxicity. On the other
hand, the non-specific immune response
involves the activation and recruitment of
macrophages, cytokines, and other non-specific
effector cells by their interaction with T cells
which causes direct damage of grafts.

Allograft Rejection. The rejection of allograft
may occur by one of three mechanisms: cell-
mediated, which is orchestrated by circulating
T cells; antibody mediated following activation
of plasma cells; and other mechanisms which
remain poorly understood but are believed to
involve cytokines such as tumor necrosis factor
(TNF). Based on extensive work in human renal
allografts, the speed of organ rejection following
transplantation can be classified into three:

• Hyperacute: occurring within minutes to sev-
eral hours after transplantation due to pre-
formed circulating antibodies.

• Acute: occurring within days to a few months
after transplantation and may be the result of
cell-mediated immunity

• Chronic: occurring more than 6 months after
transplantation and is due to persistent
immune response or the long-term side
effects of drugs.60

Because rejection can be seen to occur at
varying intervals after transplantation it is gen-
erally assumed to be the result of the different
mechanisms outlined above, but it is more likely
that all three events are simultaneously acti-
vated, albeit to varying degrees. It is reasonable
to predict that virtually any cell, cytokine, or
chemical mediator that is capable of tissue
destruction may play an important role in the
ensuing immunological sequelae after organ
transplantation, which might explain why it
has so far proved difficult completely to control
the immune response. Attempts to improve
graft survival and function which entail suppres-
sion of the entire immune system in recipients
might impede activation of those agents which
seek to destroy the transplanted organ, but
would leave the patient fatally exposed to infec-
tious diseases and oncogenic viruses.

Major Histocompatibility Complex (MHC). A
donor graft carries on its surface transplantation
antigens known as major histocompatibility

Figure 7-11. Donor anorectal graft.
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complex (molecules which present antigens to T
lymphocytes, MHC) located on the short arm of
chromosome six. In humans, these antigens
which govern rejection are known as human
leucocyte antigens (HLA). The human leococyte
antigen contains three regions which encode for
type I, II, and III antigens. Types I and II are
highly polymorphic or variable and trigger spe-
cific T cell response, while the less polymorphic
type III antigen has no role in initiating specific
T cell responses, but nonetheless plays an
important part in immunity through induction
of cytokines and the complement system. The
relevance of HLA compatibility between donor
and recipient is that when patients are well
matched particularly at the DR site of the HLA
II locus of the major histocompatibility com-
plex, outcome in terms of graft survival and
function fare better than those mismatched.60

Prosthetic Bowel Sphincter

Artificial Bowel Sphincter

The artificial urinary sphincter (AUS) was
introduced into clinical practice over three
decades ago for the management of genuine
stress urinary incontinence. The AMS-721
(American Medical Systems) also known as
the Brantley Scott AUS initially consisted of
four main components (a reservoir, inflatable
occlusive cuff, inflating, and deflating pump

mechanism). Further modification of this
device resulted in the development of the
AMS 800 series in 1982, which had three
components (balloon, cuff, and pump) and
has retained its role as the ‘gold standard’
artificial urinary sphincter or prototype
from which other types of artificial sphincter
devices have evolved.

In 1987, Christiansen and Lorentzen were
credited with successfully implanting what was
essentially a urological device in a single patient
for the management of anal incontinence of neu-
romuscular origin. The prosthesis consisted of
three components – a balloon to regulate pres-
sure, a pump representing the control assembly,
and a cuff which mirrored the anal sphincter
(Figure 7-15). They demonstrated that the device
generated a sufficient pressure (66–74 mmHg)
which lay within the normal range of resting
sphincter pressure, allowing closure of the anal
canal without mechanical failure, infection of the
device, or local erosion of tissue.61

Other investigators have also utilized the
‘AMS 800’ artificial urinary sphincter (American
Medical Systems) for the management of anal
incontinence secondary to benign disease.62–64

Description of the AMS 800 Artificial
Bowel Sphincter

The device is filled with fluid and is implanted
entirely within various parts of the body in

Figure 7-12. Illustration of anasto-
moses of pudendal neurovascular bun-
dle by microsurgery.
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either men or women with severe fecal incon-
tinence not amenable to other forms of treat-
ment. It is designed to control stool expulsion
and it is claimed to simulate normal sphincter
function by opening and closing the anal or neo-
anal canal at the control of the patient. The
device is made from solid silicone elastomer
that is inert and minimizes the risk of rejection
by the body. The cuff is implanted around the
anal or neo-anal canal, while the pump is placed
in the scrotum or labium. The pressure regulat-
ing balloon is implanted in the lower abdomen,
under the muscle layer, and just above the pubic
symphysis. It is normally filled with sterile solu-
tion usually saline that can be imaged with plain
x-ray.

Device Activation/Deactivation

In the activated or closed position, the cuff is
filled with fluid and gently squeezes shut the
anal or neo-anal canal to maintain fecal con-
tinence. To defecate, the system is deactivated
by squeezing and releasing the soft lower part
of the pump several times. This leads to the
transfer of fluid from the cuff to the balloon,
leaving an empty cuff that no longer applies
pressure to the bowel and permits expulsion
of stool. The fluid that is transferred to the
balloon creates pressure within the balloon
which pushes the fluid back into the cuff to
restore continence. It takes several minutes
for the cuff to re-fill, presumably sufficient

Figure 7-13. Closure of perineal
wound in recipient.
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time for fecal evacuation to take place before
the anal canal is squeezed shut again by the
filled cuff.

Functional Outcome of the Artificial
Bowel Sphincter

In a large personal series of 53 patients Devesa
et al. evaluated the technique, and functional
results following implantation of the Acticon
artificial bowel sphincter for total anal conti-
nence not amenable to sphinteroplasty or failed

sphincter repair.65 They reported that the artifi-
cial anal sphincter restores continence to solid
stool in almost all patients with preceding severe
incontinence and that two-thirds of these
patients achieved normal continence. Another
study evaluated experience with the device in a
single institution over an 8-year period. Thirty-
seven consecutive patients were prospectively
evaluated, the majority of whom had either
sphincter disruption or neurologic disease
(35/37), while only two patients had hereditary
malformation. They concluded that satisfactory
continence was achieved following assessment

Figure 7-14a. Illustration of techni-
cally satisfactory anastomoses of
mesenteric vessels before harvesting
24 h post-transplantation.

Figure 7-14b. Illustration of healthy
looking grafted skin in fully active/alert
animal after transplantation.
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with physical examination (anal continence and
rectal emptying) and manometry.66 One rando-
mized clinical trial compared implantation of
the artificial bowel sphincter versus a program
of supportive therapy in 14 severely incontinent

adults. Using continence (Cleveland Continence
Score) and quality of life (SF-36) outcome mea-
sures, they found that despite device explanta-
tion in one patient (14%), the artificial bowel
sphincter was easy to use, effective in restoring

Figure 7-14c. Illustration of outright
failure of graft before harvesting 24 h
post-transplantation.

Figure 7-15. Acticon artificial bowel
sphincter (AMS) consisting of a cuff,
pump, and balloon.
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continence and improved quality of life superior
to supportive therapy.67 On the other hand, in a
smaller series of 12 patients with implanted arti-
ficial neo-sphincter devices for end-stage anal
incontinence, Wong et al. found less convincing
data in support of the artificial bowel sphinc-
ter.63 They reported complications in a third of
their patients which resulted in poor clinical
outcome. Furthermore, a systematic review of
the safety and effectiveness of the bowel sphinc-
ter for fecal incontinence revealed that its
implantation is of uncertain benefit and may
possibly harm many patients because of high
morbidity.68

Surprisingly, despite the relative success of
these artificial bowel sphincters in the manage-
ment of end-stage fecal incontinence (neurolo-
gical disorder or irreparable sphincter defect),
there is limited data in the literature evaluating
their use after abdomino-perineal excision of the
rectum for malignant disease, even though data
from experimental studies had shown much
promise for future clinical application.31,69,70

One plausible explanation why this is so may
be due to concerns relating to oncological clear-
ance, given that most clinicians would elect to
delay neo-anal reconstruction until tumor clear-
ance has been confirmed histologically. For this
reason, it is therefore not surprising why cur-
rently there are only a few reports of case or
personal series that describe implantation of
the device after Miles’ operation71,72 or as a
secondary procedure in the small number of
patients who opt for a perineal colostomy at
the time of excision of their rectal cancer.65,73

Indications

Artificial bowel sphincters may be considered as
a feasible and effective management strategy for
fecal incontinence due to benign or malignant
disease.

Benign Disease. Patients with end-stage fecal
incontinence due to sphincter disruption
(obstetrics, trauma, anal surgery) or where pre-
vious attempts at sphincter repair have failed are
the most frequent indications for treatment with
the artificial bowel sphincter. Arguably, the arti-
ficial bowel sphincter is currently the only sur-
gical option for treatment of anal incontinence
in patients with neurologic disease that affects
the pelvic floor and muscles of the lower limb.

There are also those patients particularly in the
pediatric population with congenital anomalies
such as imperforate anus who would benefit
from treatment with the artificial bowel sphinc-
ter. In these circumstances, implantation of the
sphincter device is usually deployed at the time
of the ‘pull-through’ operation or as a secondary
procedure many months or years later.

Malignant Disease. Low rectal or anal cancer
requiring abdomino-perineal excision of the rec-
tum results in an incontinent abdominal or occa-
sionally perineal colostomy. Implantation of the
artificial bowel sphincter either as a primary or as
a secondary procedure following a Miles’ opera-
tion is a feasible and effective treatment option
that may restore anal continence, improve quality
of life, and avoid a stoma. However, experience
on this subject is limited to a handful of case
reports or personal series from single institutions
possibly because of the general concern regarding
the risk of cancer recurrence alluded to above.

Contraindications

The main contraindication to implantation
of the artificial bowel sphincter is active ongoing
or chronic infection. Patients with pathological
problems that affect rectal compliance, result in
chronic diarrhea, persistent fecal impaction, or
have had previous surgery resulting in scarring
or impairment of the vascular supply to the
bowel that precludes implantation of the device
in the pelvis. Those selected should have no
physical disability, must be medically fit to tol-
erate a major abdominal operation, and should
also be determined and highly motivated to
operate the device correctly.

Types

The adaptation of the AMS 800 artificial urinary
sphincter in 1987 for the management of fecal
incontinence by Christensen et al. led to the
evolution of the current artificial bowel sphinc-
ter which also consists of the same three compo-
nents (cuff, balloon, and pump) as the AMS 800
prototype.61 More recently, other types of artifi-
cial bowel sphincters have emerged such as the
prosthetic artificial sphincter (PAS), a remote
controlled artificial bowel sphincter, and the
shape memory alloy (SMA). While the PAS has
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been successfully tested clinically, the remote
controlled and the SMA versions are still at the
pre-clinical stage.

Prosthetic Anal Sphincter (PAS). The PAS
device was introduced almost a decade ago and
initial data from animal experiments revealed
that it produced fecal continence without causing
ischemia at the point of contact with the intes-
tine.70 It shared a similarity with the AMS 800 in
that it also consisted of three parts (pump, bal-
loon, and cuff) but its inventors claimed that PAS
simulated normal action and function of the anal
canal under the patients’ control by occluding the
anorectum at an angle reminiscent of the pubor-
ectalis. Another unique design is the pump which
has two parts; a bulb which when squeezed emp-
ties the cuff of occlusive gel permitting defeca-
tion, and a button located over the dome which
when depressed re-fills the cuff and restores fecal
continence. Using this device in 12 patients with
severe fecal incontinence, investigators revealed
after a median follow-up of 29 months that the
device restored continence in 10 of 11 patients,
with no device-related infective complications
although one patient developed pseudomembra-
nous colitis requiring device explantation.74

Remote Controlled Artificial Bowel Sphincter
(ABS). One study describes pre-clinical use of
a remote-controlled artificial bowel sphincter
prototype that effects fecal continence with com-
fortable control.75 This device has similar design
to the three part AMS 800, but in this case com-
prises a micropump based on piezo-technology
allowing remote transmission of signals
enabling cuff inflation and deflation.

Shape Memory Alloy (SMA). This novel device
utilizes a solid driving element, a combination of
shape memory alloy(SMA), and layered silicon
elastomer sheets for the open and close phase of
the artificial bowel sphincter.76 Although still at
the pre-clinical development stage, the authors
claim that the device has few parts inside the
body and therefore can be implanted more easily.

Patient Selection and Assessment

All patients who fulfill the indications for an
artificial bowel sphincter outlined above should

be considered. A full evaluation of the patient,
including a thorough history and complete phy-
sical examination, is essential prior to insertion
of an artificial bowel sphincter. It is particu-
larly important to establish that the fecal
incontinence is sufficiently disabling to war-
rant surgical intervention and that all other
less invasive alternatives have been previously
explored. A pre-operative septic screen to
ensure sterility must be ascertained prior to
device implantation and should include eradi-
cation of MRSA organisms colonizing the skin
and the nasal region. If there is any clinical
evidence of anal sepsis such as a fistula in
ano, device implantation should be postponed
and the condition should be dealt with and
cured.

Implantation of the Artificial
Bowel Sphincter

Pre-operative preparation should include full
mechanical bowel preparation with antibiotic
and deep venous thrombosis prophylaxis. The
antibiotics should cover both aerobic and anae-
robic organisms and it is advised that the entire
device should be soaked in 120 mg of gentamy-
cin solution prior to implantation. A lower
midline laparotomy incision gives good access
to the rectum and it is customary to enter the
mesorectal plane by dividing the pelvic perito-
neal reflection on one side. Minimum dissection
distally is required while in this plane to reach
the anorectal junction at which point a small
incision is made in the contralateral peritoneal
reflection to enable the sphincter cuff to encircle
the upper border of the anal canal just above the
pelvic floor muscles. It is important to establish
at this point that with the sphincter cuff deflated,
evacuation of bowel contents is not impeded and
is easily assessed by using the surgeon’s index
finger. Implantation of the cuff component of
the artificial bowel sphincter is concluded by
closing the peritoneal reflection to isolate the
device from the peritoneal cavity.

A subcutaneous pouch is then created usually
in the right iliac fossa for the control pump but it
can also be sited either in the scrotum or labia
majora. The connecting tubes from the control
pump are attached to the cuff and regulating
balloon, respectively, and the latter is left to lie
free within the pelvic cavity.
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The surgeon should ensure that the device is
surrounded by generous subcutaneous tissue
within the pouch to prevent damage from
trauma, device erosion, or migration. It is also
the operators’ responsibility to test and confirm
satisfactory functioning of the artificial bowel
sphincter before the abdomen is closed.

Complications

A number of complications are associated with
the artificial bowel sphincter, while some are
relatively minor, others such as device failure,
infection, or erosion present major problems
necessitating explantation of the device.

Mechanical Failure. This is nearly always
related to the technique employed during device
implantation given that less than 3% of all
mechanical failures are attributed to the device
itself. The vast majority of the technical pro-
blems are due to inadvertent blocking or kink-
ing of the tubing system or fluid leakage from
accidental damage causing inadequate balloon
pressure. Like any other, mechanical device, the
artificial bowel sphincter is subject to wear
and tear that may include control pump fail-
ure, disconnection of its prime components,
or even damage from repeated trauma. Either
category will impair the normal transmission
of fluid to the cuff and prevent the squeezing
shut of the intestine to maintain fecal conti-
nence. These complications occur almost
immediately with failure of continence on
activating the device. A non-functioning
device is an indication for careful inspection
and possible surgical revision where an irre-
mediable problem is identified.

Infection. Uncontrolled infection inevitably
results in explantation of the device and the
best form of treatment remains unquestionably,
prevention. Because infection most frequently
occurs after implantation of the device, strict
sterile techniques and antibiotic prophylaxis
are mandatory, along with regular observation
in the postoperative period to detect early signs
or symptoms of sepsis. There are of course some
people who carry a greater risk of infection such
as those with existing stomas, skin conditions,
impaired immunity, and diabetes. These
patients should be carefully counseled and

warned that it may not be possible to re-implant
the device after explantation due to infection.
The infection rates of these devices range
between 20 and 40% and one study which
reported experience with the device in the Uni-
ted Kingdom showed that infection with methi-
cillin-resistant Staphylococcus aureus (MRSA)
was the most common cause of failure.77

Erosion. Erosion refers to the wearing away of
tissue adjacent to the device. The immediate
surrounding organ is at greatest risk and include
the anal canal, scrotum, labium, urethra, urinary
bladder, and the skin overlying the perineum or
lower abdominal wall to name but a few. This
occurs because of ongoing sepsis, improper size,
or positioning of the device, prior tissue damage
from radiation and skin conditions; while pain,
erythema, tenderness, or changes in skin texture
are the earliest worrying signs. Sometimes the
device is visible having broken through the over-
lying skin in which case revision or explanation
is required. In a large personal series of 53
patients who received the artificial sphincter
device for fecal incontinence, nearly 20%
patients suffered cuff and/or pump erosion as a
late complication.65

Migration. Any part of the device can migrate
to a new location remote from the original site
of implantation. Usually poor surgical techni-
que such as improper pump or regulating bal-
loon placement, cuff selection, and tubing
length which can either damage adjacent
remote tissue or lead to device malfunction.
However, early detection will prevent long-
term damage and allow revision as opposed to
device explantation.

Recurrent Incontinence. While fecal conti-
nence achieved with the artificial bowel
sphincter is variously reported in the litera-
ture as between 60 and 90%, the true rate of
recurrent incontinence with the device in situ
is not known. First, many of these patients
fail to report varying degrees of incontinence
because they are highly motivated and deter-
mined to avoid a colostomy. Second, the var-
ious validated tools that are in use to measure
fecal incontinence are subjective, lack unifor-
mity, and measure differing aspects of fecal
incontinence. Third, there is no universally
agreed definition of recurrent incontinence
with the device in situ given that few studies
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document explantation of the device because
of unsatisfactory function compared to its
removal as a result of complications. It is
also relevant to highlight the fact that the
overwhelming majority of studies on this sub-
ject are case series or single center experience
with their inherent biases. All these factors
contribute to the present confusion and the
deduction that can be drawn from the litera-
ture is that the true incidence of recurrent
incontinence is unknown.

Constipation/Fecal Impaction. These are com-
mon problems that occur following device
implantation but are usually resolved by a com-
bination of dietary modification and use of oral
laxatives. Occasionally, regular enemas to evac-
uate the neo-rectum may be required in those
patients who encounter repeated constipation or
fecal impaction.

Summary

The use of artificial sphincters in colorectal sur-
gery is an acceptable management strategy to
restore anal defecation in patients with end-stage
fecal incontinence or following rectal excision for
cancer, who would otherwise have to face life with
a permanent colostomy. These sphincters may be
fashioned surgically or involve implantation of an
artificial device. The passive neo-sphincters have
largely been superseded by the electrically stimu-
lated variety which is the gold standard in terms of
efficacy, but unfortunately, carry considerable
morbidity. It is therefore recommended that
patients considering anal reconstruction with the
electrically stimulated neo-sphincter should be
carefully selected and surgery restricted to specia-
list colorectal centers. However, while data per-
taining to the physiological neo-sphincter is cur-
rently limited, it has shown promise given the
exciting prospects of restoring anal defecation
under normal voluntary control.

Anorectal transplantation has been shown to
be technically feasible experimentally, but it is
beset with formidable obstacles not least the
returning physiological function and immuno-
logical considerations. Nonetheless, it is fore-
seen that further interest in this novel method
of restoring normal anal defecation will be dri-
ven by the quest to restore quality of life by
transplantation of none essential organs. The
implantable artificial sphincters offer an

acceptable alternative with reported continence
rates comparable to the neo-sphincters, but
device-related complications are frequent and
may result in failure or explantation.
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8
Cochlear Implant

George Fayad and Behrad Elmiyeh

A cochlear implant is a surgically implanted
electronic device which may benefit children
and adults with severe to profound sensori-
neural hearing.

Unlike a hearing aid, which simply makes
sounds louder (amplification), the cochlear
implant converts sounds into electrical signals
and sends those signals directly to the auditory
nerve (hearing nerve), bypassing damaged
structures of the inner ear (hair cells). The audi-
tory nerve in turn takes the signals to the brain.

A cochlear implant, despite of being an
advanced and complex technology, is unable to
restore hearing fully. However, it can provide a
perception of sound and be a means for com-
munication when conventional hearing aids are
inadequate. The extent of hearing improvement
varies between patients and is difficult to predict
accurately.

A cochlear implant is made up of two parts.
The external part is worn like an external

hearing aid and consists of a microphone,
which picks up sounds, a speech processor,
which selectively filters sound and converts
acoustic signals into electrical signals. These
signals are sent through a thin cable to the
transmitter, which is a magnetic pad placed
behind the external ear and transmits the pro-
cessed sound signals to the internal device by
electromagnetic induction.

The internal part is the electronic implant
device, which is surgically placed under the
skin behind the ear. This internal part has a
receiver, which converts sound energy to elec-
trical signals and sends them through an inter-
nal cable to the electrode. The electrode is a
transmitter wire with specialized ending,
wound through the cochlea, stimulating the
cochlear nerve directly, by passing the damaged

hair cells. The brain interprets the nerve activity
as sound.

Past, Present, and Future of Cochlear
Implants

In the 1950s, Djourno and Eyriés reported the
first detailed description of direct stimulation of
the auditory nerve in order to generate hearing.1

In the 1960s, more extensive experiments
with electrical stimulation to the cochlea were
carried out by researchers such as Doyle2 and
Simmons3. During the 1970s, the clinical appli-
cations of electrical stimulation of the auditory
nerve were refined by House4 and Michelson.5

Speech processors were developed and studies
explored the single-electrode implants’ safety
and elicited useful perception of sound. The
first objective, scientific assessment of implant
performance, was carried out by Bilger et al. The
Bilger report showed that the implant improved
patients’ lip reading scores, speech production,
and quality of life.6

In the 1980s, the age criteria for use of the
implant lowered and several hundred children
benefited from this device. During the same
period, a multi-channel cochlear device was
designed and surgically implanted by Graham
Clark, an Australian Otolaryngologist.7

In the years that followed, innovations in
implant technology resulted in production of
commercially viable multi-electrode cochlear
prosthesis with sophisticated, yet smaller pro-
cessors and lower surgical risks.

Over the past three decades about 100,000
adults and children worldwide have received
these devices.
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The research and advancement of this sig-
nificant technological breakthrough con-
tinues. In the future, cochlear implants may
even be able to restore or provide a normal
hearing to deaf individuals. At the same time,
cochlear implants might become obsolete if
research in molecular and gene therapy suc-
ceed to stimulate the growth of new sensory
hair cells.

Cochlear Implant Services

Cochlear implant surgery requires a multidisci-
plinary approach. There are specialized adult
and children implant teams, which consist of
an Otolaryngologist, Audiological Scientist,
Audiologist, Clinical Psychologist, and a Speech
and Language Therapist. For adults, the team
includes a Hearing Therapist, and for children,
a Teacher of the Deaf and Specialist Community
Pediatrician. A successful outcome requires col-
laboration from patients, families, schools, and
the implant team.

The implant teams are committed to pro-
vide a high-quality and comprehensive ser-
vices including extensive pre-operative

assessment and counseling, time consuming
and intensive post-operative speech and
hearing therapy, and follow up for adjusting
and setting the device. Appreciation and
respect to different social, cultural, and lin-
guistic backgrounds make these services
accessible to all candidates.

Common Indications for Cochlear
Implant

• Severe to profound sensory neural hearing
loss in both ears with a functioning auditory
nerve.

• Little to no benefit from conventional hearing
aids.

• Living in or desiring to live in the ‘‘hearing
world’’.

• High motivation, strong commitment. and
realistic expectations.

• Strong social and educational support.

• Especially in the case of infants and young
children having a family willing to work
toward speech and language skills with
therapy.

Figure 8-1. A cochlear implant (with kind permission of Mrs. Raha Ansari).
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Cochlear Implant Suitability

Cochlear implant surgery may be beneficial to
children with congenital and or acquired deaf-
ness, young, or middle-aged adults with hearing
loss due to genetic causes, autoimmune disease,
or unknown reasons; and older adults with pro-
gressive hearing loss due to aging or noise
exposure.

The outcome is more favorable if an implant
is fitted at a young age or soon after an acquired
hearing loss. This suggests that such a response
can be at least partially attributed to plasticity
within the auditory system.

However, the suitability of a patient for
cochlear implantation can only be evaluated on
an individual basis, taking into account a
patient’s hearing history, cause of hearing loss,
amount of residual hearing, speech recognition
ability, general health status, and family com-
mitment to the intensive rehabilitation and edu-
cational process as well as follow-up testing and
monitoring of the cochlear implant. The results
of these comprehensive assessments allow the
clinicians to advise candidates on the benefits
they may gain from the device.

Audiological evaluation includes various
tests such as determination of unaided air and
bone conduction thresholds, speech discrimina-
tion, and auto acoustic emissions.

Auditory brain steam response (ABR) is an
electrophysiological testing, particularly impor-
tant when testing young children in order to rule
out the possibility of functional deafness.

Pre-operative Speech and Language evalua-
tion demonstrates developmental language and
communicative status. This helps in order to
define inappropriate expectations for speech
and language skills following the intervention
with a cochlear implant.

Psychological evaluation is probably really
performed with pediatric patients but may be
used in adults who present with concerns
regarding cognitive status. Psychological eva-
luation determines any other factors which
may also be hindering the child’s auditory devel-
opment. Accordingly appropriate help and
counseling can be provided to the parents.

Computed tomography (CT) of the temporal
bone can identify any cochlear anomalies and
assess whether it is possible to insert a cochlear
implant electrode into the cochlea. The informa-
tion can also be used in order to choose the most

appropriate ear for implantation and the surgi-
cal approach. Magnetic resonance image (MRI)
examines the soft tissues carefully to establish if
the auditory nerve is structurally sound.

Medical evaluation is also necessary to assess
patient’s general health and suitability for the
cochlear implant surgery.

Ethical Issues

Cochlear implants for congenitally deaf children
are often considered to be most effective when
implanted at a young age; hence they are
implanted before the recipients can decide for
themselves.

Much of the strongest objection to cochlear
implants has come from the deaf community,
which consists largely of pre-lingually deaf peo-
ple whose first language is sign language. Indi-
viduals who are deaf and the deaf community do
not consider deafness as a disability and indeed
celebrate their deaf culture like all languages do.
However, there has been a greater acceptance of
cochlear implant technology by the deaf com-
munities over the last decade.

Cochlear Implant Surgery

The device is surgically implanted under general
anesthesia, and the operation usually takes 1–3 h.

First a small area of hair behind the ear is
shaved and an incision is made on the skin
around the back the ear. Some of the mastoid
bone positioned behind the ear is drilled, with
the aid of a surgical microscope, to get into the
middle ear through which the cochlea, located in
the inner ear, is accessed.

A few millimeters of the bone behind the
wound is removed to seat the cochlear device.
This is reduced the bump felt under the skin.

Having placed the device, a cochleostomy, a
small opening into the cochlea is created; and
the electrode is delicately threaded into it.

Prior to closure of the wound, an audiological
physicist tests the implant’s function.

At the end of the operation, a dressing is
applied. Often the patient is kept in the hospital
one night for observation.

An x-ray from the site of the operation will be
taken within 1 week of the surgery to check the
position of the cochlear implant’s electrode.
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Initial fitting takes place approximately
4–6 weeks after the surgery when the wound
has fully healed and the device is switched on
for the very first time. Adjustments will be
required in the subsequent appointments.

Complications of Cochlear Implant

Cochlear implant surgery is a safe procedure and
serious complications are rare. This is due to newer
and safer cochlear devices as well as improved
surgical techniques. The pre-operative immuniza-
tion against pnemococcal meningitis reduces the
risk of this rare complication even further.

In addition to complications associated with
the general anesthesia, there are risks related to
the surgery itself, include bleeding, infection, tin-
nitus, poor hearing outcome, temporary dizzi-
ness secondary to the vestibular system damage,
numbness in the area of the scar, taste distur-
bance due to chorda tympani injury, and damage
to the facial nerve that can cause muscle weak-
ness, or, in worst cases, disfiguring paralysis.

There are also risks associated with the implant,
such as mechanical or electrical failure and rejec-

tion. These problems may require removal or
replacement of the implant.
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Stem Cells and Organ Replacement

Nataša Levičar, Ioannis Dimarakis, Catherine Flores, Evangelia I Prodromidi, Myrtle Y Gordon
and Nagy A Habib

Introduction

Significant research activities in tissue
engineering or regenerative medicine (the
term recently used) field started in the 1970s
and there is currently a great excitement over
the possibility of replacing damaged body
parts through regenerative medicine. Potential
strategies to replace repair and restore the
function of the damaged tissues or organs
include stem cell transplantation, transplanta-
tion of tissues engineered in the laboratory, and
the induction of regeneration by the body’s
own cells. It is believed that novel cellular ther-
apeutics can perform better than any medical
device, recombinant protein, or chemical com-
pound. Possible candidate cells to be used
include autologous primary cells, cell lines,
and various stem cells including bone marrow
(BM) stem cells, cord blood stem cells, fetal
cells, and embryonic stem (ES) cells. Stem
cells are defined by their capacity for self-
renewal and multilineage differentiation, mak-
ing them uniquely situated as a powerful tool to
treat a wide variety of diseases. In recent years,
advances in stem cell biology, including
embryonic and adult stem cells, have made
the prospect of tissue regeneration a potential
clinical reality and several studies have shown
the great promise that stem cells hold for ther-
apy.1,2 In this review, we will discuss the use of
embryonic and adult stem cells in treatment for
liver and kidney failure, diabetes, myocardial
infarction, and neuronal disorders.

Embryonic Stem Cells

ES cells are isolated from the inner cell mass of
5-day-old blastocysts.3 They represent a poten-
tial source of cells with remarkable properties:
practically unlimited self-renewal and ability to
differentiate into many specialized cell types.4

They are pluripotent and able to give rise to
cells belonging to all three germ layers: ecto-
derm, endoderm, and mesoderm.5 Neurons
and skin have been formed from ES cells, indi-
cating ectodermal differentiation.5,6 ES cells are
able to differentiate to cardiac cells, bone, carti-
lage, and endothelial cells indicating mesoder-
mal differentiation.7–9 Moreover, they are able to
give rise to pancreatic cells, indicating endoder-
mal differentiation.10 However, many existing
approved ES cell lines have been cultured on
mouse feeder cell layers, which can supply
many needed growth factors. This has exposed
the human ES cells to potential risk of viral
transfer between species and has limited their
clinical potential.11 Another major limiting fac-
tor for their usefulness in clinical therapy lies in
their tumorigenicity when introduced in vivo.
The injected ES cells formed teratomas when
injected subcutaneously in NOD/SCID mice.5

The ability of these cells to potentially differ-
entiate into any cell type has generated great
hopes for regenerative medicine. However,
since their initial isolation, research on these
cells has been hampered or banned in some
countries because of ethical concerns about
destroying human embryos, and therefore
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human life, to obtain them.12 The ethical debate
now focuses on defining the stage at which life is
considered to begin and from what point the
embryo should be protected. These obstacles
have generated the search for the alternative
sources of cells such as adult stem cells.

Adult Stem Cells

Like ES cells, adult stem cells possess self-renewal
capacity and multilineage differentiation poten-
tial.13 Adult stem cells are present in approxi-
mately 1–2% of the total cell population within a
specific tissue and are vital in the maintenance of
local tissue homeostasis by continuously contri-
buting to tissue regeneration, replacing cells lost
during apoptosis or direct injury. Adult stem cells
are usually quiescent and are held in an undiffer-
entiated state within their niche until they receive
a stimulus to differentiate.14 More recent devel-
opments have proved that adult stem cells reside
in nearly every tissue, including the BM, brain,
digestive system, skin, retina, muscles, pancreas,
and liver.15 However, there is a controversy about
whether cells isolated from a particular tissue
originated in that tissue or are circulating BM
stem cells.16,17

The best characterized and most widely
understood adult stem cells are hematopoietic
stem cells (HSC), which sustain the formation of
the blood and immune systems throughout
life and were first identified in 1961.18 The BM
compartment is largely made up of HSC and
committed progenitor cells, non-circulating
stromal cells (called mesenchymal stem cells
(MSC)) that have the ability to develop into
mesenchymal lineages.19,20 It was previously
thought that adult stem cells were lineage
restricted, but recent studies demonstrated that
BM-derived progenitors in addition to hemato-
poiesis also participate in regeneration of
ischemic myocardium,21 damaged skeletal
muscle22 and neurogenesis.23 MSC can be iso-
lated as a growing adherent cell population and
can differentiate into osteoblasts, adipocytes,
and chondrocytes.20

Renal Failure

The kidney is a complex organ with filtration,
reabsorptive, and secretory functions as well as
endocrine/metabolic activity. The importance of

the kidney as a life-sustaining organ is high-
lighted in situations in which kidney function
is compromised or even lost. Without any func-
tioning kidney, death can occur within a few
days. Impaired renal function includes abnorm-
alities of both glomerular filtration and renal
tubular reabsorption and secretion. Tubular
function tends to be mainly disrupted by meta-
bolic insults to the tubular cells (for example,
ischemia or toxins) and could result in tubuloin-
terstitial fibrosis and eventually acute renal
failure (ARF). ARF is quite common and affects
up to 7% of all hospitalized patients, with a
mortality rate that ranges from 20 to 70%
depending on the studied population.24 Glomer-
ular function can be disrupted by diseases that
alter glomerular structural arrangements (for
example, structural damage to glomerular base-
ment membrane, endothelium, epithelium, or
mesangium) and ultimately lead to chronic
renal failure (CRF). Chronic injury of the kidney
is responsible for the majority of cases of end-
stage renal disease. The means by which kidney
function can be replaced in humans include
dialysis and renal allogeneic transplantation.
Dialysis is life saving but often poorly tolerated.
Transplantation of human kidneys is limited by
the availability of donor organs. In addition,
mortality rates still remain high despite the exis-
tence of these types of treatment. Therefore,
there is clearly need for new replacement thera-
pies for kidney patients.

Stem Cell Therapy for Kidney Diseases

The potential of human ES cells to generate
mesodermal tissue is encouraging for renal
cell differentiation. Indeed, ES cells have the
potential to differentiate into renal progenitor
cells. Yamamoto et al.25 recently showed that
murine ES cells had the potential to give rise to
mesonephric ducts and ureteric buds in terato-
mas. In contrast, Steenhard and colleagues26

reported 50% integration of undifferentiated
ES cells (E12–E13) into the tubules of embryonic
kidneys without evidence for teratomas.
Conversely, they found only rare evidence
for integration of injected ES cells into the glo-
merular epithelial tufts that form in organ cul-
ture. Kobayashi and co-workers created Wnt-4
transformed murine ES cells and showed in vivo
and in vitro that these assembled into tubule-
like formations and expressed aquaporin-2.27
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In addition, cells differentiated from mouse ES
cells via embryoid bodies have been shown to
express markers of renal lineages in vitro28 and
in vivo.29 In the presence of nephrogenic factors,
such as retinoic acid, activin-A, and bone mor-
phogenetic protein-7 (BMP-7), ES cells can form
renal epithelial cells that are capable of integrat-
ing into a developing kidney with very high
efficiency.30

The use of therapeutic cloning for replace-
ment of transplantable kidney tissue in vivo
was recently demonstrated by Lanza and collea-
gues,31 who employed a nuclear transfer techni-
que to generate cloned bovine fetuses from an
adult animal. Renal cells were then isolated from
their E56 cloned fetus, passaged and expanded
in vitro and seeded onto a collagen-coated poly-
carbonate membrane that was then subcuta-
neously implanted into the nuclear donor. The
renal cells self-aggregated into ‘‘renal units’’
within the membrane, were subsequently vascu-
larized by the genetically identical host, and
ultimately appeared to produce a concentrated
urine-like fluid. No evidence of acute rejection
of these bioartificial renal units was observed.

Growing research and interest in the use of
extra-renal cells for replacing renal structures
and functions has been lately described. Cells
exogenous to the kidney possess the ability to
differentiate into multiple cell lineages and
can become incorporated into a number of
organs as part of the normal processes of
cell turnover or organ repair. The adult BM
seems to be the source of extra-renal stem
cells. However, it remains unknown whether
BM-derived cells invade the kidney and dif-
ferentiate into renal cell types, remain in the
kidney and are induced to differentiate fol-
lowing tissue injury, or whether they first
home to the BM and are then recruited to
the damaged kidney. Most studies investigat-
ing BM plasticity have used human patients
or experimental animals that have received a
kidney or BM transplant. However, different
injury models used, different methods of
detecting engrafted cells, and different popu-
lations of BM transplanted are some of the
reasons for controversial observations in this
field. Moreover, the exact mechanism of BM
contribution to renal tissues is not clear with
the scientific community being divided
between transdifferentiation of BM cells to
kidney cells or fusion of BM cells with term-
inally differentiated renal cells.32

Endothelium

In the kidney, endothelial cells are present in
large vessels and in the abundant network of
peritubular capillaries. In addition, a lymphatic
network, thought to increase with renal damage,
is lined by endothelial cells. Highly differen-
tiated endothelial cells are also found in the
glomerulus. During vascular rejection, donor
endothelial cells become the predominant
focus of the immune attack since the blood ves-
sels of a transplanted organ are the interface
between donor and recipient. Endothelial
damage is also an important feature of chronic
allograft nephropathy, the most common cause
of long-term graft loss. High numbers of circu-
lating endothelial cells are found in renal trans-
plant patients, indicating ongoing damage of the
endothelium.33 Repair of damaged endothelium
in renal allografts by circulating recipient cells
was reported over 30 years ago.34 Sinclair35 also
showed that extensive acute damage of the renal
vasculature in an allograft may be repaired by
host cells, while less severely damaged grafts
could be restored by proliferating neighboring
donor endothelial cells. This was confirmed
many years later by Lagaaij and co-workers,36

who showed that endothelial cells of the recipi-
ent could replace those of the donor in human
kidney grafts severely damaged by vascular
rejection. The number of recipient cells
decreased with lesser degrees of tissue damage.
Studies of renal transplantation in rats indicated
that endothelial chimerism could be induced
also by ischemia or toxicity caused by immuno-
suppressive treatment.37 Recently, it was shown
in human renal transplants that potential lym-
phatic progenitor cells derive from the circula-
tion and incorporate into the growing lymphatic
vessel.38 Rookmaaker and colleagues39 first
reported that endothelial cells, contributing to
renal vessels in a female patient with thrombotic
microangiopathy, were derived from the BM of a
male donor. Dekel et al.40 recently showed that
transplantation of adult CD34þ-enriched HSC
into ischemic and growing human kidneys had
a role in vasculogenesis.

The origin of the glomerular endothelium in
transplanted human kidneys is less clear,
although in rodents there is firm evidence that
BM contributes to glomerular endothelium.
Cornacchia and co-workers41 showed that glo-
merular endothelial progenitor cells were
derived from the BM in mice. Furthermore,
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BM-derived cells were shown to participate in
glomerular endothelial repair and contribute to
microvascular repair after induction of reversi-
ble anti-Thy 1.1 glomerulonephritis in a rat allo-
geneic BM transplant model.42 Conversely, other
groups did not find any evidence for BM-derived
endothelial cells in rats with or without specific
glomerular injury, when they stained engrafted
cells with endothelial markers.43,44 Later, it was
shown that intrarenal administration of culture-
modified BM mononuclear cells reduced
endothelial injury in Thy-1 nephritis, presum-
ably due to incorporation of BM-derived
endothelial cells into the glomerular lining and
production of angiogenic factors.45

In the context of severe irreversible glomeru-
lar damage induced by anti-Thy-1.1 antibody
followed by unilateral nephrectomy in the rat,
BM cell infusion improved renal function
and glomerular hemodynamics and reduced
mortality in chimeric animals with this type of
disease.46,47 In addition, BM-derived cells differ-
entiated into glomerular endothelial cells during
glomerular healing after the induction of mouse
Habu-snake venom nephritis.48

Interstitium

The renal interstitium consists of extracellular
matrix (ECM), fibroblasts, vascular pericytes,
and inflammatory cells. Normally, fibroblasts
have a role in wound healing and repair through
the ECM molecules and other proteins they pro-
duce. Activated fibroblasts or myofibroblasts,
also express alpha-smooth muscle actin (�-SMA)
and intermediate filaments, desmin, and vimen-
tin. In the kidney, interstitial fibrosis is a com-
mon feature of both tubular and glomerular
injury and high numbers of interstitial myofi-
broblasts are usually strong predictors of pro-
gressive renal fibrosis and kidney failure.

Fibroblasts may also originate from the BM
and migrate via the peripheral blood to populate
the kidney. Recipient circulating smooth muscle
precursor cells have been found in vascular and
interstitial compartments of renal allografts
undergoing chronic rejection.49 Such cells
appear transiently attached to the tubular base-
ment membrane in mice after uranyl acetate-
induced ARF, suggesting that they might be
involved in promoting cellular recovery in
association with monocytes or macrophages.50

Direkze et al.51 found evidence for BM-derived

(myo)fibroblasts in kidneys of sex-mismatched
BM-transplanted mice following paracetamol
administration at a toxic dosage. In a mouse
model of ARF induced by ischemia reperfusion,
it was shown that about 6.5% of �-SMA-positive
interstitial cells came from donor BM, suggesting
a role for BM-derived cells in renal interstitial
fibrosis.52 Conversely, BM-derived interstitial
cells did not make a significant contribution to
collagen I synthesis in mice transplanted with BM
from transgenic donors, in which the transgene
was under the control of a promoter for the �2
chain of collagen I and injured by unilateral ure-
teric obstruction.53

Tubular Epithelium

Each part of the tubular system has important
functions, which are dependent upon normal
cellular function of tubular epithelial cells
(TEC). Proximal tubules in the cortex are mainly
involved in the selective reabsorption of various
useful components of the glomerular filtrate to
the bloodstream. The adult tubular epithelium
has the potential to regenerate following acute
damage induced by ischemic or toxic insults.
Cells from outside the kidney, for instance cells
originating from the BM, can potentially home
to the injured epithelium and be triggered to
differentiate.

In humans, observations of BM participation
in tubular repair are mainly limited to renal
transplantation studies, as very rarely can renal
biopsies of a BM-transplanted patient be
obtained. Extra-renal cells possible of BM origin
have been shown to participate in tubular regen-
eration after ARF in human renal transplants.
Two groups have detected between 0.6 and 6.8%
and approximately 1%, respectively, of Y chro-
mosome-containing tubular cells in kidneys of
male patients, who received a renal transplant
from a female patient.54,55 Nishida and collea-
gues56 have also reported the contribution of BM
cells to renal regeneration in a 7-year-old female
patient who received a male BM transplant, sug-
gesting a clinical application for BM cells.

Sex-mismatched transplantation of whole
BM, predominantly in mice, has generated a lot
of controversy over BM plasticity for the kidney.
In female recipients of wild-type whole BM,
Y chromosome-positive tubular cells expressing
epithelial markers have been reported without
induction of renal injury.55 Further evidence for
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BM contribution to tubular cells has been pro-
vided by Fang and co-workers,57 who showed
that about 10% of regenerating tubular cells
come from the BM and are capable of DNA
synthesis after folic acid-induced injury and
treatment with granulocyte-colony stimulating
factor (G-CSF). On the contrary, Szczypka and
colleagues58 have demonstrated that BM-
derived cells rarely contribute to repair of renal
tubules in uninjured or folic acid-treated mouse
kidneys. In addition, inducing renal ischemia
reperfusion injury (IRI) in chimeric mice did
not result in tubular regeneration by BM cells,
as examined by three separate detection
approaches.59,60

Morigi and colleagues61 have found that the
MSC population has the primary capacity to
participate in renal tubule repair after toxic
injury, whereas the HSC mediate a lesser protec-
tive effect. Similar findings have been reported
by Herrera and his group62 following transplan-
tation of GFP-expressing MSC into mice that
were subjected to glycerol-induced tubular
injury. However, others have found that purified
MSC did not incorporate into tubules of
ischemic mice, although renal function was
improved, probably due to immunomodulatory
mechanisms rather than renewal of tubular
cells.59,60,63,64 The role of HSC in renal repair
has also been debated, with some groups report-
ing no evidence for HSC repopulating the kidney
using GFP as a marker, but without inducing any
specific renal damage.65,66 Conversely, following
HSC transplantation from b-gal transgenic
ROSA26 mice into wild-type recipients, two stu-
dies described the presence of X-gal positive
cells in cortex and medulla that stained positive
for epithelial markers after renal IRI.67,68 In one
of these studies, it was also shown that sorted
HSC have a functional role in the repair of the
kidney as they could partially reverse blood urea
in injured chimeric mice.67 By changing the
donor mouse strain from ROSA26 to eGFP
transgenic mice, Lin et al.52 later suggested that
tubular regeneration after IRI is predominantly
due to indigenous proliferating renal cells with
HSC making only a small contribution.

Glomeruli

Glomerular mesangial cells provide structural
support in the glomerular capillary tufts. The
mesangial cells are modified smooth muscle

cells and regulate blood flow through the
glomerular capillaries by their contractile activ-
ity. Mesangial cells may be injured by immuno-
logical insults and play a key role in the
development of scarring in many progressive
glomerular diseases, including glomerulone-
phritis and diabetic nephropathy. Mesangial
cell injury manifested as mesangiolysis, protei-
nuria, proliferation, and hypercellularity, if sus-
tained, may lead to impaired renal function.
Therefore, the repair process following glomer-
ular injury needs a well-balanced recruitment of
glomerular endothelial and mesangial cells.

In recent years, the role of BM as a reservoir
for mesangial cells during kidney repair has
been well investigated. Mesangial progenitor
cells have been shown to derive from the BM of
GFP transgenic donor rats in vivo, and they stain
for desmin and respond to angiotensin II stimu-
lation in vitro.43,44 In addition, BM-derived cells
have been shown to incorporate into glomeruli
as specialized glomerular mesangial cells after
folic acid injury in mice.58 However, in these
studies the exact stem cell population in the
BM which provides these progenitor cells has
not been elucidated. Later studies sought to
define the exact origin of the engrafting cells in
the BM and showed that cloned progeny of a
single HSC can transdifferentiate into glomeru-
lar mesangial cells, which respond to angioten-
sin II.69 In contrast, other groups using a slightly
different method of HSC purification failed to
detect donor-derived glomerular mesangial cells
in mice transplanted with single HSC.66

In the disease setting, contribution of BM to
development and progression of glomerulo-
sclerosis has been very elegantly shown in two
studies. Cornacchia and colleagues41 have
demonstrated that mouse mesangial cell pro-
genitors originate from the BM and transmit
both the sclerotic lesions and the glomerular
hypertrophy of donor kidneys to normal glo-
meruli. In diabetic nephropathy, where mesan-
gial cell proliferation and mesangial sclerosis are
pathologic hallmarks, Zheng et al.70 have shown
that BM-derived mesangial cell progenitors
from type II diabetic mice may also transfer the
disease genotype and phenotype into normal
recipients, which develop albuminuria and
severe glomerular lesions.

Recently, several groups have provided
evidence for a functional role of BM-derived
mesangial cell progenitors in improvement
of renal disease. Guo et al.71 showed that
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transplantation of wild-type BM prevents or
attenuates progression of mesangial sclerosis in
the Wt1þ/– mouse model of renal disease, most
probably by replacement of mesangial cells
with BM cells.71 BM transplantation has been
shown to attenuate mesangial cell activation in
Thy 1.1 nephritic rats45 and reduce mortality
and pathological findings in fatal progressive
glomerulosclerosis.47 However, whether these
cells originated from resident BM cells, and/or
injected BM cells was not determined in these
studies.

The origin of glomerular epithelium and
especially podocytes has been less well studied
compared to other parts of the nephron. Podo-
cytes form part of the glomerular filtration bar-
rier and support the capillary tuft and regulate
glomerular filtration. Podocytes also have pha-
gocyte-like functions, as they remove any large
molecules trapped in the outer layers of the
filter. They are predominantly terminally differ-
entiated cells with little or no capacity of
renewal.

Poulsom and colleagues55 were the first to
observe that cells located in the periphery of a
glomerulus resembled podocytes and stained
with vimentin and could be BM-derived. How-
ever, other specific phenotypic markers were not
used to identify them unequivocally. Since then,
a few groups supported a small contribution of
BM cells to podocyte regeneration in mice by
staining them with antibodies to a specific podo-
cyte marker, WT-1 protein.71 An alternative and
possibly efficient way to use cell therapy in renal
disease may be to condition or otherwise manip-
ulate stem cells before their delivery in vivo.

A recent study showed that culturing canine
BM-derived cells on plastic, type IV collagen
substrate, which resembles matrix ordinarily
seen by podocytes in vivo, promotes their partial
differentiation in vitro into a podocyte-like phe-
notype.72 Whether these cultured cells could
ever become functional podocytes in vivo is
unknown, but this in vitro conditioning strategy
with stem cells clearly underscores the impor-
tance of cell–matrix interrelationships in achiev-
ing appropriate phenotypes.

Recent studies have also reported that whole
BM transplantation has a functional effect in a
mouse model for Alport’s syndrome. Alport’s
syndrome is a progressive disease that ulti-
mately leads to renal failure. There is no specific
therapy and it is fatal, if renal replacement ther-
apy is not provided once kidneys fail to function.

In the murine model, mice that lack the �3 chain
of collagen IV (Col4�3–/–) develop progressive
glomerular damage leading to renal failure. The
proposed mechanism is that podocytes fail to
synthesize normal GBM, so the collagen IV net-
work is unstable and easily degraded. Two
recent studies have shown for the first time
that BM cells replace defective podocytes and
produce Col4�3, thereby improving functional
and structural parameters of renal disease in
Alport mice.73,74 Although, the lineage of BM-
derived cells that were recruited to the damaged
glomeruli was not clearly established in these
studies, preliminary data suggest that BM-
derived MSC fail to reverse disease in this
model,73,75 suggesting that the HSC compart-
ment might be exerting the beneficial effects
observed. Although more experimental data
are needed before BM transplantation can be
applied to patients, these observations provide
new hope for treating Alport’s disease by stem
cell therapy.

These data demonstrate that BM proves a
highly promising, ethically accepted, and readily
accessible source of adult stem/progenitor cells
for the remodeling of injured kidney.

De Novo Kidney Creation

Growing new organs in situ by implanting devel-
oping animal organ anlagen/primordia repre-
sents a novel solution to the problem of the
limited supply of human donor organs that
offers advantages relative to transplanting ES
cells or xenotransplantation of developed
organs. Renal primordia (metanephroi) trans-
planted into animal hosts undergo
organogenesis in situ, become vascularized by
blood vessels of host origin, and exhibit excre-
tory function.76 Metanephric mesenchymal tis-
sue harvested from donors at an early stage in
development (E13-E15) was transplanted into
neonatal mouse kidney and was shown to create
functioning nephrons.77,78 Transplantation of
developing metanephroi into adult rats has
resulted in functional chimeric kidneys vascu-
larized by the host and producing urine after
anastomosis to the host’s ureter.79 Metanephroi
can be also preserved prior to transplantation
and differentiate in situ before being introduced
into animal hosts to develop into functional
kidneys.80,81 In addition, human metanephroi
can be induced in vivo to grow and develop
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into mature nephrons following transplantation
into mice.82 Moreover, xenotransplanted early
kidney embryonic precursor cells, of both
human and pig origin, can form functional min-
iature kidneys in mice, although it was not
shown whether the urine they produced had
been concentrated by the structures formed.83

These studies demonstrate the possibility of
integrating new filtering nephrons into kidneys.
Critical to providing organ function replace-
ment through cell therapy is the need for the
isolation and growth in vitro of specific cells,
such as kidney progenitors, that could poten-
tially create new kidney segments or entire
nephrons appropriate for transplantation. A
very promising study recently showed that
human MSC injected into in vitro cultured
developing rodent embryos and subjected to
further organ culture could be reprogrammed
to contribute to kidney cell lineages, such as
podocytes and tubular epithelial cells.84

Artificial Kidney (See Chapter 3)

Hemodialysis replaces some of the filtration
functions of the kidney but does not recapitulate
the endocrine/metabolic activities of renal cells.
To address this deficiency, a bioartificial tubule,
which uses cultured epithelial progenitor cells
on appropriate membranes and biomatrices that
confer immunoprotection and long-term func-
tional performance, has been developed. Humes
et al.85 have created a synthetic hemofiltration
cartridge and a renal tubule assist device (RAD)
containing human or porcine cells in an extra-
corporeal circuit. Cells are grown as confluent
monolayers along the inner surface of hollow
fibers within a standard hemofiltration car-
tridge.86,87 The RAD has been used for the treat-
ment of acutely uremic dogs and increases
excretion of ammonia and enhances glutathione
metabolism and 1,25(OH)2D3 production dur-
ing 24 h of treatment.

A Phase I/II trial in 10 humans with ARF and
multi-organ failure has been safely conducted
and RAD treatment resulted in declines in pro-
inflammatory cytokines (G-CSF, IL-10, and
IL-6/IL-10 ratios).88 A controlled, randomized
Phase III trial is currently underway. The RAD
was recently shown to modify sepsis to improve
survival in ARF.89 However, existing bioartificial
kidneys are large and they use intensive labor,
making the miniaturization of the bioartificial

kidney a prerequisite before applying this novel
technology. The differentiated growth of human
tubular epithelial cells on thin-film and nano-
structured materials strongly suggests that this
miniaturization will be soon feasible.90,91

Diabetes

Diabetes mellitus affects over 6% of the popula-
tion worldwide and the World Health Organiza-
tion expects that the number of diabetic patients
will increase to 300 million by 2025 (57). Type I
diabetes is a chronic disease and results from
autoimmune-mediated destruction of insulin-
secreting b-cells in the islets of Langerhans of
the pancreas. Once activated the continued
destruction of b-cells leads to a progressive loss
of insulin, then to clinical diabetes, and finally in
almost all affected to a state of absolute insulin
deficiency.92 Type II diabetes is due to systemic
insulin resistance and reduced insulin secretion
by pancreatic b-cells. Although the etiology of
type II diabetes remains obscure, obesity and a
sedentary lifestyle are the most common epide-
miologic factors associated with development of
the disease. The absence of insulin is life-threa-
tening, thus requiring diabetic patients to take
daily hormone injections. However, insulin
injections do not adequately mimic beta cell
function, which results in the development of
diabetic complications such as neuropathy,
nephropathy, retinopathy, and diverse cardio-
vascular disorders. Long-term normalization of
glucose metabolism is a prerequisite for preven-
tion of secondary complications and to date has
only been achieved with transplantation of the
whole organ or with a reasonable number of
islets. However, the chief limitation to trans-
plantation, either whole gland or islets, is the
paucity of donors. Islet transplantation is mainly
limited because of the difficulty in obtaining
sufficiently large numbers of purified islets
from cadaveric donors and treatment can be
offered to only an estimated 0.5% of needy reci-
pients.93 Additionally, differentiated b-cells can-
not be expanded efficiently in vitro and senesce
rapidly.94 Several approaches are now being
investigated to generate insulin-producing cells
either by genetic engineering of b-cells or by
utilizing various b-cell precursor cells, and
stem/progenitor cells. Insulin-secreting cells
could be transplanted into patients to help
maintain blood glucose homeostasis, reduce
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the burden of diabetes-related complications,
and overcome the limitation of donor organs.

Stem Cell Therapy for Diabetes

ES cells have been proposed as a potential source
for cell replacement therapy in the treatment of
diabetes. Several studies have demonstrated that
by manipulating culture conditions and using
growth and transcription factors of the b-cell
lineage (in particular Pdx-1 and Pax4), ES cells
can differentiate in vitro into insulin-producing
cells.10,95,96 Soria et al.97 transplanted an insulin-
secreting cell clone from undifferentiated ES
into the spleen of streptozotocin-induced dia-
betic animals. Although transplanted animals
corrected hyperglycemias within 1 week, an
intraperitoneal glucose tolerance test showed a
slower recovery in transplanted versus control
mice. Fujikawa et al.98 cultured and differen-
tiated embryonic cells into insulin and c-peptide
positive cells. When the cultured cells were
transplanted into diabetic mice, they reversed
the hyperglycemic state for approximately
3 weeks, but the rescue failed due to immature
teratoma formation. An encapsulated solid
tumor was found at each transplanted site in 6
of 10 transplanted mice.

The risk of teratoma formation would need to
be eliminated before ES cell-based therapies for
the treatment of diabetes are considered. Pro-
mising data regarding the potential of BM stem
cells to reconstitute the b-cell endocrine portion
of the pancreas has been produced by Ianus and
co-workers.99 Irradiated female wild-type mice
were injected with BM stem cells expressing
enhanced green fluorescent protein (EGFP)
under the control of the murine insulin promo-
ter. Up to 3% of total cells per islet were found to
express EGFP at 4–6 weeks post-transplantation.
Further RT-PCR analysis of sorted cells showed
the expression of b-cell markers including insu-
lin I, insulin II, GLUT2, IPF-1, HNF1�, HNF1b,
HNF3b, and Pax-6. Finally, demonstration of
glucose-dependent and incretin-enhanced insu-
lin secretion was reported as proof of function-
ality. However, another group using a similar
strategy failed to show any GFP positive cells
within the pancreatic parenchyma of trans-
planted animals.100 As this was not informative
per se of pancreatic engraftment, another series
of experiments was conducted using BMDS cells
expressing GFP under the control b-actin

promoter. Despite the large degree of engraft-
ment none of the GFP positive cells co-expressed
insulin or the b-cell transcription factors Pdx-1
or Nkx6.1, while >99.9% expressed the pan-
hematopoietic marker CD45 as well as myeloid
antigens. The authors concluded that although
BM stem cells demonstrated efficient pancreatic
engraftment, a hematopoietic cell fate was
almost exclusively retained. Hess et al.101 used
murine model of streptozotocin-induced pan-
creatic damage to induce hyperglycemia and
transplanted the mice with BM-derived stem
cells expressing GFP. They observed that pan-
creatic injury was a prerequisite for BM stem
cells taking on an insulin-producing phenotype
within the pancreatic parenchyma, an observa-
tion also made by other researchers.102 They
have detected only up to 2.5% donor-derived
insulin positive cells. Moreover there was no
expression of Pdx-1 in these cells. Also, a large
proportion of donor cells documented in ductal
or islet regions were of endothelial lineage, thus
associating the regenerative process with var-
ious endothelial interactions. Similarly, Lechner
et al.103 failed to detect donor-derived cells in
animals with induced pancreatic damage and
treated with BM stem cells. Kang et al.104 showed
that HSC transplantation prevents diabetes in
NOD mice but does not contribute to significant
islet cell regeneration once disease was estab-
lished. Successful BM engraftment before dia-
betes onset prevented disease in all mice for
1 year after transplantation. However, despite
obtaining full hematopoietic engraftment in
over 50 transplanted mice, only one mouse
became insulin independent. However, BM
stem cells transplanted into the renal capsule
and the distal tip of the spleen of streptozoto-
cin-diabetic mice reversed the existing hyper-
glycemia and the animals’ ability to respond to
in vivo glucose challenges. Furthermore,
Banerjee et al.105 showed that multiple injections
of BM stem cells improved glycemic control in
streptozotocin-treated mice. Ende et al.106 trans-
planted human umbilical cord blood mononuc-
lear cells into non-obese diabetic mice with
autoimmune type I diabetes were able to reduce
blood glucose levels and improve survival com-
pared to untreated animals.

Tang et al.107 pre-differentiated BM stem cells
into insulin-producing cells, transplanted them
in streptozotocin-induced diabetic mice, and
achieved reversal of hyperglycemia and
improved metabolic profiles in response to
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intraperitoneal glucose tolerance testing. Oh
et al.107,108 transplanted BM stem cells transdif-
ferentiated into insulin-producing cell aggre-
gates and showed lowered circulating blood
glucose levels and maintained comparatively
normal glucose levels in mice for up to 90 days
post-transplantation. These studies indicated
that pre-transplantation in vitro cell manipula-
tion may provide a useful tool for delivering
large numbers of predefined cells, thus avoiding
complications such as suboptimal delivery rates
and cell differentiation down non-pancreatic
pathways.

Clinical Studies

The first reported data on cellular therapy for
type I and II diabetes were presented by Fernan-
dez Vina et al.109,110. They have treated 23
patients with type I diabetes with CD34þCD38–

cells isolated from BM and followed them up for
90 days. After 90 days from cell transplantation,
the blood sugar decreased by 9.7% and c-peptide
significantly increased by 55%. It was also
observed that the requirement for exogenous
insulin, taken daily by the patients, decreased
by 17% suggesting that autologous BM stem
cells could improve pancreatic function. Similar
results were obtained for type II diabetes
patients where autologous CD34þCD38– cells
were transplanted via spleen artery into 16
patients. Ninety days post-transplantation the
blood sugar significantly decreased by 27%,
while c-peptide and insulin increased by 26
and 19%, respectively. Even more impressive is
the fact that 90 days post-transplantation, 84%
of treated patients did not need any more anti
diabetic drugs or insulin.

Liver Diseases

Liver diseases impose a heavy burden on society
and affect approximately 17% of the popula-
tion.111 The main causes of cirrhosis, the end
result of long-term liver damage, are hepatitis
B and C and alcohol abuse. At the cirrhotic stage,
liver disease is considered irreversible and the
only solution is orthotopic liver transplantation
(OLT). However, the increasing incidence of
liver disease, the widening donor–recipient
gap, and the poor outcome in patients not sup-
ported by liver transplantation mean that there

is obviously a demand for new strategies to sup-
plement OLT.

New strategies such as cell therapy are under
investigation. Potential sources include the
expansion of existing hepatocytes, ES cells, pro-
genitor/stem cells in the liver, and BM stem cells.
Hepatocyte transplantation has been accom-
plished in small number of patients with meta-
bolic deficiencies and acquired liver disease.112–114

The major limiting factor is the inability to pro-
duce large quantity of hepatocytes and to keep
them ready for use on demand, short duration of
the functioning replacement cells, and the need
for immunosuppression.115,116 These limitations
generated the interest in stem cells as a stable
and expandable source, expected to provide large
numbers of cells for hepatic disorders.

Stem Cell Therapy for Liver Diseases

Several studies have shown in vitro hepatic dif-
ferentiation of ES cells, showing expression of
alpha-feto protein (AFP), albumin, alpha-
1-antitrypsin, and transthyretin.117,118 Co-
culture with Thy1-positive cells in vitro induced
the maturation of AFP-producing cells isolated
from ES cell cultures into hepatocytes.119 More-
over, AFP-positive cells isolated from cultured
ES cells differentiated into hepatocytes when
transplanted into livers of apolipoprotein-E-
(ApoE) or haptoglobin-deficient mice.120

Yamada et al.121 and Chinzei et al.122 demon-
strated that ES cells growing in embryoid bodies
express mRNAs for albumin, AFP, and other
mature hepatocyte markers. They also incorpo-
rate into hepatic plates, produce albumin, and
morphologically resemble adjacent hepatocytes
when transplanted into mice.

More work has been done on adult extrahe-
patic stem cells such as HSC. Petersen et al.123

transplanted male BM stem cells into injured
livers of female mice. They demonstrated that
regenerated hepatic cells were of BM origin by
using Y chromosome, dipeptidyl peptidase IV
enzyme, and L21-6 antigen as markers to iden-
tify donor-derived cells. Grompe et al.124 used
FAH(–/–) mice, an inducible animal model of
tyrosinemia type I, a lethal hereditary liver dis-
ease and showed repopulation of injured liver by
donor-derived BM cells. Twenty-two weeks after
transplantation one-third of the liver comprised
BM-derived cells, suggesting that BM stem cells
contribute to hepatocyte generation, when
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regenerative potential of hepatocytes is
impaired. Sakaida et al.125 showed that BM
stem cells can reduce liver fibrosis, probably by
expressing matrix metalloproteases, which
enable degradation of hepatic scars. Mallet
et al.126 induced hepatic apoptosis in mice by
JO2 antibody, the murine anti-Fas agonist and
transplanted unfractionated BM cells expressing
Bcl-2 under the control of a liver-specific pro-
moter. BM-derived hepatocytes expressing Bcl-2
were only seen in the liver of the mice, which
received JO2 antibody injections. Moreover, in
mice with induced liver cirrhosis, 25% of the
recipient liver was repopulated in 4 weeks by
BM-derived hepatocytes.127 Similarly, murine
HSC converted into viable hepatocytes with
increasing liver injury and restored liver func-
tion 2–7 days after transplantation, suggesting
that HSC contribute to liver regeneration by
differentiating into functional hepatocytes.128.
However, some studies have shown that BM
stem cells can repopulate liver even in the
absence of liver injury. Theise et al.129 identified
up to 2.2% donor-derived hepatocytes when
they transplanted BM or CD34þlin– cells into
irradiated mice without acute liver injury. HSC
transplanted into irradiated mice engrafted in
several organs, including liver, gastrointestinal
tract, bronchus and skin of recipient animals,
and generated albumin-expressing hepatocyte-
like cells.130

In contrast, several other studies failed to
show the contribution of BM stem cells to liver
regeneration. HSC reconstituted blood leuko-
cytes of irradiated mice, but did not contribute
to non-hematopoietic tissues, including liver,
brain, kidney, gut, and muscle.66 Several groups
failed to show a significant contribution of BM
stem cells to liver regeneration using various
liver injury models.131 Although the contribu-
tion of HSC to hepatocyte lineages in vivo still
remains divisive, the differences between the
studies may in part reflect the types of cells
used, different injury models used and the
method used to detect engrafted stem cells.

Several studies have also shown the presence
of cells of BM origin in the human liver. Alison
et al.132 examined livers from female patients
that received BM transplantation and found
donor-derived hepatocytes, suggesting that
extrahepatic stem cells can colonize the liver.
Theise et al.133 identified hepatocytes and cho-
langiocytes of BM origin in archival autopsy and
biopsy liver specimens. Using double-staining

analysis, they found a large number of engrafted
hepatocytes (4–43%) and cholangiocytes
(4–38%), derived from extrahepatic circulating
stem cells, suggesting BM stem cells can replen-
ish large numbers of hepatic parenchymal cells.
However, in a similar study, Korbling et al.134

found only 4–7% BM-derived hepatocytes. Ng et
al.135 identified only small proportion of donor-
derived hepatocytes (1.6%) in liver allografts,
most donor-derived cells were macrophages/
Kupffer cells. Two other studies did not detect
any BM-derived hepatocytes at all.136,137 The
differences in the published studies could be
due to use of different techniques to identify
recipient derived hepatocytes in transplanted
patients. Also, various markers can be used for
hepatocyte identification and the accuracy of the
methods used for identification is variable.

Clinical Studies

Recent success in a few studies using stem cell
treatment for liver diseases has raised hopes for
the patients that cell therapy may be feasible
treatment for their disease. Only three clinical
studies using BM stem cells for liver disease have
been published so far. In the first study, three
patients with large central hepatobiliary malig-
nancies were treated with autologous CD133þ

cells.138 CD133þ cells highly enriched from auto-
logous BM were selectively implanted to the left-
lateral portal branches subsequent to selective
portal vein embolization of right liver segments.
Mean daily hepatic growth determined by CT
scan volumetry rates was 2.5-fold higher com-
pared to the patients that had been subjected to
portal vein embolization without CD133þ appli-
cation. These data suggested that stem cell ther-
apy enhances and accelerates liver regeneration
and may bear the potential for augmentation of
liver regeneration before extensive hepatect-
omy. The second study using adult HSC in treat-
ment of liver diseases was performed by our
group.139 We treated five patients with liver
insufficiency and mobilized their stem cells by
G-CSF. Between 1� 106 and 2� 108 CD34þ cells
were injected into the either portal vein or hepa-
tic artery. Three of the five patients showed
improvement in serum bilirubin and four of
five in serum albumin. Clinically, the procedure
was well tolerated with no observed procedure-
related complications. The data suggested that
stem cells contributed to the regeneration of
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liver damage and are encouraging for the future
development of stem cell therapy for liver dis-
eases. In the third study, nine liver cirrhosis
patients were treated with autologous BM.140

Mononuclear cells (CD34þ, CD45þ, c-kitþ)
were infused via the peripheral vein the total
number of the infused cells was 5.20þ/–0.63 �
109. They reported of significant improvement
in serum albumin levels, total protein, and
improved Child–Pugh score.

Myocardial Infarction/Heart Disease

Coronary artery disease with its clinical sequelae
continues to be one of the leading causes of
congestive heart failure. Following myocardial
infarction, cardiomyocyte death and segmental
scarring eventually contribute to the develop-
ment of replacement fibrosis. The impact of
myocardial fibrosis on the remaining healthy
myocardium may range from subclinical to det-
rimental. The remodeling process initiated will
eventually lead to impairment of left ventricular
function. In an attempt to reverse the natural
progress of the disease, several alternative novel
approaches are being considered. These include
cellular transplantation in which de novo intro-
duced cells are expected to regenerate/repair
areas of diseased myocardium.

Stem Cell Therapy for Ischemic
Heart Diseases

The main types of stem cells currently being
investigated include embryonic, umbilical cord
blood, and adult stem cells. Undebatable proof
for the ability of ES cells to differentiate into
cardiomyocytes cannot be other than the spon-
taneous contraction observed in embryoid
bodies.8 Besides spontaneous ‘‘beating’’, cells
from these areas exhibit typical immunopheno-
typical, molecular, and electrophysiological
properties of cardiomyocytes.8,141 Following
intramyocardial transplantation into rodent
models of myocardial infarction, engraftment
with subsequent cardiac-lineage differentiation
has been reported by many groups; and
sustained improvement in cardiac function was
also noted.142,143 Recent data also suggest that
ES cells are capable of homing to myocardial
injury following peripheral delivery by being

chemoattracted to locally released cytokines.144

Although a high degree of in vitro
electromechanical coupling has been documen-
ted for ES cells and cardiomyocytes,145 there are
still concerns regarding underlying arrhythmo-
genic potential.146

Although the totipotent/pluripotent ES cells
may seem to be the ideal candidate, their clinical
application is not foreseeable in the near future.
Serious ethical considerations remain the main
drawback; other issues complicating clinical
adaptation include insufficient availability,
associated disadvantages of allograft transplan-
tation, and unpredictable electrical behavior as
well as the risk of tumor formation. The lack of
these side effects probably with the exception of
arrhythmogenicity has allowed the majority of
available adult stem cell types to enter the clin-
ical trial setting.

Extensive preclinical work in small and large
animal infarction models preceded the intro-
duction of adult stem cell therapy in the experi-
mental clinical setting. This ongoing body of
research established feasibility and provided
the necessary support via demonstration of
myocardial regeneration/repair and functional
improvement.147,148 The use of crude BM versus
pre-selected stem cell populations remains con-
tentious, the main argument being synergy ver-
sus specification, respectively. By definition
crude preparations are less concentrated in
potent stem cells and encompass a variety of
different cell types. This in turn may expose
subjects to unjustifiable procedure-associated
risks with potentially unwanted side
effects.149,150 On the other hand, pre-selected
populations may require to undergo multiple
population doublings in vitro prior to delivery
in order to achieve sufficient cell counts.151 Pro-
longed passaging in culture is not without risk
since replicative senescence,152 changes in mul-
tipotentiality,153 and spontaneous transforma-
tion154 have all been associated with long-term
in vitro culture. Finally, data concerning the
arrythmogenic potential of transplanted MSC
has emerged from in vitro experimental work.155

The sole assay available at present for identi-
fication of HSC remains the reconstitution of the
hemopoietic system of a myeloablated host. Sur-
face markers such as CD34 or the more primitive
CD133 help in distinguishing subpopulations
enriched in HSC in humans; these include the
CD34þCD38– cell population as well as the side
population. The latter cell type may reside in
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various organs besides the BM and there is con-
flicting data as to the origin of these cells with
some evidence supporting the fact of them actu-
ally being BM-derived HSC rather than tissue
specific.156,157 As murine progenitor cells do
not express the same surface markers, lineage
depletion (Lin–) is the main criterion to identify
enriched populations.158 In Orlic’s landmark
paper,21 transplanted Lin–c-kitþ were demon-
strated to form new myocytes, endothelial cells,
and smooth muscle cells, leading thus to de novo
myocardial regeneration. Similar data have also
been produced with human peripheral blood
CD34þ cells.159 Nonetheless, controversy
remains as to whether HSC are capable of trans-
differentiation into cardiomyocytes160,161 or
even confer any functional improvement
whatsoever.162

Endothelial progenitor cells (EPC) or angio-
blasts and HSC are thought to share a common
precursor, the hemangioblast.163 Studies have
shown the connection between angioblasts
residing within the BM and neovasculariza-
tion.164,165 EPC are recruited to sites of ischemic
injury and promote angiogenesis. Fazel and col-
leagues166 suggested that this is achieved via
regulation of the myocardial levels of various
angiogenic cytokines such as the angiopoietins
1 and 2 and vascular endothelial growth factor
(VEGF). Absolute numbers and functional activ-
ity of EPC appear to be inversely correlated with
risk factors for coronary artery disease;167,168 an
issue to consider for the design of clinical studies
if one bears in mind target population
characteristics.

MSC have two main characteristics: the abil-
ity to adhere to culture dishes as well as to
differentiate into a variety of tissues under the
appropriate conditioning. In addition, they
appear uniformly negative for typical ‘‘hemato-
poietic’’ surface markers. Apart from innate
plasticity, MSC may exhibit immunomodulatory
effects169 that may allow for allogeneic in vivo
transplantation with minimal risk of immune
rejection.170 Possible co-delivery of MSC with
BM-derived mononuclear cells in order to max-
imize clinical effect has also been proposed.148

A very appealing adult BM-derived popula-
tion of high plasticity was reported by the Min-
nesota group.171 These cells which are known as
multipotent adult progenitor cells (MAPCs)
were isolated from MSC cultures and maintain
the ability to differentiate in vitro in cells of the
three germ layers. Only recently another group

has reported the identification of a similar sub-
population from adult human BM.151 Intramyo-
cardial transplantation of these cells in a rodent
myocardial infarction model lead to in vivo dif-
ferentiation into multiple lineages including car-
diac, endothelial, and smooth muscle cell
phenotypes.

Clinical Studies

From the clinical standpoint, a plethora of stu-
dies have been published incorporating BM –
and blood-derived stem cells. Design heteroge-
neity (cell type, number of delivered cells, etc.)
along with the fact that majority of studies con-
sist of small cohorts with short follow-up war-
rant cautious interpretation of the results. The
route of administration may also vary depend-
ing mostly on the underlying disease. Techni-
ques involving transepicardial, intravascular
(both intracoronary and intravenous), and
transendocardial delivery have been developed
and are in clinical use. Although the majority of
large randomized studies demonstrate improve-
ment in left ventricular ejection fraction, one
must notice that two of these show minimal to
no clinical benefit.

Mechanisms of Action

The exact mechanisms that govern the func-
tional improvement observed in animal and
human studies remain a highly debatable
issue. The inability for routine pathological
examination of specimens in the clinical trial
setting necessitates data collection from experi-
mental models to investigate this. The initial –
and to a certain extent simplistic– consensus
was to attribute all benefit to the innate plasti-
city of transplanted stem cells. Cells committed
to cardiomyogenic lineages have been consid-
ered to be produced from delivered cells via
transdifferentiation,21,172 fusion with resident
end-differentiated cells,173 or even a combina-
tion of both mechanisms. 174 Although both
transdifferentiation and fusion provide an
acceptable theoretical platform at the cellular
level for the documented functional recovery,
it is by now widely accepted that their collective
clinical effect is probably negligible due to their
diminutive frequency of occurrence.
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A very interesting notion is that transplanted
cells may promote restoration of resident car-
diac stem cell niches. This falls under the wider
suggestion that stem cells exert their beneficial
effect via paracrine pathways. In a rat model of
myocardial infarction, transplantation of MSC
induced greater expression of proangiogenic
and homing cytokines while reducing the
expression of the proapoptotic protein Bax com-
pared with medium-treated control hearts.175

Stem cell recruitment in a murine model of
myocardial infarction was also shown to estab-
lish a proangiogenic milieu in the infarct border
zone leading neoangiogenesis and the formation
of an extensive myofibroblast-rich repair tis-
sue.166 By providing improvement in local
blood supply,176 in addition to further recruit-
ment of resident and peripheral stem cells to the
site of injury via paracrine factor secretion,
recovery of the local microenvironment is sup-
ported. An interaction also exists with the ECM
leading to the induction of reverse remodeling.

Stem Cells and Cardiac-Related
Bioengineering

Steady advancements in the field of pediatric
cardiac surgery have increased the demand for
exogenous myocardial ‘‘building blocks’’, mainly
in the form of right ventricular outflow tract
conduits as well as transannular patches. Syn-
thetic biomaterials, heterologous glutaralde-
hyde-preserved bovine pericardium/jugular
vein, and glutaraldehyde-preserved homografts
currently represent the mainstay of options
available to surgeons. Several limitations render
these implants far from ideal; inability to follow
the recipients’ growth may limit considerably
conduit life span and make repeated surgery
necessary. From a physiological point of view,
failure of electromechanical integration deprives
the pulmonary arterial circulation of pulsatile
blood flow. Similarly, both mechanical and
available biological valves (xenografts or allo-
grafts) are linked with a need for life-long antic-
oagulation associated morbidity and limited
durability respectively.

While production of a total bioengineered
heart remains wishful thinking, many research
groups are addressing the construction of viable
myocardial patches. The aim remains a viable
autologous construct that may contract, achieve

electromechanical coupling, and integrate
within the native vascular network. Although
encouraging data utilizing fetal or neonatal
cardiomyocytes177–179 are being gradually pro-
duced, the nature of these cells probably pre-
cludes their transition to the clinical level.
Cardiomyocytes are difficult to obtain and have
limited capacity for proliferation, with such con-
structs not reflecting the actual cellular organi-
zation of the myocardial wall. On the other hand
stem cells are easily obtained and expanded as
well as having by definition the capacity to dif-
ferentiate into a variety of tissue types including
endothelial, smooth muscle, and nerve cells.
After seeding BrdU-labeled MSC into porous
acellular bovine pericardium, Wei et al.180 pro-
ceeded to repair a surgically created right
ventricular myocardial defect in a rat model.
Both epicardial and endocardial surfaces were
neo-mesothelialized and neo-endothelialized,
respectively, avoiding thus the formation of
adhesions and thrombi. Evidence of tissue
regeneration (neo-muscle fibers, neo-
capillaries, and smooth muscle cells) within the
MSC patch was documented with many of these
cells staining positive for BrdU. Unfortunately,
the MSC patch appeared akinetic via echocar-
diography, possibly due to an inadequate num-
ber of cardiomyocytes present within the patch.

Heart valve tissue engineering incorporates
(autologous) cell seeding onto biodegradable
scaffolds, anticipating gradual replacement of
the scaffold by cells and matrix produced by the
implanted cells. Proof of principal was first pub-
lished more than a decade ago by seeding a poly-
glycolic acid scaffold with a mixed population of
autologous endothelial cells and fibroblasts; this
was subsequently transplanted as an orthotopic
single pulmonary valve leaflet in an ovine
model.181 Hoerstrup et al. showed that MSC
were a reliable cell source for heart valve tissue
engineering.182 The created trileaflet valve
demonstrated morphological features and
mechanical properties similar to those of native
valves, while MSC differentiation into cells of
myofibroblast phenotype was reported. Based
on previous in vitro work,183 Sutherland and col-
leagues demonstrated prolonged (>4 months) in
vivo function of a stem cell-engineered valve con-
structed from MSC and a biodegradable heart
valve scaffold.184 Even more interestingly, the
sequential seeding of biodegradable leaflet scaf-
folds with human fetal mesenchymal progenitors
and umbilical cord blood-derived endothelial
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progenitor cells lead to constructs comparable
with native heart valve leaflets.185 Growing out
of this important contribution, prenatal chorio-
nic villus sampling may allow surgeons to per-
form autologous valve replacements immediately
after birth.

Stem Cells and Pulmonary Regeneration

Lung parenchyma is organized around a com-
plex 3-D array of proximal and distal airways
lined with numerous types of distinct epithelia.
Architectural complexity alongside multiple in
situ cell lineages is the main limitations to recon-
struct pulmonary units via tissue engineering.
Resident stem cell populations have been
described to exist within the proximal air-
ways,186,187 distal airways,188,189 and the
alveoli.190,191 The actual stemness of these popu-
lations remains at issue, as the term ‘‘reparative
cells’’ has been recently proposed to indicate cell
populations involved in lung remodeling follow-
ing injury.192 BM-derived stem cells have been
described to populate the pulmonary parench-
yma,193,194 while recruitment of non-resident
stem cells appears to be associated with
injury.195–197 Interestingly, cells recruited to
injury do not always participate in tissue repair;
circulating fibrocytes have the opposite effect, as
these cells are known to contribute to the patho-
genesis of pulmonary fibrosis.198 Distal lung
epithelial cell progenitors have been generated
from ES cells199 but small cell yields along with
ethical considerations of ES cell research. Prob-
ably make this approach very remote at present
toclinical transition.Mondrinosandco-workers200

recently demonstrated in vitro generation of
branching sacculated 3-D pulmonary tissue con-
structs with mixed populations of murine fetal
pulmonary isolates, cultured in 3-D hydrogels in
the presence of tissue-specific growth factors.
Seeding of ovine somatic lung progenitor cells
onto polyglycolic acid or Pluronic F-127 scaf-
folds leads to production of identifiable pulmon-
ary structures;201 although polymers performed
likewise in vitro, Pluronic F-127 scaffolds gener-
ated less tissue inflammation in vivo resulting in
tissue organization comparable to normal pul-
monary parenchyma.

From the clinical front, stem cell therapy is
about to make its debut in pulmonary disease.202

Peripheral mobilized autologous mononuclear

cells engineered with human nitric oxide
synthase will be directly infused within the pul-
monary arterial tree of patients with idiopathic
pulmonary arterial hypertension. Extensive pre-
clinical work has shown restoration of the integ-
rity of the pulmonary microcirculation as well as
reversal of established pulmonary hypertension
in relevant animal models. Of all developments,
this trial from Toronto is probably the most
anticipated in the field of pulmonary stem cell
therapy.

Central Nervous System Diseases

Replacement cell therapy in the central nervous
system (CNS) is arguably the most complex
topic in regenerative medicine. Lessons learned
from countless studies have begun to outline
what is required of the transplanted cells in
order to be successful. Within the CNS, cells
must migrate to the site of injury, and differenti-
ate into the appropriate cell type according to
disease. Differentiated cells must integrate with
existing neural cells, create functional synapse
formations with existing circuitry, and restore
saltatory conductivity when appropriate. Neuro-
transmitter release and uptake must have a reg-
ulatory mechanism. In most degenerative dis-
eases of the CNS, a concerted regeneration of
multiple types of neural cells must occur for
functional recovery. In vitro investigation has
demonstrated that ES cells, fetal derived stem,
and progenitor cells, as well as cells from
non-neural sources are capable of exhibiting
phenotypic, genetic, and electrophysiological
characteristics of neural cells. Animal models
of CNS diseases are proof positive that stem
cells are capable of restoring appropriate motor
function. However, the molecular mechanisms
of repair remain unknown making long-term
effects of transplantation uncertain. Here, we
discuss the feasibility of stem cell therapy in
CNS regeneration in the most likely candidates
for clinical use, Parkinson’s disease (PD), and
stroke.

Parkinson’s Disease

Parkinson’s disease (PD) is a neurodegenerative
disease characterized by a progressive loss
of mesencephalic dopaminergic neurons.
Symptoms include tremor, rigidity, and
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hypokinesia.203 The pathology of PD becomes
more complicated as there are thought to be
symptoms which are due to subsequent degen-
eration of other neuronal systems. Current treat-
ments include administration of L-DOPA, deep
brain stimulation, dopamine (DA) agonists,
and inhibitors of DA breakdown.204,205 Current
treatments temporarily alleviate physical
symptoms of Parkinson’s, but do not impede
progression of the disease. In addition, there
are drawbacks to available therapy which
include dyskinesia and the loss of the efficacy
with disease progression. Ideally, clinical cell-
based therapy should provide long-lasting
major improvements of mobility, suppression
of dyskinesias, and improvement of symptoms
that are resistant to other treatments such as
balance problems.

Cell transplantation therapy would be ideal
in diseases like PD where the pathology is
restricted to only one part of the brain, the
A9 region of the striatum, and the damage is
to a specific subset of dopaminergic neurons.
Transplantation experiments of fetal neural
tissue in animals and humans have enabled
researchers to identify the requirements that
need to be satisfied by stem cells in order to
achieve clinical recovery in PD. First, the cells
must have the capacity for regulated dopa-
mine synthesis and release while showing
phenotypic, morphological, and electrophysi-
cal properties of dopaminergic neurons of the
substantia pars compacta. Second, in animal
models of PD, these cells must be able to
ameliorate motor symptoms while surviving
over long-term periods. A third and impor-
tant requirement is that grafted dopaminergic
neurons must demonstrate functionality, inte-
grating into the hosts’ terminal network of
nerve cells.204,205

Stem Cell Therapy in Parkinson’s Disease

Neurons exhibiting a dopaminergic phenotype
reportedly have been generated from mouse,
monkey, and human ES cells as well as from
fetal rodent and human neural stem cells (NSC)
and non-neural tissue. Strategies for efficient
induction of dopamine neurons from ES cells
have been developed using forced gene expres-
sion, growth factor cocktails, retinoic acid, and
co-culture experiments. For example, nuclear

receptor related-1 (Nurr-1) is a transcription
factor which plays a role in the differentiation
of dopaminergic neurons; driving Nurr-1
expression in ES cells successfully induces the
dopaminergic phenotype in vitro.206 In rat
models of PD, transplants of ES cells over-
expressing Nurr-1 successfully integrated into
the site of lesion and expressed tyrosine hydro-
xylase (TH), the enzyme involved in dopamine
synthesis.206 Another example of inducing
dopaminergic differentiation of ES cells is by
stromal cell-derived inducing activity
(SDIA).207 Co-culture of ES cells with PA6 stro-
mal cell line yields dopamine secreting THþ
neurons, which upon transplantation into
6-OHDA PD animal models, graft into the stria-
tum and continue to express TH.207,208

Although hopeful results have been demon-
strated using mouse ES cells, issues surround-
ing the genetic stability of ES cells need to be
addressed before ES cells can be used in human
trials. Long-term culture of mouse ES cells can
lead to chromosomal aberrations which have
also been observed in mid-term cultured
human ES cell lines, implying potential detri-
mental long-term effects associated with ES cell
transplantation.209,210

Stem cells derived from tissues other than
the brain are also currently being explored as
a possible source for autologous transplant.
Increasing numbers of investigations are
exploring the possibility of generating dopa-
minergic neurons from post-natal stem cells
derived from other tissues such as BM, per-
ipheral blood, and umbilical cord.204,211,212

The transdifferentiation of HSC and MSC
into neural cells is very controversial, the
differentiation of cells from one-germ lineage
to another still raises doubts despite growing
evidence of alternative sources of tissue com-
mitted neural cells such as in BM.212 In vitro,
multipotent BM-derived stem cells are cap-
able of exhibiting neuron-like morphology
and phenotype and expressing several neuro-
nal-specific markers including TH.204,211,213

Transplantation experiments using GFP-
labeled BM-derived stem cells demonstrate
migration, differentiation, and long-term sur-
vival of these cells in rodent models of
PD.204,211,212 Umbilical cord stem cells have
also been successfully induced to differentiate
into THþ neurons, using neuron-conditioned
media supplemented with FGF-8 and sonic
hedgehog.214
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Clinical Studies

During development, fetal ventral mesencephalic
tissue contains a mixture of two subtypes of
dopaminergic neurons, making it an ideal candi-
date for transplantation therapy. Difficulties in
identifying surface markers which are differen-
tially expressed between neuronal subtypes, cre-
ates a problem in trying to purify a population of
dopaminergic neurons specific to the substantia
nigra pars compacta. Using transgenic mice and
retrograde axonal tracing, Thompson et al. 215 has
demonstrated that dopaminergic neurons which
innervate the substantia nigra pars compacta
(SNpc) almost exclusively express the transcrip-
tion factor Girk2. The SNpc is the A9 region of the
brain which is affected during Parkinson’s dis-
ease. These results imply axonal guidance
mechanisms take place in the CNS, suggesting
that cell transplantation therapies for PD may
only be efficient if transplanted fetal cells are
capable of differentiating into the correct DA
phenotype specific to the SNpc. Researchers in
the clinical setting do not yet have an accurate
measure of the neuronal cell type which engrafts
in transplantation. As a marker of graft viability,
clinical studies measure fluorodopa (18F-dopa)
uptake on positron emission (PET). However,
this measures total F-dopa uptake and cannot
distinguish between the uptake from endogenous
neurons and the grafted neurons.216 Results from
clinical trials remain unclear because of contrast-
ing results from different groups.

In open-label clinical trials, human fetal ven-
tral mesencephalic tissue transplants have
shown long-term survival and restoration of
dopaminergic networks in the striatum.216–220

However, it is not entirely clear if transplanted
cells are able to synthesize and secrete dopamine
in a regulated manner. Grafts contained a mixed
population of neural cells, 5–10% of which were
dopaminergic neurons205 thus, it is unclear
whether the success of engraftment was due
specifically to transplanted dopaminergic neu-
rons, or possibly due to a role of accompanying
glial cells. Increasing evidence points to an
important role of astrocytes during neuronal
fate specification of neural stem and precursor
cells.221 Initial transplantations of fetal brain
tissue were promising, and in the best case, a
patient showed marked symptomatic relief for
up to 10 years post-transplant, without the need
for additional anti-Parkinsonian medication
such as L-dopa.218 In a 59-year-old patient who

received two transplants from seven donors,
post-mortem histopathological investigation of
the grafted area showed TH immunoreactive
cells and dopaminergic fibers proximal to the
grafted area and extended to host tissue indicat-
ing that dopaminergic processes crossed the
graft–host interface and innervated the Parkin-
sonian striatum.216 Despite graft survival and
integration, some patients have developed
post-transplant dyskinesia even in the absence
of anti-Parkinsonian medication.218 It has been
speculated that this may be due to uneven inner-
vation of grafted cells, inflammation, different
populations of DA neurons, or inappropriate
synaptic graft–host connections.218,219,222 This
alludes to a lack of proper regulatory mechan-
isms of DA synthesis and release.

Although open-label clinical trials have
demonstrated the viability and innervations of
fetal transplants, results from more recent dou-
ble-blind trials showed contrasting evidence,
stating that no significant alleviation of motor
symptoms of PD were found after fetal mesen-
cephalic tissue transplantation. Two recent dou-
ble-blind placebo-controlled clinical trials both
reported that the grafts failed to improve pri-
mary endpoints in PD patients.218–220 Between
the two trials, 73 patients in total were divided
into two groups, one of which received fetal
nigral transplantation, and the other a sham
surgery, in both studies, only the neurosurgeon
was aware of the type of surgery conducted on
each patient. There were no significant differ-
ences in the overall treatment effect between the
transplantation group and the sham surgery
group in either study, as both failed to meet the
primary end point. The primary outcome was
the difference in the UPDRS (Unified Parkin-
son’s Disease Rating Scale) motor score between
the baseline reading prior to surgery and final
physician visits post-operatively.

A big problem with transplantation of fetal
mesencephalic tissue is that 15% of patients
develop dyskinesia.219,220,223 It was thought that
overgrowth of grafted cells may lead to excess
DA release subsequently causing dyskinesias.
However, no correlation has been found
between graft-induced dyskinesia and high
levels of F-dopa post-operatively.223 Dyskinesia
may have also resulted from abnormal regula-
tory mechanisms of DA synthesis and release
from transplanted cells.223 There are conflicting
reports which compare putaminal F-dopa
uptake in grafted patients with and without
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dyskinesias. Ma et al.224 reported that in dyski-
netic patients, there is an imbalance between
dopaminergic innervation in the ventral and
dorsal putamen. In contrast, Olanow et al.220

reported no such regional differences of F-dopa
levels between patients with and without graft-
induced dyskinesia. Differences in outcome
between the open-label trials and the double-
blind trials have not been explained as there
are many differences among the studies such as
patient selection criteria, immunosuppression
regimes, and donor tissue preparation.
Although it is promising that fetal nigral trans-
plants survive, integrate with host tissue, and
express TH, fetal cell transplantation cannot be
recommended at this time as it has not shown
long-term symptomatic relief nor has it been
shown to stop progression of the disease.

Although results of cell transplantation stu-
dies seem hopeful and cell integration can be
seen, there is no proof of dopamine secretion
by the exogenous cells. In addition, there has not
been a clear demonstration that DA neurons
generated in vitro can efficiently reinnervate
the striatum, release dopamine in a regulated
manner, and provide functional recovery from
PD once transplanted into animal models. The
optimal number of grafted cells required
remains unknown, and efforts to standardize
fetal tissue transplantations have failed to pin
point the number of donor required for human
transplant.218 Although functional recovery is
temporarily observed after transplantation, per-
haps further investigations should focus on the
mechanisms of symptomatic relief and exploit-
ing endogenous means of dopaminergic neuro-
nal repair. Investigators have observed an
increase in neurogenesis after delivery of lesion
to the dopaminergic system, while other studies
find that lesion to the DA system stimulates a
glial response rather than an increase in neuro-
nal generation.205,225

Stroke

In stroke, a cerebral artery is blocked, causing a
focal ischemia and loss of neurons and glia.
Subsequently, multifactorial motor, sensory,
and cognitive capacities are impaired, and
there is neither a cure nor an effective means of
promoting recovery. Thus, therapy which has
potential of neuron regeneration is attractive.
There are two main arms of investigation in the

search for stem cell therapy in stroke: (i) directly
transplanting stem and progenitor cells and
(ii) stimulating the proliferation of endogenous
neural stem cells which would ideally migrate to
the penumbra region and replace degenerated
neurons and glia.

Stem Cell Therapy in Stroke

ES cells have been successfully transplanted in
models of PD, before their therapeutic potential
in cerebral ischemia was explored. The challenge
here is that unlike PD, where damage is specific
to dopaminergic neurons in a defined region of
the brain SNpc, stroke affects glia and varying
types of neurons, leaving the brain susceptible to
damage followed by the possibility of inflamma-
tion and glial scar. Thus, specifically defining
which neural cell type to transplant remains
challenging.

Neural precursor cells (NPC) can be derived
from ES cells, expanded as neurospheres and,
upon attachment to a substrate, can be differen-
tiated into mixed cultures of glia and mature
neurons. ES cell-derived NPC transplanted into
a rodent stroke model survive and differentiate
into glia and electrophysiologically mature neu-
rons of different neurotransmitter sub-
types.226,227 Tracking NPC using a GFP tag
showed that after transplantation, these cells
survived and matured into glutaminergic,
gabaergic, dopaminergic, serotonergic, and cho-
linergic neurons.226,227 In stroke models, ES cells
genetically modified to over-express the anti-
apoptotic gene bcl-2 have increased survival
relative to normal ES cells. Also, there is an
increase in the ES cell-derived neuronal fraction
of the transplanted cells. After focal ischemia,
animals that received Bcl-2 over-expressing ES
cells demonstrated significant functional recov-
ery relative to animals that received non-geneti-
cally modified ES cells and control animals that
received culture medium.228 There are two con-
troversial findings with regard to neural differ-
entiation from cells originating in non-neural
tissue. First, several groups have independently
identified stem and progenitor cells which
express neural lineage markers circulating in
the peripheral blood and residing in the
BM.211,212,229,230 Second, cells derived from
non-neural tissues such as cord blood, umbilical
cord, peripheral blood, and BM have been
induced to have neural phenotypes in
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vitro.213,231–234 Are there stem cells in non-
neural tissue that are truly plastic? Or are inves-
tigators differentiating pre-determined neural
committed progenitor cells?

In rat stroke models, intravenous administra-
tion of CD34þ hUCBCs within 1 day of ischemic
induction, lead to significant improvement of
functional recovery. CD34þ hUCBCs selectively
migrated to the injured tissue, survived, and
differentiated in the brain but there was no sig-
nificant reduction in the lesion volume. The
majority of cells were found at the ischemic
boundary,235 perhaps due to the lack of blood
supply in the lesion itself. In lieu of replacing
damaged cells and integrating into host circui-
try, the administration of hUCBCs and their
migration to injury may instead stimulate
trophic factors, endogenous neuroprotection,
and brain recovery mechanisms.235 The same
group has shown that after stroke, intravenous
administration of BM stromal cells enhances
angiogenesis at the ischemic boundary of the
host brain, which is important in promoting
repair and restoration of blood flow to the
ischemic area. The administration of BM stro-
mal cells promotes endogenous secretion of
VEGF and the upregulation of VEGF receptor 2
(VEGFR2), which mediate angiogenesis.236 Ani-
mal transplantation studies have shown that
MSC transplantation into ischemic brain models
leads to functional recovery, providing relief in
sensory-motor symptoms caused by
stroke.225,237 However, close immunohistologi-
cal examination of post-mortem tissue shows
evidence that functional recovery may have
been mediated by molecular signals secreted by
the transplanted MSC.225 Although MSC provide
a therapeutic effect, genetically modified MSC
programmed to hypersecrete trophic factors
such as brain-derived neurotrophic factor
(BDNF) and glial cell line-derived neurotrophic
factor (GDNF) have a greater therapeutic effect
relative to non-genetically altered MSC.237,238

Cerebral ischemia induces the release of several
neurotrophic factors in the brain including
GDNF and BDNF which are thought to have
neuroprotective properties.238 Treatment with
intravenous BDNF after stroke improves func-
tional motor recovery in animal models.239

BDNF rescues motoneurons, hippocampal neu-
rons, and dopaminergic neurons from brain
injury, and its upregulation after focal cerebral
ischemia suggests that BDNF may have a neuro-
protective role in stroke.240 Topical treatment of

focal ischemia with GDNF significantly reduces
infarct volume.241 Investigators have thus
explored the potential of transfecting MSC with
vectors containing BDNF and GDNF.237,242

BDNF gene-modified human MSC (BDNF-
MSC) intravenously administered to rats with
cerebral occlusion reduced lesion volume and
increased functional improvement compared to
animals that received MSC alone.242 In addition,
intravenous administration of MSC transfected
with GDNF (GDNF-MSC) also showed a greater
reduction in the lesion volume, increase in
GDNF in the penumbra region, and improve-
ment in behavioral defects.237,242 Although
these results show promise in gene-modified
MSC transplantation therapy for stroke, the
long-term effects of receiving gene-modified
cells remain uncertain.

Clinical Study

There has been one safety and feasibility trial for
cell transplantation in stroke. This open-label
trail consisted of 12 patients with at least a
basal ganglionic infarct. Patients received LBS-
Neurons (from Layton Bio-Science) which are
produced from the NT2/D1 human precursor
cell line and induced to differentiate into neu-
rons. Two million cells per injection were admi-
nistered stereotactically, and patients received
between 1 and 3 injections (2–6 � 106 cells).
Six out of 12 patients showed an improved func-
tional outcome, but three patients deteriorated,
exhibiting decreased motor performance rela-
tive to baseline performance prior to surgery.
Although this trial may have proved that trans-
plantation is safe, its efficacy is poor and there
were no consistent signs of improvement in
patients.243

Conclusions

Despite a great amount of interest and develop-
ment in stem cell biology and therapy in the past
few years, many questions are yet to be answered
before stem cell therapy can be applied to its
fullest potential in the clinic. Which cells should
be used in order to maximize potential benefits
and what is the best method of their delivery?
The ideal route for administering stem cells has
still yet to be determined, but it is important to
take certain factors into consideration. The
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strength of homing signals may vary in different
clinical scenarios. In more acutely ischemic sce-
narios, the stem cells may be administered either
peripherally or locally through the circulatory
system. When the homing signals may be less
intense, injection of the cells directly into the
damage tissue may produce a more favorable
outcome. It also remains to be determined how
cell survival can be optimized and how cells can
be tracked once delivered to ensure that they
reach the right location. An important issue
concerning the therapeutic use of stem cells is
the quantity of cells necessary to achieve an
optimal effect. Ideally, cells should expand
extensively in vitro have minimal immunogeni-
city and be able to reconstitute tissue when
transplanted into damaged tissue. It must also
be defined which patients are suitable for this
therapy and which stem cell types are the most
effective given the underlying pathology.
Currently, it is not possible to fully anticipate
long-term side effects, since most of the trials are
very recent. In addition, there is growing evi-
dence that transplanted cells not just simply
replace missing tissue but also trigger local
mechanisms to initiate a repair response and
secret factors useful for tissue protection or
neovascularization.

Ultimately, large clinical trials will have to be
conducted and at the same time, we need to
continue the basic research to elucidate the
underlying mechanism of stem cell therapy.
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10
Composite Tissue Transplantation: A Stage Between
Surgical Reconstruction and Cloning

Earl R. Owen and Nadey S. Hakim

There is no doubt the entire brief and brilliant
history of transplantation is about a temporary,
far from ideal, and only partially successful solu-
tion to the desperate attempt of our profession
to keep people alive and functioning. With the
present advances in nanosurgery, miniscopes,
cloning, stem cell culturing and placement,
laser solder bonding, ultrasonics, chemoge-
nomics, and microrobotics involving physical
and chemical manipulations of even single cell
components, seasoned transplantation research-
ers in the most advanced laboratories are looking
for better therapy than transplants to replace
worn out, diseased, or failing tissues. These new
methods, now being developed, will take over
from surgeons having to perform allografts,
which still require immunosuppression of the
body’s incredibly evolved, individually persona-
lized immunological recognition system.

The first Composite Tissue Allograft (CTA)
was magnificently unsuccessful! It is, however,
suitably emblazoned into the ‘‘literature’’, parti-
cularly as a color feature and transplantation
icon as there are approximately 29 beautiful
paintings since the 1600s, several of which are
in the Vatican, of the event that made Saints out
of Doctor’s Damian and Cosmos. In the 4th
century AD, they are reported to have trans-
planted the leg of a dead black man to replace
that of a white amputee, despite the obvious lack
of immunosuppressives at the time. For such an
outrageous attempt, even by a surgeon, to ‘‘play
God’’, these worthy experimental surgeons were,
of course, tried, condemned, and crucified by
their conservative colleagues at that time.

The second lower limb CTA was also a mag-
nificent failure. Alexis Carrel from Lyon,

France,1 received the Nobel Prize for Medicine
in 1912. Carrel used his earlier researched vessel
anastomotic technique,2 together with Dr Guthrie
from USA to actually ‘‘swap’’ (or double allograft)
the left hind legs of a black and white pair of
greyhound dogs in an initially surgically success-
ful experiment.3 In the limited time they survived,
these canine CTAs were sketched and the illustra-
tion of the standing dogs appeared in the
New York newspapers at the time.

The first modern attempt at a genuinely spe-
cific human limb or hand allograft4 was an inevi-
table failure. In Ecuador in 1964, ignoring any
need for early immunosuppression and based
on a mistake of family relationship between the
dead donor and live hand amputee, this allograft
failed after the surgery despite the recipient
being later airlifted to a Florida hospital for
Imuran and steroid therapy too late to be useful.

The frontier of CTA was considered to have
been crossed, in a blaze of publicity, on Septem-
ber 23, 1998, in Lyon, France, when our team of
international surgeons and specialists per-
formed a terminal forearm and hand allograft.5

The donor was a French road traffic accident
victim and the recipient a New Zealand-born
man who had lost his dominant right hand in
an accident while he was in jail some 14 years
previously. It had been an objective of at least
two of the surgeons to aim their lifetime research
toward CTAs. For the past 31 years, they had
been accumulating microsurgical and immuno-
logical drug expertise and techniques with their
unit’s laboratory research programs as well as
their department’s clinical experiences during
the development of both transplantation and
microsurgery.
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It is pertinent to consider how many scientific
innovations had to merge in order that the
daunting Frontier of Composite Tissue Allo-
grafts (CTAs) be crossed.

Medical innovation tends to occur almost
simultaneously in different parts of the world.
Thus, it was in the 1950s that alert surgical
minds became enthralled with the idea of oper-
ating on smaller and smaller parts of the body,
which led to microsurgery. Simultaneously
intelligent surgeons with increasing research
opportunities started to attempt to reconstruct
or replace parts of the body beginning with
organs that were in terminal failure. The surgical
world from then on saw the fields of microsur-
gery and transplantation merge. It was on the
east coast of America that Julius Jacobson and
Anasto Suarez defined the word and performed
the earliest practice of microvascular surgery by
consistently anastomosing arteries of 1 mm dia-
meter.6 At the same time, Dr Sun Lee of Korea
was experimenting on the west coast with simi-
lar microvascular techniques not only to join
small vessels but also to perform organ trans-
plants in rodents using his amazing surgical
skills in research, although his medical degrees
never allowed him to practice in the United
States.7 Sun Lee advanced the knowledge and
scope of transplantation and immunology by
technically describing and carrying out trans-
plantations of the kidney, liver, spleen, stomach,
heart, heart and lung, uterus, ovary, intestines,
and even the pancreas in his years of surgical
rodent research.8 He proved this could be done
cheaper and faster and with more certainty
across larger series than those experiments
which were also being attempted all around the
world in larger animals such as rabbits, dogs,
and pigs.

The early history of successful kidney trans-
plantation occurred during this 1950s intellectual
awakening of medicos and Murray’s outstand-
ingly successful kidney transplantations9 using
identical twins as donors from 1954 onwards in
itself spurred the already exciting development of
immunology.

A definition for CTA is simply the simulta-
neous allotransplantation of multiple heteroge-
neous livable nonorgan bodily tissues. It must,
by definition, include the supplying of a func-
tioning blood supply, and preferably a nerve
supply, but skin does not necessarily need to
be included in the CTA to have the composite
tissues satisfy the definition.

The First Successful Hand
Transplant (CTA)

The recipient of the first successful human hand
CTA had sought a possible hand transplant in
several countries and joined a group of similar
one- and two-handed amputees in Australia
hoping for transplants who were otherwise fit
and healthy throughout 1997. Up until Septem-
ber 1998, they had been tutored by one of us in
Sydney, Australia, on all elements of the possible
approaching procedure.

Their extremities were color photographed,
measured, X-rayed, angiograms were taken and
their forearm muscles, tendons, and nerves care-
fully examined, tested, and well mapped. They
were commenced on forearm muscle strength-
ening exercises and their motives, states of
mind, determination, flexibility, personality
strength, sanguinity, and absence of family psy-
chiatric history evaluated by psychiatric and
psychological specialists.

Their complete medical history and routine
pre-transplantation blood and serum biology
were assessed. Apart from the lecture dis-
cussions these potential recipients were given
homework of all the relevant review articles
and books on transplantation to enlighten
them thoroughly on the ‘‘pros and cons’’ of
what they were about to undertake.10 Their legal
position as regards to possible complications,
and their legal agreements to actually give their
full permission and co-operation to follow the
proposed protocols were drawn up and they
gave their signed agreements. This included
that they set up a system for the early months
of post-operation care, when they would need to
be able to contact their treating doctors in any
emergency.

The teams so far performing hand and face
CTAs have had healthy recipients, who are fit and
disease free, highly motivated, and co-operative.
Being quite healthy, they differ from the usual
debilitated and infirm allograft organ recipient.
They have agreed that they will fully co-operate
with their physicians and therapists to give them-
selves and their team the best chance for the
allograft to succeed. They realize how important
it is to stay closely in touch with their treating
team members with regular follow-ups.

By June 1998, the five most appropriate
amputees, four men and one woman, were
adjudged ready to not only be knowledgeable
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and eager candidates for this possibly physically
and personality disturbing ordeal, but also be
ready-to-board an aircraft to fly to Europe at the
receipt of a phone call signifying that a suitably
compatible donor was available.

The international team, four already in France,
two in Australia, and one each from Italy and
England met by arrangement in Lyon and
awaited an appropriate donor. While waiting
they rehearsed the operation procedures with
the various already organ allograft-experienced
physicians, nurses, therapists, operating room
staff, and administrators. Prior to this alignment
of experienced expert talent, the permissions
required to actually plan and carry out this
procedure had been sought, explained, and even-
tually approved by all the authorities involved.
This actually involved people from the highest
authorities in the French Parliament through
National, Civil, State, local Government, Univer-
sity, and Hospital managements and even includ-
ing the obtaining of the approval of the French
Patient’s Protection Association.

We were privileged to have had the co-
operation of the France-wide organization of
the French Ministry of Health’s Etablissement
Frances des Greffes, wherein the well-trained
and smoothly functioning seven sectional teams
of doctors and nurses are alerted to all France’s
possible organ/tissue donors. This network
(which also connects to the Eurotransplant sys-
tem) keeps the thorough computerized details
of the potential donors online and matches
them with appropriate recipient waiting lists.
It not only swiftly and efficiently notifies
the awaiting transplant teams who harvest the
donor materials, but also delicately and
compassionately approaches and comforts
and supports the donor’s relatives at the point
of donation.

Previously in Australia, discussions for a
hand transplantation from a dead man to a liv-
ing man had been arranged, debated, and
approved by the most senior Australian repre-
sentatives of all the world’s major religions.

Over the past few years, in individual coun-
tries as well as international gatherings of trans-
plantation experts, the feelings invoked by the
concept of hand and other CTAs had swung
around to show less opposition and finally defi-
nite statements that the ‘‘time was now ripe’’.11

Most of the debates were over the obvious fact
that a hand or face transplant was not a life-
saving one but rather a ‘‘quality of life’’ enabling

and effecting procedure. The other contentious
hurdle was the argument that the powerful drugs
to prevent rejection had very serious side effects
such as diabetes induction, or the increased sus-
ceptibility to infection and cancer, and even
perhaps other life-threatening conditions, and
would possibly need to be taken for the rest of
the recipient’s life.

It is often thought that there must be a big
difference between CTAs and the now more
familiar and regular ‘‘solid’’ organ allografts.
But, are the solid organ allografts actually basi-
cally only the one tissue? With very few excep-
tions all the cells of all tissues have both a blood
supply and have or are within close range of a
nerve supply. A ‘‘solid’’ organ such as a liver has
kilometers of its three main tubular structures,
arteries, veins, and ducts, as well as nerves and
connective tissues and a remarkable variety of
differing sheets of specialized liver cells carrying
out unique manufacturing, reprocessing, and
excretory functions. The exploration of the
microanatomy, physiology, and biochemistry
of the amazing variety of liver cells is far from
complete, as is the knowledge of its recuperative
powers, yet the success of liver allografts with all
its many tissues was the basis for our drug
regime for our CTAs.

Before we decided on the actual date to carry
out the preparations for this, our first single-
hand allograft, we were encouraged that a
CTA’s rejection of the hand with its basically
untried human-skin-grafted component could
be controlled by our selected cocktail of immu-
nosuppressive drugs by several earlier groups’
successes. Giumberteau and Baudet’s team had
successfully allografted a digital muscle flexion
system for the hand in 1989,12 and Hoffman and
Kirschner had successfully begun allografting
knee joints13 and the femoral diaphysis14 follow-
ing the lead of Chiron’s adventurous operative
technique.15

Early attempts to transplant skin across even
minor histocompatibility barriers, first, within
the same animal species by Medawar, had pro-
ven how difficult it could be.16 In the following
50 years of immunology research when skin
transplants and allografts had been attempted,
it was proven that skin tissue rejection was the
most difficult rejection to control. We knew that
this could be our major hurdle. The team leader
had to deal with the other members of the inter-
national team who were keen to start our CTA
series (we had permission in mid-1998 to go
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ahead with the first five cases in France), with a
bilateral amputee, to refute the possible objec-
tions that to do just a one-handed allograft
might be considered an unnecessary procedure
and that a single-handed man could still carry
out a productive and worthwhile occupation.
The team leader argued that the area of skin on
two hands might prove to be too much skin area
for the chosen drugs regime to protect, and so
there was a much greater chance for success if
only one hand with its already considerable sur-
face area of skin was attempted. As we had in our
overall team a leading French dermatologist
with transplantation experience and the use of
an antirejection drug ointment available to bol-
ster skin rejection suppression if necessary, we
felt confident to progress to obtain an appropri-
ate donor. This took longer to arrange than we
had anticipated despite the fact that in France,
all citizens who die are eligible in French law to
be donors of organs or tissues unless they have
specifically written in to the Department of
Health to refuse such permission.

Whereas an organ allograft is not seen by the
recipient, a hand or face allograft is seen as soon
as the patient awakens from the operation’s
anesthetic. So not only the donor’s blood type
and, preferentially, tissue types should match,
but so should the skin color, texture, and hair
distribution as well as the actual size and shape
of the donor parts.

Surgical Technique

Human ingenuity encompassed the trephining
of skulls to release cerebral hematomas some
5000 years ago in Egypt, as testified by the
specimens viewable in Medical Museums
today. The late 1950s, the 1960s, and early
1970s were exciting times for experimental sur-
geons worldwide and the early enthusiasts from
all over the world corresponded and formed
meetings to start the International Microsurgi-
cal Society and the Transplantation Society,
both in 1967, which saw the coming together
of extraordinary medical and scientific minds.
So in the past 50 years skillful surgeons have
replanted, reconstructed, and repositioned
completely severed human bones, tendons,
nerves, muscles, intestines, skin, tongue,
limbs, joints, hands, digits, scalps, ears, lar-
ynxes, and penises, requiring delicate anasto-
mozing techniques.

CTA recipients are subjected to all routine
pre-transplant investigations with the addi-
tion of the suitable special tests to specifically
define the available functional anatomy and
physiology and thus the perceived capacity to
activate the allograft post-operatively. The
detailed surgery of those first successful sin-
gle and double forearm and hand allografts
has been well described by the members of
the French/Australian and the Austrian,
American, and Chinese teams.17

The actual surgical procedure in the Septem-
ber 1998 operation was to first carefully dissect
and mark the donor’s end tissues, whose blood
vessels had previously been perfused with cold
University of Wisconsin’s solution at harvesting.
The lower forearm donor bones were osteoto-
mized at the chosen lengths to match the lengths
to the recipient’s desired both arms of equal
natural length. After application of a tourniquet,
the donor’s and recipient’s bones were fixed
together with metal plates and 4.5 mm screws
to stabilize all further surgery. The radial and
ulnar arteries and then the cephalic and the
largest veins were available and were carefully
anastomosed with 8/0 microsutures. The pre-
viously applied tourniquet was released and the
graft reperfused with recipient’s blood. This
took slightly longer than we expected, as the
donor tissues had been cold preserved for 12 h,
so we warm wet wrapped the area once it was in
normal color and left it to warm up while we
took a 20-min break. After a celebratory hot
drink, we rescrubbed and gowned and returned
to carefully suture the tendons and muscles in
layers and microsurgically the ulnar and median
nerves. This was done 20 and 21 cm, respec-
tively, proximal to the wrist skin crease, to take
advantage of the shorter healthy remaining reci-
pient’s and the freely excessive amount of
donor’s nerves. To encourage strong bone
union, we harvested iliac crest autologous can-
cellous bone chips and spread them around the
osteosynthesis sites. The recipient’s skin was
sutured to the generously shaped donor skin,
even including a wedge of split skin graft from
the recipient’s right thigh, as we had learned
from 28 years of arm replantations around the
distal forearm to allow space for possible initial
swelling or compartment syndrome. We left two
Penrose drains in site, the wrist slightly
extended, the elbow flexed 458, and the distal
limb gently bandaged, splint supported, and
elevated.
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Obviously more donor tissue than would be
required was harvested in each case as the actual
condition of the available viable and actionable
tissue in the recipient’s limb stumps was never
precisely known until seen at operative dissec-
tion. In over 28 cases of the so-called ‘‘hand
allografts’’ now surviving it would appear that
longer lengths of donor nerve tissue than were
originally planned in these cases was routinely
used and we believe this does give a better even-
tual functional result, as recipient’s nerve tissue
has usually suffered functionally regressive par-
tial degradement.

When the patient awoke and immediately
saw his hand he exclaimed, ‘‘I have my hand
back!’’, but it was not until the local anesthetic
to his right axilla had worn off and he tried out
gentle flexion of the fingers that he was con-
vinced. Physiotherapy for two sessions a day
started only 10 h after the surgery and rehabili-
tation by controlled motion passive- and active-
supervised exercises were continued for
3 months. Psychological support daily was less
intensive after 3 weeks had passed. Skin biopsies
were taken once a week together with a program
of close observation in case it might be needed
more frequently, should commencement of
rejection be suspected. No surgical complica-
tions occurred in this case, who was correctly
supervised in Lyon for the first 3 post-operative
months. He then went off, by himself, quite
contrarily to the pre-operatively psychological
assessments by experts both in Australia and in
France and went his own way. He would not
keep regular follow-up sessions, could only be
contacted by mobile phone, and that too occa-
sionally. He learned about the onset of mild
rejection by observing his mild pink skin rash
and treated himself by increasing his daily dose
of prednisone for 1 or 2 days until the rash
subsided. At the occasional times when one of
us could examine him, we were surprised how
rapidly the patient’s nails and his ulnar and
median nerves grew. These were checked first
by Tinel’s sign, and then with delicate nerve
conduction studies as the feeling grew down to
his fingertips in the first 12 months. At 2 years
post-operation he was found touring the United
States where he deliberately then ceased his
immunosuppressives, and then demanded that
the team amputate the slowly rejecting part.
When this was carried out 5 months later on
the still very healthy patient some 28 months
post-operation, and the transplanted tissues

were then examined, only the skin was actually
proved to be rejecting. All this team’s later dou-
ble hand allographs were far more co-operative
and have done very well.18 They use their hands
and fingers well at daily tasks and at work and
report that their lives have been transformed
back to being normal.

One of the most intriguing understandings
that has come out of the hand transplantation
program is the insight science that has gained
into the way the brain can adapt to changing
circumstances. That there really is brain area
plasticity was shown in progressive fMRIs from
pre-operative to post-operative observations
that peripheral input can modify cortical hand
representational organization in both sensory
and motor regions. Relatively blank areas of
cortex in the previously amputated patient’s
brain regained activity as the allografted hands
regained activity when seen as early as 6 months
post-operatively and continued to be more acti-
vated as the movements and feelings matured.19

Immunology

The choice of immunosuppression in our hand
allograft program was not an easy one. The team
discussed many possibilities and rejected pre-
operative complete irradiation of the recipients
bone marrow, but settled for commencing on
antilymphocyte antibody just prior to the
attachment of the CTA and then utilizing what
we called a ‘‘cocktail’’ of well-proven drugs that
sustained liver allografts. Several following
CTAs in the United States, Austria, and China
also adopted this ‘‘starting with a clean plate’’
(having cleared out the recipient’s lymphocytes)
approach which had been well tried in many
organ allograft programs worldwide.

That and the current immunosuppressive
protocol includes loading doses of Thymoglobu-
lin1 (polyclonal antibodies) 1.25 mg/kg/d for
the first 10 days, and then three main drugs
after loading doses were continued with

• Tacrolimus (FK506)0.2 mg/kg/day keeping
blood levels between 15 and 20 mgm/kg/day
in the first month;

• Mycophenolate mofetil 2/g/day;

• Prednisone 250 mg on day 1, 1 mg/kg for 10
days, then tapered down to 20 mg daily,
reduced to 15 mg/day at 6 months; and

• wide-spectrum antibiotics for the first 10 days.

Composite Tissue Transplantation: A Stage Between Surgical Reconstruction and Cloning 169



Should early serum sickness occur, monoclonal
antibodies can be administered in short courses.
In some patients transient hyperglycemia
occurred which was treated initially with insulin
I.V.I. for a short time.

We somewhat suspect that a mechanism that
protects these allografts from chimerism and
graft versus host disease and perhaps even
chronic rejection is involved. To that end cur-
rent papers accepted for publications of our own
and others’ research works with co-allografting
vascularized lengths of donor femurs with rat
lower limb allografts is encouraging as we have
found that larger amounts of transplanted donor
bone marrow lessen the need in the rat model for
immunosuppressants. Bone marrow transplan-
tation in order to create a chimerism has been a
feature of our more recent allografts and those of
other authors.

Although it is well known that major histo-
compatibility (MHA) antigens should ideally be
matched in any allograft donor/recipient pair
our first four hand allografts cases, one single,
and three double hand cases (totaling seven
allografted hands) did not have even the luxury
of one of the major MHA matches. Both serolo-
gic and molecular genetic testing of matching
MHAs is available and so the CTA teams are
hopeful of the sort of help with allograft outcome
that has been shown to occur when there is
matching for HLA-A, for -B and for -DR in
kidney organ allografts will occur in future
CTAs. We recognize that 1% of the general
population, without having had a blood transfu-
sion, can have preformed antibodies that could
react to alloantigens,20 and of course check both
ABO compatibility and check for any history of
prior immunological stimulation, but neither
have nor had expected any hyperacute rejection
episodes on our regime.

We recognize that a chronic rejection process
may develop as it can in nearly all solid organ
allografts, with the usual vasculopathy described
early on as a transplant arteriosclerosis.21

We have not yet had biopsy evidence of any
such chronic rejection so far but as we necessa-
rily allograft active blood-generating donor
bone marrow in these cases we are aware it has
been shown to continue producing blood cells.22

The best descriptions so far in the literature
on the normal, the allografted, and the allograft-
rejecting skin’s three cellular layers have been
clearly outlined in detail and illustrated by our
Dermatologist Jean Kanitakis in Lyon.23 There

are no really detailed reports available on other
CTAs such as the larynx and the knee joint;
however, biopsies when they are reported show
the same open-vascular infiltrate of mostly
T-cell lymphocytes that we have all been familiar
with since the earliest skin allografts in mice
more than 50 years ago.

In some hand-allografted patients early skin
rejection occurs, seen as a distinct maculo-
papular rash of pink lesions. They have a mild,
nonitchy inflammatory response, and biopsies
show a peri-vascular and dermal mononuclear
heavily staining recipient cell infiltration. This
rash is easily reversed by increasing the oral
steroids and applying topical immunosuppres-
sive ointment. Maintenance doses were given
to keep tacrolimus blood levels between 5 and
10 mg/ml, with Solupred1 at 5 mgm/d and
mycopherolate mofetil at 2 g/d.

The phenomenon of the pink rash acts as a
warning system that the immunosuppression
regime is not optimum. It was first noted by
the first single-hand allograft recipient, who
began to use the appearance of pink spots as a
means to judge his own treatment. He was able
to conserve his drug supply by voluntarily les-
sening his doses in the second year post-opera-
tion, until the rash appeared. He would then
adjust the doses upward and again stabilize
before gradually dropping the dosages again.
This, of course, was at the stage where he was
staying away from his medical team for long
periods, as he was by no means an ideal patient.
It may be recalled that after 16 months with his
allograft, one of us had to appear on worldwide
television to appeal to him, wherever he was, to
come back to any one of us in any of our coun-
tries for his delayed follow up and to obtain
more drugs. Owing to his nonconformity, this
patient allowed skin rejection to progress so that
one of us had no choice but to amputate at
28 months. The histopathological examination
of the allografted terminal forearm and hand
was remarkable as the only microscopic signs
of rejection were those of the skin.24 The patient
had no other body signs or symptoms and was
otherwise fit after this amputation.

The Face Allograft

The 2006 face allograft in Amiens, France,
involved full thickness facial soft tissue fine
reconstruction of a woman’s face over dry bone
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in a large oval defect measuring 16 � 15 cm2

from just beneath her orbicularis oculus muscles
and above the nose to below the chin and jaw.
This flap of tissue between skin and mouth
mucosa consisted of tendons, muscles, fat,
motor and sensory nerves, and vessels. The
deceased donor tissue including the nose of
similar skin color and shape to that of the reci-
pient provided a fully functioning face and also
return to a normal life for the delighted
recipient.

Some years ago a Hollywood film called Face
Off brought to the general public a ‘‘hot’’ con-
troversy that had been previously challenging
Transplantation Units worldwide. In the film
the faces of a ‘‘bad guy’’ and a ‘‘good guy’’ who
was chasing him were first cross-allografted
(‘‘swapped’’), and then ‘‘swapped’’ back again at
the film’s end. This would have given the public
the idea that such operations were quite feasible
and technically easy, with no mention of immu-
nosuppression, but such intricate surgery is far
from simple.

The deformed or damaged face has been the
subject of many clever techniques of repair, and
plastic surgery history abounds with complex-
staged procedures to reconstruct parts of faces.
The success of the first 28 hand allografts
showed that large areas of skin could be allo-
grafted possibly allowing a CTA for those whose
facial damage could not be functionally cor-
rected by even the most experienced Recon-
structive Plastic Surgery teams.

Our international team considered in 1999
that, following our and the world’s experience
with CTAs, we would consider a face allograft if a
suitable case occurred and came to our atten-
tion, and such a case fell within the group of
tissues we already had obtained permission to
reconstruct by CTAs. The history of reconstruc-
tions of small parts of the face goes back thou-
sands of years and includes the use of tube
pedicle skin transfer almost 500 years ago by
the Italian Gasparo Dagliacozzi (1557–1599).
We remember the heroic efforts of plastic sur-
geons to restore skin cover and shape to the
severely burned and hideously disfigured faces
of those pilots in World War II, who survived
their cabin fires, as the work of Sir Archibald
McIndoe at East Grinstead Hospital, West Sussex
in England, was detailed in films and reports.25

We considered the 37 published cases of
replantation of the scalp that we found in the
literature of our Microsurgical colleagues since

the first report of successful replacement of an
avulsed scalp.26 This had been followed by
increasing numbers of reports of scalp replants,
which included as well as scalp such differing
tissues as with a complete ear cartilage in 1978,27

and other ‘‘skin plus’’ tissues in 1983 such as the
penis, nose, ear, and scalp.28

Applications to actually perform clinical face
transplants had been submitted to two other
French (2004) and US (2006) authorities and
had received approval before the case of the
38-year-old woman with severe facial tissue
ablation was referred to the Facio-Maxillary Sur-
gery Department in Amiens, France, in May,
2005.

The controversies about a possible ‘‘Facial
Transplant’’ had been extensively discussed by
transplantation units for years and had led to
ethical committees of some countries and long-
established surgical colleges investigating and
issuing informed reports on the subject in the
early 2000s.29,30

In this case, a large family dog had found his
mistress in a deep sleep and savaged her face.
The almost oval bite, measuring 15 � 16 cm2

from just below the lower eyelids to below the
jaw encompassing all tissue, including the nose,
down to bone and teeth, was totally unsuitable
for replantation when discovered. The horrific
gap, unequally present on both sides of the mid-
line, would, untreated, inevitably fibrose and
retract and was treated with wet dressings.
After confirming the French authorities’ agree-
ment to go ahead, the search for a suitable donor
was notified to the Etablissement Frances des
Greffes and the Lyon and Amiens surgeons
began detailing and practicing the procedures
necessary to provide a sustainable and accepta-
ble CTA. The search for the right donor was
agonizingly long for both the patient and the
readied operative teams, as the retraction of
the oval-shaped defect’s edges constricted to
such an extent that the apparent gap lessened
considerably as the upper and lower teeth
became almost tightly pressed together, when
feeding by mouth and talking became a great
difficulty.

It took almost 7 months for a suitably com-
patible donor to be discovered and the operation
commenced on November 27, 2005, in Professor
Bernard Devauchelle’s Maxillo Facial Surgery
Department by the team jointly led by him and
Professor Jean-Michel Dubernard. The intricate
surgery required motor facial and sensory
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trigeminal nerve branch anastomoses and mus-
cle and tendon and nasal reconstruction, well-
practiced facial vascular anastomoses, and gentle
plastic surgical skin alignment together with the
bold immunosuppressive regime. The outstand-
ing result is now apparent in the almost comple-
tely functioning and esthetically delightful result
2 years later.

The immunosuppressive drug combination,
now well tried in hand CTAs was followed but in
the 10 days after the operation two separate
injections of donor bone marrow hemopoietic
cells were administered, even though this bold
attempt to invoke a micro-chimerism had
only been tried experimentally. This triumph of
surgical and immunosuppressive virtuosity
demonstrates how co-operation among experi-
enced specialists can achieve what may have
seemed impossible only a short time before.

Laryngeal Transplantation

The human larynx has evolved as an extraordi-
narily complex of cartilages, mostly covered
with mucosa, joints, muscles, and ligaments
and an efficient large nerve and vascular supply.
Everyone can remember at least one episode of
laryngeal discomfort, such as when coughing, or
a feeling of choking, or of having a sore throat
and not speaking with one’s normal voice. Just
understanding how the anatomy and physiology
of the larynx work is extremely difficult even for
those who have studied medicine. The internal
muscles shorten, lengthen, or relax the vocal
cords, so we can speak and sing, whereas the
upper muscles can raise and lower the Epiglottis
and direct food posteriorly to the esophagus to
allow the beginning of swallowing, or else allow
air from both the mouth and the nasal passages
into the trachea and on into the lungs, usually
without mixing up these two essential functions.

Such a complex dual purpose essential
mechanical instrument mostly works automati-
cally, so when it misfires from just one sectional
defect the physician is usually quickly consulted.
If a disease such as a laryngeal cancer has pro-
gressed so that laryngeal excision is required, it
is comforting to know that extensive research on
laryngeal allografting has occurred since
1966,31,32,33 and a partial CTA was surgically
performed in 1969,34 and a successful complete
laryngeal CTA in 1970.35 As the first was mainly
an attempt to remove cancerous mucosa and

graft in some vascularized mucosal tissue, it
was at first seen to have survived on the immu-
nosuppressive regime. Unfortunately cancerous
tissue, presumably from the cartilaginous bed,
did overwhelm the mucosa and the patient died
8 months later. It is presumed that the higher
dosed, less-sophisticated immunosuppression
then used might have encouraged the conditions
to allow freer tumor cell multiplication in the
drugs causing an absence of any body cell
defense mechanism. The disappointment of
this case dampened down enthusiasm for such
allografts. There is no man-made substitute yet
for the quite bewilderingly intricate complex
that is the human larynx, capable of such extra-
ordinary control of the vocal cords, swallowing,
and diameter of the shared passages for air and
food, but research continued.

The first successful laryngeal CTA occurred
30 years later when in 1998 a very dedicated
group of Cleveland Clinic throat specialists per-
formed a CTA with a large fully matched com-
plex of the larynx and its pharynx as well as the
thyroid and parathyroid glands, and upper five
tracheal rings. This also required anastomosis of
the upper laryngeal nerves and one recurrent
laryngeal nerve with its complex’s complete
extensive blood supply. A 40-month follow-up
biopsy of the trachea was normal. That such a
surgical triumph worked and to date is still
functioning is most encouraging.

The immunosuppressive regime was similar
for that used in the other CTAs, except that
cyclosporine rather than tacrolimus was initially
used in the basic three drug-sustaining cocktail.
Tacrolimus was introduced after a rejection epi-
sode began at 15 months post-operation and
since then the drugs have been steadily reduced.

This recipient, a no skin, but otherwise very
varied composite tissue transplantation, suppo-
sedly used his ‘‘new’’ voice 3 days post-opera-
tively, and is now, over 8 years later successfully
talking, eating, and breathing within normal
limits, within a one octave but quite serviceable
vocal range. This operation is, like those hands
and face transplantations, excellent examples of
CTAs providing near normal quality of life out-
comes, which would not have been otherwise
conventionally surgically possible.

The success of this extraordinary CTA has
been repeated 16 times since. These highly tech-
nical procedures require in the one institution a
functioning, multidisciplinary, and co-operative
team led by strong, confident, and excellent
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specialist surgeons, immunologists, physicians,
and paramedics, all prepared to provide pro-
longed obsessive care at every step of the lifelong
journey of the patient. The way forward in this
field was best presented by a review in 2006 by
the US group.36

Uterine CTAs

In April 2007, the First International Sympo-
sium on this subject was held in Gothenburg,
Sweden. Since the first technically successful
attempt at Uterine CTA was performed37 in
Saudi Arabia in April 2000, much further
research has occurred, yet a fully successful
human uterine transplantation has not been
reported.

That first case proved that a uterus from a
living donor, together with its fallopian tubes,
could be technically implanted in the recipient
after a hysterectomy, and actually later respond
to combined estrogen–progesterone hormone
treatment causing thickening of the endometrial
uterine tissue bed and withdrawal bleeding. The
attempt was abandoned requiring a further hys-
terectomy after 99 days due to massive necrosis
of the uterus due, no doubt, to vascular occlu-
sion. The original surgical approach from a
living donor precluded the use of its similar
length uterine vascular supply, so saphenous
vein grafts were employed to the uterine arteries
and veins on both sides and the blood shunted to
and from the internal iliac arteries of the recipi-
ent. The absence of adequate structural support
fixing the donor uterus and tubes in place may
also have contributed to the vascular occlusion.
The immunosuppressive protocol, similar to
our CTAs, was quite successful as there was no
evidence of rejection in the harvested necrosed
uterus.

In the time since then a great deal of subse-
quent research has rationalized and optimi-
zed the donor organ harvesting, from either a
living altruistic woman (a technically difficult
vascular approach), or a fresh cadaver where a
large dissection is required to obtain sufficient
length of large blood vessels might prove more
appropriate.

The uterine transplantation program must be
all inclusive as regards medical ethics, national,
and international laws be able to be fully evalu-
ated as regards both donor and recipient selec-
tion and follow the proper assessment of the

efficiency of the differing drug regimes on
these tissues. Then, there are the problems of
the effect of immunosuppressive drugs on the
development of the offspring-embryo, fetus, and
baby, even including the effect of drug dose by
breast feeding. The problem of detailing early
rejection in the pregnant uterus and some of the
drug-related uncertainties has been studied in
women who became pregnant while on immu-
nosuppressives for other organ transplants.

As it is such a tragedy when a woman’s ability
and desire to conceive children is prevented by
various uterine abnormalities, the ingenious
research protocols in the literature, with those
voiced at recent symposiums make it seem
inevitable that fully successful uterine/fallopian
tubes CTA will soon be performed. There are
hundreds of research articles carefully debating
the controversies involved in this field, of which
several seem the most pertinent and discuss the
pressing issues such as operative techniques and
dangers to both the women and their offspring
due to immunosuppressives, as well as the alter-
natives to transplantation.38

Pregnancy outcomes after immunosuppres-
sive therapy during pregnancy39 suggested more
pre-term deliveries and congenital deformities
than the norm, but other studies in experimen-
ted animals,40,41 do not reinforce this conclusion
even though some work suggests teratogenic
effects on animal offspring due to prednisolone.

Alternatives to CTAs for female sterility of
uterine origin now include many cases of suc-
cessful surrogacy. Researchers have grown uterine
and other specialized tissue in rabbits, and using
embryonic human stem cells and tissue engi-
neering can now grow most human-specialized
organs and other tissues,42 including uterine
endometria.43

The moral, ethical, religious, medical, legal,
individual country, as well as the administrative,
technical, child, and gender issues in this
absorbing field all come together as the uterus,
so far in human evolution, has been mandatory
to civilization. We will hear far more about this
highly debatable and essential topic in the
future.

Peripheral Nerve Transplantation

Peripheral nerve defects are and have been
restored as whole, cable, or fascicular replanta-
tions, usually utilizing one or even both sural
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nerves since 1970s.44 In 1976, the first vascular-
ized nerve graft was performed by Taylor and
Ham in Australia.45 This early attempt was not
immediately repeated until greater numbers of
trained microsurgeons came on the scene to
perfect fascicular and small vessel anastomoses
under the operating microscope. It was found
that increasing lengths of gently harvested, non-
traumatized sural nerve alone could provide the
pathway for the regrowth of a patient’s own long
peripheral nerves, such as, the median, ulnar,
and sciatic where no immunosuppression was
required. This was more successful in children
where one of us (E.R.O.) used lengths of sural
nerve to bridge a 12-cm gap using nerve anasto-
moses between the sciatic nerve and the main
trunks of the lateral popliteal and posterior tibial
nerves, with such function that the child’s only
defect several years later was the feeling to his
big and second toe, and he grew up to walk and
run normally.

Nonetheless, extensive peripheral nerve
defects where using the patient’s own nerves is
impossible or impractical can require a donor-
vascularized nerve.46 A 10-year study of the
results of allotransplants for both upper and
lower limb traumas have been studied, primarily
in the McKinnen team from St Louis and by our
Hand Transplantation Team (pp. 29, 24, 25, 31).
Patients can indeed regain almost full sensitivity
and function with donor nerves also anastmo-
tized with their supplying arteries up to lengths
of 19 cm on the routine three main immunosup-
pressive drug regime. Positive Tinel’s tests are
used to plot the down growth of viable nerve
tissue and on an average the drugs can be tailed
right off in 18 months. That way iatrogenic com-
plications can be avoided.

We have described in our hand CTAs, as has
Dr S. McKinnen’s work shown for many years,
that with some immunosuppressive drugs, par-
ticularly Tacrolimus, the advance of nerve tissue
and its activity down the grafted nerves occurs
faster with the drugs than it does with or without
an accompanying blood supply.47,48,49,50

The presence of a sustaining blood supply for
a nerve graft to survive and duly function is
essential. The longer the nerve length required
the less likely it is to pick up lengthy and ade-
quate blood supply from the surrounding tissue
alone, hence the need for concomitant vascular
supply. There are, of course, other factors in
peripheral nerve transplantation. Some of the
grafts are interpositional rather than terminal,

and so the graft’s rates of growth may be ade-
quate, but when they reach the distally severed
nerve end that tissue will have had no recent
nerve stimulation and may have fibrosed and
become more difficult to re-innovate.

The preservation of nerves prior to trans-
plantation and the effects of the drugs on the
nerve tissue and Schwann cells are becoming
increasingly important.51 While most CTAs
and organ transplants require relatively large
blood vessels, needed to supply to large amounts
of tissues, nerve grafts and transplants use much
smaller blood vessels, yet the tissues making up
a peripheral nerve are small and tightly packed
with their essential capillary blood supply which
is so easily obstructed by even slight pressure
from surrounding tissue pressures.

It must therefore be emphasized that in any
CTA requiring an essential nerve component
transplantation, the normal surgical principles
of any delicate surgery, particularly those con-
cerning the absence of pressure and the use of
gravity drainage (if at all possible), must be even
more rigorously observed than is usual.

Tongue Transplantation

Dr Rolf Evers, speaking for the Vienna General
Hospital team led by Dr Christian Kermer and
Dr Franz Watzinger that carried out the first
successful total tongue transplant was happy
with the initial result. He was quoted worldwide
on television stating that ‘‘other organs such as
liver and kidneys are complicated, but the ton-
gue is just muscle’’; however, we believe it to be a
CTA. For it to function as a tongue it must have
significant vascular and nerve tissues trans-
planted with it. The transplant, done in July
2003 following removal of a large carcinoma of
the tongue and jaw of a 42-year-old man, showed
it to be technically possible. We believe that this
brave attempt to assist a stricken patient was not
fully successful and have not as yet seen any
pathological studies. We respect the delibera-
tions of the Royal College of Surgeons of Eng-
land who in 2003 issued a Working Party Report
suggesting much more research into many
issues should go into tongue and face and
other potential CTAs, and to date no more ton-
gue transplants have been reported.52 It would
seem that in general terms it would be perhaps
counter-productive to contemplate a CTA in a
patient with an advancing tumor, as the
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necessary immunosuppression drugs would
only accelerate the growth of secondary tumors.

Penis Transplantation

The technicality of transplanting a donor penis
has been well proved by the many penis replan-
tations carried out since the 1970s. One of us
(E.R.O.) replanted the completely amputated
penis of a nine-year-old boy at the Royal Alexan-
dra Hospital for Children in 1970, which was not
published and only briefly mentioned in that
Hospital’s Annual General Hospital Report in
the Research section, at the request of the child’s
parents. He had been masturbating with a rela-
tively narrow necked milk bottle in the bathroom
and slipped and fell, leaving only a 1-cm stump.
Brought to the hospital within an hour, and with
the experience of having successfully already
replanted a 2-year-old boy’s completely ampu-
tated index finger months before, the operation
proceeded as a succession of anastomoses. These
were the urethra first and the deep fascia about it
of the corpora spongiosa, both deep penile
arteries, the two corporal cavernosa’s penile
tunica fascia, the deep dorsal vein, and the fine
dorsal nerves on either side, and the very small
dorsal arteries beside, then the large dorsal vein
of the penis. Some deep fascia was next and then
the skin was joined with interrupted buried
sutures of fine microsurgery nylon with ends
cut very short, which was left inside. The boy
was sedated and gently cool packed for over a
week and developed into a very well-behaved boy
and man, capable of having quite normal erec-
tions. One of us, Jean Michel Dubernard com-
bined with Dr Gelet at The Edouard Herriot
Hospital complex in Lyon, France, performed
another functioning and normally sensitized
replantation, also joining the dorsal nerve of the
penis. These replants were not publicized, and were
done, as were some other successful replants in
China and Taiwan, long before a highly publicized
penile replant was completed in the United States.

The recent first penis transplant, a Chinese
case,53 had specialized microsurgery, some
immunological support, but had to be reampu-
tated after 3 days. It seems, because it is techni-
cally possible and because the CTAs so far have
shown that allograft skin can be defended
against rejection, that it is only a matter of time
before other cases of penile allografts will be
completed and announced.

Conclusion

The second successful single-hand CTA is now
8 years on, and our first three double hands allo-
grafts at seven, three, and almost 1 year post-
operation are functioning very well indeed. Over
28 hand allografts and many other CTAs have
now been performed in many countries.

The initial hand CTAs achieved the goals of
motor and sensory function equal to or
approaching those of properly replanted trau-
matically injured hands, and certainly superior
to that of myoelectrical prostheses. Patient satis-
faction and personal delight in having working
esthetically normal limbs again with good social
integration and work potential justifies the
costly labor-intensive procedure. The drug
doses, although potentially having debilitating
side effects, can be greatly reduced over time and
can be well controlled by the astute patient
under supervision. When rejection episodes
occur, the skin of the donor is the ‘‘early warning
system’’ that let the patient know to report back
for simple known reversal measures to resume
their balanced state. The face CTA in France is
presently 26 months post-allograft, with an
expressive face, going about her daily life pleased
to be a normal woman. The scars are not visible
with light make up, and the patient’s drugs are
already greatly reduced. The first laryngeal CTA
is into his 8th year being very satisfied with his
extraordinary allograft which functions vir-
tually normally. A partial Hand CTA consisting
of half the palmar tissues and all four fingers
still in its first post-operative year has been
seen to be doing well in China, The Chinese
penis allograft is reported to be well satisfied
with ‘‘his’’ restored manhood. Unfortunately we
believe that all the attempted knee joint CTAs
have not survived.

That donated human organs and other body
structures, such as tendons, muscles, nerves,
and intestine can also join skin in being able to
be guarded from rejection is heartening and
useful as there is no other way for certain tissue
loss replacements to be replaced at this time.
There is thus a present need for some well-
prepared patients to have CTAs to enable them
to have a life worth living. All the arguments
against the considerable risks entailed in CTAs
have been talked out and written about, and
those frontiers have been crossed without loss
of life, or worsening of the situations. Experience
with years of careful following up of CTAs shows
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just how useful they are and how grateful are the
individual recipients when the protocols are
scrupulously carried out.

We do believe that in the most deserving of
select cases in a well balanced, otherwise healthy
body, the potential benefits of hand and certain
other CTAs outweigh the risks of early infection
and late possible malignancy, or early onset of
diabetes. We have found out that technically and
theoretically the donor-to-recipient operation
should be, but not always is, easier than the
replacement of severed parts to the same body.
This is due to the form of injury and the response
of peripheral nerves to severance and trauma,
which cause a ‘‘die back’’ phenomenon with
shrinkage and also tissue swelling that hampers
normal nerve conduction on the recipient side.

We believe that face CTAs are the correct
form of treatment for a small select group of
patients that cannot be otherwise adequately
reconstructed by even brilliant conventional
plastic surgical departments.

The more we know about cell metabolism, the
more we realize how much we do not know. Yet
how each cell functions is the key to its health
and survival, and therefore our survival. CTAs
provide huge collections of living cells to replace
dead, diseased, cancerous, or amputated parts of
our bodies. Surgery, from the point of view of the
single cell, has always been a gross and clumsy
procedure. The more we can actually see when
we operate, the more precise can be our applica-
tion of our surgical principles. The Monocular
Operating Microscope, originally used by Nylen
and Holingren in Sweden54 in 1921, allowed sur-
gery nearly 90 years ago on the ossicles and the
labyrinth of the ear. Later developments led to
binocular-operating microscopes with foot,
mouth, and other remote controls with brilliant
lighting allowing for smaller and smaller precise
microsurgery techniques. The advances since in
microscopy allow scanning of single living cells
and even manipulation within those cells.
Science now discovers particles that are smaller
than the essential parts of a single atom and is
also researching the genetic composition as well
as the actual structure of the plethora of human
cell components. Biochemists are engineering
ways of influencing (turning on or off) the activ-
ities of molecules within a cell component and
that could be the ‘‘surgery’’ of the future.

Perhaps surgeons will eventually be needed
only to repair gross injuries, such as happen in
accidents, wars, and catastrophic natural

disasters. As the population of this globe
increases, those with the available medical facil-
ities and necessary food and water live longer
lives than the previous generations.

As future genetic engineered babies grow up
without congenital diseases or proclivities, and
automatically diagnosed ailing cells are replaced
with technologically manufactured individual
stem cell derivatives by minimally invasive new
methods by remote control, the readers of this
book may wonder how long such a cellularly
engineered human being’s life span might turn
out to be.
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