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It is like a fairy tale! Or at least a beautiful epic, a truly significant page in the 
history of medicine, a staggering scene in which several actors come into 
play, both fundamentalists and clinical practitioners, eager to place all these 
new developments at the disposal of those suffering from ill health.

Everyone is passionate about their work, be it providing new knowledge 
or perfecting new therapeutic methods.

Man has always been fascinated by the possibility of replacing a damaged 
organ with a healthy one. Several attempts have been made over the centuries, 
and some miracles have been reported, such as those of Saint Damien and 
Saint Come as illustrated by Fra Angelico.

The modern saga, however, started more modestly on the mouse. It is on 
the mouse that the first tissue group was discovered; yet the study of human 
tissue groups could only be carried out on a human. One human must be sub-
jected to the thousands of tests that have enabled us to unravel the extraordi-
nary complexity of the HLA system.

Organ transplantation has developed in stages. The first was almost singu-
larly marked by renal transplantation assisted by histocompatibility. Had we 
fully comprehended the chance that there exists only one major tissue 
complex?

Then, the resounding crash of cymbals! The discovery of a powerful 
immunosuppressant which freed the surgeons from the immediate restraint of 
strict compatibility (even though this plays a part in long-term survival). So, 
boldness permitting, heart, liver, lungs, pancreas and, of course, multi-organ 
transplants are now possible. Transplantation has therefore become a daily 
therapy as a result of the number of amazing surgical feats carried out by 
these clinical practitioners. It is, however, unfortunately curbed by a shortage 
of organs and thousands of patients still await the benefits it can bring.

Will we know how to respond to this expectation? Will xenotransplanta-
tion be the next stage?

Finally, do not forget those individuals who have been given the chance to 
survive as a result of a marrow or, even better, haematopoietic transplant. 
Here compatibility recaptures its rights.

This book, edited by world transplantation experts, will be an indispens-
able tool for new generations involved in transplantation.

Jean Dausset
Prix Nobel

Foreword
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What do you need to look for and find when you are in search of a book on 
transplantation? The first element in the quest is to consider the editors who 
have constructed the topics, sought out authors and compiled the book into 
a readable and cohesive whole. In this volume, we cannot ask for better than 
Nadey Hakim, Mehmet Haberal, and Daniel Maluf. They are experts not 
only in their field but also in communicating their knowledge. Prof Haberal 
is  the current President of the Transplantation Society amongst his many 
responsibilities and is a surgeon’s surgeon. He has brought modern 
transplantation surgical practices to Turkey, the Middle East and widely 
across the globe through his relentless travel, teaching, publishing and 
research. Prof Hakim is a true renaissance man, just as at home with a 
scalpel, a sculptor’s chisel and a musical instrument, each used with exquisite 
delicacy and skill. Impacting the field of transplantation through the World 
Surgical Society just as he has through his practice in London and through 
Europe. Daniel Maluf started medical training in Argentina and is now 
practising in Virginia where he combines skills and interests at the surgical 
table and at the laboratory bench in genomics. The provenance for the book 
is outstanding.

The second important element of a useful and readable book is to have a 
series of great authors marshalled to provide the breadth of the field from 
their individual expert perspectives. The list of authors is a ‘dream team’ of 
contributors from whom you will learn the details of the expanding clinical 
practice of organ transplantation from the kidney and liver to the heart and 
lung. You will read not only the details of the surgical techniques, but also the 
relevant immunology and the ways in which we can manipulate the immune 
system to bring so many people back from the brink of death due to end-stage 
organ failure. You will read of the sciences of organ preservation, histocom-
patibility matching, anaesthetic management, early post-transplantation care, 
the concerns about selecting the right patients, long-term issues with cancer 
and the science of immunobiology that backs up the clinical programs of 
immunosuppression. The length and breadth of the field is carried through 
chapters on bone marrow transplantation and the complexities of composite 
allografts which challenge both the surgeon with the multiple surgical 
 connections needed and the physician who must prevent rejection of the 
multiple different tissues involved.

Taking the reader into the near future, the chapters on liver perfusion and 
robotic transplantation provide details on what is here today in a few 

Foreword
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specialised research centres. Finally, the reader will head into the evaluation 
of the next major impact on organ availability in a chapter on the realities and 
practicalities of xenotransplantation.

This wonderful compilation of knowledge on the evolution of clinical 
transplantation will remind those of us in the field how far we have travelled 
and surprise us about facets we are less familiar with. It will take the reader 
who is unfamiliar with this modern medical miracle through the details of 
how this has happened and perhaps persuade them to take up the scalpel or 
stethoscope to provide the community with the next generation of expertise.

Nadey Hakim
Imperial College London 

London, UK

Jeremy Chapman
The Transplantation Society 

Sydney, NSW, Australia
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Organ Transplantation: 
A Historical Perspective

Justin Barr, J. Andrew Bradley, 
and David Hamilton

AIMS of Chapter
 1. To provide a historical overview of the mod-

ern era of organ transplantation
 2. To chart the major scientific and clinical 

advances
 3. To highlight key events and individuals 

involved in early failures and successes

1.1  Introduction

Organ transplantation is simultaneously the 
most exciting and the most challenging field of 
surgery. Generations of humans have dreamt 
about the possibility of trading body parts, but 
accomplishing that goal required decades of 
research to assemble the technical and scientific 
competence necessary to succeed. Today, sur-
geons have the ability to take a patient dying 
from end-organ failure and replace that organ, 

granting the recipient a new lease on life—a 
transformation hitherto unachievable. But we 
are far from reaching perfection as the immuno-
logic challenges of rejection and social conun-
drums over proper allocation of limited organs 
demand continued investigation. In this short 
chapter, we briefly review the history of the 
field. Exploring this evolution, the key figures 
and discoveries that pushed the discipline for-
ward, and the socio-cultural implications 
thereof, we hope to provide some historical con-
text for the subsequent chapters in the book and, 
perhaps, some inspiration to take the next step 
forward.

1.2  Early History of Organ 
Transplantation

The idea of switching body parts among individu-
als—even between humans and animals—is as old 
as civilization, with ancient stories featuring chi-
meric monsters and preternatural beings. Roman 
physicians Celsus and Galen both discuss methods 
of replacing lost tissue, and the Indian doctor 
Sushruta famously developed techniques to 
replace the human nose that were later copied by 
Europeans like sixteenth century surgeon Gaspare 
-Tagliacozzi [1]. Jesus Christ replaced the ear of a 
servant, and the patron saints of surgery, Cosmas 
and Damian, reportedly transplanted the diseased 
leg of a sexton with that from a Moor who had 
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died several days earlier (see Fig. 1.1) [2]. As his-
torian Thomas Schlich points out, these examples 
reflect examples of plastic surgery—external body 
parts with external function—yet they nonetheless 
evidence an early and persistent interest in the field 
[3].

Organ transplant per se began in the late 
nineteenth century. Earlier advances like anes-
thesia and antiseptic surgery enabled longer, 
safer operations. As medicine moved beyond 
neo- humoralism, it began to focus on organs 
and their specific physiological purpose. This 
shift in understanding disease created the funda-
mental intellectual conditions necessary to start 
modern transplantation: as doctors increasingly 
understood the purpose of specific organs, the 
idea of replacing missing or malfunctioning 
ones appeared the logical solution. The thyroid 
became the prototypical organ in the pre-World 
War II era—and for decades the most commonly 
transplanted one. Surgeons like Theodor Kocher 
were becoming increasingly skilled at removing 
the thyroid for conditions like goiter, but in a 
time before facile hormone replacement, the 
lethal effects of total thyroidectomies quickly 
became apparent. Replacing some thyroid tissue 
seemed an appropriate solution. In July 1883, 
Kocher implanted part of a thyroid into a man’s 
neck, performing the first modern organ trans-
plantation [4].

The concept quickly expanded from thyroids 
to other organs. Surgeons implanted adrenal 
glands for Addison’s disease (1887), portions of 
the pancreas to cure diabetes (1894), ovaries for 

infertility (1895), and parathyroids for hypocal-
cemia (1907) [4]. Charles-Éduard Brown- 
Séquard famously inaugurated testicular extract 
transplantation to rejuvenate men in the 1880s; 
by 1889, over 12,000 physicians reported using 
his therapy [5].

Surgeons expanded this concept from glandu-
lar tissue to solid organs like the kidney. In 
France, Mathieu Jaboulay transplanted a pig kid-
ney into the antecubital fossa of one patient and a 
goat kidney into another patient [6]. In Berlin, 
Germany, Ernst Unger and then Sconstadt had 
transplanted kidneys taken from a monkey into 
patients [7]. Yu Yu Voronoy in 1936 [8] performed 
the world’s first human to human kidney trans-
plantation operation. The recipient chosen by 
Voronoy was a 26-year-old female who had been 
admitted to hospital in a semicomatose state after 
purposely ingesting 4 grams of mercuric chloride 
(then a popular method of suicide). The donor 
kidney was obtained from an elderly male who 
had died after a head injury and was blood group 
incompatible with the recipient. The operation 
was carried out under local anaesthetic; the donor 
kidney was placed in the thigh with anastomosis 
of the renal artery and vein to the femoral vessels, 
leaving the ureter to drain cutaneously (Fig. 1.2). 
Unfortunately, the graft never functioned, and the 
recipient died 2 days later.

Voronoy’s efforts focused attention on two 
problems that have challenged the field of organ 
transplantation: technical and immunological. 
Whereas the aforementioned thyroid and other 
glands could obtain sufficient blood supply by 

Fig. 1.1 Cosmas and 
Damian, patron saints of 
medicine, were credited 
with posthumous cures, 
including the 
transplantation of a leg. 
Photo shows the Aspe of 
the Basilic of Sts. 
Cosmas and Damian, 
with a mosaic portraying 
Peter (white robes at 
Christ’s left hand) 
presenting Damien and 
Paul presenting Cosmas 
to heaven (right)

J. Barr et al.
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diffusion, larger organs like the kidney required 
surgical connections between blood vessels. The 
field of vascular surgery was developing contem-
poraneously, and surgeons around the world pro-
posed various mechanisms to connect arteries 
and veins [9]. Most famously, in 1902 Alexis 
Carrel articulated his triangulation method for 
sewing vessels together, which Voronoy used in 
his cases [10]. In 1912, Carrel received the Nobel 
Prize in medicine for this technique. Carrel 
immediately recognized the potential for his 
method to facilitate solid organ transplantation 
[11]. By 1905, he was already performing kidney 
transplants in animals, experiments he soon 
extended to other organs [12]. He established the 
technical foundations for the field and consis-
tently succeeded auto-transplanting organs 
around the body, but his allografts universally 
failed. “From a surgical point of view, the prob-
lem of grafting is solved,” declared Carrel in an 
interview. “Whether it ever will be viewed from 
the angle of compatible organs, I cannot tell. 
Perhaps someday—perhaps never” [13].

Despite failing scientifically, organ transplan-
tation attracted great popular interest in the late 
nineteenth and early twentieth centuries. The 
popularity of H.G.  Well’s contemporary novel 
The Island of Dr. Moreau (1896) and references 
to Mary Shelly’s Frankenstein (1818) exposed 
societal fears of the potential implications of sur-
gically trading body parts [14, 15]. But most of 
the attention was laudatory. Newspaper articles 

closely followed the experiments and praised the 
accomplishments of the surgeons. Carrel 
received hundreds of letters from patients 
beseeching him to try his transplantation on 
them, willing to risk their own death, if neces-
sary [12]. Unlike many scientific achievements 
that remain forever ensconced in the ivory tower, 
organ transplantation was widely known and 
broadly supported throughout Europe and the 
United States in this era. This fame did not cor-
relate with clinical success: essentially all these 
early transplants failed.

Two forms of organ transplantation that did 
succeed wildly were skin grafts and blood trans-
fusions. Skin grafting was the second most popu-
lar operation in the United States in the 1920s 
(appendectomies were first), used for burns, 
trauma, and wound coverage [16]. Blood—which 
for hundreds of years doctors removed from sick 
patients—took on new meaning in the late nine-
teenth century with the demise of the humoral 
system and the (slow) recognition of the impor-
tance of blood in treating shock [17]. Prone to 
clotting when removed from the body, early blood 
transfusions required direct donor-to- recipient 
connections of blood vessels. The process became 
safer with the discovery of blood types by Karl 
Landsteiner in 1900, although cross-matching did 
not become common until after World War I. With 
the advent of sodium citrate in 1915, stored blood 
and eventually blood banks developed [18].

Many of the social issues that bedevil the trans-
plant community today first appeared at the turn of 
the century. How do you convince people to 
donate? Is it ethical to pay donors? What are the 
implications of trans-racial transplant, or of taking 
tissue from persecuted minorities? Should children 
be able to donate? How did various religions 
interpret the notions of giving or receiving a body 
part? Society struggled to address these issues in 
1910, but the answers they created largely endured, 
albeit with much debate, into the present. Today, 
skin grafts and blood transfusions have become so 
routinized that neither physicians nor society at 
large considers them organ transplants, but in their 
day, they commanded the same excitement and 
potential as the kidney surgeries of Murray and 
heart operations of Barnard.

Fig. 1.2 Voronoy’s illustration of his, the first human kid-
ney allograft, carried out in Kiev in 1933 using the thigh 
location

1 Organ Transplantation: A Historical Perspective
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1.3  The Science of Immunology

Moving forward in transplantation required 
understanding why the host’s body rejected the 
implanted organ and then devising strategies to 
keep that from happening. Coincident with the 
germ theory of disease, novel ideas about how the 
body fought off infections developed [19]. Élie 
Metchnikoff famously observed phagocytosis and 
from this experience derived the cellular system 
of immunity. At the same time, Paul Ehrlich iden-
tified the general properties of what we now know 
are antibodies, a discovery that led to cures for 
hitherto fatal diseases like diphtheria and laid the 
foundation for the humoral theory of immunity. 
Metchnikoff and Ehrlich were jointly awarded the 
Nobel Prize in 1908 for their work in immunol-
ogy. Almroth Wright helped unify the cellular and 
humoral theories into a single system through the 
opsonins that he identified and named (opsonin 
derives from Greek: to prepare for eating).

Slowly, scientists recognized that these same 
mechanisms attacked not only bacteria but also any 
tissue that induced an inflammatory reaction, 
including that which surgeons transplanted. In 
1912, for example, Georg Schöone observed that 
second transplants in the same host failed more 
rapidly than did the first, implying an immune 
response [20]. James Murphy realized the impor-
tance of lymphoid tissue in rejecting organs. While 
some early efforts around radiation and cytotoxic 
chemicals like benzol adumbrated the promise of 
immunosuppression, it had no clinical relevance, 
and following the cataclysmic effects of World War 
I, research in the field largely ceased.

Given the widely accepted therapeutic poten-
tial of transplantation, why did efforts stop? 
Neither scientists nor surgeons had achieved their 
desired results; Carrel’s admission of defeat—
coming from one of the most famous doctors in 
the world—clearly put a damper on field. But 
slow progress in later eras did not have a simi-
larly arresting effect. Simultaneously, establish-
ing different arenas in surgery, particularly on the 
gastrointestinal tract, pulled attention away from 
experimental fields like transplant surgery. 
Crucially, Europe after World War I was shat-
tered, impoverished, and struggling to re-build, 
lacking the time, energy, money, and infrastruc-
ture to delve deeply into medical investigation. 

These years also represent a transition period for 
medical science. Before World War I, most 
experiments were relatively inexpensive, and pri-
vate charities funded the majority of research. 
After World War II, government agencies like the 
National Institutes of Health in the United States 
poured billions of dollars into laboratories. But 
the years between the wars represent a time when 
science was becoming increasingly resource- 
intensive without well-established mechanisms 
of providing those resources, stymieing work in 
disciplines like transplantation.

Renewed investigation into immunology after 
World War II launched the modern era of trans-
plant surgery. Here, British scientist Peter 
Medawar played a central role. Medawar’s inter-
est in the subject occurred by chance when he 
was a young postgraduate experimental biologist 
in Oxford. A Royal Air Force bomber had crashed 
in North Oxford near his home, and one of the 
injured was an airman who received extensive 
burns. Medawar was invited by a colleague, Dr. 
J.F. Barnes, to see whether he had any new sug-
gestions for how the patient’s limited amount of 
healthy skin might be used to cover the burns. 
Medawar was intrigued by the repeated failure of 
non-autogenous skin grafts in these patients and 
took it upon himself to find out the reason why 
grafts were rejected and what, if anything, could 
be done to prevent rejection from occurring.

With the aid of a grant from the Medical 
Research Council, Medawar traveled to Glasgow 
to study skin grafting at the Burns Unit at Glasgow 
Royal Infirmary. There, he teamed up with Tom 
Gibson, a gifted plastic surgeon who was also 
interested in skin graft rejection. Shortly after 
Medawar’s arrival in Glasgow, a young woman 
was admitted to the ward with severe burns after 
falling onto an open gasfire. Gibson grafted the 
woman’s burns with a series of small “pinch” skin 
grafts taken from her brother, and Medawar pro-
ceeded to study the fate of the skin grafts by tak-
ing biopsies of them for histological examination. 
As expected, the grafts were destroyed after some 
days. When a second set of grafts from the same 
donor was applied 2  weeks later, these were 
destroyed even more quickly. This so-called ‘sec-
ond set’ phenomenon was taken as clear evidence 
that the rejection response was due to actively 
acquired immunity and not to a nonspecific 

J. Barr et al.
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inflammatory reaction. Medawar and Gibson pub-
lished their findings in the Journal of Anatomy in 
1943 [21] (Fig. 1.3). They concluded that an as 
yet unidentified antibody was responsible. After 
returning to Oxford, Medawar undertook detailed 
studies on the rejection of skin grafts in the rabbit 
[22]. For the first time, convincing evidence was 
obtained that the variation between unrelated 
individuals was such that transplantation inevita-

bly led to graft rejection. Medawar reasoned that 
because sensitization to a graft from one donor 
did not usually sensitize the recipient to a graft 
from a different donor animal, a number of differ-
ent genes must be responsible for provoking graft 
rejection. Medawar’s work made it clear that suc-
cessful grafting between unrelated individuals 
would require effective suppression of the recipi-
ent’s immune system (Fig. 1.4).

Fig. 1.3 Title of Gibson and Medawar’s classic report in 
the Journal of Anatomy 1943 on the human “second set” 
response, which together with Medawar’s experimental 

extension of the work, signaled the start of the modern era 
of transplantation immunology. Reused with Permission 
from Springer

Fig. 1.4 Sir Peter Brian Medawar, zoologist and Nobel 
Prize winner, established in the 1940s that “actively 
acquired immunity” was the basis of allograft rejection. 
His later work with steroids and tolerance encouraged 
hopes that the immunological barrier to survival of human 
organ transplants might be breached. He is seen here on 
the left, meetin Milan Hasek (second from right) for the 

first time at the Embryological Conference in Brussels, 
1955. Hasek was. Czechoslovakian immunologist who 
described tolerance induction in chickens. British immu-
nologist Leslie Brent stands far right. From J Ivanyi, 
“Milan Hasek and the Discovery of Immunological 
Tolerance,” Nature Reviews Immunology 3 (2003): 591–7. 
Used with permission

1 Organ Transplantation: A Historical Perspective
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While debates confronted the relative roles of 
humoral or cellular immunity, there was now 
widespread acceptance that immunological 
mechanisms were the cause of graft rejection, 
and that it was an active, biological process. 
Immunological rejection was viewed as an inevi-
table consequence of organ transplantation. Still, 
no effective way of preventing rejection was 
known, despite some early research involving 
steroids and radiation. The view of the experi-
mentalists, and nearly all clinicians, in the early 
1950s was that little was to be gained by attempt-
ing kidney transplantation in humans until fur-
ther progress had been made in the laboratory.

1.4  The Beginning 
of the Modern Era of Kidney 
Transplantation

The pessimistic view of the experimentalists did 
not prevent a number of enthusiastic surgeons in 
both North America and France from attempting 
kidney transplantation in humans. These opera-
tions had minimal, if any, clinical benefit to the 
recipients, but they did elucidate the many chal-
lenges inherent to organ transplantation and thus 
paved the way for future success. On 17 June 
1950, R.H. Lawler, a surgeon at the Presbyterian 
Hospital in Chicago, removed the diseased left 
kidney from a 44-year-old woman with polycys-
tic disease and replaced it with a healthy kidney 
taken from a blood group compatible female 
donor who had died from bleeding esophageal 
varices [23]. It was not possible to determine the 
extent to which the transplanted kidney produced 
urine since the recipient’s native right kidney still 
functioned. The operation attracted considerable 
interest, mostly of a negative nature, from both 
the medical profession and the public. Lawler did 
not carry out any further kidney transplants, but 
his single case stimulated surgeons in France to 
begin human kidney transplantation. Even though 
no effective immunosuppressive therapy was 
then available, French clinicians reasoned that 
the impaired immunity that was known to accom-
pany kidney failure might be sufficient to allow 
graft survival, especially if supplementary corti-

costeroids were given. The early French kidney 
transplants were performed at the Centre Medico- 
Chirurgical Foch and at the Hôpital Necker by 
three separate medical teams [24–26].

On 12 January 1951, Charles Dubost and his 
team transplanted a kidney, obtained from an 
executed prisoner, into a 44-year-old female with 
renal failure due to chronic pyelonephritis. 
Meanwhile, another surgical team, which 
included Marceau Servelle and his colleague 
Rougeulle, transplanted the other kidney from 
the same donor into a 22-year-old female with 
hypertensive nephropathy. Both recipients died 
of advanced uremia within a few days. In these, 
and in later cases performed by the French 
 pioneers, the transplanted kidneys were placed in 
the iliac fossa, with anastomoses of the renal to 
the iliac vessels and restoration of the urinary 
tract. Rene Küss and his team carried out the 
third transplant in the French series on 30 January 
1951. Although some degree of early graft func-
tion was obtained, the patient died 1  month 
later—another failure.

French surgeons performed a further five kid-
ney transplants during 1951. All failed, but one 
deserves special mention since it was the first liv-
ing related kidney transplant: the recipient was a 
16-year-old boy who had ruptured a kidney dur-
ing a fall. Doctors controlled the life-threatening 
hemorrhage with an emergent nephrectomy only 
to discover the boy had a congenital solitary kid-
ney. His mother, in a brave attempt to save the life 
of her son, insisted that one of her own kidneys 
should be used for transplantation. After careful 
consideration, the medical team, comprising Jean 
Hamburger and Louis Michon, acceded to her 
wish. They performed the operation at the Hôpital 
Necker on Christmas Eve 1952. The transplanted 
organ initially functioned well, but tragically 
after 22 days the graft rejected and the recipient 
died.

Meanwhile, attempts at human kidney trans-
plantation were also taking place in North 
America at centers in Boston, Cleveland, Chicago 
and Toronto. The largest and best documented 
series of transplants were those carried out in 
Boston at the Peter Bent Brigham Hospital by 
David Hume between 1951 and 1953.

J. Barr et al.
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The presence in the Brigham Hospital during 
the early 1950s of one of the few, newly available 
artificial kidneys stimulated the development of 
transplantation there. The artificial kidney had 
been developed by Wilhelm Kolff in German- 
occupied Holland during the Second World War 
[27]. The modified machine in Boston attracted 
large numbers of patients with kidney disease to 
the Brigham. It allowed the temporary support of 
renal function for some patients both before and 
after transplantation. Renal dialysis in the peri- 
transplant period was particularly important in 
the 1950s since the donor kidneys usually 
incurred significant ischemic injury prior to 
implantation. It was first used in a transplant car-
ried out by Dr. Scola at the nearby Springfield 
Hospital, which failed. Although the early kidney 
machine proved effective for temporary renal 
support, it was not a practicable solution for long- 
term dialysis. The machine was cumbersome and 
difficult to use, and each dialysis session required 
recannulation of an artery and vein. It was not 
until 1960, when Belding Scribner developed the 
Scribner shunt, that permanent vascular access 
and hence long-term dialysis became feasible.

The next eight kidney transplants in Boston 
were performed at the Brigham Hospital. Frances 
Moore chaired the department of surgery at the 
Brigham and, given his interest in human metab-
olism generally, strongly supported the transplant 
program. John Merrill was an internist and a cen-
tral figure in the transplant team. Like many other 
interested clinicians of the time, Merrill had vis-
ited Paris to observe first-hand the techniques of 
the French pioneers. Interestingly, the American 
surgeons chose, unlike the French, to site their 
kidney grafts in the upper thigh of the recipient 
and to allow the ureter to drain to the skin sur-
face. The early Boston transplants were mostly, 
but not all, blood group compatible, and some of 
the recipients received treatment with corticoste-
roids. As with the early French transplants, graft 
rejection proved insurmountable; the results were 
generally poor. Some of the kidney grafts sur-
vived a surprisingly long time, and one notable 
success gave rise to a glimmer of hope: the patient 
was a 26-year-old South American doctor who, 
on 11 February 1953, received a kidney graft 

from a donor who had died during an open-heart 
operation (another new and hazardous area of 
surgery). After a period of time, during which 
support of the recipient by the artificial kidney 
machine was needed, the graft began to function 
satisfactorily. However, after 6  months severe 
hypertension had developed, graft function 
declined rapidly, and the patient died. The failure 
of the graft in this case was attributed not to 
immunologic rejection but to hypertension. 
Hume and colleagues documented in detail the 
first nine transplants of the Boston series in their 
classic paper of 1955 [28]. Their manuscript not 
only described with accuracy the histopathologi-
cal features of graft rejection but also suggested 
that recurrence of the original renal disease in the 
graft could be a problem. Furthermore, they 
showed that removing the recipient’s native 
kidneys may help to avoid hypertensive damage 
to the graft (Fig. 1.5).

The lack of any long-term success in either 
France or North America was disappointing to 
the transplant teams involved and seemed to sup-
port the widely held view that the genetic indi-
viduality in humans was such that, as in the 
animal studies, immunologic rejection was inevi-
table. The broader surgical community did not 
show a great deal of interest in these early 
attempts at transplantation and indeed evinced 
some hostility, but invaluable technical expertise 
in the kidney transplant procedure had been 
acquired by those involved. As with Carrel’s ani-
mal studies in the early 1900s, vascular anasto-
mosis and urinary drainage of the graft had been 
shown to present no particular technical problem. 
The challenge was biological.

1.5  Renal Transplantation 
Between Identical Twins

Physicians first succeeded in organ transplanta-
tion by going around the problem of immuno-
logical rejection rather than solving it. The first 
kidney transplant that was successful in the 
 long- term took place towards the end of 1954 
when the Boston transplant team encountered the 
opportunity to transplant kidneys between identi-

1 Organ Transplantation: A Historical Perspective
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cal twins, thereby avoiding any risk of graft 
rejection [29]. The recipient was a 23-year-old 
man who had recently been diagnosed with 
chronic renal failure and was referred to the 
Brigham Hospital for treatment with the newly 
acquired artificial kidney machine. Fortuitously, 
the patient had an identical twin brother. After 
careful consideration by the transplant team, they 
decided to transplant the recipient with a kidney 
from his healthy twin. Identical twins were 
known to accept each other’s skin grafts perma-
nently [30], and to ensure that the brothers were 
genetically identical, skin grafts were exchanged 
prior to kidney transplantation. These were not 
rejected, and so the operation proceeded. On 23 
December 1954, the donor kidney was removed 
by Hartwell Harrison, a urologist, and the recipi-
ent operation was performed synchronously by 
Joseph Murray, the plastic surgeon who had 
taken over David Hume’s responsibilities at the 
Brigham (Nobel Laureate 1991). On this occa-
sion, the American surgeons followed the lead of 
their French colleagues and placed the kidney 
transplant in the iliac fossa retroperitoneally, with 
anastomosis of the donor renal artery to the inter-
nal iliac artery, the renal vein to the iliac vein and 
the ureter to the bladder. No attempt was made to 

cool the kidney after removal from the donor, nor 
was intravascular flush performed before trans-
plantation. Nevertheless, good graft function was 
obtained within a few days, and both the donor 
and recipient made a full recovery. The recipient 
later married one of his nurses, became a father, 
and lived for over 20  years with a functioning 
graft until he died from coronary artery disease.

The first twin kidney transplant was soon fol-
lowed by successful kidney transplants between 
identical twins in Boston, Oregon, Paris and 
Toronto. Unfortunately, one of the kidney donors 
in the Boston twin series turned out to have 
multiple renal arteries, and after transplantation, 
the graft failed for technical reasons. Thereafter, 
the use of aortography in the donor to establish the 
anatomy of the renal vasculature was introduced to 
avoid repetition of this tragic situation. The 
demonstration that human kidney transplantation 
could be achieved with technical success when no 
immunological barrier existed was undoubtedly 
an important milestone in the history of 
transplantation and attracted considerable 
publicity. There had been concern by some that a 
kidney graft might be physiologically incapable of 
providing adequate long-term renal function. The 
success of the twin transplants proved such fears 

Fig. 1.5 Pioneer 
transplant surgeon David 
Hume, of Boston and 
Richmond, teaching at 
the Medical College of 
Virginia. Hume died in 
an aircraft crash in May 
1973. Photo courtesy of 
Special Collections and 
Archives, Tompkins- 
McCaw Library, 
Virginia Commonwealth 
University. Used with 
permission
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unfounded. However, although the twin transplants 
provided a clear demonstration of the potential of 
organ transplantation as a major new therapy, they 
did not solve the problem of immune rejection—
and there were only so many patients suffering 
from kidney disease lucky enough to have a 
healthy twin. Advancing the field required further 
research.

1.6  Developments in Transplant 
Immunology

Although during the mid-1950s the immunologi-
cal barrier to transplantation between unrelated 
individuals seemed insuperable, a number of very 
important developments were occurring in the 
laboratory that were to lead to a major advance in 
the field of transplant immunology. Medawar’s 
earlier studies had already laid the foundations for 
the future, and in the early 1950s Billingham, 
Brent and Medawar made their landmark 
observations on the induction of neonatal tolerance 
[31, 32] (Fig.  1.6). The initial stimulus for 
Medawar’s work on tolerance was the observation 
that skin grafts exchanged between non- identical 
cattle twins were not, contrary to expectation, 
rejected. The explanation for this apparent paradox 
became clear when Medawar and his colleagues 

came across a monograph by F.M.  Burnet and 
F. Fenner on the production of antibodies [33] and 
learned, through this, of the work of Ray Owen. 
While at the University of Wisconsin, Owen had 
shown that dizygotic cattle twins were chimeric 
with respect to their circulating red blood cells 
because the twins shared a common placenta and 
had communication between their chorionic 
vessels [34]. Medawar’s group went on to show 
that adult mice could be made tolerant to skin 
grafts if, as embryos or neonates, they were 
injected intraperitoneally with donor strain 
lymphoid cells. For his work on immunological 
tolerance, Medawar was awarded the Nobel Prize 
in 1960. Although induction of transplant tolerance 
by this approach was not practical in humans, its 
success in the laboratory meant that there was 
increasing confidence that transplant 
immunologists would soon solve the problem of 
graft rejection in the clinic. Such was the 
attractiveness of this powerful method of 
suppression that other approaches, notably the use 
of steroids, were disregarded. Future laboratory 
work in the 1950s focused almost exclusively on 
the concept of transplant tolerance; little interest 
was shown in developing non-specific ways of 
suppressing the immune response even though 
these were soon to open the way to successful 
human organ transplantation.

During the 1950s, unequivocal evidence that 
cell-mediated immunity was responsible for graft 
rejection emerged. Until then, transplant immu-
nology was dominated by the idea that humoral 
immunity was all-important in mediating 
allograft rejection. Medawar’s early studies had 
already questioned the role of antibody in graft 
rejection, but it was the experiments of Avrion 
Mitchison that firmly established the role of cel-
lular immunity as an important effector mecha-
nism in transplantation (Fig.  1.7). Mitchison, 
while working as a PhD student in Oxford, 
showed that lymphoid cells—not serum—trans-
ferred immunity to allogeneic tumors in the 
mouse [35]. The following year Billingham, 
Brent and Medawar showed that lymphoid cells 
were also responsible for rejecting skin allografts 
in mice, and they used the term “adoptively 
acquired immunity” to describe the phenomenon 

Fig. 1.6 Billingham, Brent and Medawar induced toler-
ance experimentally in the early 1950s. Image shows 
results of their famous skin grafts on mice made immuno-
logically tolerant in utero. From Philosophical 
Transactions of the Royal Society, Series B, 1956. Used 
with permission from the Royal Society
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[36]. These studies, along with the work of James 
Gowans and others on the circulation of lympho-
cytes, signaled the importance of “cellular immu-
nology” to rejection [37–39]. The crucial role of 
the thymus gland in cell mediated immunity and 
graft rejection was established by J.F.A.P. Miller 
in the early 1960s. Miller showed that mice that 
had been thymectomized during the neonatal 
period became profoundly depleted of lympho-
cytes and as a result were not able to reject skin 
allografts [40]. By the end of the 1960s, the phe-
notypic and functional division of lymphocytes 
into T and B cell lines was well established.

The 1950s and early 1960s were, therefore, a 
period of rapid growth in understanding of the 
immunology of graft rejection, and for a detailed 
account the reader is referred to the volume by 
Leslie Brent (who later worked with one of the 
editors of this book Nadey Hakim) which 
provides a full and insightful account of the 
history of transplantation immunology [41]. 
Although these advances in the laboratory would 
later contribute to the successful development of 
kidney transplantation by enabling specific, 
designed medications to control the immune-

response, in the short term, empirical use of non-
specific immunosuppressive drugs by innovative 
and bold clinicians proved the critical next step.

1.7  Towards Success in the Clinic

The next step in the evolution of kidney trans-
plantation was the use of whole-body irradiation 
in an attempt to attenuate the graft rejection 
response. The arrival of the atomic bomb at the 
end of World War II and the threat it posed of 
mass destruction had stimulated much research 
into the detrimental effects of irradiation. 
Experiments had shown that animals given an 
otherwise lethal dose of irradiation could be res-
cued by an allogeneic bone marrow transplant. 
Following recovery, the chimeric animals readily 
accepted a skin graft from the donor of the bone- 
marrow, suggesting that this approach might have 
clinical application.

In 1958, the Boston transplant team began to use 
irradiation in an attempt to prolong the survival of 
kidney allografts in their patients. Two patients 
were given whole-body irradiation and donor bone-
marrow, and a further ten patients received sub-
lethal irradiation alone. Overall, the results were 
very poor, and all but one of the recipients died 
within a month of transplantation [42, 43]. 
Simultaneously across the ocean, French trans-
planters also began to use irradiation in an attempt 
to prevent kidney allograft rejection. They per-
formed 25 such transplants using living related 
donors, and although the patients did badly, they too 
had one long-term survivor [44]. Irradiation was 
also used to a limited extent elsewhere in Europe. 
Despite the occasional success, it became increas-
ingly apparent that whole-body irradiation was not 
a satisfactory method for preventing graft rejection. 
Unless large doses of radiation were given it was 
ineffective, and when high doses were used, the 
incidence of serious side effects was far too high.

The way forward in transplantation lay instead 
with the use of chemical agents to suppress the 
immune response of the recipient. A  breakthrough 
in the search for an immunosuppressive com-
pound came with the realization that anti- cancer 
agents were immunosuppressive. Robert 

Fig. 1.7 N. Avrion Mitchison, who encouraged the view 
that cellular mechanisms rather than antibody were the 
cause of allograft rejection
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Schwartz and William Damashek in Boston had 
become interested in the effects of new agents on 
immunity during their work on the use of anti-
cancer compounds to ablate the bone marrow of 
leukemic patients prior to bone-marrow trans-
plantation. In 1959, Schwartz and Damashek 
showed that non-myeloablative doses of the 
purine analog 6-mercaptopurine were effective in 
reducing the antibody response to human serum 
albumin in rabbits [45]. The following year, they 
reported that administration of 6-mercaptopurine 
prolonged the survival of skin allografts in the 
rabbit [46]. Roy Calne, then a surgical trainee at 
the Royal Free Hospital in London, heard of this 
work and went on to demonstrate that 
6- mercaptopurine also prolonged kidney allograft 
survival in the dog [47]. Independently, Zukoski 
and Hume working in Richmond, Virginia made 
the same observation [48].

Calne then traveled to Boston in order to 
undertake further research with Joseph Murray. 
On the way there he stopped off to visit George 
Hitchings and Trudy Elion at the Burroughs 
Wellcome Research Laboratories, and they pro-
vided him with a further supply of 
6- mercaptopurine, together with a number of 
analogs of the parent compound, one of which 
was azathioprine (Figs. 1.8 and 1.9). In Boston, 
Calne and Murray demonstrated that azathio-
prine, like 6-mercaptopurine, prolonged the sur-
vival of canine kidney allografts [49]. The results 
obtained in the dog with azathioprine and 
6- mercaptopurine, although better than those 
obtained with radiation, were far from perfect. 
Most of the animals died from infection or rejec-
tion, although there were some long-term suc-
cesses. Similarly, patients given purine analogues 
did poorly, and, with few exceptions, rejected 
their organs soon after transplant [44, 50, 51].

While purines alone failed, the combination of 
purines with steroids proved effective. This 
advance, like many other developments in trans-
plantation, was based to a large extent on empiri-
cism: there were no preexisting experimental 
data to suggest that the combination would offer 
any synergistic benefit. Willard Goodwin at the 
University College of Los Angeles had added 
large doses of prednisolone to nitrogen mustard 
and successfully reversed rejection in a patient 

Fig. 1.8 George Hitchings as portrayed by Sir Roy 
Calne. Hitchings gave azathioprine to Calne for experi-
mental study and later for successful use in human patients 
in Boston in the early 1960s. By courtesy of Roy Calne

Fig. 1.9 Roy Calne as a research fellow at the Peter Bent 
Brigham Hospital, Boston, pictured with one of the first 
dogs (Lollipop) in which azathioprine was used success-
fully to prolong kidney allograft survival
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with a kidney allograft [52]. Independently, 
Thomas Starzl, at the University of Colorado in 
Denver, gave large doses of prednisolone as a 
temporary measure to treat acute rejection in 
recipients of live donor kidney transplants who 
were receiving azathioprine as baseline immuno-
suppression [53]. The results from Denver were 
particularly impressive using the combined regi-
men, and the majority of treated patients showed 
prolonged graft survival to an extent hitherto 
unprecedented. The logical next step involved 
using steroids as part of the baseline therapy 
(instead of relying on them to rescue patients 
from rejection). The use of azathioprine and ste-
roids was quickly adopted with success by Hume 
in Richmond, Murray in Boston, Woodruff in 
Edinburgh and by the French pioneers. As news 
of success spread, a large number of new kidney 
transplant units were established during the mid- 
1960s, and azathioprine and steroids became the 
standard immunosuppressive therapy.

1.8  Other Early 
Immunosuppression 
Strategies: Anti-Lymphocyte 
Antibody Therapy

Throughout the 1960s and 1970s, azathioprine 
and steroids remained the mainstay of immuno-
suppressive therapy for kidney transplantation, 
but several other approaches aimed at inhibiting 
lymphocyte activity were examined in an attempt 
to produce more effective or selective immuno-
suppression. Topical irradiation of the graft, total 
lymphoid irradiation and various surgical manip-
ulations such as thymectomy, splenectomy and 
thoracic duct drainage were all tried but found to 
be either ineffective, overly problematic or too 
risky for routine clinical use [54–58].

However, one new approach that did prove to 
be a valuable addition to existing therapy was anti-
lymphocyte globulin. Anti-lymphocyte serum had 
been shown to be effective in prolonging the sur-
vival of skin grafts in rodents during the early 
1960s [59, 60]. In 1966, Starzl and colleagues in 
Denver reported on the use of a horse anti-lympho-
cyte globulin (ALG) preparation as an adjunct to 

azathioprine and steroids in patients receiving a 
kidney transplant [61]. Thereafter, many other kid-
ney transplant centers began using ALG to treat 
steroid resistant acute rejection, and some centers 
used it alongside azathioprine and steroids as base-
line immunosuppression [62]. The increased 
immunosuppression provided by anti-lymphocyte 
antibody therapy also contributed to the early suc-
cesses in heart and in liver transplants.

1.9  Histocompatibility Antigens, 
the Development of Tissue 
Typing, and the Advent 
of Organ Sharing

Rejection proved less problematic when the sur-
geons understood how to match donors and 
recipients. The importance of histocompatibility 
antigens in determining the fate of an allograft 
was readily apparent from the pioneering studies 
of mouse immunogenetics in the 1940s by Peter 
Gorer (Fig. 1.10) and George Snell. The discov-
ery of human histocompatibility antigens (HLA) 
in the late 1950s can be attributed to three inde-
pendent studies, namely by Jean Dausset in Paris, 
(he wrote the foreword of the first editor of this 
book) Rose Payne at Stanford and Jon Van Rood 
in Leiden. Dausset, who was awarded the Nobel 
Prize in 1983 alongside Snell and Benaceraf, 
identified the first leukocyte antigen [63]. Around 
the same time, Payne and Van Rood showed that 
sera obtained from multiparous women often 
contained agglutinating antibodies which reacted 
with leukocytes from their husbands and children 
and could be used as tools to identify different 
groups of leukocyte antigens [64, 65].

Progress in defining the human histocompati-
bility antigens by this serological approach was 
greatly facilitated by a regular series of 
International HLA workshops. The first of these 
workshops took place in 1964 at Durham, North 
Carolina, and was organized by Bernard Amos of 
Duke University. The second workshop took 
place the following year in Leiden, Holland, and 
further workshops were held biannually thereaf-
ter. These meetings allowed exchange of differ-
ent antisera from around the world, sharing of 
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methodology and the establishment of a stan-
dardized nomenclature for HLA.

As kidney transplant activity expanded rap-
idly during the 1960s, there was widespread 
expectation by many of those involved that the 
problems of graft rejection could, to a large 
extent, be overcome by achieving a close tissue 
match between the donor and recipient. It was 
clear from studies in the mouse that histocompat-
ibility antigens were critical determinants of graft 
rejection, and it was thought probable that histo-
compatibility antigens were also important deter-
minants of graft rejection in humans. Kidney 
transplants between genetically related individu-
als were known to fare better than kidneys trans-
planted from unrelated donors. However, some 
grafts from unrelated donors did surprisingly 

well, possibly, it was thought, through fortuitous 
sharing of histocompatibility antigens.

Dausset began exploring the clinical implica-
tions of histocompatibility matching in 1962, 
collaborating with Felix Rapaport. Under the 
guidance of John Converse at the New  York 
Medical Center, Rapaport had developed an 
interest in experimental skin grafting in humans. 
Working initially in New York and then in France, 
Rapaport and Dausset performed multiple skin 
grafts between both related and unrelated volun-
teers and showed convincingly that the serologi-
cally detected HLA antigens on leukocytes did 
indeed influence the fate of skin grafts [66, 67]. 
When the relatively crude antisera which were 
then available were used to determine tissue 
types in patients who had received a kidney trans-
plant, the results suggested that matching of 
donor and recipient for the known tissue types 
might also benefit kidney graft survival [68, 69].

However, hopes that close matching of donor 
and recipient would confer a major benefit on 
kidney graft survival received a serious setback 
in 1970 when Paul Terasaki presented controver-
sial data to a meeting of the Transplantation 
Society. His analysis demonstrated that cadaver 
kidneys poorly matched for HLA-A and HLA-B 
often did well. Conversely, some grafts that were 
apparently well matched did badly [70]. 
Terasaki’s disappointing message to the trans-
plant community led to the termination of his 
NIH research grant. Fortunately, his laboratory 
prospered through income arising from the sale 
of his novel microtest tissue typing trays.

Although the benefits of tissue typing had 
fallen short of expectations, it was generally 
accepted that cadaveric kidneys well matched for 
HLA-A and –B fared better than their poorly 
matched counterparts. A further significant 
advance in tissue typing came in 1978 when Alan 
Ting and Peter Morris in Oxford showed the 
importance of matching HLA-DR in cadaveric 
kidney transplantation [71]. Despite these con-
vincing data, clinicians remained divided on the 
extent to which the relatively modest advantage 
in graft survival afforded by a well-matched graft 
justified the disadvantages of waiting for the right 
organ.

Fig. 1.10 Peter Gorer, the Guy’s Hospital pathologist, 
demonstrated the first transplantation alloantibody in 
mice in 1936, and working with Snell later at Bar Harbour 
in 1946, the two agreed on the importance of the H2 
region in mouse histocompatibility. Image from: 
Biographical Memoires of the Fellows of the Royal 
Society, vol. 7 (1961): 95–109
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In addition to defining the role of HLA 
matching in kidney transplantation, tissue typ-
ing laboratories were quick to realize the impor-
tance of performing the lymphocytotoxic 
crossmatch test prior to kidney transplantation. 
In 1966, Kissmeyer-Nielson in the Danish city 
of Aarhus described two cases in which sensi-
tized recipients rejected their kidney grafts 
immediately after transplantation. He termed 
the phenomenon hyperacute rejection and sug-
gested that preformed antibodies directed 
against the graft were directly responsible for 
graft destruction [72]. Other laboratories 
reported similar cases, and the lymphocytotoxic 
crossmatch rapidly became a routine part of the 
pretransplant work-up [73, 74].

Because preformed cytotoxic antibodies were 
known to have a detrimental effect on allograft sur-
vival, there was understandable surprise when, in 
1972, Gerhard Opelz, on behalf of Terasaki and his 
colleagues, presented data from a large retrospec-
tive study suggesting that patients who had received 
blood transfusions prior to renal transplantation 
actually had better allograft survival than their non-
transfused counterparts [75]. Smaller studies from 
other centers had already hinted at the paradoxical 
effect of blood transfusion on kidney allograft sur-
vival, [76, 77] and the findings of Opelz were soon 
confirmed by others. As a result, renal transplant 
units adopted a policy of deliberate blood transfu-
sion prior to listing patients for transplantation. 
This policy persisted until the early 1980s when the 
improved graft survival resulting from the use of 
the recently introduced immunosuppressive drug 
cyclosporine minimized any additional benefit 
from blood transfusion.

As the potential benefit of HLA matching 
became apparent in the late 1960s, enthusiastic tis-
sue typers began to establish organ sharing schemes 
in order to optimize the opportunity for achieving 
well-matched transplants. Sharing both relied on 
and stimulated investigation in organ preservation 
(next section). Initial efforts were ad hoc, local 
affairs. Terasaki coordinated a group in Los Angeles 
in 1967; another alliance arose in Boston in 1968. 
Formally founded in 1969, the Eurotransplant 
Organization formed to organize exchanges across 
the continent. In the United States, the Southeastern 

Organ Procurement Foundation, initially between 
Duke and the Medical College of Virginia, evolved 
into the United Network for Organ Sharing (UNOS) 
that sets policy and coordinates transplants around 
the country.

1.10  Advances in Organ 
Preservation

Studies into methods for preserving organs during 
transplantation started at the beginning of the 
twentieth century with the experiments of Alexis 
Carrel who, before transplanting animal organs, 
flushed them with a physiologically balanced 
solution at room temperature [78]. Carrel 
envisioned storerooms of organs that surgeons 
could readily access and implant in patients. He 
later pioneered various methods to preserve body 
parts such as cryotherapy, tissue culture 
techniques, and, with aviator Charles Lindbergh, 
organ perfusion pumps [12, 79, 80]. While these 
technologies—particularly tissue culture—had a 
profound effects on biological science and 
vascular surgery, they did not significantly 
influence the trajectory of organ transplantation.

The modern era of organ preservation began 
in the late 1950s, delayed by the idea that flush-
ing organs was dangerous. During experimental 
studies of canine liver transplantation, surface 
cooling of the liver had been found to reduce 
hypoxic damage [81]. Thomas Starzl and col-
leagues improved on this observation by advocat-
ing infusion of chilled Ringer’s lactate solution 
into the portal vein of the canine liver [82]. 
During the early attempts at kidney transplanta-
tion, no attempt was made to cool the donor kid-
ney, although it was sometimes flushed to prevent 
intravascular clots from forming. The practice of 
flushing human kidneys with chilled perfusate 
after their removal from the donor was not 
adopted until the early 1960s [83]. Before tissue- 
matching became common, organs rarely left a 
single hospital, moving from one operatory to 
another. With the prolonged ischemic times 
inherent in transferring organs around the coun-
try, hypothermic flushes had increased importance 
in preserving function.
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In the later 1960s, Geoffrey Collins intro-
duced a new cold flush solution, which provided 
much better results than those achieved previ-
ously using physiologically balanced electrolyte 
solutions. It was a major advance in organ preser-
vation [84]. Collins’ solution had a composition 
that approximated intracellular fluid (high potas-
sium and low sodium) and thus limited the degree 
of cell swelling that occurred during hypothermic 
storage. Around the same time, Fred Belzer and 
his colleagues in Wisconsin popularized an alter-
native approach to cold storage based on continu-
ous hypothermic perfusion of kidneys with 
cryoprecipitated plasma [85].

1.11  Early Attempts at Heart 
Transplantation

In the entire history of transplantation, the event 
that undoubtedly attracted the most public inter-
est took place at the Groote Schuur Hospital in 
Cape Town, South Africa. On 3 December 1967, 
Christiaan Barnard, a 45-year-old cardiac sur-
geon, performed the world’s first human heart 
transplant and overnight became a household 
name [86]. The recipient was a 54-year-old 
greengrocer. He had severe coronary artery dis-
ease and had developed a ventricular aneurysm 
after a myocardial infarct. Heart transplantation 
seemed to be the only possible way of saving his 
life. The opportunity to proceed with the opera-
tion presented itself when a 25-year-old female 
was admitted to the hospital with fatal injuries 
after accidentally being run over by a car while 
crossing the road. A few hours after her admis-
sion to hospital, cardiac activity ceased, she was 
declared dead and her heart was removed for 
transplantation. The heart transplant operation 
was, to the jubilation of the transplant team, a 
technical success. In an attempt to prevent graft 
rejection, the recipient was given chemical 
immunosuppression in the form of azathioprine 
and cortisone, together with a course of radio-
therapy directed at the newly transplanted heart. 
The patient made good progress and gradually 
began to mobilize. Sadly, however, pulmonary 
infection developed a few days later, and mechan-

ical ventilation was needed. Eighteen days after 
the transplant, the recipient died.

The events at the Groote Schuur created phe-
nomenal media interest. The lay media elevated 
Barnard to the status of medical superstar, and his 
achievement was portrayed as one of the major 
advances of the twentieth century. Within the 
international transplant community, however, 
news that the operation had taken place in South 
Africa came as a surprise. Cardiac surgeons 
elsewhere, especially in North America, had been 
working methodically in animal models towards 
the goal of heart transplantation. Everyone 
recognized the first attempt was imminent; no one 
expected it to take place in Cape Town. The 
operation was not without controversy, and many 
in the field thought that Barnard’s initial success 
deflected due recognition from North American 
pioneers, notably Richard Lower and Norman 
Shumway (Fig.  1.11), on whose experimental 
work the transplant surgery had depended [87].

Fig. 1.11 Norman Shumway patiently developed human 
heart transplantation in the 1970s, prior to its general rein-
troduction later. By courtesy of Stanford University
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In 1966, Barnard had visited several North 
American centers in preparation for his attempt 
at human heart transplantation. To learn more 
about immunosuppression he visited David 
Hume, the Boston surgeon who had since moved 
to Richmond, Virginia. Barnard also visited 
Norman Shumway in Palo Alto, whom he knew 
from working together under C. Walt Lillehei at 
the University of Minnesota. By 1967, Lower and 
Shumway were ready to perform a human heart 
transplant, but they believed that the best results 
would come from a brain-dead donor with a beat-
ing heart—something not considered to be 
 possible in the United States under existing 
legislation.

Although Barnard performed the first human 
transplant, he was not the first person to attempt 
to place a new heart in a patient. James Hardy, at 
Jackson University Medical Center in Mississippi, 
had planned to perform a human cardiac trans-
plant operation 4  years earlier [88]. A 68-year- 
old patient was prepared for surgery and placed 
on cardiopulmonary by-pass. The operation was 
to be carried out using a donor heart from a previ-
ously identified dying patient. After starting the 
recipient operation, arrangements to use the 
planned donor had to be abandoned. Since, by 
this stage, the recipient was on cardiopulmonary 
bypass, death was inevitable unless an alternative 
source for a donor heart could be identified 
immediately. The surgical team had performed 
large numbers of heart transplants in animal 
models, and they decided to give the patient a 
donor heart obtained from a chimpanzee. This 
was the first time a cardiac xenograft had been 
placed into a human. During the procedure it was 
apparent that the donor organ was incapable of 
fulfilling the mechanical demands required of it, 
and the transplant was an immediate failure.

At the time of the first human heart transplant 
in Cape Town, a number of surgical teams in 
North America and elsewhere were poised to 
attempt heart transplantation and had prepared 
carefully for the operation. Once they heard news 
of Barnard’s operation, they proceeded quickly 
with their own cases. The world’s second human 
heart transplant occurred on 7 December 1967 
and was undertaken by Dr. Adrian Kantrowitz of 

Maimonides Medical Center, New  York. The 
transplant, in which recipient and donor were 
both neonates, was unsuccessful, and the patient 
died several hours after surgery [89].

Barnard carried out a second heart transplant 
soon after his first case. The recipient was a 
58-year-old white dentist, and the donor was a 
24-year-old man who had died from cerebral 
hemorrhage. It was notable, given the apartheid 
present in South Africa, that the donor was of 
mixed race. The transplant operation was per-
formed on 2 January 1968, and this time the 
recipient survived for over 18 months. Four days 
after the second transplant in Cape Town, Norman 
Shumway and his team started their clinical heart 
transplant program. Their first patient was a 
middle- aged man with chronic myocarditis who 
unfortunately died 2 weeks after transplantation.

In the months following the world’s first 
human heart transplant, over one hundred heart 
transplants were carried out around the world. 
The transplant centers involved, in addition to 
those already mentioned, included units in 
Houston (Denton Cooley and Michael DeBakey), 
Richmond (Richard Lower) and Paris (Christian 
Cabrol). Although there were occasional suc-
cesses, most of the recipients died in the days and 
weeks after their transplant; a mood of deep dis-
appointment prevailed.

Because of the high failure rate, enthusiasm 
for heart transplantation waned, and by the early 
1970s most centers had discontinued their heart 
transplant programs. Shumway’s team at Stanford 
and Barnard’s group in Cape Town were amongst 
the few centers that continued to perform the 
operation, [90] and both made important contri-
butions to the field. For example, a serious prob-
lem after heart transplantation was the difficulty 
in diagnosing graft rejection before it led to irre-
versible deterioration in the recipient. The dem-
onstration by Philip Caves in the mid-1970s that 
early rejection could be diagnosed by transjugu-
lar endomyocardial biopsy was therefore a sig-
nificant step forward [91]. Another innovation in 
heart transplantation was the so-called supple-
mentary or piggyback heart transplant. This pro-
cedure was first performed by Barnard and, 
between 1974 and 1977, he carried out a number 
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of heterotopic or supplementary heart transplant 
operations in which the recipient’s own heart was 
left in situ and the donor anastomosed to it. The 
technique was subsequently taken up by other 
centers, which used it occasionally with some 
success [92].

1.12  Brain Death

Heart transplants, alongside new intensive care 
units featuring ventilators and other advanced 
technology, prompted discussion over the defini-
tion of death. Previously, kidneys and other 
organs came from either living donors or indi-
vidual whose hearts had stopped beating—a tra-
ditional understanding of death in Western 
Society. For hearts in particular, surgeons recog-
nized the importance of limiting ischemic time. 
In these same years, patients in ICUs were being 
kept “alive” on machines where they had a heart 
beat but no neurological activity. Irreversible 
brain-death (le coma dépassé) had been described 
in 1959 by French neurologists but was infre-
quently diagnosed [93]. Transplants were rare 
enough—most hospitals did not perform the 
operation at all—that the notion of removing 
organs from a beating-heart donor was inconceiv-
able at that time. As transplants became more 
common and the importance of short ischemic 
time more important, the plausibility and poten-
tial value of such a practice increased. 1966 
marked the first time organs were removed from 
a brain dead donor, immediately raising complex 
ethical questions.

In 1968, Harvard Medical School created the 
Ad Hoc Committee Brain Death in an effort to 
address some of the issues surrounding ICU care. 
Initiated prior to Barnard’s landmark case and its 
ensuing attention, the panel was chaired by 
anesthesiologist- ethicist Henry K.  Beecher and 
included transplant surgeon Joseph Murray [94]. 
Published in JAMA, their joint statement explic-
itly tried to avoid linking brain death to organ 
procurement, although many doctors and lay 
people quickly drew a connection between the 
two. The definition, undergoing some alteration, 
slowly spread around the United States and later 

the western world. In the UK, criteria for the 
diagnosis of brainstem death were published in 
1976, [95] and in the late 1970s the use of heart- 
beating donors became routine. This greatly 
improved the quality of the organs procured and 
was particularly important for ensuring retrieval 
of viable donor hearts and livers.

The conceptualization of brain death has not 
been as widely accepted in many Asian countries 
such as China, India, and Japan. The vast major-
ity of nations have recently passed laws legaliz-
ing the practice, but strong cultural moves link 
life to a beating heart. As a result, around 90% of 
livers in Asia come from living donors (compared 
to under 1% in the US) [96]. While this cultural 
variation has made heart transplants less com-
mon, it has simultaneously catalyzed new tech-
niques in liver donation, particularly in regards to 
living donor, split-liver transplantation.

1.13  The First Attempts at Lung 
and Heart-Lung 
Transplantation

Surgeons quickly moved from the heart to other 
thoracic organs. Demikhov in the Soviet Union 
had attempted experimental heart and lung trans-
plantation in dogs during the 1940s, but most of 
the animals died within a few hours of surgery 
[97]. Twenty years later, Lower and colleagues, 
using cardiopulmonary bypass, demonstrated 
that dogs could survive for several days after 
combined cardiopulmonary transplantation [98]. 
In 1968, Denton Cooley in Houston performed 
the world’s first heart-lung transplant, but the 
patient, an infant, died within the first 24 hours 
[99]. During the 1970s, there were isolated 
attempts at heart-lung transplantation at other 
centers, including Cape Town, but there was no 
long-term success.

The first human lung transplantation was 
undertaken on 11 June 1963 by James Hardy and 
his team in Jackson, Mississippi [100]. The recip-
ient was a 58-year-old man who had been sen-
tenced to death for committing murder. Whilst 
incarcerated in the State Penitentiary, the pris-
oner, whose general medical condition was very 
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poor, had been found to have a carcinoma of the 
lung. He agreed to undergo lung transplantation 
and, on the basis of this agreement, his original 
sentence of death was commuted. At the opera-
tion, his left lung, containing the carcinoma, was 
excised, but the tumor had already spread outside 
the confines of the lung. Nevertheless, he was 
given a single-lung transplant from a patient who 
had died after a myocardial infarct. The pulmo-
nary veins and arteries of the donor and recipient 
were anastomosed, as was the main bronchus. 
Although the graft functioned initially, the recipi-
ent’s condition deteriorated and he died in renal 
failure after 18  days. Over the next few years, 
Hardy and several other groups carried out occa-
sional single-lung or lobe transplants, but none of 
the patients survived beyond the first few weeks 
[101]. Dehiscence of the bronchial anastomosis 
during the early post-transplant period was a 
major cause of mortality.

The first human lung transplant patient to sur-
vive beyond the first month was a young Belgian 
miner who had developed respiratory failure due 
to advanced silicosis. Fritz Derom, in Ghent, per-
formed the operation in 1968, transplanting a 
single-lung from a donor who had died following 
a cerebrovascular accident [102]. The recipient 
received azathioprine, prednisolone and antilym-
phocyte serum. He made a good recovery but 
died about 10 months later. John Haglin and col-
leagues in Minnesota carried out the first double- 
lung transplant in 1970, but it also was not 
successful.

1.14  Early Attempts 
at Transplantation 
of the Liver

The first attempts at human liver transplantation 
took place in Denver in the early 1960s and 
were performed by Thomas Starzl. Before mov-
ing to Denver in 1961 as associate professor of 
surgery, Starzl had worked in Chicago. There he 
had developed an experimental liver transplant 
program in the dog and had pioneered the use of 
veno-venous bypass during the anhepatic phase 

of the operation. He had also devised the use of 
cold flush of the donor liver to accelerate cool-
ing and thus improve preservation. After arriv-
ing in Denver, Starzl initially concentrated on 
kidney transplantation, performing a series of 
living donor kidney transplants using a combi-
nation of azathioprine and steroids to prevent 
rejection. Then on 1 March 1963, he undertook 
the world’s first human liver transplant. The 
recipient was a 3-year-old boy who had biliary 
atresia, and the donor was another child who 
had died during open-heart surgery. The opera-
tion proved more formidable than had been 
expected, not least because of coagulopathy, 
and unfortunately the child died in the operating 
theater [103]. Starzl undertook a second liver 
transplant in May 1963. This time the recipient 
was an adult with hepatocellular carcinoma who 
survived for only 3 weeks after the procedure. 
Subsequent liver transplants suffered a similar 
fate, and by 1964 a decision had been made to 
suspend the liver transplant program in Denver. 
The Boston surgeons, who had considerable 
experience in experimental liver work, also per-
formed an unsuccessful human liver transplant 
operation during this time.

Three years later, in 1967, Starzl restarted 
liver transplantation. The recipients were initially 
infants and children and, in contrast to the earlier 
series, ALG was included in the immunosuppres-
sive therapy. The first seven recipients in the 
series all survived the operation, and although 
four died in the ensuing months, three children 
lived longer [104]. Meanwhile, liver transplanta-
tion was also being undertaken in Europe. Roy 
Calne, who had become Professor of Surgery in 
Cambridge, carried out the first European liver 
transplant in 1968 and was, together with Starzl, 
a major pioneer in this area. Calne subsequently 
formed a fruitful partnership with Roger 
Williams, a hepatologist at Kings College 
Hospital in London. In 1968, European liver 
transplant programs also started in Groningen 
and in Hanover. Overall, however, the results of 
liver transplantation throughout the 1970s were 
disappointing, and there were relatively few 
long-term survivors. Only a handful of enthusias-
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tic centers maintained active liver transplant pro-
grams during this period.

1.15  Early Attempts at Pancreas 
Transplantation

Attempts to treat diabetes in man by transplant-
ing fragments of pancreas date back to the latter 
part of the last century, but transplantation of a 
vascularized organ graft was not undertaken 
until 1966. Richard Lillehei in Minneapolis led 
the team responsible and developed the method 
of transplanting the entire pancreas along with 
the duodenum—a technique analogous to that 
currently used. The recipients in Lillehei’s 
series had diabetic nephropathy and were usu-
ally given a simultaneous kidney and pancreas 
transplant. Lillehei and his team had a modest 
degree of success. Their results, reported in 
their classic paper, included a patient whose 
graft survived for over 1  year [105]. A small 
number of pancreas transplants were undertaken 
subsequently in other centers, but the procedure 
remained fraught with technical complication, 
related predominantly to leakage of exocrine 
secretions from the duct, and there was little 
enthusiasm for the procedure amongst diabetol-
ogists. By the late 1970s, attention had focused 
on segmental rather than whole organ grafts. 
Various procedures had been advocated for 
dealing with the exocrine component of the 
graft. These included injection of neoprine into 
the duct to destroy the exocrine tissue as pro-
posed by Jean-Michel Dubernard in Lyon. Other 
centers experimented with islet-cell transplants, 
which precluded the need for the recipient to 
undergo a major surgery. As beta-islet cells 
comprise only 1–2% of the pancreas, isolating 
them in sufficient quantity has proven challeng-
ing, as have efforts to maintain enough of them 
in the host to stave off diabetes [106]. Although 
the number of transplants gradually increased 
during the 1970s, most of these were performed 
by a relatively small number of enthusiastic cen-
ters, most notably David Sutherland’s group in 
Minneapolis.

1.16  Modern Immuno-
suppression: Calcineurin 
Inhibitors

The introduction of cyclosporine into clinical 
practice at the end of the 1970s was the most sig-
nificant advance in immunosuppressive therapy 
since azathioprine became available in 1963. 
Cyclosporine was discovered during routine 
screening of fungal extracts at the Sandoz labora-
tories in Basle and proved to have potent anti- 
lymphocytic activity [107]. Jean-François Borel, 
a scientist at Sandoz, demonstrated the in  vivo 
immunosuppressive properties of the new drug 
(designated 24–556) initially in the mouse and 
then in other animal species [108]. Borel pre-
sented his findings on cyclosporine at the Spring 
1976 meeting of the British Society of 
Immunology. David White, a young immunolo-
gist from Roy Calne’s department in Cambridge, 
was in the audience and arranged to have some of 
the new agent sent to Cambridge. When the 
Cambridge group tested the agent, they found it 
was remarkably effective at prolonging allograft 
survival in rodents and dogs; initially, it appeared 
to be free from adverse side effects [109, 110]. 
This success in preclinical studies gave Calne 
and colleagues the confidence to carry out pilot 
studies in the clinic. They found that cyclospo-
rine was indeed a potent immunosuppressive 
drug and used it as the only agent in cadaveric 
renal transplantation. However, somewhat unex-
pectedly, it caused significant side effects, espe-
cially nephro- and hepatotoxicity, neither of 
which had been predicted from animal studies 
[111, 112]. Early experience of cyclosporine in 
Boston and other European transplant centers 
was also rather disappointing because of major 
side effects and, for a short time, the future of the 
new drug seemed in doubt. However, Tom Starzl 
in Denver also obtained a supply of the new drug 
and, in contrast to the Cambridge team who used 
cyclosporine alone, Starzl used the agent together 
with steroids in kidney graft recipients where-
upon he obtained excellent results [113]. In retro-
spect, it became clear that the dose of cyclosporine 
used in most of the early clinical studies had been 

1 Organ Transplantation: A Historical Perspective



20

excessive, and this accounted for many of the 
adverse side effects seen. Large multicenter trials 
in North America and Europe subsequently 
affirmed the effectiveness of cyclosporine. By the 
mid-1980s it had become the mainstay of immu-
nosuppressive therapy in organ transplantation 
[114, 115].

The late 1980s and early 1990s saw a number 
of further developments in organ transplantation. 
Scientists in Japan [116] discovered a novel fun-
gal metabolite designated FK506 (tacrolimus). 
Starzl’s group demonstrated its efficacy as an 
immunosuppressive agent in 1989 [117]. 
Ironically, Roy Calne in Cambridge had tested 
the ability of FK506 to prolong the survival of 
canine kidney allograft but had abandoned the 
drug because of the severe side effects it pro-
duced at high doses. However, clinical studies in 
Pittsburgh by Starzl showed it to be a potent 
immunosuppressive agent with an acceptable 
side effect profile, and it quickly replaced cyclo-
sporine in the clinical armamentarium. While 
technically not a calcineurin inhibitor, sirolimus 
functioned similarly by blocking mTOR [118]. 
Discovered in the soil of Rapa Nui (hence the 
trade name Rapamycin or Rapamune) in the 
1970s, it was initially classified as an anti-fungal 
agent until the success of tacrolimus stimulated 
investigation into its immunosuppressive poten-
tial. A series of large trials in both Europe in the 
United States in the 1990s proved its efficacy and 
safety, and the drug entered routine use [119].

1.17  The Modern Era of Organ 
Transplantation

These more advanced immunosuppressive regi-
mens launched the modern era of organ trans-
plantation. Cyclosporine not only improved the 
results of kidney transplantation but also had a 
decisive influence on the development of heart, 
lung, liver and pancreas transplantation: the oper-
ations succeeded often enough to move beyond 
the realm of experiment and into regular clinical 
practice. This transition was most evident in the 
field of heart transplantation. Shumway’s team in 
Stanford had been one of the only centers to 

maintain an active heart transplant program 
throughout the 1970s, and when they used cyclo-
sporine, the one-year patient survival improved 
from around 40% to 70%. Using cyclosporine- 
based immunosuppression, Shumway and Ritz 
carried out four combined heart–lung transplants 
in 1981, and although one patient died, the other 
three recipients survived for periods ranging 
from 2 to 4 years. Successful cases of single-lung 
transplantation were also reported, most notably 
from Toronto [120]. As a result of the improved 
success in thoracic organ transplantation, the 
number of hospitals in Europe and North America 
performing those operations proliferated [121]. 
Similar improvements in the results of hepatic 
and pancreas transplantation were also achieved 
with cyclosporine, leading to a dramatic increase 
in the number of centers undertaking these 
procedures.

The improvement in the results of organ trans-
plantation during the 1980s was not due exclu-
sively to superior immunosuppression. There were 
also refinements in patient selection, surgical tech-
nique and postoperative management. For exam-
ple, in the case of liver transplantation, increasing 
experience gradually led to improvements in tech-
nique, a reduction in biliary complications and 
problems from coagulopathy. The use of “split” 
and “cut down” techniques allowed the implanta-
tion of adult donor livers in pediatric recipients. In 
the case of pancreata, the wheel turned full circle 
in the 1990s when transplantation of the whole 
organ together with the duodenum once again 
became the standard technique, with drainage of 
the exocrine secretions into the bladder or small 
intestine. For the heart, total artificial implants 
have not lived up to their purported potential, but 
ventricular assist devices have definitively proven 
their value in a series of trials as both bridges to 
transplant and as effective treatments for patients 
in severe heart failure who do not qualify to receive 
an organ [122].

Organ preservation has also improved signifi-
cantly. The late 1980s witnessed a significant 
step forward with the invention of the University 
of Wisconsin (UW) solution by Belzer’s labora-
tory. The new solution was initially developed 
with a view to improving the preservation of pan-
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creas grafts, [123] but Neville Jamieson and 
coworkers in Belzer’s laboratory showed that it 
dramatically extended the safe preservation time 
for canine liver transplantation [124]. Although 
also useful for kidney preservation, UW solution 
had its largest impact on liver transplantation, 
where it extended the safe storage of livers from 
6 to 24 h.

Lately, the field has returned to exploring per-
fusion pumps, not only for their potential to pre-
serve organs during ischemic time but also to 
improve their baseline function. The underlying 
idea dates back to Carrel and Lindbergh, and 
many North American kidney transplant centers 
adopted machine perfusion of kidneys during the 
1970s. However, the added complexity of 
machine perfusion and the lack of major advan-
tages over simple cold storage led to a decline in 
its popularity in the 1970s. Most centers aban-
doned it, reverting instead to simple cold flush 
with UW and storage in ice.

More recently, ex-vivo perfusion has returned 
to prominence—and not just in kidneys but in liv-
ers, lungs, and hearts as well [125–127]. These 
inchoate interventions remain under investigation 
as teams at different institutes experiment with 
various formulae for the nutrient bath and debate 
whether to rely on hypothermic or normothermic 
temperatures, but head-to-head comparisons with 
standard, cold ischemia demonstrate the potential 
of the technology. Critically, new perfusion 
modalities not only do a better job preserving tis-
sue during ischemic time but actually improve 
the functionality of marginal organs otherwise 
unsuitable for transplant [127, 128]. In so doing, 
they have the potential to expand exponentially 
the number of available organs, helping address 
the long-standing, seemingly unsolvable issue of 
lengthy waitlists.

The deeply troubling issue of too few organs 
has led to innovative attempts to redress the short-
age. A renewed emphasis on live donors have 
helped [129]. More recently, programs have tried 
to maximize their potential even when a willing 
donor and specific recipient do not match by set-
ting up kidney exchange programs [130]. 
Envisioned in 1986, the idea has been adopted in 
multiple countries and, utilizing complex com-

puter algorithms, been expanded to create “daisy- 
chains” of over a dozen participants. While often 
providing recipients with well-matched, fresh 
organs, paired-donor programs only add about 
400 organs to the pool each year in the US, help-
ing but not solving the problem. Donation after 
circulatory death represents another option to 
increase the supply. Prior to the acceptance of 
brain death in the late 1960s and early 1970s, all 
organs came from patients who had suffered car-
diac arrests, but this modality fell from favor 
given the comparative ease and superior quality of 
organs obtained from brain dead individuals. In 
1993, the first year UNOS began tracking that cat-
egory, only 41 DCD organs were procured in the 
United States. As demand continued to increase 
and preservation technology improved, doctors 
looked to expand the pool of potential donors by 
returning to donation after cardiac death. In 2019, 
American surgeons procured 2130 DCD organs, a 
50-fold increase over 15 years [131]. Most recent 
studies have demonstrated outcomes similar to 
other deceased donors [132].

The benefits of calcineurin inhibitors materi-
ally changed the field of organ transplantation, but 
progress over the last few decades has slowed: 
while episodes of acute rejection have fallen 
significantly, long-term graft survival has not 
changed appreciably. New biologics promise to 
end that stalemate. When in 1975 George Kohler 
and Caesar Milstein developed monoclonal 
antibodies, [133] there were high hopes that such 
agents would provide potent new tools for 
 manipulating the immune response during human 
organ transplantation. The first such antibody to be 
used in transplantation was OKT3, a mouse 
monoclonal antibody directed against the CD3 
molecule on human T cells. The efficacy of this 
antibody in treating kidney allograft rejection was 
initially documented in a pilot study of 10 patients 
in 1981 [134] and then confirmed subsequently in 
a randomized clinical trial [135]. OKT3 was 
undoubtedly a useful new immunosuppressive 
drug, but monoclonal antibodies did not initially 
have the impact on clinical transplantation that 
many had expected, at least partly due to its 
activating effects on T cells leading to cytokine 
release syndrome in some patients.
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The last 20  years have seen rapid develop-
ments with these modalities. Calne developed an 
anti-CD-54 antibody, alemtuzumab (campath), 
that effectively depletes lymphocytes and more 
transiently depletes B cells and monocytes. 
Multiple studies have demonstrated its efficacy 
as induction therapy with reduced rates of rejec-
tion [136, 137]. Lately, surgeon-scientists have 
tried using biologics like imlifidase, tocilizumab, 
and bortezomib to de-sensitize patients who 
could otherwise never find a matching organ; 
early results are promising [138–140].

Increasingly, scientists are looking to the 
potential of biologicals as part of an as-yet aspi-
rational strategy to achieve tolerance [141]. 
Groups at MGH, Stanford, and Northwestern 
have tried inducing mixed chimerism, which 
has mostly succeeded in HLA-matched donor- 
recipient pairs, although remains limited by 
questions of durability and the significant risks 
of graft versus host disease. Other efforts, 
including the multi-national European “One 
Study,” are examining potential of regulatory T 
cells in suppressing the immune system and 
inducing tolerance [142]. Teams have also 
explored the potential of co-stimulatory block-
ade with agents like belatacept, which inhibits 
T-cell activation. Phase III trials demonstrated 
outcomes in EBV positive patients that were 
superior to traditional triple therapy and, for the 
first time since cyclosporine, have increased the 
overall half-life of kidney grafts [143, 144]. 
Other efforts, like those around drugs such as 
carfilzomib, center on controlling B and plasma 
cells. Work remains ongoing, but the role of bio-
logics in immunosuppression and, perhaps, the 
holy grail of tolerance, seems certain to increase.

1.18  New Plastic Transplants

The field of transplantation started with Cosmas 
and Damien replacing a diseased leg; the profes-
sion has returned to such roots with recent 
accomplishments in limb, face, and genitalia 
attachments. The world’s first arm transplant, 
taking surgery into a realm previously occupied 
only by science fiction, was carried out at the 

Edouard Herriot Hospital in Lyon, France on 23 
September 1998. The international team included 
Jean Michel Dubernard (Lyon), Earl Owen 
(Sydney), Nadey Hakim (London), Marco 
Lanzetta (Milan), Hari Kapila (Sydney), 
Guillaume Herzberg (Lyon) and Marwan 
Dawahra (Lyon). It took 13  hours to attach the 
hand and forearm of a 48-year-old man from 
New Zealand who had his arm severed below the 
elbow in an accident with a circular saw in 1984. 
Since that first transplant dozens of others have 
been performed, one of them being a double arm 
transplant again performed in Lyon by the same 
team [145, 146]. The success of these cases dem-
onstrated the possibilities of vascularized com-
posite allografts and prompted further work.

On 7 November 2005, Dubernard led a large, 
multi-disciplinary team in performing the first 
face transplant on Isabelle Dinoire, a woman 
whose pet dog had macerated her face, biting off 
her nose, lips, chin, and cheeks [147, 148]. This 
operation attracted global media attention. While 
most other transplants were hidden (kidney, etc) 
or non-identifying (hand), the highly personal 
nature of the human face introduced questions 
about the psychological effects of the transplant. 
In a 2012 interview, Dinoire admitted, “when I 
look in the mirror, I see a mixture of the two [of 
us]. The donor is always with me,” although she 
insisted that only her face, not her personality had 
changed [149]. The first grafts were partial, but 
by 2010, full-face transplants—including facial 
bones—had been completed. Over the last 
12  years, surgeons around the world have per-
formed 40 face transplants of increasingly com-
plexity, generally with good cosmetic and 
functional results [150]. It remains a complex 
procedure, both technically and medically. The 
vast majority of recipients have suffered at least 
one episode of acute rejection, and more than a 
third have developped infections, demonstrating 
the challenge of balancing immunosuppresion.

More recently, efforts have expanded into 
penile transplants. In 2006, Weilie Hu led a team 
at Guangzhou General Hospital that grafted a 
penis onto a 44 year man who had suffered a trau-
matic amputation that made micturition difficult, 
fornication impossible, and caused severe mental 
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distress [151]. Unfortunately, the recipient and 
his wife were unable to tolerate the graft psycho-
logically, requiring a transplant penectomy on 
post-operative day 14, a result that led to some 
criticism for poor patient selection. A South 
African team consisting Frank Graewe, André 
van der Merwe, and Rafique Moosa performed 
the first lasting penile transplant on a 21 year-old 
victim of a botched circumcision, with good 
results in 2014 [152]. Given the commonality of 
improvised explosive devices in Iraq and 
Afghanistan causing severe pelvic trauma, inter-
est in the procedure has increased, with main-
stream media coverage of penis transplants in 
wounded veterans [153].

These soft tissue grafts raise interesting ethi-
cal issues. Surgery in general, and especially 
transplant surgery with its mandatory immuno-
suppressive regimen, carries significant risks to 
the patient. Indeed, Dinoire, the patient who 
received the first face transplant, died 11  years 
after her index operation from cancer likely 
attributable to her suppressed immune system. 
Any decision to operate must establish benefits 
that outweigh those risks. In such a calculus, 
heart, liver, and kidney transplants clearly pro-
vide life-sustaining therapy [154]. The value of a 
hand or a penis is more questionable—one can 
certainly live without them. That both surgeons 
and patients feel comfortable accepting the risks 
of surgery and immunosuppression for non- 
lifesaving transplants indicates just how far the 
field has come since its inception in the 1950s.

1.19  Xenotransplantation 
and Future Directions

Xenotransplanation has been “just around the 
corner” for over a century, but techniques in gene 
therapy and research in genetic tolerance make it 
appear more realistic than ever. The idea of plac-
ing animal parts in humans has obvious appeal, 
eliminating the clinical, ethical, financial, and 
social problems of acquiring human organs. The 
idea of mixing tissue of different species dates at 
least to the Greek mythological Chimera, and 
various attempts of attaching animal parts to 

human bodies appear sporadically through the 
literature. After surgeons demonstrated the abil-
ity of immunosuppression to allow unrelated 
human-to-human transplants, Keith Reemtsma, 
noting the lack of suitable human donors for his 
end-stage uremic patients and not having access 
to hemodialysis, turned to primates for organs. In 
1963, he implanted kidneys from rhesus mon-
keys into two of his patients at Tulane in New 
Orleans; both rejected the kidney and subse-
quently died [155]. Multiple other teams from 
around the world attempted similar procedures; 
none achieved long-term success [156]. In 1984, 
a young child in California was born with a hypo-
plastic left heart. Given the high mortality of the 
Norwood procedure and the improbability of 
acquiring a human organ, Leonard Bailey elected 
to implant the heart of a female baboon into Baby 
Fae. Despite Bailey’s work on xenotransplanta-
tion in the laboratory and the promise of new 
drugs like cyclosporin, Baby Fae died from rejec-
tion 21 days later [157]. The interspecies immu-
nogenicity overpowered contemporary therapies. 
Investigative efforts continued with great prom-
ise but generally poor results.

New research in genetic medicine has over-
come some of the earlier problems. In particular, 
Crispr-Cas9 technology empowers scientists to 
modify the fundamental genetic code of organ-
isms, reducing cross-species differences. 
Pharmaceutical and start-up companies around 
the world have latched onto this technology, 
breeding litters of genetically altered pigs 
designed to produce organs compatible with 
humans [158]. In December 2018, Matthias 
Längin and his team publishing exciting results 
in Nature that demonstrated pig hearts supporting 
the life of baboons for up to 945 days (when they 
were euthanized) [159]. Critically, success 
depended on the use of organ perfusion pumps 
and specific medications to reduce cardiac hyper-
trophy (temsirolimus), again highlighting the 
importance of integrating multiple avenues of 
research when pushing the boundaries of science. 
Xenotransplantation is the future of transplant 
surgery—and perhaps, as Shumway often inti-
mated, it always will be. But recent discoveries 
and work in genetic medicine hold particular 
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promise, and the next edition of this chapter will 
likely recount clinical trials of pig hearts in 
human bodies.

1.20  Conclusion

Over half a century has now passed since Peter 
Medawar established the scientific basis for 
transplantation, and during this time the field 
has made remarkable progress. Transplantation 
of abdominal and thoracic organs is now com-
monplace. Many major hospitals have renal 
transplant programs, and most large regional 
centers also have programs for transplantation 
of the liver, pancreas, heart and lung. These 
organ transplant operations no longer attract 
special interest within the hospital in which 
they are undertaken and are not considered to 
be particularly newsworthy by the media. The 
most important key to success was undoubtedly 
the development of effective immunosuppres-
sive therapy such that the loss of organ grafts 
from acute rejection is now relatively uncom-
mon. One year graft survival rates after solid 
organ transplantation hover around 90%. 
However, many grafts continue to fail in the 
longer term due to chronic rejection. The dem-
onstration of immunological tolerance by 
Medawar in the 1950s raised hopes that a clini-
cally applicable strategy for inducing transplant 
tolerance might be developed in due course. 
Such an approach would prevent graft rejection 
and eliminate the problems of infection and 
malignancy that occur with non-specific immu-
nosuppressive therapy. Recent developments in 
molecular biology have undoubtedly brought 
the prospect of tolerance, the Holy Grail of 
transplantation, a little nearer, but much work 
remains to be done. Similarly, although trans-
genic technology has raised hopes for the suc-
cess of xenotransplantation, major obstacles 
remain to be overcome before this can be intro-
duced into the clinic. Transplantation has come 
a long way since the first tentative steps with 
kidney transplantation in the 1950s, but there is 
still a considerable distance to go before these 
problems are surmounted.

1.21  Questions

 1. With what miracle are Saints Cosmas and 
Damian credited?

 2. Who performed the first ever human to 
human kidney transplant operation?

 3. What surgical technique did Mathieu 
Jaboulay and Alexis Carrel describe?

 4. What is the “second set” phenomenon? Who 
developed the first dialysis machine?

 5. Who developed the first dialysis shunt?
 6. Where and when was the first long-term suc-

cessful kidney transplant performed?
 7. Who was Joseph Murray? What is the his-

torical relevance of the Boston identical twin 
kidney transplants?

 8. In which countries were most of the pioneer-
ing kidney transplants performed during the 
1950s?

 9. What important points did the classical 1955 
paper by David Hume and colleagues make?

 10. What major advance did Geoffrey Collins 
make to organ transplantation?

 11. Who made the landmark observation on the 
induction of neonatal tolerance?

 12. Which was the first drug shown to prolong 
survival of skin allografts in the rabbit?

 13. To whom is the discovery of HLA 
contributed?

 14. Who showed the importance of matching for 
HLA-DR in cadaveric kidney transplant?

 15. Where was the first cadaveric xenograft 
performed?

 16. Who performed the world’s first heart-lung 
transplant?

 17. Who performed the first human lung transplant, 
who survived beyond the first month?

 18. When, where, and by whom was performed 
the world’s first human liver transplant?

 19. Who led the team who performed the world’s 
first human pancreas transplant?
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2.1  Introduction

The field of tissue typing and crossmatching has 
undergone extensive growth over the last 20 years 
with increasing refinement in the definition of 
Human Leukocyte Antigens (HLA) and an 
increased understanding of the immunologically 
important parts of HLA molecules. At the same 
time, advances in techniques for the detection of 
anti-HLA antibodies in recipients have become 
increasingly sensitive and sophisticated. Currently, 
the interpretation of crossmatch data is frequently 
beyond the grasp of the general nephrologist and 

can require considerable input from a specialised 
tissue typing scientist [1]. Amongst this, deceased 
donor kidneys remain scarce, relative to demand, 
with novel strategies for determining the best allo-
cation method emerging.

This chapter describes modern tissue typing, 
crossmatching and deceased donor organ allocation 
methodologies relevant to kidney transplantation.

2.1.1  Tissue Typing

In transplantation, tissue typing refers to the 
determination of an individual’s HLA profile. The 
HLA typing of a potential donor and recipient are 
then compared to assess for matches and mis-
matches. Mismatched donor HLA are considered 
the major antigenic targets for a recipient’s 
immune responses that result in graft rejection. 
Additionally, knowledge of donor-recipient HLA 
mismatches together with the anti-HLA antibody 
profile of the recipient, allows assessment of the 
immunological risk of rejection involved with that 
pairing. Tissue typing techniques are divided into 
serological and molecular methods with the latter 
becoming increasingly complex over time [2].

2.1.1.1  Serological Tissue Typing
Serological typing was the initial method for 
determining HLA expression. It can be per-
formed by agglutination or lymphocytotoxicity 
with the latter preferred. This technique employs 
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lymphocytes, which are easily accessed via 
peripheral blood sampling. T cells are a reliable, 
numerous, robust source for HLA class I typing, 
whilst B cells are required for HLA class II typ-
ing. Serological typing techniques rely on well- 
defined panels of known antisera (anti-HLA 
antibodies) to assign antigen specificity. Multiple 
antisera are incubated with lymphocytes. After a 
period of incubation, rabbit complement is added 
to the test system. The cells are then stained with 
an ethidium bromide-acridine orange dye. When 
the cell has been lysed by antibody binding and 
complement activation, the cells appear red; cells 
that remain intact appear green. Knowing the 
specificity of the antisera which resulted in cell 
lysis allows determination of an individual’s 
serological tissue type (HLA antigen expression). 
However, this technique has numerous limita-
tions [3, 4]. HLA typing by serological tech-
niques give low resolution results, identifying the 
antigen family, but not functional allelic differ-
ences within the antigen family. Many antisera 
used for serological typing purposes were also 
cross-reactive across multiple HLA antigens, 
often making interpretation difficult. Serological 
techniques are also unable to reliably define HLA 
typing for low expression antigens such as DPB1 
and C [2]. The strengths of serological typing 
include its capacity to be performed quickly and 
its clinical validity in only detecting antigens 
which are expressed, as opposed to molecular 
typing which can determine encoded HLA which 
may not be expressed [2].

2.1.2  Molecular Tissue Typing

Serological typing methods have now largely 
been replaced by molecular based techniques, 
which can better define the complexity of the 
HLA system. These methods seek to describe the 
HLA profile of an individual through an assess-
ment of their DNA at the chromosomal level. 
Molecular typing has evolved from techniques 
which analyse fragments of DNA amplified by 
polymerase chain reaction (PCR) (Sequence 
Specific Oligonucleotide (SSO) and Sequence 
Specific Primers (SSP) techniques) to current 

state of the art complete direct sequencing tech-
niques, “Next Generation Sequencing”. Through 
examining DNA sequences in HLA coding 
regions, it has become apparent that there is a 
great deal of polymorphism within HLA sero-
types [5]. This means that HLA proteins expressed 
by different individuals may have the same sero-
type but potentially important differences in the 
coding sequence and hence structure which were 
unable to be detected by serological techniques.

Molecular typing has resulted in a substantial 
increase in the number of recognised Class I and 
Class 2 HLA alleles which as of April 2018 number 
17 939 (https://www.ebi.ac.uk/ipd/imgt/hla/stats.
html). This complexity is reflected in the nomencla-
ture system for HLA which has developed to 
account for allelic variations within antigen groups.

The concurrent development of HLA sequenc-
ing techniques, advanced HLA antibody identifi-
cation using Luminex Single Antigen bead 
technology and modelling of the HLA molecule 
has led to the identification of immunogenic sub-
units on the HLA molecule that provide targets for 
alloantibody development, termed epitopes [6–8].

2.2  Epitopes

Anti-HLA antibodies do not bind the entire HLA 
molecule. They are not large enough and many 
parts of HLA are not immunogenic [8]. Epitopes 
are regions of HLA that interact with antibodies 
and are therefore the antigenic subunits of HLA 
(Fig.  2.1) [10, 11]. Through three-dimensional 
studies, the epitopes of each HLA allele have 
been described. Epitopes are defined by amino 
acid differences on the HLA molecule that are 
accessible by alloantibodies. These epitopes may 
be shared by multiple antigens at a single HLA 
locus or shared between different loci [8]. This 
principle was previously demonstrated by the 
cross-reactive nature of many antigens detected 
using serological typing methods [12]. Due to the 
cross-reactive nature of the HLA antigens, HLA 
typing for all loci from both donor and recipient is 
required to accurately define epitope matching.

Because HLA alloantibodies react against epit-
opes, rather than specific HLA proteins, a single 
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HLA transplant mismatch may stimulate antibod-
ies reactive with multiple HLA proteins where 
antigens share the same mismatched epitopes. 
Determining HLA mismatches at the antigen level 
does not provide sufficient information to fully 
evaluate HLA compatibility, whereas epitope mis-
matches provide a more complete matching pic-
ture. Epitope analysis has been applied to 
transplant cohorts and demonstrated an effect of 
increased epitope mismatching on clinical out-
comes in lung and kidney transplantation [13, 14].

2.2.1  Crossmatching

The purpose of crossmatching is to detect pre-
formed antibodies in the recipient that are spe-
cific for a potential donor. Transplantation across 
a positive crossmatch is associated with an 
increased risk of antibody mediated rejection 
(AMR) which can result in: immediate graft loss 

due to hyperacute rejection with graft thrombosis 
and infarction, acute AMR with significant graft 
injury or mild AMR which may be subclinical 
but with chronic graft injury and scarring [15]. 
Crossmatching techniques can be functional 
assays, such as the complement dependent cyto-
toxicity assay (CDC crossmatch) or antibody 
binding assays without a functional readout, such 
as the flow crossmatch or antigen coated bead 
assays [1]. The different crossmatch methodolo-
gies have differing sensitivities to detect anti-
body, with the CDC crossmatch the least sensitive 
assay and antigen coated bead assays the most 
sensitive. As the sensitivity of the assay increases 
however, debate regarding the clinical relevance 
of a positive result also increases.

2.2.1.1  The CDC Crossmatch
The CDC crossmatch was developed by Terasaki 
and colleagues in the 1960s [16, 17]. It is a func-
tional assay which measures the degree of com-
plement dependent cell lysis of donor 
lymphocytes when mixed with recipient serum. 
Lymphocytes, separated into T and B cell sub-
sets, are incubated with recipient serum and com-
plement. If donor specific antibody (DSA) is 
present, it binds HLA molecules present on donor 
lymphocyte cell surfaces. If the antibody is capa-
ble of activating complement, cell lysis ensues 
(Fig. 2.2). The read out from the CDC crossmatch 
is the proportion of lymphocytes lysed in the 
assay. A scoring range of 1–8 is commonly used 
with 1 representing a negative result with <20% 
cell lysis and a score of 8 representing >80% of 
cells lysed, with scores of 2, 4 and 6 representing 
increasing degrees of cell lysis.

The sensitivity of the CDC crossmatch can be 
increased by adding anti-human globulin (AHG) 
to the assay. Multiple AHG’s bind each DSA 
attached to donor lymphocytes increasing the 
number of Fc receptors available to activate com-
plement. Therefore, addition of AHG will result 
in an increased likelihood that a low level DSA 
will generate a positive crossmatch. While for 
strongly positive crossmatches, the strength of 
the DSA can be further elicited by performing 
crossmatches with serial dilutions of recipient 
serum. If the crossmatch becomes negative after 

Fig. 2.1 Topography of HLA-DR [9]. This three- 
dimensional model of HLA DR highlights in yellow, the 
areas of the HLA protein (epitopes) which are capable of 
interacting with anti HLA antibodies. Not all parts of the 
HLA protein are immunogenic
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one or two dilutions it implies a lesser DSA 
strength or avidity than one that remains positive 
after multiple dilutions. This may guide the 
potential to desensitise the patient for 
transplantation.

The differential expression of class I and II 
HLA by T and B cells provides further informa-
tion regarding the antigenic target of the 
DSA. T-cells express class I but little class II and 
therefore a positive T-cell crossmatch suggests 

Donor
Lymphocytes

Recipient
Serum

+ +

Complement

No donor-specific
HLA antibodies

in recipient serum:
No antibody binds

Donor-specific
HLA antibodies

in recipient serum:
Antibody binds

complement activated

a

b

Negative
Crossmatch
(no cell lysis)

Positive
Crossmatch

(>20% of cells lysed)

c

May contain
donor-specific
HLA antibodies

Fig. 2.2 The CDC 
crossmatch [1]. 
Recipient serum 
potentially containing 
donor specific anti-HLA 
antibodies is added to 
donor T or B 
lymphocytes, along with 
complement (a). If 
donor-specific 
antibodies are not 
present, no lysis occurs, 
and the result is deemed 
negative (b). If 
donor-specific anti-HLA 
antibodies bind to the 
lymphocytes and then 
activate complement, 
cell lysis will occur, and 
the crossmatch result 
will be deemed positive 
(c). The proportion of 
lysed cells is assessed, 
and the crossmatch is 
graded a being weakly, 
moderately or strongly 
positive
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there are one or more DSA directed against class 
I. B-cells express both class I and II hence a posi-
tive B-cell crossmatch suggests the antibodies 
present are directed against class I or II or both. 
Furthermore, B-cells express class I to a greater 
extent than T-cells, making it possible for a low 
level DSA against class I to generate a negative 
T-cell crossmatch but a positive B-cell cross-
match [18].

A positive crossmatch may be falsely positive. 
This is more common in B-cell crossmatching 
where up to 50% are considered false positives 
[19]. False positives are commonly due to inter-
fering substances such as autoantibodies of the 
IgM subclass. These can be neutralised by adding 
the chemical, Dithiotheritol (DTT) to the assay to 
reduce the disulphide bonds in IgM.  Hence a 
positive crossmatch which becomes negative 
after the addition of DTT is thought to have been 
a false positive. Importantly, a control reaction 
should also be included when using DTT to 
account for the dilutional effect of adding DTT, 
rather than its effects on negating IgM.  If the 
DTT and the dilution control well are both nega-
tive in the setting of a positive non-diluted cross-
match, this implies the presence of a weak 
DSA. CDC crossmatches can be negative in the 
setting of a DSA if: the DSA is at a low level; the 
DSA does not activate complement; or if donor 
lymphocytes express minimal HLA of the type 
the DSA is directed against e.g. HLA-C 
antigens.

A true positive CDC crossmatch is interpreted 
as meaning that there are one or more donor spe-
cific antibody/ies present in recipient serum 
which can bind donor lymphocytes and activate 
complement. A positive T-cell crossmatch has 
long been considered a contraindication to trans-
plantation due to a substantial risk of hyperacute 
rejection [16, 20]. A positive B-cell CDC cross-
match does not carry the same predictive value 
but certainly prompts the search for further infor-
mation to quantify the risk of rejection [19, 21]. 
Generally, this is undertaken with flow and vir-
tual crossmatching.

2.2.1.2  The Flow Crossmatch
Flow crossmatching is performed with similar 
initial substrates to the CDC crossmatch [22]. 
Donor T and B lymphocytes are mixed with 
recipient serum to allow binding of DSA if pres-
ent. Bound DSA is detected by the addition of a 
fluorescein tagged capture antibody directed 
against human immunoglobulin. The degree of 
DSA binding is measured by the amount of fluo-
rescence detected on a flow cytometer (Fig. 2.3). 
Therefore, a negative flow crossmatch is one in 
which there is no fluorescence detected, implying 
that there is no DSA present, while a positive 
flow crossmatch generates a fluorescent signal. 
The intensity of the fluorescence can be used to 
stratify the strength of the DSA. This intensity is 
measured in how many channel shifts of fluores-
cence the reaction generates compared with a 
negative control.

The advantage of a flow crossmatch over a 
CDC crossmatch is that it is more sensitive for 
DSA and therefore can detect weaker DSA than 
can the CDC crossmatch [23]. Additionally, the 
DSA subclass can be determined by adding an 
isotype specific capture antibody such as anti- 
IgG or anti-IgM. The major advantage of CDC 
over flow crossmatching is the functional read- 
out of the CDC, as for it to be positive the DSA 
needs to be able to activate complement. Flow 
crossmatching does not have a functional readout 
and the DSA needs only to bind lymphocytes for 
the assay to be positive. The increased sensitivity 
and the lack of a functional element to the read- 
out means that a positive flow crossmatch is less 
predictive of hyperacute or accelerated antibody 
mediated rejection than a CDC crossmatch. 
However, flow crossmatching can be used to 
stratify the risk of rejection on the basis of the 
number of channel shifts seen. Some transplant-
ing units use a channel shift threshold to guide 
the suitability of a potential transplant donor- 
recipient pairing or to judge the efficacy of a pre- 
transplant desensitisation protocol [24, 25].

As with CDC crossmatching, a positive T-cell 
flow crossmatch implies the presence of one or 
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more DSA directed against class I HLA, while a 
positive B-cell crossmatch implies one or more 
DSA against class I, class II or both. Hence the 
B-cell flow crossmatch sums the total binding of 
all anti-HLA DSA providing a measure of the 
cumulative DSA load a potential transplant pair-
ing bears. In this way the B-cell flow crossmatch 
may be the most useful assay of the two [24, 25].

2.2.1.3  The Virtual Crossmatch
Virtual crossmatching has emerged over the last 
decade and is rapidly replacing CDC and flow 
crossmatching in many transplant situations [26]. 
The technology employs screening for HLA anti-
bodies using beads coated with HLA antigens 
[27]. The beads are mixed with recipient serum 
and a fluorescent capture antibody is added to the 
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Donor
Lymphocytes

Recipient
Serum

+
+

No donor-specific
HLA antibodies

in recipient serum:
No antibody binds

Donor-specific
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a

b

Negative Crossmatch:
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Positive Crossmatch:
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c

May contain
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Fig. 2.3 The flow 
crossmatch [1]. 
Recipient serum 
potentially containing 
donor-specific anti-HLA 
antibodies is added to 
donor T or B 
lymphocytes, along with 
fluorescein-labelled 
antibodies against 
human IgG (a). If 
donor-specific 
antibodies are not 
present, no binding 
occurs, and the result is 
deemed negative (b). If 
donor-specific anti-HLA 
antibodies bind to the 
lymphocytes, these can 
then bind the 
fluorescein-labelled 
antihuman IgG antibody, 
and this will be 
detectable by flow 
cytometry (c). The 
strength of the 
fluorescence can be 
measured and expressed 
as ‘channel shifts’ above 
the control sample
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assay. A specialised flow cytometer is used to 
detect any bead which fluoresces while also 
determining the specificity of the bead on the 
basis of the bead colour. Each bead is coloured 
specifically (shades of red) to identify the HLA 
antigens on its surface. The strength of the anti-
body is determined by the degree of fluorescence 
of the bead measured as the mean fluorescence 
intensity (MFI). Therefore, the assay determines 
the specificity and the strength of the anti-HLA 
antibody (Fig. 2.4).

The beads can be coated with a single HLA- 
antigen or with several antigens. The latter test is 
used as a screening tool to detect the presence of 
any anti-HLA Abs. If this is negative, further test-
ing with single antigen beads is not necessary. 
While single antigen beads are used to specifi-
cally define which anti-HLA antibody is present, 
in some centres the screening beads are not used 
as the single antigen beads are thought to be more 
sensitive. The beads are separated into HLA 
Class I and Class II sets. Each set contains 
approximately 100 beads.

The virtual crossmatch requires identification 
of the specificity of anti-HLA antibodies by sin-
gle antigen bead testing. The other half of the 
equation is the donor HLA, which is determined 
by tissue typing. Donor HLA is compared with 
the anti-HLA antibody profile of the recipient. A 
positive virtual crossmatch is the situation 
wherein an antibody, specific for one or more of 
the donor’s HLA is detected. The MFI of the 
DSA provides a guide to the risk of rejection 
associated with proceeding with the transplant. 
MFI values vary between laboratories and even 
within the same laboratory, between assays, 
therefore they are not directly comparable. In 
general, however, a low level DSA has an MFI 
<2000, intermediate 2001–8000 and strong 
>8000.

The best-known bead assay is the Luminex 
assay (One Lambda, Canoga, CA, USA). While 
this technology has been very useful in determin-
ing immunological risk in transplantation, there 
are some well described limitations to consider. 
Firstly, not all HLA types are represented on the 
bead sets as there are a finite number of beads in 

the sets. This means that DSA directed against an 
HLA that is not represented on the bead panel 
will be missed. This is especially problematic for 
rare donor HLA types. Secondly, some HLA 
antigens on the beads are prone to denaturation 
which can lead to non-specific antibody binding 
and false positive results [28]. Additional issues 
include that, like flow crossmatching, the assay 

a

b

c

d

Recipient
Serum 100 beads. Each has a unique

dye signature and a unique
HLA antigen on its surface

+
May contain

HLA antibodies

HLA antibody in
recipient serum binds

to specific bead.

Detection antibody
binds which then captures

fluorescent reporter dye

Dual beam laser.
One laser detects

bound reporter dye
the other identifies
the specific bead.

Fig. 2.4 The virtual crossmatch [1]. Recipient serum 
potentially containing anti- HLA antibodies is added to a 
mixture of synthetic beads. Each bead is coated with a set 
of antigens (screening beads) or with a single antigen 
(single antigen beads). A unique dye signature specifies 
the identity of each bead (a). If anti-HLA antibodies are 
present, they will bind to the appropriate bead (b). A 
detection antibody carrying a reporter dye binds the anti- 
HLA antibody (c). Dual laser capture allows simultaneous 
detection of the reporter dye and the bead specificity to 
identify which anti-HLA antibodies are present (d). A 
profile of antibodies can thus be identified in the recipient 
and compared with the known HLA identity of any poten-
tial donor, allowing a prediction of the crossmatch result
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does not have a functional output and that due to 
its increased sensitivity for DSA, many poten-
tially successful transplants may be cancelled 
due to concerns about rejection risk. The former 
issue has been partially addressed by the C1q 
assay which detects antibodies capable of activat-
ing complement. C1q positive DSA are reported 
to be more predictive of AMR and graft loss than 
C1q -ve DSA, however this finding is not univer-
sal as reviewed by Tait [28].

2.2.1.4  Clinical Uses of Crossmatching

 Assessing the Degree of HLA Sensitisation: 
Panel Reactive Antibodies
Crossmatching techniques can be used to assess a 
prospective transplant recipient’s breadth of sen-
sitisation to HLA antigens. The CDC crossmatch 
technique has been used for this purpose for 
many years. Multiple CDC crossmatches are per-
formed simultaneously with T and B lympho-
cytes isolated from numerous blood donors and 
serum from a potential transplant recipient. Each 
crossmatch is against a single donor. The propor-
tion of donors for which the recipients serum 
generates a positive crossmatch is termed the 
panel reactive antibody (PRA). A PRA of 80% 
means that the recipient has anti-HLA antibodies 
that react with 80% of the population. This 
assumes that blood donors are representative of 
the broader community in terms of HLA type. 
Patients who have been sensitised to HLA 
through pregnancy, blood transfusions or previ-
ous transplantation can have PRAs of 100%.

More recently, delineation of the individual 
HLA antibodies present in the sera of prospective 
recipients by single antigen beads has allowed a 
calculated PRA to be generated. The antibodies 
present are compared against the frequency of 
expression of HLA in the population to calculate 
the proportion of potential donors the recipient 
would have a positive virtual crossmatch against. 
The MFI that a virtual crossmatch is considered 
positive can be set arbitrarily at any level e.g. 
2000, 5000 or 8000.

HLA antibody screening is routinely repeated 
while patients are on the waiting list. The serum 
which generates the highest PRA for a patient is 

termed their peak PRA while the PRA using their 
most recent serum is termed their current 
PRA.  The degree of HLA sensitisation of a 
potential transplant recipient has implications for 
the likelihood of the patient receiving a trans-
plant, as many deceased donor kidney allocation 
systems do not make positive CDC crossmatch 
offers. Hence, patients with very high PRA (99%) 
will be eligible for transplantation from only one 
in every 100 donors. Determining the degree of 
HLA sensitisation of patients therefore, allows 
clinicians the opportunity to counsel patients 
about their likelihood of receiving a transplant in 
a timely fashion. Broadly sensitised patients typi-
cally wait longer for a transplant than non- 
sensitised patients and may need to accept a 
kidney from a donor to whom they have one or 
more DSA [29]. Some transplant services offer 
desensitisation programmes to highly sensitised 
patients while on the waiting list, in order to 
reduce their current anti-HLA antibody profile 
[30]. This increases their prospects of a negative 
crossmatch, using current serum, with a greater 
proportion of donors.

 Determining the Immunological Risk 
of a Transplant Pairing
For any living or deceased donor kidney trans-
plant pairing, crossmatching can provide a guide 
to the immunological/rejection risk involved. 
Rejection due to antibodies can occur 
 immediately causing loss of the kidney due to 
thrombosis, hyperacute rejection or can occur in 
a less acute or even chronic fashion. Overall, 
recipients with DSA (positive virtual cross-
match) have a shorter expected duration of graft 
survival compared with those without DSA 
[31]. However, not all DSA positive transplants 
will result in hyperacute rejection. The risk of 
hyperacute rejection can be stratified by cross-
matching. If the CDC crossmatch is positive, the 
risk of hyperacute rejection is very high. In this 
case the flow and virtual crossmatches will also 
be positive, unless the CDC crossmatch is a 
false positive. A negative CDC crossmatch with 
positive flow and virtual crossmatches implies a 
lower level DSA or a DSA which does not acti-
vate complement and portends a lower risk of 
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hyperacute rejection. Proceeding with a trans-
plant in this situation is not uncommon and is 
generally undertaken with a desensitisation pro-
tocol to further reduce the risk of rejection. If 
the CDC and flow crossmatches are negative but 
the virtual crossmatch reveals a low level DSA, 
the risk of hyperacute rejection is negligible. A 
desensitisation protocol is still commonly 
employed as the risk of some form of AMR is 
still increased relative to DSA negative 
transplants.

Crossmatching can also be used to guide the 
timing of transplantation for a recipient sensi-
tised to their intended living donor. Protocols to 
reduce the crossmatch to negative or at least an 
acceptable level have been described. Generally, 
these employ antibody removal techniques such 
as plasma exchange or immunoadsorption to 
remove DSA while preventing rebound of the 
antibodies with immunosuppressive medications 
[20]. Crossmatches are repeated during the 
desensitisation programme until they become 
negative or within a target range and then the 
transplant is undertaken. Commonly a negative 
CDC crossmatch or a flow crossmatch below a 
predetermined number of channel shifts is the 
trigger for proceeding.

2.2.1.5  Cellular Crossmatching
The techniques discussed above relate to pre-
formed antibodies which might react with a spe-
cific donor’s HLA. They do not measure primed 
cellular responses to donor antigens. Attempts to 
measure donor specific cellular reactivity have 
been made. The most studied technique is the 
Enzyme-Linked ImmunoSpot (ELISPOT) assay. 
This assay mixes donor and recipient leukocytes 
and measures the degree of recipient cellular 
responses through the production of proinflam-
matory cytokines such as interferon-gamma [32, 
33]. There are correlations between those with 
strong donor specific ELISPOT responses and 
increased graft rejection with variations depend-
ing on recipient ethnicity and induction regimens 
[32, 33]. Further validation is required before cel-

lular crossmatching is extended to routine clini-
cal use.

2.2.2  Allocation of Deceased Donor 
Kidneys for Transplantation

The number of patients awaiting a kidney trans-
plant exceeds the number of kidneys available 
from deceased donors. Therefore, a system is 
required to determine how to allocate this scarce 
resource among those on waiting lists. Multiple 
allocation protocols are possible, they vary 
between jurisdictions and evoke much debate. 
The guiding ethical principles for allocation of 
donor kidneys include equity and utility [34]. 
Equity dictates that there should be fair and equal 
access for all while utility promotes allocation on 
the basis of achieving the greatest benefit. 
Allocation protocols have been devised predomi-
nantly by transplant clinicians, with some arguing 
that this may not be appropriate as donor organs 
are a public resource and therefore their allocation 
should be determined by the broader community 
[34]. Interestingly, a recent study of community 
attitudes to organ allocation arrived at themes 
supportive of balancing equity and utility [35]. 
While these principles are clearly important, they 
do not always move together, therefore a compro-
mise must be met. Waiting time is generally used 
to represent equity principles with those waiting 
the longest being prioritised in  allocation while to 
meet utility principles, younger recipient age and 
greater HLA matching are prioritised. The follow-
ing section will review factors that can be included 
in allocation algorithms and how various current 
allocation systems are structured around the 
world, summarised in Table 2.1.

2.2.2.1  Principles of Allocation: Equity 
and Fairness Versus Utility

To achieve the balance between utility and 
equity, a priority point system exists as the 
backbone of most allocation systems, where 
points are awarded for factors considered of 
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importance. For instance, in the new Kidney 
Allocation System (KAS) in the United States 
(US), 4 points are awarded for a prior living 
organ donor who has now developed kidney 
failure (equity and fairness), 2 points for a 
zero HLA DR mismatch donor kidney (utility) 
and 1 point for each year spent on dialysis 
(equity and fairness) [36]. A prior living donor 
will therefore be allocated a donor kidney 
ahead of a zero HLA DR mismatched recipient 
who has recently commenced on dialysis and a 
patient on dialysis for 3 years, but not one on 
dialysis not for 5 years. In addition to the pri-
ority point system, a proportion of donor kid-
neys may be preferentially allocated to a 
subgroup of waitlisted patients considered 
best suited. An example is for the 20% of 
patients with the longest predicted patient sur-
vival to be prioritised for the allocation of the 
20% of kidneys with the longest predicted 
graft survival in the new US KAS to maximise 
utility.

2.3  Utility

2.3.1  Longevity Matching

There is a clear survival benefit from  transplanta-
tion compared with remaining on dialysis after 
the early post-transplant period [37]. This benefit 
extends to older recipients with medical 
 comorbidities despite a more prolonged period of 
increased early mortality risk, which is attenu-
ated by having a living donor transplant [38]. 
However, older patients are also less likely to 
have a living kidney donor option [39]. Therefore, 
in an increasingly aging population, the demand 
for deceased donor kidneys will continue to grow. 
In general, older kidney transplant recipients are 
more likely to have shorter patient survival and 
more likely to die with a functioning graft com-
pared with younger recipients. Therefore, unre-
stricted allocation of kidneys from younger 
donors (with longer predicted graft survival) to 
older recipients would result in a loss of graft life 

Table 2.1 Factors considered in deceased donor kidney allocation internationally

United States United Kingdom Euro transplant Australia Canada
Longevity 
matching

+
Young to Young: 
Low KDPI to low 
EPTS

+
Young to Young: 
Scoring to minimise 
donor-recipient age 
difference

+
Old to Old: 
ESP

–
(To be 
implemented)

+
Young to Young  
(varies amongst 
provinces)

HLA 
mismatch
A/B/DR 
importance
Zero 
mismatch

+
DR only
+

+  
(especially in young 
recipients)
DR>B
+

+  
(except in 
ESP)
DR=B=A
Graded

+
Varies amongst 
states
+

–  
(in most 
provinces)
–
Varies amongst 
provinces

Waiting time 
on dialysis

+ From listing date + + +

Highly 
sensitised
cPRA criteria

+
≥99%

+
≥85%

+
>85% 
(Acceptable 
Mismatch)

+
>80% (1/6 or 
2/6 HLA MM)
≥50% (0/6 
HLA MM)

+
≥95%

Prior living 
kidney donor

+ + + Varies amongst 
states

+

Racial 
minority: 
Blood group B

A2 and A2B 
donor 
prioritisation

O donors allocated – – –

Paediatric 
priority

+ + + + +

Medical 
urgency

+ Paediatric patients 
only

+ Varies amongst 
states

+
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years due to a shorter predicted life expectancy of 
the recipient. Conversely, transplanting kidneys 
from older donors (with shorter predicted graft 
survival) to young recipients will not result in 
maximum benefit relative to a younger donor 
kidney [40], and it means that the recipient will 
return to the waiting list sooner, placing further 
demand on the donor pool. Avoiding transplant-
ing younger donor kidneys into older recipients 
has been modelled to increase overall graft life 
years and cost savings [41, 42]. Various alloca-
tion polices internationally have implemented 
strategies to optimise this aspect of utility, with 
the term “longevity matching” used to describe 
models matching the life expectancy of donor 
organs with the life expectancy of recipients. In 
general, younger kidneys with longer graft sur-
vival are either preferentially allocated to younger 
recipients with longer estimated survival or 
restricted from being allocated to older recipients 
with shorter estimated survival.

2.3.1.1  Facilitating “Young to Young” 
and Avoiding “Young to Old”

In addition to the paediatric bonus (discussed 
later), some jurisdictions preferentially allocate 
younger kidneys to younger recipients. In the 
United Kingdom (UK), a large donor-recipient 
age difference leads to a deduction in points for 
the potential recipient. In effect, kidneys from 
younger donors are more likely to be allocated 
to younger than older recipients [43]. Although 
variations exist in different provinces of Canada, 
kidneys from younger donors (age  ≤  35) are 
preferentially allocated to recipients aged 
≤55  years, for instance in the allocation algo-
rithm of British Columbia, to restrict kidneys 
with longer graft survival being transplanted 
into older recipients [44].

2.3.1.2  Facilitating “Old to Old”
The Eurotransplant program is an international 
collaboration amongst Germany, the Netherlands, 
Austria, Belgium, Luxembourg, Slovenia, 
Croatia and Hungary. In addition to the conven-

tional Eurotransplant Kidney Allocation System 
(ETKAS), non-sensitised patients aged ≥65 years 
are eligible for the Eurotransplant Senior Program 
(ESP) to receive kidneys from donors aged 
≥65  years. The allocation of the ESP is based 
solely on dialysis waiting time and favours local 
allocation to reduce cold ischaemic time. Since 
implementation of the ESP, patients have had 
decreased waiting times with a reduction in rates 
of delayed graft function. The 1-year and 5-year 
patient survival was 86 and 60% in ESP (mean 
age 67.7  years) compared with 90 and 74% in 
recipients aged 60–64 years (mean age 63.6 years) 
[45]. Although older recipients receiving kidney 
transplants from older donors have a higher 
(especially early) mortality risk, they still benefit 
long-term compared with waitlisted patients, as 
demonstrated in the United States (US) [38]. 
Therefore, this is considered an effective alloca-
tion system. However, a recent review in the 
Netherlands (a member of Eurotransplant) con-
cluded that older recipients may not benefit from 
receiving kidneys from older (≥65 years) donors 
(old-to-old) [46]. From the commencement of 
dialysis, compared with waitlisted patients, old- 
to- old recipients had similar 5-year mortality 
from donation after brain death (DBD) donors 
(60.4% versus 61.3%) but higher mortality from 
donation after circulatory death (DCD) donors 
(64.5%). This contrasts with the 5-year mortality 
risk of approximately 50% for older recipients of 
young DBD and DCD kidneys. While allocation 
of older donor kidneys to carefully selected older 
recipients represents optimised utility of organs 
and may benefit these patients, it does pose addi-
tional risks to this susceptible group compared 
with receiving kidneys from younger donors.

2.3.1.3  Kidney Donor Profile Index 
(KDPI) and Estimated Post- 
Transplant Survival (EPTS)

The most significant and novel change in the US 
Kidney Allocation System (KAS) implemented 
since December 2014 was longevity matching. 
This was based on continuous scores of predicted 
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post-transplant patient survival and graft survival 
by Estimated Post-Transplant Survival (EPTS)46 
and Kidney Donor Profile Index (KDPI) [47] 
respectively. The scores are based on four recipi-
ent and 10 donor characteristics respectively 
(Table 2.2). Although this approach replaces the 
dichotomous stratification of recipient and donor 
age in the abovementioned allocation policies, 
the EPTS and KDPI scores remain heavily influ-
enced by age. In the new KAS, the 20% of wait-
listed patients with the longest (EPTS score 
≤20%) are prioritised for the 20% of kidneys 
with the longest estimated graft survival (KDPI 
≤20%). As a result, younger donor kidneys are 
preferentially allocated to younger recipients. A 
similar approach is planned to be implemented in 
Australia where currently there is no longevity 
matching in the allocation system.

Unlike the ESP, kidneys from older donors 
with higher KDPI are not preferentially allocated 
to older patients with higher EPTS.  However, 
accepting these kidneys may benefit older 
patients compared with waiting for a lower EPTS 
kidneys which are prioritised to younger patients 
with lower EPTS.  Prior to the KAS changes, 
older patients (>50  years) with a median wait 
time of ≥33 months were shown to have an 
increased short-term mortality risk but better 
long-term survival if they accepted higher KDPI 
(71–80%, 81–90% and 91–100%) donor kidneys 
compared to those who waited longer on dialysis 
for a lower KDPI kidney [48]. This was sup-
ported by a further study which demonstrated 
that older recipients (>60  years) experienced a 

lower mortality risk beyond the first post- 
transplant year when accepting kidneys with a 
KDPI >85%, compared with waitlisted controls 
[49].

It is worth noting that both KDPI and EPTS 
scores, similar to any prediction models, do not 
predict graft and patient outcomes respectively 
with certainty. C-statistic is a recognised measure 
of how well a risk score predicts the actual out-
come. A c-statistic of 0.5 is no better than flip-
ping a coin while 1.0 predicts the outcome with 
absolute precision. For KDPI, the average 
c- statistic is only 0.62, which represents only 
modest predictive power for graft outcome. It 
improves to 0.78 (considered good discrimina-
tory power) when comparing donors from the 
highest and lowest 20% of estimated graft sur-
vival, supporting its use in risk stratification for 
the purpose of allocation [50]. There is, however, 
a concern of the labelling effect of high KDPI 
kidneys resulting in their increased discard rates 
and therefore compromising overall utility by 
decreasing the transplant rate [51, 52]. Similarly, 
the c-statistic for EPTS is 0.69 [53], which has 
been externally validated in a cohort from 
Australia and New Zealand [54]. This suggests 
that although longevity matching may not be pre-
cise for each individual donor-recipient pair, the 
use of EPTS and KDPI should improve the utility 
of the scarce resource of donor kidneys. Efforts 
should be made to reduce unnecessary discard of 
high KDPI kidneys which may still benefit some 
recipients with higher EPTS.

2.3.2  HLA Matching

Even with contemporary immunosuppression, 
each additional HLA A, B or DR mismatch is 
associated with a decrease in graft survival [55]. 
As illustrated in Fig. 2.5a, there is an  approximate 
10% difference in 5-year graft survival between 0 
and 6 HLA A+B+DR mismatches while the differ-
ence between 3 and 4 HLA mismatches is mini-
mal. Similarly, there is a 14% difference in 20-year 
graft survival between 0 and 6 mismatches with a 
median survival of 18.3 and 12.7  years respec-
tively (Fig. 2.5b), whereas there is no difference 

Table 2.2 Factors consider in Kidney Donor Performance 
Index (KDPI) and Estimated Post Transplant Survival 
(EPTS)

KDPI EPTS
Age
Height
Weight
Ethnicity
Hypertension
Diabetes
Cause of death
Serum creatinine
Hepatitis C status
Donation after circulatory 
death

Age
Dialysis time
Prior organ transplant 
status
Diabetes status
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between 3 and 4 mismatches. In addition, those 
with a poorly matched graft are more likely to 
become broadly sensitised to HLA, reducing their 
prospect of re- transplantation. Therefore, incorpo-

rating HLA matching into allocation algorithms to 
maximise utility seems sensible. However, its 
emphasis varies in different jurisdictions as it com-
petes with equity and fairness against those who 
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have waited longer on dialysis, those with rare 
HLA typing and HLA-homozygous patients. Most 
allocation policies prioritising HLA matching 
involve organ sharing across regions, and some-
times countries, resulting in increased cold isch-
aemic time and the need to re-balance the exchange 
of organs.

The Eurotransplant Kidney Allocation System 
(ETKAS) places the most emphasis on HLA 
matching. Points are awarded for the absence of 
each HLA A, B or DR mismatch. In contrast, 
HLA matching is not considered in most 
Canadian provinces, and there is no national 
sharing of well-matched donor kidneys. Most 
jurisdictions prioritise national sharing of zero- 
mismatched kidneys including the UK, US and 
Australia. Otherwise, there is a trend to place less 
emphasis on HLA matching globally. Apart from 
zero HLA A+B+DR mismatch, points are only 
awarded for DR matching in the US [36]. In the 
UK, HLA-DR matching is ranked higher than 
HLA-B matching while HLA-A matching is no 
longer considered [43]. In addition, points for the 
recipient’s age are combined with HLA matching 
to prioritise younger patients for well-matched 
grafts [43]. This approach aims to minimise HLA 
sensitisation and improve access to re- 
transplantation for younger recipients who are 
likely to require more than one transplant during 
their lifetime [58].

Certain patients are disadvantaged in an allo-
cation system that favours HLA matching. Ethnic 
minorities have less common HLA while HLA- 
homozygous individuals have a lower probability 
of receiving a lower HLA-mismatched kidney. To 
address this, points are awarded for HLA-B and 
HLA-DR homozygosity in the UK [43]. The 
ETKAS awards points for patients with rare HLA 
as they have a lower probability of finding a 0 or 
1 HLA-mismatched donor.

2.4  Equity and Fairness

2.4.1  Waiting Time

Waiting time is the most widely accepted factor 
for equity and fairness in deceased donor kidney 

allocation. Most allocation policies calculate 
waiting time from the commencement of dialysis 
regardless of when the patient was waitlisted. In 
contrast, waiting time starts from the time of acti-
vation on the waiting list in the UK [43]. The US 
originally adopted a similar approach to the 
UK. However, since 2014, one of the changes to 
the US KAS was to award waiting time points 
based on time spent on dialysis to avoid inequali-
ties for those with reduced access to the waiting 
list [36]. Even in the contemporary era, time on 
dialysis is a strong predictor for post-transplant 
mortality [59, 60]. While 13,501 patients received 
a deceased donor kidney transplant in the US in 
2016, 4830 patients died on the waiting list, and a 
further 4411 patients became too sick to receive a 
transplant and were removed from the list [61]. 
Therefore, a fair kidney allocation system needs 
to avoid a minority of patients waiting longer 
than others and developing dialysis related com-
plications which could render them no longer 
transplantable.

2.4.2  Sensitisation

Sensitisation to HLA can be induced by events 
such as previous organ transplants, pregnancies 
and blood transfusions. Some patients may 
therefore develop anti-HLA antibodies against 
a high percentage of potential donors expressed 
as the calculated panel reactive antibody 
(cPRA). Different allocation policies define 
highly sensitised patients (HSP) by different 
levels of cPRA (Table  2.1). HSP have limited 
access to transplantation and without prioritisa-
tion, they may miss an opportunity to receive a 
transplant from an immunologically compatible 
donor. To facilitate transplantation in HSP, 
regional and/or national sharing of organs is 
often required. Most highly sensitised programs 
prioritise allocation of kidneys based on avoid-
ance of unacceptable antigens defined by solid 
phase assays (where patients have pre-formed 
antibodies against donor HLA). In contrast, 
allocation through the Eurotransplant 
Acceptable Mismatch program is based on 
defining acceptable antigens by the lack of anti-
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body reactivity in CDC assays using cells 
expressing a single HLA and eplet analysis 
using HLAMatchmaker [7]. Compared with the 
regular ETKAS, such an approach employed by 
the Acceptable Mismatch program resulted in 
superior 10-year death-censored graft survival 
(72.8% vs 62.4%), only marginally inferior to 
non- sensitised patients (74.8%) [62].

HSP, many of whom had previous trans-
plants, have inferior graft survival. Patients 
with a PRA of >50% have a 10-year graft sur-
vival of 55.5% compared with 72.4% for those 
with a PRA of 0% [63]. Patients with repeat 
transplants also have inferior graft survival 
compared with those with first transplants 
(Fig. 2.6). Therefore, equity for HSP to receive 
a kidney transplant competes with the principle 
of utility of the limited resource of donor 
organs. Furthermore, some argue that prioriti-
sation of HSP for re-transplantation ahead of 
those who have not yet been given a first trans-
plant is against the principle of equity and fair-
ness [65]. Clearly, this is a difficult ethical 
dilemma, and a balance needs to be struck to 
avoid excessive prioritisation and unacceptable 
reduction in graft years for HSP.

2.4.3  Prior Living Kidney Donors

Living kidney donors facilitate timely (often pre- 
emptive) transplantation and superior patient and 
graft survival over deceased donors. They allevi-
ate the demand for deceased donor organs [66]. 
Despite its relative safety, there is a small but 
increased risk of end-stage kidney disease com-
pared with healthy non-donors [67, 68]. It only 
seems fair therefore, that any disadvantage to 
their health from their act of altruism should be 
offset. To that end, many allocation policies 
incorporate prioritisation for prior living kidney 
donors.

2.4.4  Blood Group

In most jurisdictions, kidneys are allocated to 
blood group identical (rather than compatible) 
waitlisted recipients, with the exceptions of pri-
oritisation for HSP and zero HLA A+B+DR mis-
match. This is to avoid the imbalance of the 
universally compatible blood group O donor 
 kidneys being allocated to non-O recipients. As 
evident in the original Eurotransplant Senior 
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Program (ESP) in Germany where O kidneys 
were allocated to all compatible blood groups, 
blood group O patients had longer waiting times 
and were more likely to accumulate on the wait-
ing list compared with non-O patients [69].

Allocation of kidneys by identical blood type, 
however, contributes to the ethnic minorities being 
disadvantaged in their access to transplantation. 
Blood group B is represented by ethnic minorities 
in 71.4% (including 44% black, 13.8% Asian and 
11.6% Hispanic) compared to 50.2% in blood 
group A in the US [70]. They have reduced access 
to deceased donor kidneys and longer waiting time 
due to the higher percentage of waitlisted patients of 
ethnic minorities compared to that of the donor pool 
from the general population [71, 72]. To address 
this, blood group B (but not A or AB) candidates are 
eligible to receive O donor kidneys in the UK. Given 
the long-term success of transplanting A2 and A2B 
kidneys into blood group B recipients (who often 
have persistently low anti-A titres) [70], for US 
transplant programs with specific consents, A2 and 
A2B donor kidneys are prioritised to pre- consented 
B candidates. This initiative increased the transplant 
rate in B candidates from the participating Donation 
Service Areas (DSA), demonstrating graft survival 
comparable to B recipients of B kidneys [73].

2.5  Medical Urgency and Needs

2.5.1  Inadequate Dialysis

For patients with inadequate dialysis without 
options for further dialysis access, kidney trans-
plantation becomes an urgent lifesaving treat-
ment. Most allocation policies consider patients 
under such circumstances as medical urgency to 
be allowed prioritisation. Where there is more 
than one kidney transplant program in the same 
region, agreement from other transplant pro-
grams is generally required.

2.5.2  Paediatric Bonus

Priority for paediatric patients is widely accepted 
in most allocation policies due to the detrimental 

impact of dialysis and unique benefits of trans-
plantation for growth [74] and cognitive develop-
ment [75]. Donor kidneys of higher quality are 
often coupled with the paediatric bonus. The 
intention is to improve the utility of graft years 
for paediatric recipients with longer expected 
survival, while minimising sensitisation for 
future re-transplantation. Share-35 was an initia-
tive to preferentially offer young deceased donors 
(<35 years old) to paediatric patients (<18 years 
old), implemented in 2005 in the US. Although it 
doubled the number of transplants from young 
deceased donors, the majority of these were 5 or 
6 HLA A+B+DR mismatched kidneys. In addi-
tion, the proportion of paediatric living kidney 
transplants decreased from 55 to 35%, an unin-
tended consequence [76].

Paediatric patients usually require re- 
transplantation. To avoid broad HLA sensitisa-
tion from receiving deceased donor kidneys with 
high HLA mismatches, different strategies have 
been employed. In the new KAS, paediatric 
patients receive 1 point if the donor has a KDPI 
<35%, while 3–4 points (depending on the age of 
the patient) are awarded if a zero HLA mis-
matched donor kidney is offered [36]. In the UK, 
zero mismatched and well-matched (no DR mis-
matches) kidneys are prioritised to paediatric 
recipients [43]. Alternatively, rather than promot-
ing HLA matching in a minority of paediatric 
recipients, the Royal Children’s Hospital in 
Australia established prospective exclusions of 
donors with HLA associated with high eplet mis-
matches for each individual patient. This 
approach significantly lowered class 2 eplet mis-
matches to reduce the risk of broad sensitisation 
while still allowing timely access to transplanta-
tion [77].

2.5.3  Changes to the Kidney 
Allocation System (KAS) 
in the United States

In December 2014, the United States imple-
mented several amendments to the KAS. The key 
changes, their goals, whether achieved or not, are 
outlined in Table 2.3. The changes aimed to pro-
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mote both utility and equity. These included (1) 
longevity matching by preferentially allocating 
lower KDPI kidneys to lower EPTS patients, (2) 
broader sharing of kidneys for HSP, (3) awarding 
points for waiting time from dialysis initiation to 
compensate disadvantaged patients (often ethnic 
minorities) for being referred late for transplanta-
tion, (4) allocation of blood group A2 and A2B 
kidneys to B candidates, and (5) broader sharing 
of high KDPI kidneys to reduce discard rate and 
increase utilisation [36]. Some of the goals were 
achieved comparing pre-KAS and the first year 
post-KAS, including reducing donor-recipient 
age mismatch and increasing transplant rates for 
HSP and those with long dialysis waiting time, 
with a bolus effect [78]. However, no increase in 
transplant rates for blood group B recipients was 
observed due to the low uptake of A2 and A2B 
donor kidneys for these patients. There was also 
no increase in the use of high KDPI kidneys. In 
fact, there was a marginal increase in discard rate.

As a result of broader sharing of organs, cold 
ischaemic times (CIT) increased from 17.0 to 
17.9 h, with the percentage of transplants with a 
CIT >24 h increasing from 18.2 to 21.3%. Delayed 
graft function also increased from 24.4 to 29.2% 
across all CIT categories. It has been suggested 
that this may relate to transplanting patients with 
longer dialysis vintage. Although the 6-month 
graft survival has remained similar, longer follow-
up is required to ensure that the changes to KAS 
have not resulted in reduced graft survival [78]. 
Some argue that these changes may not have 
achieved the desired goals and led to unintended 
consequences [65]. For instance, HSP with cPRA 
≥99% may have been “overcompensated” in the 
current KAS. As a perfect kidney allocation sys-
tem is unlikely to exist, the new changes to KAS 
have fulfilled many of their goals to optimise util-
ity and equity. However, monitoring for possible 
undesired consequences is crucial to facilitate 
potential revisions of KAS in the future.

Table 2.3 Key changes, goals and consequences in the Kidney Allocation System in the United States

Key changes Goals Consequences

Low KDPI (≤20%) donor 
kidneys preferentially 
allocated to low EPTS (≤20%) 
candidates

Longevity matching to avoid 
wasted graft years (Utility)

•  Donor- recipient age mismatch >30 years 
decreased from 21.1 to 16.3%

•  Recipients aged ≥65 receiving KDPI 0–20% 
kidneys decreased from 3.2 to 1.1%

•  Recipients aged ≤40 receiving KDPI 0-20% 
kidneys increased from 7.1 to 12.8%

•  Recipients aged 18-34 increased from 8.8 to 
12.8%

•  Recipients aged ≥65 decreased from 22.9 to 
18.1%

Broader sharing of kidneys to 
highly sensitised candidates 
with cPRA ≥99%
Stepwise priority points for 
cPRA ≥20%

To increase access to 
transplantation for highly 
sensitised patients (Equity and 
fairness)

•  Recipients with cPRA ≥99% increased by 
4-fold from 2.4 to 13.4% (after bolus effect: 
from peak of 14.8 to 12.1%)

Points for waiting time from 
dialysis initiation rather than 
activation on waiting list

To avoid disadvantaging 
patients with reduced access to 
early referral for 
transplantation (Equity and 
fairness)

•  Recipients with ≥10 years of dialysis vintage 
increased from 4.3 to 10.9% (after bolus 
effect: from peak of 13.1 to 7.9%)

Blood group A2 and A2B 
kidneys preferentially 
allocated to blood group B 
candidates

To reduce waiting time for 
blood group B candidates with 
longer waiting time than blood 
group A candidates (Equity 
and fairness)

•  A2/A2B donor kidneys to B recipients 
increased from 0.2 to 1.0%

•  No increase in blood group B recipients
•  No decrease in blood group A recipients

Broader sharing of kidneys 
with high KDPI (>85%)

To reduce discard rate of high 
KDPI kidneys which may still 
benefit some recipients 
(Utility)

•  No increase in use of kidneys with KDPI 
≥85%

•  Marginal increase in discard rate from 18.5 
to 19.4%

2 Tissue Typing, Crossmatching and the Allocation of Deceased Donor Kidney Transplants
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3.1  Introduction

The immune system normally functions to miti-
gate infectious and neoplastic risk. In the absence 
of immunosuppression, the transplantation of 
allogeneic tissue constitutes a challenge as 
allorecognition triggers injurious effector mecha-
nisms culminating in graft destruction. This 
chapter will focus on innate immunity, the basic 
mechanisms of allorecognition, co-stimulation, T 
cell amplification, effector mechanisms, and anti-
body production.

3.1.1  Immune Response 
to Transplanted Tissue

To adequately understand the response to trans-
planted tissue, it is helpful and important to 
review the general immune response. The 
immune system can be divided into two core 
components (see Table 3.1). Innate immune sys-
tem is nonspecific and non-adaptive while the 
adaptive immune system is antigen specific and 
exhibits memory, or secondary, immune 
responses.

3.2  The Innate Immune System

Innate immunity refers to the nonspecific natural 
immune system that involves macrophages, den-
dritic cells, neutrophils, NK (natural killer) cells, 
cytokines, toll-like receptors, and complement 
components. Innate immune system provides 
immediate albeit incomplete protection against 
intruders and, at best, has only short-term 
memory.

3.3  Role of Innate Immune 
System in Allograft Rejection

How the innate immune system recognizes allo-
geneic non-self is incompletely understood. It 
has long been established that cells of the innate 
immune system do not directly participate in 
allorecognition. Rather, NK cells respond to 
inflammatory ligands released by dying cells [1, 
2]. These inflammatory ligands include uric acid 
and nuclear protein high-mobility group box 1, 
among others. Such mediators are allograft non- 
specific and relate more to hypoxic injury and 
signal through innate pattern recognition recep-
tors [3, 4]. Such receptors include Toll-like recep-
tors and various components of the inflammasome, 
all of which also participate in the recognition of 
microbes.

NK cells are activated by stimulatory ligands 
such as the MHC I- related proteins MICA and 
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MICB which have been detected in solid organ 
allografts as well as the absence of inhibitory sig-
nals delivered by self-MHC [5]. However such 
stimulatory signals are generally insufficient for 
complete activation of NK cells as is seen after a 
viral infection [6]. Interestingly, studies on T and B 
cell deficient RAG −/− (recombination- activating 
gene) mice have shown that a specific alloimmune 
response to allogenic non-self was mounted inde-
pendent of NK cells [7]. The findings provide direct 
evidence that monocytes mediate a response to allo-
geneic non-self, a function not previously attributed 
to them, and suggest the presence of mismatching at 
loci unlinked to MHC.  The allo-determinants for 
these loci unlinked to MHC may be polymorphic 
genes that are outside the MHC as Polymorphic Ig 
Domain containing genes that are expressed in cells 
of the innate immune system in mice and humans 
[8]. Recently a study [9] on the innate response of 
Rag2−/−γc−/− mice, which lack T, B, and NK cells, 
to grafts from allogeneic showed that donor poly-
morphism in the gene encoding signal regulatory 
protein alpha (SIRPα) is a key modulator of the 
recipients innate allorecognition response.

3.4  The Adaptive Immune System

The adaptive immune system recognizes non- 
self- antigens to initiate immune responses. 
Unlike the innate immune system, which func-

tions based on the identification of general 
threats, adaptive immunity is activated by expo-
sure to pathogens or alloantigens, and uses 
immunological memory to learn about the threat 
and enhance the immune response accordingly. 
Adaptive immunity is often lifelong. In general 
terms, the adaptive immune response is slower to 
respond to threats and infections than the innate 
immune response, which is primed and ready to 
combat threats at all times.

Adaptive immune responses are triggered 
when APCs activate antigen-specific T cells 
within secondary lymphoid organs leading to 
effector cell generation and their migration to the 
allograft where they mediate rejection. The 
majority of effector T cells eventually undergoes 
apoptosis and the few that survive become long- 
lived memory T cells that endanger the survival 
of a subsequent organ transplant.

3.4.1  Cells of the Adaptive Immune 
System

The adaptive immune system mainly relies on T 
cells and B cells. Both T cells and B cells are 
lymphocytes that are derived from bone marrow 
derived multipotent hematopoietic stem cells.

3.4.1.1  T Cells
Naïve T cells are formed in the bone marrow, 
and then migrate to the thymus (hence the name 
“T cell”) in order to mature. While in the thy-
mus, the developing T cells start to express T 
cell receptors (TCRs), and either CD4 or CD8 
receptors.

Unlike antibodies, which can bind to anti-
gens directly, T cell receptors can only recog-
nize antigens that are bound to Major 
Histocompatibility Complex class 1 (MHCI) or 
class 2 (MHCII). These MHC molecules are 
membrane-bound surface receptors on profes-
sional antigen-presenting cells, such as den-
dritic cells and macrophages. CD4 and CD8 
play a role in T cell recognition and activation. 
Class 1 MHC molecule present peptide anti-
gens to CD8-positive T cells while MHC class-
II Molecules presents antigen to CD4-positive 
T cells.

Table 3.1 Comparison of Innate and Adaptive Immunity

Innate immunity Adaptive immunity
Non-specific Specific
Involves physical and 
chemical barriers, 
macrophages, phagocytic 
leukocytes, dendritic and 
NK cells

Involves B and T 
lymphocytes

No memory cells Involves generation of 
“memory cells” against 
specific antigens for 
future enhanced 
response

Respond to any foreign 
antigen

Responds to a specific 
antigen

Inherited Can’t be inherited
Faster response Slower response
Activation of alternative 
and lectin pathways

Classical pathway
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T cells undergo two selection processes:

 1. Positive selection ensures MHC restriction by 
testing the ability of MHC-I and MHC-II to 
distinguish between self and non-self- 
proteins. In order to pass the positive selection 
process, cells must be capable of binding only 
self-MHC molecules. If these cells bind non- 
self- molecules instead of self-MHC mole-
cules, they fail the positive selection process 
and are eliminated by apoptosis.

 2. Negative selection tests for self-tolerance. 
Negative selection tests the binding capabili-
ties of CD4 and CD8 specifically. For exam-
ple, T cells only bind to self-MHC molecules 
presenting a foreign antigen. If a T cell binds 
to a self-MHC molecule that isn’t presenting 
an antigen, or alternately, binds to a self-MHC 
molecule presenting self-antigen, it will fail 
negative selection and be eliminated by apop-
tosis. These two selection processes mitigate 
autoimmunity risk.

The end result of positive and negative selec-
tion includes: Helper T cells, Cytotoxic T cells, 
and T regulatory cells.

3.4.1.2  Helper T Cells
T helper (Th) cells are divided into two main 
populations: Type 1 (Th1) and Type 2 (Th2) cells. 
A third T-cell subset (T helper cells Type 17) has 
also been identified. These cells are involved in 
early response to pathogens, in autoimmunity 
and tissue inflammation.

3.4.1.3  Type 1 Helper Cells
Th1 cells produce interleukin (IL)-2, gamma- 
interferon (IFN-gamma) and tumor necrosis 
factor- beta and are involved in delayed type 
hypersensitivity reactions. In addition, they are 
the main cells involved in acute allograft 
rejection.

3.4.1.4  Type 2 Helper Cells
Th2 cells express IL-4, IL-5, IL-6, IL-10 and 
IL-13 and provide help for B-cell production of 
antibody, and particularly IgE response (parasitic 
infections). This IgE response is mediated by 
IL-4 which acts as a growth factor for B cells 

antibody production while directly inhibiting the 
T cell maturation into Th1 pathway.

3.4.1.5  Cytotoxic T Cells
Cytotoxic T Cells express CD8 and are princi-
pally involved in the killing of tumor and virally 
infected cells. Activation of Cytotoxic T cells 
involves interactions between molecules on the 
surface of cytotoxic T cells and APC’s. The first 
signal is interaction between peptide bound MHC 
class 1 molecule on APC and the TCR on CD8+ 
T cells. The second signal is interaction between 
CD28 molecule on T-cell and either CD80 or CD 
86 (also called B7–1 and B7–2) on APC. Activation 
of cytotoxic T cells leads to killing of the infected 
cells by either delivering a “lethal hit” or alterna-
tively by inducing apoptosis. After activation, 
CD8+ T  cells release cytoxins, perforins, gran-
zyme B, and granulysin. Through the action of 
perforin, granzymes enter the cytoplasm of the 
target cell and their serine protease function trig-
gers the interleukin-1-beta converting enzyme 
(ICE) mediated protease pathway that eventually 
lead to cell death. This pathway is critically 
important for eradication of microbial infection. 
A second way to induce “activation-induced cell 
death is by utilizing the FAS pathway [10–13]. 
When a cytoxic T cell is activated it starts to 
express the surface protein FAS ligand (FasL)
(Apo1L)(CD95L), which can bind to Fas (Apo1)
(CD95) molecules expressed on the target cell. 
Engagement of Fas with FasL allows for recruit-
ment of the death-induced signaling complex 
(DISC) which comprises activated caspases lead-
ing to cleavage of death substrates such as lamin 
A, lamin B1, lamin B2, PARP (poly ADP ribose 
polymerase), and DNA-PKcs (DNA-activated 
protein kinase) [14].The final result is apoptosis 
of the cell that expressed FAS. The FAS pathway 
is of importance in limiting T-cell proliferation in 
response to antigenic stimulation. Cell-mediated 
cytotoxicity has been shown to play an important 
role in acute, although not chronic, allograft rejec-
tion [15].

The diagnostic utility of measurement on 
mRNA encoding cytotoxic attack proteins gran-
zyme B and perforin in urine specimens obtained 
from renal allograft recipients, has been investi-
gated and reported that mRNA levels of perforin 

3 The Immunobiology of Transplant Rejection and Acceptance

https://en.wikipedia.org/wiki/Poly_ADP_ribose_polymerase
https://en.wikipedia.org/wiki/Poly_ADP_ribose_polymerase
https://en.wikipedia.org/wiki/DNA-PKcs


54

and granzyme B were significantly higher in the 
urinary cells obtained from renal allograft recipi-
ents with a biopsy confirmed episode of acute 
rejection than in the patients without an episode 
of acute rejection. Analysis involving the 
receiver-operating-characteristic curve demon-
strated that acute rejection can be predicted with 
a sensitivity of 83% and a specificity of 83% 
using perforin mRNA levels, and with a sensitiv-
ity of 79% and a specificity of 77% using gran-
zyme B mRNA levels [16]. Similarly, reverse 
transcriptase-polymerase chain reaction 
(RT-PCR) has been used to identify intrarenal 
expression of cytotoxic attack molecules (gran-
zyme B and perforin) and immunoregulatory 
cytokines (IL-2, IL-4, IL-10, IFN-gamma, and 
TGF-beta 1) in human renal allograft biopsies. 
Molecular analyses revealed that intragraft dis-
play of mRNA encoding granzyme B, IL-10 or 
IL-2 is a correlate of acute rejection, and intrare-
nal expression of TGF beta 1 mRNA, of chronic 
rejection [17].

3.4.1.6  T Regulatory Cells
Regulatory T cells (Tregs) play a pivotal role in 
regulating other cells in the immune system. 
Tregs mediate their regulatory function through 
multiple soluble and cell surface markers. The 
most widely used markers for Tregs are (see 
Fig.  3.1): CD25, cytotoxic T lymphocyte- 
associated antigen 4 (CTLA-4), glucocorticoid- 

induced tumor necrosis factor receptor 
family-related gene (GITR), lymphocyte activa-
tion gene-3 (LAG-3) and forkhead/winged-helix 
transcription factor box P3 (Foxp3) [18–20]. 
However accumulating evidence suggests that 
these markers are not strictly Treg-specific. For 
example, CTLA-4/TCR interactions with their co 
stimulatory ligands on APC’s and CD25 with 
IL-2 involvement leads to production of soluble 
messengers TGF-beta, IL-10 and adenosine 
(Fig.  3.1) which in turn suppresses activation, 
proliferation and cytokine production of CD4+ T 
cells. CD8+ T cells and are thought to suppress B 
cells and dendritic cells [21, 22]. Tregs impact 
immune responses to self-antigens, allergens, 
and commensal microbiota as well as immune 
responses to infectious agents and tumors. In 
addition, T regulatory cells by distinguishing 
between self and non-self-molecules, play an 
important role in reducing the risk of auto 
immune diseases. When regulatory T cells 
(Tregs) emerged as a mechanism in control of 
autoimmunity [23, 24], considerable interest 
focused on their role in organ transplantation and 
their potential for cell-based therapy. Such stud-
ies often incorporate forkhead box P3 (FOXP3), 
a forkhead-winged helix transcription factor 
expressed on the X chromosome, important in 
the development and function of Tregs. Such 
studies [25–27] were facilitated by the discovery 
of Foxp3 loss-of-function mutations in humans 
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IL-2R
LAG-3

Foxp3
TGF-Beta
IL-10
Adenosine
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Cell cycle arrest/Apoptosis in
effector Tcells and blocking
costimulation of dendritic cells

Fig. 3.1 Regulatory T 
cell receptors and 
activation
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leading to a severe multi-organ autoimmune and 
inflammatory disorder IPEX (Immune dysregu-
lation, Polyendocrinopathy, Enteropathy, 
X-Linked) and a similarly devastating wide-
spread lesions in a mouse mutant strain, scurfy. 
Thus demonstrating the importance of FOXP3 in 
cells which regulate self-tolerance. The majority 
of Foxp3-expressing regulatory T cells are found 
within the major histocompatibility complex 
(MHC) class II restricted CD4-expressing (CD4+) 
population and express high levels of the inter-
leukin-2 receptor alpha chain (CD25) [28].

3.4.2  Role of Tregs in Experimental 
Allograft Tolerance

In the past decade numerous reports have revealed 
the importance of Tregs in the promotion of 
transplant tolerance in animal models of heart, 
kidney, and skin transplantation [29–31]. In a 
mouse model of liver transplantation, recent 
studies have demonstrated the critical role that 
Tregs play in the establishment of tolerance [32, 
33]. The presence of Tregs was increased in the 
periphery and in the tolerant graft from day 5 
after transplantation to day 100. The increased 
number of Tregs was associated with the height-
ened expression of Tregs effector molecules 
(TGF-b and CTLA4) and IL-4 production. 
Treatment of tolerant mice with Tregs-depleting 
anti-CD25 antibodies resulted in acute allograft 
rejection, which was associated with a reduced 
Tregs/T effector cell ratio, decreased production 
of IL-4, and increased production of IL-10 and 
IL-2. Furthermore, anti-CD25 antibody–treated 
mice displayed reduced numbers of apoptotic 
alloreactive T cells, and suggesting that Tregs 
mediate their activity through the induction of 
apoptosis of activated T cells. The engagement of 
CTLA4 was found to be important for the induc-
tion of spontaneous tolerance in a mouse model 
of liver transplantation and treatment with anti-
bodies to CTLA4 prevented the induction of tol-
erance. The anti-CTLA4 antibody treatment was 
associated with the increased activity of donor- 
specific T cells and natural killer cells in both the 
liver and the spleen. Furthermore, blocking 

CTLA4 with antibodies led to the protection of 
alloreactive T cells from apoptosis, and this sug-
gests that the Tregs effector molecule mediates 
its tolerogenic effect by killing the target cells in 
the tolerant graft and the periphery [33].

Monitoring the expression of Tregs effector 
molecules has been used experimentally to pre-
dict tolerance and rejection. The expression of a 
panel of Tregs effector genes with a novel multi-
plex real-time polymerase chain reaction plat-
form (GeXP analysis system, Beckman Coulter) 
in murine models of rapamycin-induced cardiac 
tolerance, spontaneous hepatic tolerance, and 
cardiac rejection has been analyzed [34]. The 
increased expression of fibrinogen-like protein 2, 
killer cell lectin-like receptor G1, and Foxp3 was 
found to be associated with tolerance in both tol-
erant cardiac and liver allografts, whereas in 
rejected cardiac grafts, the increased expression 
of CD25, granzyme B, and interferon-c was asso-
ciated with rejection.

3.5  Mechanisms of Allograft 
Rejection

Allorecognition is the first step of a series of 
complex events that leads to T-cell activation, 
antibody production, and allograft rejection. 
Donor antigen can be recognized directly or indi-
rectly by T cells.

In the direct pathway, recipient T-cells recog-
nize intact allogeneic HLAs expressed by donor 
APC (Antigen Presenting Cells). In the indirect 
pathway, T-cells recognize donor MHC peptides 
presented by recipient APC (Fig. 3.2). The direct 
and indirect pathways are well understood in organ 
transplantation. The direct pathway is very impor-
tant in the immediate post-transplant period. 
Without appropriate immunosuppression, a strong 
and effective alloimmune response ensues, due to 
the high number of recipient T-cells that will rec-
ognize the graft antigens and leading to acute 
rejection. While the indirect pathway of allorecog-
nition may also participate in acute rejection, it is 
usually predominant in the late onset of rejection, 
and especially chronic rejection. As long as the 
allograft is present in the host, the recipient APCs 
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can pick up the alloantigen shed from the graft ini-
tiating the alloimmune response.

3.5.1  Three-Signal Model of T-Cell 
Activation

The key process of allograft rejection is the T-cell 
activation. The most common sited mechanism 
of T cell activation includes interaction of two 
cells (Dendritic and T cells) and involves 3 sig-
nals (Fig. 3.3).

3.5.1.1  Signal One (Recognition)
During an immune response, extracellular anti-
gen is endocytosed and processed by the endo-
plasmic reticulum before translocating back to 
the cell surface in the context of self MHC. In the 
lymph nodes, the antigen peptides are presented 
by MHC-class II molecules present on APC’s to 
naïve T-cells for activation. The initiation of 
intracellular signaling (signal 1) is transduced 
through the TCR-CD3 complex. CD3, formerly a 
target of OKT3, a now discontinued murine 
monoclonal formerly used to treat severe rejec-
tion episodes [35].

3.5.1.2  Signal Two (Co-stimulatory 
Signals)

The second co-stimulatory signal depends on the 
receptor-ligand interactions between T-cells and 
APCs (signal 2). Numerous co-stimulatory path-
ways have been described and blockage of these 
pathways can lead to antigen-specific inactiva-
tion or death of T-cell [36]. The best-studied ones 
are the CD28-CD 80 and CD154-CD40 path-
ways. CD28 and CD154 are expressed on T-cells, 
and their ligands B7 and CD40 are expressed on 
APCs. CD28 has two ligands, B7–1 (CD80) and 
B7–2 (CD86). T-cells also express cytotoxic 
T-lymphocyte associated antigen-4 (CTLA-4) 
only when they are activated as compared with to 
CD28 which is present on T-Cells in resting state. 
CTLA-4 is homologous to CD28 and has a higher 
affinity than CD28 to bind B7. However, when 
CTLA-4 binds B7 (both CD80 and CD86), it pro-
duces an inhibitory signal resulting in Tc anergy. 
CTLA-4-Ig (belatacept) is a novel immunosup-
pressive medication, which is a recombinant 
fusion protein that contains the extracellular 
domain of soluble CTLA4 combined with an 
immunoglobulin G1 (IgG1) heavy chain [36]. 
CTLA4Ig is a competitive inhibitor of CD28 

cell activation
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=Antigen Presenting cell (APC) with MHC
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Fig. 3.2 Direct and 
indirect pathway of T 
cell activation
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binding, resulting in T-cell anergy in  vitro. In 
addition, the importance of CTLA-4 can be 
emphasized by observation of development of 
lymphoproliferative disease in genetically engi-
neered mouse in which gene for CTLA-4 has 
been knocked down. Similarly, exacerbation of 
autoimmune disease by administration of anti- 
CTLA- 4 monoclonal antibodies is another practi-
cal illustration that the CTLA-4 induced signal 
play an important role in the activation of T cells.

The other best studied co stimulatory path-
ways is the interaction between CD40 and its 
ligand CD40L (CD 154). CD40, a member of the 
tumor necrosis factor (TNF) receptor superfam-
ily, is expressed on B cells and other APCs, 
including dendritic cells while CD40 ligand, 
CD40L (CD154), is expressed early on activated 
T cells. CD154-CD40 inhibition has also been 
shown to prevent allograft rejection in animal 
models, including anti-CD154 antibody and mol-
ecules that target CD40.

The combination of signal 1 and 2 activates 
three downstream signal transduction pathways: 
the calcium-calcineurin pathway, the RAS- 
mitogen activated protein kinase pathway, and 
the IKK-nuclear factor κB (NF-κB) pathway. 
These three pathways further activate transcrip-
tion factors including the nuclear factor of acti-
vated T cells, activated protein-1, and NF-κB, 
respectively. Several new molecules and cyto-
kines including CD25, CD154, interleukin (IL)-
2, and IL-15 are subsequently expressed.

3.5.1.3  Signal Three- Proliferation
IL-2 and IL-15 deliver growth signals through the 
mammalian target of rapamycin pathway and 
phosphoinositide-3-kinase pathway, which sub-
sequently trigger the T-cell cycle and prolifera-
tion. The fully activated T-cells undergo clonal 
expansion and produce a large number of cyto-
kines and effector T-cells, which eventually pro-
duce CD8+ T-cell mediated cytotoxicity, help 
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macrophage-induced delayed type hypersensitiv-
ity response (by CD4+Th1), and help B cells for 
antibody production (by CD4+Th2). A subset of 
activated T-cells becomes the alloantigen-specific 
memory T-cells. For Th1 and Th2 differentiation, 
initiation of signal three requires the presence of 
IFN-gamma and IL-4 respectively. Dendritic cell 
and naive Th cells are unable to produce IFN- 
gamma or IL-4 themselves.

3.5.1.4  T Cell Migration
Naïve T cells and central memory cells circulate 
between blood and secondary lymphoid tissue. 
Leukocyte trafficking is critical for immunosur-
veillance purposes. This migration pattern is 
guided mainly by the cell surface expression of 
specific homing molecules, such as selectins, 
integrins, and chemokine receptors. (See 
Table  3.2). Activation of naïve lymphocytes 
occurs within secondary lymphoid tissue. Upon 
activation and differentiation, marked changes in 
the homing behavior of lymphocytes are observed 

as a direct result of changes in the cell surface 
expression of homing molecules. The interac-
tions between these molecules and their ligands 
or receptors triggers a sequential and coordinated 
series of events which summarized in Fig. 3.4.

3.5.1.5  Rolling
The rolling step is mediated by selectins, a 
closely related family of Ca (2+)-dependent lec-
tins (L, E and P selectins, respectively). They 
are found on leukocytes, inflamed vascular 
endothelial cells and platelets. L-selectin is 
expressed constitutively on leukocytes. The 
interaction between selectins and its ligand are 
loose, reversible, and occur in settings of shear 
flow. Because rolling precedes (and appears to 
be essential for) the integrin-mediated firm 
arrest before extravasation in response to inflam-
matory or infectious stimuli, inhibition of selec-
tin function has potential for anti-inflammatory 
therapy, but also presents some significant chal-
lenges because of the complexity of the pro-
cesses involved.

3.5.1.6  Triggering
Leukocyte activation or triggering is mediated by 
chemokines which are produced by both leuko-
cytes and endothelial cells. Chemokines, are a 
family of chemotactic cytokines that signal 
through G-protein-coupled receptors, play criti-
cal roles in regulating the leukocyte recruitment 
cascade. The signals basically convert the loose 
selectin mediated rolling into integrin mediated 

Table 3.2 Adhesion molecules involved in T cells 
migration

Steps in T cell 
migration Adhesions molecules
Rolling Selectin mediated (L, E and P 

selectins)
Triggering Chemokine mediated (CCR1, 

CCR3 and CCR5)
Firm adhesion Integrin mediated (ICAM-1, 

VCAM-1)
Transmigration PECAM and integrin mediated

ICAM-1

Rolling Firm Adhesion Migration Transmigration

selectins CCL21
CCR7

LFA
-1

Fig. 3.4 Steps in extravasation of T cells
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leukocyte-endothelial adhesions. Chemokines 
can be transported and immobilized on the sur-
face of vascular endothelial cells, where they 
activate leukocyte subsets expressing specific 
receptors. These include chemokine receptor 1 
(CCR1), CCR2, CXCR3, and CCR5. These 
receptors are predominantly expressed during an 
allograft rejection. CCR5 which is a high affinity 
receptor for chemokines has been shown to play 
a significant role in leukocyte trafficking in trans-
planted allografts in animal models and clinical 
observations [37]. In addition, much work has 
been done to characterize the chemokines 
expressed in the rejection of heart allografts. The 
specific chemokines found to be important for 
lymphocyte trafficking in rejecting heart grafts 
include CXCL9 (MIG), CXCL10 (IP-10), and 
CXCL11 (I-TAC) [38]. Neutralizing chemokines 
or blocking their receptors has been shown to 
prolong graft survival and prevent graft infiltra-
tion in animal models [39, 40]. Chemokines can 
also direct migration of adherent cells across the 
endothelium, and control segregation of cells into 
specific microenvironments within tissues. The 
regulated expression of chemokines and their 
receptors is a critical determinant for homing of 
specialized lymphocyte subsets, and controls 
both tissue and inflammation-specific immune 
processes.

3.5.1.7  Firm Adhesion
Firm adhesion of leukocytes to the endothelium 
is induced by chemokine stimulations and high- 
affinity integrin activation. The resulting integrin 
conformation change after activation can lead to 
as much as a 10,000-fold affinity increase of lym-
phocyte function-associated antigen-1 (LFA-1) 
to its ligand ICAM-1 [41]. In addition to LFA-1, 
Very late antigen-4 (VLA-4) ligation of endothe-
lial vascular cell adhesion molecule-1 (VCAM- 
1) also provides the principal interaction leading 
to adhesion.

3.5.1.8  Transmigration
The final and less well understood step in the 
homing cascade is transmigration. Though tradi-
tionally thought of as the passage of the lympho-
cyte between endothelial cells (paracellular), it is 

becoming more apparent that lymphocytes can 
also migrate directly through endothelial cells 
(transcellular) [42]. This process is mediated pre-
dominantly by the platelet endothelial cell adhe-
sion molecule (PECAM). Migration along the 
endothelium is primarily dictated by chemokine 
signals that direct cell chemotaxis via chemotac-
tic gradients. In addition, both β1 and β2 integ-
rins are also thought to be involved in these 
processes via interaction with endothelial junc-
tion integrin ligands such as JAM-B and JAM-A, 
respectively [43].

3.5.1.9  B Cells
There are two lineages of B-cells; B1 cells are 
part of innate immune system and develop during 
fetal and perinatal life; B2 cells are part of the 
adaptive immune system and develop during 
post-natal life.

3.5.1.10  B Cell Development
B1 cells are self-renewing and form part of 
‘Natural Memory’. B2 cells are formed from plu-
ripotent hematopoietic stem cells that mature in 
bone marrow. At this time IgM is expressed, 
forming B cell receptor (BCR). These naive B 
cells move into spleen and differentiate into fol-
licular or marginal zone B cells.

3.5.1.11  B Cell Activation
B cells are activated by antigen stimulation. They 
undergo extrafollicular differentiation to plasma 
cells when the B cell has high affinity for that 
specific antigen. In contrary, if the affinity is low 
for the antigen, cells enter the germinal centers 
and undergo affinity maturation through a pro-
cess of somatic hypermutation of the BCR. This 
ultimately leads to differentiation into either 
memory B cells or plasma cells. The purpose of 
this intense regulation is to ensure that the initial 
response against a specific antigen should be 
mounted by plasma cells which carry the highest 
binding capacity for that specific antigen. T 
helper cells facilitate B-cell activation either 
through intimate membrane contact involving a 
variety of receptors and ligands (such as 
CD40:CD154) or through the secreted soluble 
cytokines (such as IL-4). In a transplant, HLA 
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antibodies formed against donor HLA antigens is 
a major cause for allograft rejection and prema-
ture graft failure. Allograft injury is mediated 
either by activating the complement cascade 
[complement-dependent cytotoxicity (CDC)] or 
via Fc receptor on natural killer (NK) cells, neu-
trophils, and eosinophils (antibody-dependent 
cellular cytotoxicity).

3.5.1.12  B Cell Signaling
Differentiation of naïve B lymphocytes into effec-
tor cells (plasma and memory cells) starts with 
engagement of cytokine receptors by specific 
ligands. This activates Janus Kinase signal trans-
ducer and activator of transcription (STAT) signal-
ing pathways [44, 45]. Four JAK and seven STAT 
proteins have been identified. IL-21 predominantly 
activates STAT 1 and STAT 3 in human B cells and 
has been identified as a potent regulator of B cell 
differentiation [46, 47]. In vitro and In vivo studies 
on inactivating STAT 3 mutations dramatically 
reduced the ability of IL-21 to induce differentia-
tion of Naïve B cells into plasma and memory cells 
[48]. In contrast STAT 1 deficiency has no effect 
on the differentiation of naïve B cells. Tofacitinib 
(CP690550) a novel JAK 3 inhibitor, is an immu-
nosuppressive agent that appears to selectively 
reduce natural killer- and T- cell subsets. This 
agent is FDA approved for treatment of 
Rheumatoid arthritis and psoriatic arthropathy. 
Unfortunately, clinical trials in kidney transplanta-
tion revealed efficacy and safety concerns halting 
development for this indication [49].

3.6  MHC: Major 
Histocompatibility Complex

The principal target of the alloimmune response 
are the major histocompatibility complex (MHC, 
described in more details in Chap. 2) molecules 
expressed on the surface of donor cells (allo- 
MHC). In humans, these MHC molecules are 
called human leukocyte antigens (HLA) and they 
are located on the short arm of chromosome 6. 
Each parent provides a haplotype (a linked set of 
MHC genes) to each offspring in Mendelian co- 
dominant inheritance. The protein products of the 
MHC have been classified into three classes; 

Class I, II and III Molecules. Class I and II pro-
teins are integral components of the immune sys-
tem whose primary role is the presentation of 
peptide antigen to T cell receptor.

Class I molecules (HLA-A, -B, and -C) are 
composed of a polymorphic heavy chain (α chain, 
44  kDa) and a non-polymorphic light chain (β2 
macroglobulin, 12 kDa). They are expressed on all 
nucleated cells and generally present endogenous 
small antigens (typically 9–11 amino acids), such 
as viruses and self- protein fragments to CD8+ T 
cells. The CD8- positive cells then subsequently 
induce cell lysis (by inducing apoptosis or actively 
killing cells by cytotoxic proteins).

Class II molecules (HLA-DP, −DQ, and -DR) 
are composed of alpha and beta heterodimers. 
They are constitutively expressed only on profes-
sional antigen-presenting cells (APC), including 
dendritic cells, macrophages, and B-cells. Their 
expression is upregulated on epithelial and vascu-
lar endothelial cells after exposure to pro- 
inflammatory cytokines. Class II molecules 
present relatively larger antigens (12–28 amino 
acids), derived from extracellular proteins to CD4+ 
T-cells. The degree of HLA mismatch between 
donor and recipient plays a role in determining the 
risk of chronic rejection and graft loss. HLA-A, 
-B, and -DR (3 pairs, 6 antigens) are traditionally 
used for typing and matching before kidney or 
pancreas transplant. HLA-Cw, -DP, and -DQ are 
now increasingly typed and used in many trans-
plant centers. For kidney transplants, long-term 
graft survival is best in HLA-identical living 
related kidney transplants [50].

Class III molecules includes several compo-
nents of complement system (i.e. C2, C4a, C4b, 
Bf) and inflammatory cytokines, tumor necrosis 
factor, two heat shock proteins (HSP) etc. They are 
not membrane proteins and have no role in Ag pre-
sentation. MHC Class III molecules are not struc-
turally related to class I and class II molecules.

3.6.1  Minor Histocompatibility 
Antigens

Minor histocompatibility antigens (MiHA) are 
small endogenous peptides that occupy the 
antigen- binding site of donor MHC molecules. 

J. P. Vella and A. Mehboob



61

Their importance in transplantation is best 
described when donor and recipients share iden-
tical MHC types, such as HLA matched, non-
identical twin siblings, and yet still are at rejection 
risk in the absence of immunosuppression. The 
prototypic minor histocompatibility antigen, the 
male or H-Y antigen, is derived from a group of 
proteins encoded on the Y chromosome. 
Alloresponses to this antigen may explain 
reduced long-term graft survival observed in 
male-to-female donations. They are generally 
recognized by CD8+ cytotoxic T-cells in the con-
text of self-MHC, which leads to graft rejection. 
In bone marrow transplant, MiHA play an impor-
tant role in graft-vs-host disease in patients who 
have received HLA-matched cells. MHC class 1 
related chain A and B (MICA and MICB) anti-
gens are surface glycoproteins with functions 
related to innate immunity. Antibodies against 
MICA and/or MICB can cause antibody- 
mediated rejection (AMR) and graft loss [51].

Other reported antibodies causing graft rejec-
tion include anti-angiotensin-II type 1(AT1) 
receptor antibodies (activating IgG antibodies) 
that have been implicated in causing allograft 
rejection and hypertension. Affected patients 
might benefit from removal of AT1-receptor anti-
bodies or from pharmacologic blockade of AT1 
receptors, anti-glutathione S-transferase T1, and 
anti-endothelial antibodies. Anti-endothelial 
antibody can be detected by using donor mono-
cytes for crossmatch. Some minor transplant 
antigens may come from mitochondrial proteins 
and enzymes. As our knowledge in transplant 
immunology advances, there will likely be more 
alloreactive and autoreactive antibodies to 
uncover.

3.6.2  ABO Blood Group Antigens

ABO blood group antigens consist of oligosaccha-
rides which is expressed on red blood cells, epithe-
lial cells, lymphocytes, platelets and vascular 
endothelial cells. Patients with different blood 
groups differ with respect to their antigen density 
on erythrocytes. Compared to blood group A1 and 
blood group B individuals, blood group A2 recipi-
ents, (20% of blood group A Caucasians) have 

relatively low level expression (30–50%) on the 
surface of erythrocytes, thus explaining the 
reduced immunogenic potential of organs from 
blood group A2 donors. Of interest, anti-A/B anti-
bodies are formed upon contact with gut bacteria 
during early infancy. Naturally occurring anti-A/B 
antibodies are predominantly of the IgM class but 
especially in blood group O individuals they also 
consist of IgG and IgA class. The pathogenic 
importance of anti-A/B antibodies in solid organ 
transplantation is well known. These preformed 
antibodies cause hyper acute rejection. Thus, ABO 
compatibility between donor and recipient are 
essential for organ transplantation. Desensitization 
protocols to remove the preformed hemagglutinin 
A and/or B from recipient circulation have been 
used for ABO incompatible kidney transplants 
[52, 53]. The rhesus factor and other red cell anti-
gens are of minimal relevance to organ transplant, 
as they are not expressed on endothelium.
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Immune Tolerance

Jeevan Kumar Shrestha

4.1  Introduction

The state of lack or downregulation of immune 
response to specific antigens is immune toler-
ance. It can be also defined as immunological 
unresponsiveness to an antigen due to previous 
exposure to the same antigen. It is different from 
immunosuppression and immunodeficiency as it 
is an active antigen-dependent process in 
response to an antigen. The individual immune 
system is usually tolerant of self-antigens (cells, 
tissues, and organs). When the state of tolerance 
is disturbed, it causes autoimmune disease and 
food allergy. There are several checkpoints in the 
human body which delete the lymphocytes active 
against self-antigens. It is also normal to have 
self-reactive lymphocytes in the body in an aner-
gic state which cannot damage self-antigens. The 
regulatory immune cells circulate through the 
body and maintain tolerance which also turns the 
immune response off once the task is done.

Immune tolerance can be broken naturally or 
artificially (X-rays, drug treatments, and expo-
sure to cross-reactive antigens). When the 
immune system fails to recognize self-antigens, 
then it starts to attack its own cells, tissues, and 
organs which cause autoimmune disease. Some 
of the autoimmune diseases are common like 

type 1 diabetes, multiple sclerosis, lupus, and 
rheumatoid arthritis, while others are rare and 
difficult to diagnose. The genetic inheritance, 
infections, drugs, and other environmental fac-
tors influence autoimmune disease.

4.2  History

During the 1940s, Burnet stated the importance 
of distinguishing “self” and “non-self” for the 
protection of organisms against infection. Later, 
he postulated that antigens encountered during 
the immature stage of the immune system can 
tolerate the relevant lymphocytes [1]. In support 
of Burnet’s ideas, Medawar found that a signifi-
cant proportion of mice were fully tolerant as 
skin graft at the young adult stage was not 
rejected after the late embryonic stage or neonate 
mice were injected with a cell suspension of 
another strain of mice [2]. In 1960, both of them 
were awarded Nobel prize in Physiology and 
Medicine for the discovery of acquired immuno-
logical tolerance.

4.3  Cellular Mechanisms 
of Tolerance

The diversity created by V(D)J rearrangement 
may generate approximately 1014 distinct BCRs 
on the surface of immature B cells that may 
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 contain self-reactive BCRs which can be toler-
ized by at least four mechanisms: Anergy, Clonal 
Deletion, Suppressor Cells (Regulatory cells) 
and Receptor Editing (Fig. 4.1) [5].

 1. Clonal Deletion
It is the mechanism that controls the devel-

opment and expansion of self-reactive lym-
phocytes that may cause autoimmune disease. 
Antigen receptor stimulation or failure to pro-
duce membrane-bound antigen receptors 
causes the elimination of lymphocyte progen-
itors. It occurs centrally during the differentia-
tion of T-cells and B-cells and peripherally 
even later.

T-cells require the random rearrangement 
of genes and expression of antigen receptors 
(TCR) for the maturation in the thymus. In 
addition, T-cell may lack the functional CD4 
or CD8 co-receptors to recognize the MHC- 
peptide complex which leads to the suppres-
sion of T-cell differentiation, thus T-cell death 
occurs. The expression of both CD4 and CD8 
co-receptors and the presence of high-affinity 
MHC bound peptide also leads to T-cell death 
[6]. The minor change in the antigen may 

raise the affinity of antigenic peptides and 
results in autoimmune disease [7].

B-cells require the rearrangement of B-cell 
receptors (BCR) during the maturation, and 
failure to rearrange will lead to the death of 
B-cells. When BCR is not stimulated after 
transportation into the primary lymphoid 
organs like lymph and spleen, B-cell death 
occurs. Once stimulated, the lack of helper sig-
nal from Helper T-cells or cytokines also cause 
B-cell death. Unlike T-cells, mature B-cells 
may also undergo deletion. Mutation of BCR 
after antigenic activation causes the reduced 
antigen receptors (BCRs) which have signaling 
with complement receptor CD21. In this case, 
stimulation of B-cell by an antigen without a 
complement causes B-cell deletion [6]. Clonal 
deletion of B-cell is not complete as some 
B-cells with self-reactive BCR may undergo 
receptor editing and avoid clonal deletion [8].

Molecular mimicry has suggested that 
microorganisms are capable of developing 
antigenic determinants resembling the host 
antigen and avoid recognition and elimination 
by the host. Hyaluronic acid covering of Beta 
hemolytic Streptococci resembles the hyal-
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Fig. 4.1 Mechanisms 
of immune response and 
immune tolerance by the 
lymphocytes once 
exposed to antigens  
[3, 4]. (a) proliferation 
and differentiation 
lymphocyte occurs 
which produces an 
immune response.  
(b) death of lymphocyte 
occurs by apoptosis.  
(c) lymphocytes  
remain unreactive  
(d) rearrangement of the 
receptors of lymphocyte 
occurs which no longer 
responds to antigens
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uronic acid in the joint fluid of human which 
make them partially tolerant [7]. Also, the 
cross-reaction of antigenic epitopes of micro-
organisms and antigen present in the body 
may result in injurious immune response and 
subsequent autoimmune disease.

 2. Clonal Anergy
The mechanism of silencing in which lym-

phocytes are inactivated after exposure to 
antigen and remain in the hyporesponsive 
state for a long time. When lymphocytes 
encounter an antigen, the negative gene regu-
lation for Interleukin-2 (IL-2) starts inside the 
cell by which cells cannot produce IL-2 [9]. 
Clonal anergy may cause autoimmune dis-
eases such as systemic lupus erythematosus 
and type 1 diabetes [10].

T-cell anergy falls into two categories viz. 
growth arrest state and in vivo anergy (adap-
tive tolerance). In the growth arrest state, the 
activation is incomplete which occurs in previ-
ously activated T-cells. It is maintained by the 
Ras/MAP kinase pathway and can be reversed 
by IL-2 or anti-OX40 signaling [11]. In in vivo 
anergy, the activation occurs in the naïve 
T-cells in the surrounding with low co- 
stimulation and high co-inhibition which can 
be reversed with the absence of antigen [11]. 
B-cell anergy occurs with the reduced life span 
of T-cells, it’s altered migration and anatomi-
cal localization and inability to interact with 
helper T cells to create immune response [10].

The activation of lymphocytes needs a dif-
ferent signal from an antigen and another 
source. When the lymphocyte lacks the signal 
from other various sources, it results in intol-
erance. The contribution of genetic re- 
programming to the tolerance cannot be 
neglected. Elevated intracellular free Calcium 
ions up-regulate the transcription of the 
Nuclear Factor of Activated T-cells (NFAT) 
which play a critical role to inactivate T-cells 
without the signal from sources other than 
antigen [12].

 3. Suppressor Cells
Suppressor cells (Regulatory cells) are 

able to transfer the properties to inhibit the 
immune response from tolerized individuals 

to other individuals in an antigen-specific 
manner. According to the study in mice, the 
removal of natural CD4+CD25+ T regulatory 
cells (Treg) at day 3 of their life or transfer of 
Regulatory T-cells (Tregs) deficient T-cells 
result in widespread autoimmune disease 
[13]. The IL-10 secreting Tr1 cells [14] and 
the TGF-β secreting Th3 cells [15] also cut-
off the proliferation and cytokine secretion 
of effector T cells.

It has been reported that that Human 
Gamma Globulin (HGG)-fed macrophages 
cannot signal spleen cells from HGG-tolerant 
animals to produce initiator cells. Also, the 
capacity of normal animals to produce initia-
tor cells has been inhibited when the spleen 
cells from tolerant animals and normal ani-
mals are mixed. These facts suggest that sup-
pressor cells affect the immunological action 
of other antigens presented by the same mac-
rophages [16].

 4. Receptor Editing
The recognition of the antigen by the 

receptors on the surface of B-cells is impor-
tant for the immune response. Immunoglobulin 
heavy (IgH) chain and immunoglobulin light 
(IgL) chain forms B-cell receptors (BCRs) 
which will be unique in each cell [17]. Some 
of the B-cells may act against “self” antigens 
which is a kind of autoimmune disease. About 
50% of developing B cells are considered to 
be initially self-reactive [18] and receptor 
editing of B-cells is the principal mechanism 
that maintains tolerance [19].

BCRs specificity is altered predominantly 
through secondary Vκ →  Jκ light (L)-chain 
rearrangements. The alternation of the vari-
able region of heavy (H)-chains by the inser-
tion of a VH gene segment rarely cause VHDJH 
rearrangement [5]. The secondary gene rear-
rangement of the H-chain or L-chain gene 
enhances the cross-linking of BCRs. The 
extensive cross-linking of BCRs leads to low 
or no affinity to the surrounding antigens. This 
is achieved by the reactivation of the recombi-
nation machinery and re-expression of 
Recombination Activating Gene-1 (RAG-1) 
and Recombination Activating Gene-2 (RAG- 
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2) proteins [20]. In this way, receptor editing 
removes the autoreactive B-cells.

Rearrangements at several steps, recombi-
nation arrest, positive selection of single-pos-
itive (CD4+ or CD8+) αβT cells, and migration 
into medulla occur during the development of 
T-cells. Low-affinity signal by recognition of 
particular peptide-MHC complex is required 
for the cessation of recombination and the 
beginning of the positive selection. When 
such a requirement is not fulfilled, double- 
positive (CD4+CD8+) thymocytes with com-
plete antigen receptors may recombine and 
results in the altered receptor specificity [17].

The receptor editing rescue autoreactive B 
cells from deletion. This action depends on 
the availability of multiple joining light chain 
gene segments as a substrate for secondary 
immunoglobulin light chain gene rearrange-
ment and is independent of the affinity of the 
autoantigen [19]. However, extravagant recep-
tor editing can result in the generation of B 
cells containing autoreactive BCRs [21].

4.4  Sites of Tolerance Induction

The induction of immune tolerance consists of 
mainly two coordinated mechanisms: the dele-
tion of autoreactive lymphocytes in the central 
lymphoid organs before maturity and their sup-
pression in the periphery after escaping the dele-
tion [22]. These two mechanisms of tolerance are 
called central tolerance and peripheral tolerance 
respectively.

 1. Central Tolerance
T-cell precursors originate in the bone mar-

row and migrate to thymus. These cells fail to 
express CD4 and CD8 cell markers at the 
beginning known as a double negative. Later, 
proliferation and maturation acquire both 
CD4 and CD8 markers referred to as double 
positive. During the process, T-cells acquire 
TCR which varies from non-reactive to highly 
reactive. The survival or death of these T-cells 
depends upon the clonal selection.

Clonal selection occurs to prevent the 
immune response against self-antigens. 
Positive selection occurs to T-cells expressing 
TCR which does not respond to self-MHC 
complex and dies [23]. About 95% of T-cells 
are deleted by neglect and a small proportion 
of T-cells that respond to self-MHC complex 
with mild avidity will undergo maturation into 
CD4+ or CD8+ single-positive stage [24]. So, 
the clonal deletion is the principal and also the 
default mechanism of central tolerance when 
receptor editing fails.

Then, the developing thymocytes undergo 
negative selection in which T-cells responding 
to self MHC with high avidity are deleted by 
apoptosis [25]. Strong TCR ligation stimu-
lates the rapid onset of Fas-dependent apopto-
sis of naïve T-cells [26]. Then, T-cells are 
exposed to a broad range of self-MHC com-
plex and deleted if they respond [27]. Co- 
stimulation of the antigen-presenting cells 
(APC) and CD28 provides the signal for sub-
sequent negative selection [28].

 2. Peripheral Tolerance
In addition to central tolerance, peripheral 

tolerance acts to maintain immune tolerance. 
Many self-antigens are not exposed to T-cells 
in the thymus and it requires an additional 
mechanism to induce tolerance to those anti-
gens. After positive and negative selection, the 
mature T-cells are released into peripheral cir-
culation and secondary lymphoid organs, 
where they are deleted if they respond with 
mild avidity to self-MHC complex [24].

A small number of self-antigens down-reg-
ulates the TCR of self-reactive CD8+ cells and 
induce tolerance [29]. The clonal deletion in 
the periphery is due to apoptosis after the acti-
vation of the Fas/FasL pathway and the Bim 
dependent mitochondrial pathway [30]. It 
involves the regulatory T-cells (Treg) like 
CD4+ which express both high-affinity IL-2 
receptor (CD25) and transcription factor 
Foxp3 [31]. The depletion of CD4+CD25+ 
CD4+ T-cells leads to the development of 
autoimmunity in many organs which confirm 
that these cells are required for peripheral tol-
erance [32].
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T-cells’ immune response depends upon 
the capability of the immune system to differ-
entiate naïve T-cells into helper (Th1 and Th2 
cells) effector T-cells that cross regulate each 
other. Th-1  T cells produce IL-2 and IFN-y 
whereas Th-2  T cells produce IL-4, IL-5, 
IL-10, and TGF-l3. IL-10 and TGF-13 are 
associated with immunosuppressive activities 
[33]. TGF-13 also regulates oral tolerance. 
The formation of T-cells effector cells in CD4+ 
and CD8+ compartment contributes to the 
peripheral immune tolerance [33].

4.5  Immune Tolerance 
and Transplantation

The immune system is the main barrier to trans-
plantation failure. The induction of tolerance can 
reduce the risk of chronic rejection. There are 
three ways to induce tolerance during transplan-
tation such as matching, non-specific immuno-
suppression, and induction of transplantation 
tolerance [34]. One-fourth of the siblings have a 
chance of matching Human Leukocyte Antigen 
(HLA) with the transplant recipient which deter-
mines the success or failure of transplantation. It 
has been successfully applied in kidney and bone 
marrow transplantation and accepted for partial 
liver and lung transplantation in children. Non- 
specific immunosuppression is achieved with 
drugs like steroids, antimetabolites, and mono-
clonal antibodies.

The immunosuppressive drugs increase the 
risk of infection, renal failure, cardiovascular dis-
eases, and malignancies. In the case of organ or 
cell transplantation, immune tolerance is the spe-
cific unresponsiveness of the immune cells to the 
donor graft by maintaining normal immune 
response to other antigens in the absence of 
immunosuppression. The host must have a cer-
tain degree of allogeneic tolerance before trans-
plantation. T-cells play a role in allograft 
rejection, graft failure, or graft vs host disease 
(GVHD) [24]. The thymus plays a central role in 
transplantation tolerance.

As the shortage of allogenic organs is obvious, 
the use of xenografts is needed but the immune 

response against xenografts is even stronger. The 
induction of tolerance at both humoral and cel-
lular level can overcome the immune response 
and can be applied for xenotransplantation [35]. 
Although various approaches have successfully 
induced tolerance to mice, mixed chimerism is 
the most advanced approach in higher animals.

4.5.1  Mixed Chimerism 
and Transplantation Tolerance

It is a state in which hematopoietic stem cells 
(HSC) of donor and recipient co-exists at a cer-
tain level to be detected by standard technique 
[36]. The transfer of HSC can confer tolerance to 
any cells or organs of the same donor. The HSC 
supply circulating T-cells and Dendritic cells 
(DCs) progenitors in thymus which delete the 
host T-cells reactive to the donor graft [37]. The 
Graft Versus Host (GVH) reactivity drives the 
expansion of donor T-cells which ultimately 
delete host T-cells. Specific deletion of T-cells 
with donor reactive TCR occurs in the periphery. 
Although it is not the major mechanism, it cre-
ates donor-specific hyporesponsiveness [38].

As long as the host contains T-cells reactive to 
donor graft, the risk of developing Graft Versus 
Host Disease (GVHD) still remains [39]. Its inci-
dence and severity can be correlated with HLA 
mismatch [40]. Mixed chimerism is preferred 
over full chimerism because of the higher risk of 
developing GVHD in full chimerism [41]. 
Nevertheless, full chimerism has reduced 
immune competence [42].
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Donation After Circulatory Death

James P. Hunter, Bernadette Haase, 
and Rutger J. Ploeg

5.1  Introduction

The development of donation after circulatory 
death (DCD) donor programmes across mainland 
Europe, the United Kingdom and the United 
States has significantly increased transplant rates 
in the past 20 years. DCD donation is an excellent 
example of international collaboration that has 
allowed the transplant community to push the 
boundaries of medicine by combining science and 
technology to the benefit of patients. DCD donor 
programmes are underpinned by complex regula-
tions, legislation, ethical issues, retrieval logistics 
and surgical techniques. This chapter aims to pro-
vide an overview of DCD organ donors, DCD 
programmes including organ retrieval and their 
outcomes following transplantation.

5.2  History

In the beginning of transplantation only kidneys 
from living donors or donors after cardiac death, 
the so called Non-Heart Beating Donors 
(NHBD) were used. The first NHBD was 
reported in 1933  in the Ukraine [1]. However, 
this transplant failed immediately, due to isch-
aemic damage caused by a prolonged period 
between cessation of the circulation and pro-
curement of the organ. Subsequent improve-
ments in retrieval technique of kidneys from 
asystolic donors reduced the ischaemic time 
period, resulting in successful transplantations. 
In 1968 the concept of brain death and the crite-
ria for the diagnosis of brain death based on the 
Harvard criteria was introduced and became 
widely accepted. This resulted in a replacement 
of NHBD by donation after brain death donors 
(DBD). However, it became clear that the avail-
able number of brain death donors could not 
meet the increasing demand of kidneys for 
transplantation. To address this shortage NHBD 
programmes were restarted in the 1990s in an 
attempt to enlarge the deceased donor pool. In 
the early days NHB donors could only provide 
kidneys, and liver, pancreas and cardiothoracic 
organ procurement was not until later. Together 
with the reintroduction of the NHB donors there 
was a need to develop guidelines to address eth-
ical, legal, organizational and technical aspects 
of the programme.

J. P. Hunter (*) 
Nuffield Department of Surgical Sciences, University 
of Oxford, Oxford, UK 

University Hospitals Coventry & Warwickshire NHS 
Trust, Coventry, UK
e-mail: james.hunter@nds.ox.ac.uk 

B. Haase 
The Dutch Transplant Foundation,  
Leiden, The Netherlands
e-mail: b.haase@transplantatiestichting.nl 

R. J. Ploeg 
Nuffield Department of Surgical Sciences, University 
of Oxford, Oxford, UK 

Oxford University Hospitals NHS Foundation Trust, 
Oxford, UK
e-mail: rutger.ploeg@nds.ox.ac.uk

5

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-55244-2_5&domain=pdf
https://doi.org/10.1007/978-3-030-55244-2_5#DOI
mailto:james.hunter@nds.ox.ac.uk
mailto:b.haase@transplantatiestichting.nl
mailto:rutger.ploeg@nds.ox.ac.uk


74

In Europe, the term non-heart beating donor 
(NHBD) was used to describe an organ donor 
after cardiorespiratory arrest, in order to distin-
guish from the brain death donor. In 1995 the first 
International NHBD workshop was organized by 
Gauke Kootstra in Maastricht, in which surgeons, 
nephrologist, ethicists and policymakers partici-
pated to agree upon the term non-heart beating 
donor as a formal description of a donor after car-
diorespiratory arrest. In addition, this meeting 
established the first classification of the NHB 
donor into four categories, to determine criteria 
for the establishment of death (Table  5.1) [2]. 
Following publication of the guidance from this 
seminal meeting NHBD programmes were (re)
introduced in many countries, and although they 
were initially focused on kidney retrieval, 
increasingly other organs were successfully pro-
cured and transplanted, such as livers, lungs and 
pancreas [3, 4].

5.3  Classification of DCD Donors

The terms ‘non-heart beating’ or ‘cardiac death’ 
were used interchangeably in cases of circulatory 
death, and the term of ‘heart-beating’ was used in 
cases of brain death. However, limitations of 
these terms arose, as they resulted in misunder-
standings about the definition of death being 
based on a single organ (e.g. brain or heart) rather 
than a whole person. Thus, the Institute of 
Medicine—American National Academy of 
Sciences [5] proposed a clarification of the terms 
to specify that death could be declared or deter-
mined by a physician by the use of either neuro-
logic criteria or by circulatory criteria. Donation 
after cardiac death was re-named Donation after 
Circulatory Death (DCD) and donation after 
brain death re-named Donation after Neurologic 
Determination of Death. This concept of 
Donation after Circulatory Death (DCD), to 
define organ donors after circulatory arrest (CA), 
has now been adopted by the World Health 
Organization (WHO) [6]. Following extensive 
discussion in the transplant community and dur-
ing the DCD Conference in Paris in 2013 it was 
agreed to modify the original Maastricht 
Classification and update according to new devel-
opments but attempt to keep its relative simplic-
ity intact. The result of this discussion is shown 
in following few paragraphs describing the vari-
ous categories and summarised in Table 5.2.

5.3.1  Category I

Found ‘dead on arrival’ (by the emergency team) 
includes victims of out-of-hospital (OH) acci-
dents who are not resuscitated for clear reasons 
such as death due to a broken neck or successful 
suicide. These deceased patients could be trans-
ported to the emergency department and become 
a donor if the organs are deemed appropriate for 
donation. One of the criteria for acceptance for 
donation is a warm ischaemia time (WIT; time 
between the circulatory arrest and the start of the 

Table 5.1 1995 Maastricht classification of non-heart 
beating donors

Category  
I

Dead on arrival includes out of hospital 
victims who are not 
resuscitated, but are 
transported to the 
emergency department for 
donation purposes

Category 
II

Death with 
unsuccessful 
resuscitation

includes patients who 
are unsuccessfully 
resuscitated and 
declared dead in the 
hospital

Category 
III

Awaiting 
cardiac arrest

includes patients for 
whom circulatory death 
occurs after a planned 
withdrawal of life 
sustaining therapies, 
mainly cardiorespiratory 
support

Category 
IV

Cardiac arrest 
while brain 
dead

patients who after 
diagnosis of brain death 
and during donor 
management, but before 
the planned organ 
recovery suffer an 
unexpected CA.
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cooling) of less than 45 min. To date, there are 
few examples of successful organ donation in this 
category, mainly because of the uncertainty about 
the duration of WIT.

5.3.2  Category II

‘Unsuccessful resuscitation’ includes patients 
brought to the emergency room while being 
resuscitated, but if cardiopulmonary resuscitation 
(CPR) is unsuccessful, the patient may be 
declared dead. At the Maastricht workshop, a 
10-min period of “no-touch” after circulatory 

arrest to ensure a situation equivalent to brain 
death was proposed. In recent years, in most 
countries a period of 5 min has been adopted by 
medical societies and authorities, although 
depending on the jurisdiction a range from 2 min 
(USA) to 20  min (Italy) still exists. Countries 
with presumed consent (opting-out) can immedi-
ately proceed to the cooling preservation (detailed 
later), while countries with opting-in legislation 
might have to bridge the time until consent for 
organ donation has been given. Legislation in 
The Netherlands was introduced where ‘prepara-
tory handlings’ could be allowed in order to pre-
serve the organs for transplantation, before the 
person’s or the family’s wish was known. In some 
countries (Spain, France), two subcategories 
have been added due to different logistic condi-
tions according to the site where CA occurs: IIa 
for out-of hospital (OH) and IIb for in-hospital 
(IH) [7, 8].

5.3.3  Category III

‘Awaiting cardiac or circulatory death’ includes 
those patients for whom circulatory death occurs 
after a planned withdrawal of life-sustaining ther-
apies (WLST), mainly cardiorespiratory support. 
CA is expected and the medical decision of 
WLST is taken in a defined and multi- disciplinary 
approach, consistent with local/national legal 
requirements, by the clinical team together with 
the family, where further treatment is considered 
futile. In the initial description, the term “con-
trolled” meant that the ischaemia time was short 
enough to consider recovery of liver, kidneys, 
pancreas and lungs. This category, which was 
defined in the 90s, does not include euthanasia or 
medical-assisted CA, an end-of-life practice 
authorized in some European countries (Belgium, 
Netherlands, Luxemburg).

5.3.4  Category IV

‘Cardiac arrest in a brain-dead donor’ includes 
patients who suffer an unexpected CA after diag-
nosis of brain death and during donor manage-
ment but prior to the planned organ recovery. In 

Table 5.2 Modified Maastricht classification of DCD in 
Paris 2013 [9]

Category I
Uncontrolled

Found dead Sudden unexpected 
circulatory arrest without 
any attempt of 
resuscitation by a 
medical team;
WIT to be considered 
according to National 
life-recommendations in 
place; reference to in-or 
out of hospital life 
(IH-OH) setting

1A. Out of 
hospital
1B. In 
hospital

Category II
Uncontrolled

Witnessed 
cardiac 
arrest

Sudden unexpected 
irreversible circulatory 
arrest with 
unsuccessful 
resuscitation – by a 
life-medical team; 
reference to in-or 
out-of-hospital 
(IH-OH) life setting

IIA. Out of 
hospital
IIB In 
hospital

Category III
Controlled

Withdrawal 
of life- 
sustaining 
therapy

Planned withdrawal of 
life-sustaining therapy; 
expected circulatory 
arrest

Category IV
Controlled

Cardiac 
arrest while 
life- brain 
death

Sudden circulatory 
arrest after brain death 
diagnosis during 
life-management but 
prior to planned organ 
recovery
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this case, it is likely that health care professionals 
will try first to restore adequate circulation and 
perfusion of organs, but when unsuccessful, the 
patient can be considered for DCD donation 
(uncontrolled CA). In some countries, where the 
legislation does not accept brain death criteria 
(i.e. Japan) or when the patient will never meet 
the neurological criteria for the diagnosis of BD, 
the procedure for this potential DBD can be con-
verted to a DCD (controlled CA).

5.4  DCD Utilization Rates

In Europe, there has been an increase in deceased 
donation as well as a rising contribution of 
DCD.  In 2009, 9769 deceased donors were 
reported of which 661 (6%) were DCD, while in 
2018 13,203 deceased donors were reported 
including 1856 DCDs (14%) [10]. In the 
Eurotransplant region the data [11] shows that 
the number of DCDs as well the percentage con-
tribution of DCD of the total deceased donor pool 
has also grown considerably over the last 
10  years. In 2009 144 of the 2074 (7%) of the 
deceased donor pool were DCDs, which increased 
to 269 of the 2159 (12%) in 2018. Out of the 8 
countries however, only 3 countries (Austria, 
Belgium and Netherlands) have DCD pro-
grammes. The Netherlands has a very active and 
the longest existing programme. In 2018 65% of 
the deceased donors were DCDs, which was an 
increase from 40% in 2009. The UK [12] has the 
largest number of DCD donors, with 638 DCD’s 
in 2018, which was equal to 40% of the total 
deceased donor pool.

The utilization rate of DCD is somewhat lower 
than DBDs. In the Netherlands, only 72% of 
DCDs that are registered for donation are eventu-
ally used. The main reason is that the retrieval 
does not proceed (non-proceeding DCD), this is 
because following the withdrawal of life sustain-
ing treatment, the heart does not stop in the 
required period. The average number of organs 
used per donor is lower than in DBD donors. 
Within Eurotransplant the average number of 
organs per DCD donor stabilized around 2.4 
organs per donor, while in the Netherlands there 

has been an increase from 2.4 organs per donor in 
2009 to 2.7 in 2018. This is lower than in DBDs 
from which 3.5 organs per donor were procured 
[13]. 36% of the donors are now multi-organ 
donors, compared with 18% in 2009. The 2018 
UK data are comparable with a yield of 2.7 
organs per DCD and 3.5 organs per DBD.

5.5  Donation After Circulatory 
Death Retrieval

The primary difference between controlled DCD 
(cDCD) and uncontrolled DCD (uDCD) is that 
cDCD occurs in hospital and is predictable and 
uDCD generally occurs out of hospital and is 
unpredictable. There are also distinct differences 
in the retrieval procedure between the two types 
which are described below.

5.6  Controlled Donors

In the UK, there are clear national guidelines on 
the process of DCD donation and once a suitable 
donor has been identified then an organ retrieval 
team is mobilised to the donor hospital. There is 
a national organ retrieval service (NORS) that 
comprises seven available abdominal teams and 
three available cardiothoracic teams. The process 
is coordinated by a locally based specialist nurse 
for organ donation (SN-OD) who liaises with the 
retrieval teams and the national hub, who oversee 
and help co-ordinate all the retrieval activity.

On arrival at the donor hospital the abdominal 
and thoracic (if present) retrieval team lead sur-
geons complete a final check to ensure there are 
no contra-indications to donation. Such details 
include a signed consent form, confirming blood 
group, review of medical history and virology 
test results. The retrieval team, local theatre staff, 
SN-OD and anaesthetist should confirm the with-
drawal plan and logistics of transferring the 
patient into the operating theatre. As there are dif-
ferences in priorities between the thoracic and 
abdominal retrieval teams this must be discussed 
and appreciated. The greatest urgency for the 
abdominal team is cannulation and cooling of the 
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abdominal organs whereas the focus for the tho-
racic team is protection of the airway and infla-
tion of the lungs or rapid procurement of the 
heart. Prior to treatment withdrawal the two 
teams need to discuss and agree the sequence of 
steps to ensure both thoracic and abdominal 
organs are optimally preserved and retrieved 
uninjured.

Treatment withdrawal usually occurs in the 
intensive care unit or in the anaesthetic room 
adjacent to theatre and the family may or may not 
be present. The retrieval team must be respectful 
of the presence of the family in the anaesthetic 
room and ensure noise from the operating theatre 
is not audible. The withdrawal of treatment is not 
standardised and is dependent upon the views of 
the local anaesthetic team and the type of life sus-
taining support of the patient. The endotracheal 
tube is removed and inotropic support is turned 
off although sedatives may continue as the patient 
should not be in distress. Once cardiac arrest 
occurs a 5  min ‘hands-off’ period must ensue 
before the patient can be certified dead. During 
this period the patient can be transferred into the 
operating theatre where the retrieval team will be 
set up, scrubbed and ready to proceed.

Once the patient has been certified dead and 
the identity confirmed by the lead surgeon the 
retrieval can commence. The patient is prepared 
and draped ensuring exposure is from the neck to 
the pubis. If the lungs are being retrieved the 
patient is re-intubated and the airway protected 
prior to manipulation of the abdominal organs 
and ideally prior to the abdominal incision.

A full thoraco-abdominal midline incision 
from the sternal notch to the pubis is made and 
rapid access into the thoracic and abdominal cav-
ity is obtained, being careful not to damage the 
lungs and abdominal viscera, in particular the 
liver and small bowel.

5.6.1  Cardiac Retrieval

Since 2015 in the UK there has been a DCD heart 
program [14] that utilises perfusion technology 
to assess and preserve the heart. Hearts can be 
retrieved following Normothermic Regional 

Perfusion (NRP) or by direct procurement and 
perfusion (DPP) the details of which are described 
in the preservation section below. In DPP heart 
retrieval the heart is removed, flushed and placed 
on a perfusion device for assessment and trans-
portation. If NRP is used then the cerebral circu-
lation is occluded and the heart reanimated for 
assessment. This technique reduces the func-
tional warm ischaemia time and allows in situ 
cardiac assessment.

5.6.2  Lung Retrieval

The lungs are recruited with a single breath and 
are flushed via the pulmonary artery with preser-
vation solution (e.g. Perfadex®). Once they are 
removed the lungs are flushed via the pulmonary 
vein and can either be transported cold stored or 
using Ex Vivo Lung Perfusion (EVLP) which is 
described below.

5.6.3  Abdominal Retrieval

A large abdominal retractor is positioned and the 
assistant surgeon retracts the small bowel and 
right colon to the left side of the patient. The lead 
surgeon incises the peritoneum and isolates either 
the abdominal aorta just above the iliac bifurca-
tion or the right common iliac artery, ensuring the 
ureter is not damaged in the process. The artery is 
controlled with ligatures and incised and either a 
double balloon or standard vascular cannula is 
secured in place. If a double balloon cannula is 
used, both balloons can be inflated and then per-
fusion can be commenced, however if a standard 
cannula is used the proximal aorta needs to be 
occluded to prevent reperfusion of the brain. This 
can be done by isolating the supracoeliac aorta or 
the descending aorta in the thorax. Once perfu-
sion has commenced the venous system needs to 
be decompressed by incising or cannulating the 
right atrium/thoracic portion of the IVC or the 
IVC in the abdomen, see Fig. 5.1. The decision 
where to decompress the venous system depends 
on whether the cardiothoracic organs are being 
retrieved and whether there is straightforward 
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access into the thorax. The advantage of decom-
pressing in the thorax is there is less effluent in 
the abdomen which makes the cold phase dissec-
tion easier. Once perfusion has commenced, the 
proximal aorta is occluded and the venous system 
has been decompressed, the abdomen is then 
filled with slushed ice to cool the organs, see 
Fig. 5.2. This step is crucial as it reduces the tem-
perature, reduces metabolism and therefore 
reduces the warm ischaemic injury the organs 
sustain.

A volume of 4–5 litres of cooled preservation 
solution should be used to flush the organs in situ, 
unless otherwise indicated by the provider of the 
preservation solution. Once this step has been 
completed the cold phase dissection can begin. 
The specific technical details of the dissection of 

the organs is beyond the scope of this chapter but 
the steps are noted sequentially in brief below 
(Fig. 5.3).

 1. Liver and/or pancreas removal (see note 
below1)

 2. Removal of kidneys
 3. Removal of common, external and internal 

iliac artery and vein bilaterally
 4. Flushing, inspection and packaging of organs

Step 3 is carried out to aid vascular recon-
struction of the liver and pancreas prior to trans-
plantation. A healthy section of iliac vein and 
artery should be sent with each organ and if the 
iliac system is diseased they should be replaced 
with thoracic or neck vessels.

5.7  Uncontrolled Donors

Since the pioneering initiation of a uDCD pro-
gramme in Madrid in 1995 protocols for uDCD 
retrieval have been implemented in Spain, France, 

1 The liver and pancreas can be removed en bloc or sepa-
rately, Fig. 5.3. The advantages of en bloc removal are that 
it can be performed more quickly, and in the presence of 
abnormal vascular anatomy, in particular a replaced or 
accessory right hepatic artery, vascular damage can be 
minimised while working in situ. On the other hand, sepa-
ration of liver and pancreas on the back-table in the donor 
hospital under less ideal conditions may be challenging.

RV

IVC

AORTA

RU

Aortic
Cannula

Vein Cannula

Fig. 5.1 Operative photograph showing part of the ‘cold 
phase’ dissection with aortic and venous cannulas in situ. 
Note the cut end of the left renal vein (RV), the inferior 
vena cava (IVC), aorta and right ureter (RU)

Aortic cannula

Fig. 5.2 Operative photograph showing an organ retrieval 
with an open abdomen and thorax filled with ice and the 
tubing with preservation fluid perfusing the donor via an 
aortic cannula

Fig. 5.3 Photograph of an en bloc retrieval of the liver 
and pancreas. The surgeon is holding the spleen which is 
connected to the tail of the pancreas and the stapled jeju-
num is also evident
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Italy, the UK, and The Netherlands, and have 
been developed in Belgium, Switzerland, Austria, 
and in Saint Petersburg (Russia) and in New York 
City. Although the protocols differ slightly, there 
are defined stages that are consistent throughout. 
The list below details the common steps although 
there are procedural differences at each stage 
between the protocols. Step 7, organ retrieval fol-
lows the same procedure as in cDCD detailed 
above.

 1. Cardiac arrest
 2. Initiation of cardiopulmonary resuscitation
 3. Cessation of cardiopulmonary resuscitation
 4. Organ preservation during transport
 5. Diagnosis of death
 6. Cannulation and preservation
 7. Organ retrieval

There are a number of ethical, legal and logis-
tical issues that the protocols address, in particu-
lar what interventions can occur prior to family 
consent and confirmation of death. The key dif-
ference between the protocols is whether cannu-
lation and organ preservation can occur during 
transport to the hospital. Normothermic-ECMO, 
following cannulation of the femoral vessels, is 
the most frequently used technique and this recir-
culates warmed, oxygenated blood to minimise 
warm ischaemic injury. On arrival at the hospital 
death must be confirmed following a defined 
period (5 min in the UK) without resuscitation or 
preservation. Consent must also be obtained prior 
to organ retrieval and the duration from time of 
cannulation to organ procurement varies from 
120 to 360 min [15].

5.8  Preservation

The conventional storage method for all organs 
for transportation from the donor hospital to 
transplant centre used to be static cold storage 
(SCS) preservation. This involves immediate 
flush-out of blood at the time of retrieval, explan-
tation, and submerging the organ in cold (5 °C) 
preservation solution within an organ bag or 
receptacle, which is then placed in an organ box 

surrounded by crushed melting ice to keep the 
temperature between 0–4 °C. Other preservation 
methods after retrieval when bridging between 
donor and recipient hospital have been developed 
to improve outcomes, prolong preservation time, 
assess viability and those specific to each organ 
are described below. Normothermic Regional 
Perfusion (NRP) is a technique applied in situ in 
the donor prior to explantation of donor organs 
and can be used as a method of preservation with, 
in the case of organs such as the heart and liver, 
the possibility to assess function. NRP involves 
using ECMO-based technology to recirculate 
autologous warmed, oxygenated blood to the 
abdominal organs and/or the heart. In brief, can-
nulas are secured in the abdominal aorta and the 
inferior vena cava and the cerebral circulation is 
excluded by clamping the thoracic aorta, or if the 
heart is included, the branches of the aortic arch, 
to avoid reperfusing the brain. Blood then drains 
from the venous system into the device where it 
is warmed and oxygenated and pumped back into 
the circulation via the aortic cannula. Cardiac and 
liver function can be assessed using physiologi-
cal measurements and biochemical testing.

5.8.1  Kidney

Hypothermic machine perfusion (HMP) involves 
pumping the organ, via a cannula that connects to 
the aortic patch, with cooled preservation solu-
tion. There are a number of commercially avail-
able devices including Lifeport® (ORS, USA), 
KidneyAssist Transport® (Organ Assist, 
Groningen, NL), RM3® (Waters Medical 
System, USA). A seminal European multicentre 
trial in which paired kidneys (of both donor types 
DBD and DCD) were allocated to SCS or HMP 
showed that kidneys in the HMP group had less 
delayed graft function (DGF) and better 1 year. 
graft survival and eGFR [16]. In addition, in two 
separately powered studies in ECD and DCD 
donor kidneys significant benefit was observed 
for better graft survival in ECD and significant 
reduction of DGF in DCD [55, 56]. As a result, in 
The Netherlands, all kidneys nowadays undergo 
HMP from the donor hospital although the uptake 
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in the rest of Europe is more variable and appears 
to be more focussed on the donor type. Two simi-
lar trials attempted in the UK were either stopped 
or failed to replicate the same findings due to dif-
ferent trial design and logistical problems result-
ing in realtively short perfusion times on HMP 
and therefore in the UK HMP use is centre and 
clinician specific [17, 18]. HMP can also be used 
once the organs arrive at the transplant centre for 
preservation and assessment and this is often for 
marginal organs. Oxygenated-HMP has been 
assessed in COMPARE and POMP, two of the 
COPE (Consortium for Organ Preservation in 
Europe) trials. The results for continuous pro-
longed oxygenated HMP in DCD donor kidneys 
while being transported to the recipient centre 
(7–8 h of HMP) (COMPARE) suggest that this is 
advantageous with lower graft failure, better 
eGFR at 12 months, and a significant reduction in 
rejection compared to standard HMP, while the 
combination of SCS with oxygenated HMP for a 
brief period (4–5  h) in the transplant centre of 
higher risk ECD kidneys (POMP) does not show 
any difference in outcomes [Abstract ESOT 2019 
COMPARE; Abstract ATC 2020]. The latter 
POMP study outcome may affect current policy 
of many centres to either change to accepting 
higher risk donor kidneys on oxygenated HMP, 
or when initiating HMP only after the kidney has 
arrived in the recipient centre, letting it perfuse 
for a minimum of 7–8 h.

Ex vivo Normothermic Machine perfusion 
(EVNP or NMP) is a technique that involves 
pumping the kidney with a body temperature, 
blood-based, oxygenated solution. Early work by 
Hosgood and Nicholson suggested that DCD kid-
neys undergoing 1 h EVNP immediately prior to 
transplant had reduced rates of DGF compared 
with matched controls [19]. This question is cur-
rently being assessed in a multicentre RCT [20]. 
EVNP has also been used as a means of viability 
assessment, which has resulted in the successful 
transplantation of DCD kidneys declined for 
transplant, that would otherwise have not been 
utilised [21]. Prolonged periods of kidney perfu-
sion may also be useful for regeneration, repair, 
viability assessment or, as with the liver, extend-
ing preservation without compromising out-

comes. A phase II clinical trial in deceased donor 
kidneys using the OrganOx kidney NMP device 
is due to commence in early 2020 and will assess 
preservation periods of up to 24 h of NMP.

5.8.2  Liver

NMP has recently been implemented in clinical 
practice in the UK and Europe following a semi-
nal clinical trial that was part of COPE 
(Consortium for Organ Preservation in Europe) 
comparing SCS with NMP of deceased donor liv-
ers (although this was used in DCD and DBD 
organs). Livers accepted for transplant were allo-
cated to SCS (n = 133) or NMP (n = 137) and 
those allocated to NMP were connected to the 
OrganOx metra device at the donor hospital. 
Early allograft dysfunction was reduced in NMP 
livers compared to SCS livers. In addition, utili-
sation was significantly higher in the NMP group 
and the median preservation duration was signifi-
cantly increased in the NMP group without com-
promising outcome [22]. This has had a profound 
effect on the logistics of liver transplant and has 
allowed clinicians to safely extend preservation 
times and enabled elective cases, that would oth-
erwise have been cancelled, to proceed. There is 
experimental evidence that HMP at the end of 
preservation may reduce ischaemic injury and 
therefore biliary complications [23, 24]. DHOPE- 
DCD is a European multicentre clinical trial of 
DCD livers comparing SCS with SCS plus 2 h 
HMP-O2 immediately prior to transplant, on the 
incidence of non-anastomotic biliary strictures 
[25].

5.8.3  Pancreas

There are no clinical studies in pancreas perfu-
sion and a limited number of preclinical studies 
which include both DBD and DCD organs. There 
is a case series using HMP in discarded human 
pancreas HMP which shows, on histological 
assessment, the technique is feasible and not 
injurious [26]. A similar study comparing HMP 
with SCS in both DBD and DCD pancreases 
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showed no difference in perfusate flow, oedema 
and end-HMP ATP levels [27]. There is also a 
study of NMP assessment of discarded human 
pancreases that demonstrated perfusion was fea-
sible although the viability of the organ appeared 
to be limited by the recirculation of proteolytic 
enzymes [28].

5.8.4  Lungs

Ex vivo lung perfusion (EVLP) is a technique 
where DCD and high risk DBD lungs are per-
fused with an acellular warmed solution to evalu-
ate lung function prior to transplant. Following 
on from Steen et al. who pioneered the technique, 
the Toronto group showed in a non-randomised 
trial that physiologically stable lungs over 4  h 
had comparable outcomes with control lungs 
[29]. Their 10 year follow up of 230 patients who 
had undergone EVLP compared with 706 patients 
in the control group showed there was no signifi-
cant difference in time to chronic lung allograft 
dysfunction (56% vs 56% at 5 years, and 53% vs 
36% at 9  years, P  =  0.68) or graft survival 
between the groups (62% vs 58% at 5 years, and 
50% vs 44% at 9 years, P = 0.97) [30].

5.8.5  Heart

Perfusion technology is a central part of DCD 
cardiac retrieval and Transmedics OCS (Organ 
Conditioning System) is a transportable perfu-
sion device that can be used for both heart preser-
vation and assessment. At present, a combination 
of visual inspection, metabolic and flow parame-
ters are used to determine organ viability. 
Remarkably this technique has, in an organ where 
early failure following transplant is often fatal, 
enabled clinicians to delay implantation time 
with no significant consequences [31]. There are 
two main protocols for DCD heart retrieval, the 
Sydney Direct Procurement Protocol (DPP) and 
the Papworth Normothermic Regional Perfusion 
(NRP). In brief, following circulatory death and 
thoracotomy, DPP involves rapid cooling and 
preservation of the heart, collection of 2 l donor 

blood, explantation of the heart and connection to 
the OCS NMP device. NRP is an adaptation of 
ECMO, where following death the aorta is can-
nulated, the arch vessels occluded and the heart is 
re-animated. Cardiac function can then be 
assessed and if appropriate the heart retrieved, 
cold stored (or placed on the OCS) and trans-
planted. So far, about 100 cases of DCD heart 
transplantation have been performed across six 
centres in Australia, United Kingdom and 
Belgium [32].

5.9  Outcomes

5.9.1  Kidney

Outcomes following DCD kidney transplant have 
remained fairly consistent in the UK over the past 
decade and NHSBT data from 13,310 patients in 
2015 showed that there was no overall difference 
between DBD and DCD donors (Table 5.3). This 
is despite the age of donors and number of donor 
comorbidities increasing over that time period 
[33]. Data from The Netherlands Organ 
Transplant Registry (NOTR) has mirrored data 
from the UK showing equivalent long term out-
comes from DCD and DBD kidney transplants 
but with higher rates of early graft loss and pri-
mary non-function (PNF) in DCD kidneys [34]. 
Compared with DBD donors, outcomes are also 
similar although rates of DGF are significantly 
higher in DCD donors. NOTR data (n  =  6625) 
showed that the presence of DGF following 
transplant with a DCD kidney does not impact on 
the long-term outcome, although conversely the 
presence of DGF following DBD transplant 
equates to poorer long term graft survival [35].

Outcomes from uDCD donor kidneys 
(n = 499) transplanted in France from 2007–16 
with 42% undergoing NRP showed PNF occurred 
in 37 cases (7.4%) and poor graft outcome, 
defined as eGFR at 1 year <30 ml/min or graft 
loss <1 year, occurred in an additional 66 patients 
(14.3%). These data were analysed to help 
improve protocols and outcomes in uDCD donors 
and showed that poor outcomes were associated 
with in situ cooling compared with NRP [36]. 
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Data from Madrid, the centre with one of the 
largest uDCD series showed uDCD outcomes 
were worse than SCD but superior to ECD kid-
neys. PNF rates were high at 12% although 5 and 
10-year graft survival rates were 78% and 72% 
respectively [37]. Outcomes from Kidneys from 
uDCD donors having undergone NRP (n = 237) 
in Madrid were shown to have similar outcomes 
to a DBD population with (uncensored) graft sur-
vival between the uDCD and DBD groups at 
5 years (80.9% vs 85.6%) and 10 years (71.1% vs 
70.8%, respectively, P = 0.40) [38].

5.9.2  Liver

The early literature clearly shows outcomes from 
DCD liver transplant are inferior compared with 
DBD liver transplants. This includes lower trans-
plant survival, higher rates or primary non- 
function (PNF) and higher rates of biliary 
complications, including ischaemic cholangiopa-
thy [39–44]. A recently published study on behalf 
on the UK liver advisory group has replicated 
these findings showing that both 90 day (93.9% 
vs. 88.9%; p  <  0.0001) and five-year post- 

Table 5.3 Comparison of outcomes for DCD and DBD donor kidneys

DCD n = 3626 DBD n = 9684 P-value
Risk-adjusted ratio 
(95% CI)

Risk ratio 
P-value

Primary non function 32% (115/3626) 2.6% (259/9684) 0.06a OR 1.18 (0.9–15) 0.21b

Delayed graft function 48.5% (1417/2901) 24.9% (1745/5263) <0.0001a OR 2.81 (2.5–3.2) <0.0001b

1-year eGFR 47.4 (35.6–61.2) 48.7 (37.3–61.1) 0.005c RE −0.16 (−0.9–0.6) 0.69d

5-year eGFR 49.6 (35.1–64.7) 48.1 (35.8–62.2) 0.06c RE 0.02 (−1.1–1.2) 0.97d

5-year death- censored 
graft survival

85.9% 84.5% 0.22e HR 0.95 (0.8–1.1) 0.60f

5-year all-cause graft 
survival

76.8% 78.1% 0.15e HR 0.97 (0.9–1.1) 0.55f

5-year patient survival 86.5% 89.4% <0.0001e HR 1.18 (0.8–1.1) 0.28f

10-year death- censored 
graft survival

74.9% 74.3% 0.20e HR 0.95 (0.8–1.1) 0.42f

10-year all-cause graft 
survival

59.8% 60.7% 0.26e HR 0.94 (0.9–1.0) 0.22f

10-year patient survival 71.7% 76.7% <0.000e HR 0.95 (0.8–1.1) 0.42f

Reproduced from NHSBT data [33]
Abbreviations: CI confidence interval, DBD donation after brain death, DCD donation after circulatory death, eGFR 
estimated glomerular filtration rate, HR hazard ratio, OR odds ratio, RE estimated difference in adjusted means
Data are for all deceased donors, kidney-only kidney transplants in first-time recipients performed between 2001 and 
2012 inclusive. Data are median (interquartile range) or percentage (n). Risk adjustment for significant variables of 
donor age, cold ischemic time, recipient age, donor hypertension, donor premortem creatinine, transplant center, human 
leukocyte antigen (HLA) mismatch, machine perfusion, sensitization to HLA, donor cause of death, donor weight and 
cause of recipient primary renal disease. See our previous published work for more details of methodology, and the 
Supplementary Material online for models.16 For the HR and OR, DBD is the reference group. For multiple linear 
regression for graft function, the coefficient of the variable that is 1 for DCD and 0 for DBD is the estimated mean dif-
ference in eGFR values between a recipient of a DCD donor kidney and a recipient of a DBD donor kidney, adjusted 
for the other terms in the model. For delayed graft function, patients who were pre-dialysis, or who had primary non-
function, were excluded
aX2

bLogistic regression
cWilcoxon
dMultiple linear regression
eLog-rank
fCox proportional hazards
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transplant survival were worse following DCD 
than DBD transplantation (69.1% vs. 78.3%; 
p < 0.0001). However, given 1325 (23%) patients 
either died or were removed from the waiting list 
without receiving a transplant if outcomes were 
modelled on DCD livers not being used at all 
then not only would overall survival on the wait-
ing list be lower (Fig. 5.4) but the survival benefit 
of waiting for a DBD liver would also be lost. 
Thus, DCD liver transplant remains a valuable 
resource in the face of an expanding waiting list 
and fewer DBD donors. Clinicians attempt to 
mitigate the higher risks associated with DCD 
livers by being more selective about which DCD 
donors to accept for transplant, demonstrated by 
DCD donors having lower donor age, lower num-
bers with cerebrovascular cause of death, lower 
MELD and lower UKELD scores compared with 
DBD donors [45].

5.9.3  Lung

A recently published study of DCD lung out-
comes from the International Society for Heart 
and Lung Transplantation (ISHLT) and 
Thoracic Transplant Registry showed that 5 yr. 

DCD III outcomes were comparable with that 
of DBD (61% vs. 63%, p  =  0.72) and donor 
type was not associated with survival (DCD-III 
vs DBD; hazard ratio 1.04; p  =  0.61). This 
included 11,516 patients transplanted between 
January 2003 and June 2017 at 22 centres in 
North America, Europe, and Australia partici-
pating in the DCD Registry [46]. There have 
been two recent systematic reviews comparing 
outcomes in DBD and DCD lung transplant. 
Firstly, an analysis of 17 studies with 995 DCD 
recipients and 38,579 DBD recipients showed 
comparable 1-year overall survival between the 
groups (RR 0.89, 95% CI, 0.74–1.07, P = 0.54). 
The airway anastomotic complications rate in 
the DCD cohort was higher than that in DBD 
cohorts (RR 2.00; 95% CI, 1.29–3.11, 
P = 0.002) There was no significant difference 
between DCD and DBD in the occurrence of 
primary graft dysfunction, bronchiolitis obliter-
ans syndrome, acute transplantation rejection 
or length of stay [47]. The second SR combin-
ing 9 studies with 2973 patients (403 DCD, 
2570 DBD) showed no difference in 1  year 
graft survival, chronic lung allograft dysfunc-
tion (CLAD) or primary graft dysfunction 
(PGD) between the groups [48].
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5.9.4  Heart

Dhital et  al. published the first series of DCD 
transplants in the modern era. 12 patients were 
transplanted from donors <40 years old and with-
drawal times of <30 mins. All hearts were pre-
served using Transmedics OCS and in 2018 
patient survival was 100% [48]. Papworth 
Hospital has the largest DCD heart transplant 
programme in the world with very encouraging 
early results. Recipient survival to discharge fol-
lowing DCD heart transplantation was 93%, with 
a post-operative ECMO requirement of 13%. 
Median stay was 5  days in intensive care and 
20 days in hospital [49]. The group in Manchester, 
UK, have also published early results from their 
DCD programme, estimating an increase in 
transplant rates of about 25% with the use of 
DCD organs, although the numbers are small 
(n  =  7). The overall 30-day survival rate was 
100% and the 90-day survival rate was 86%. 
Postoperative extracorporeal membrane oxygen-
ation was required in 43% [50]. A recent US 
study assessed the number and quality of hearts 
in one United Network for Organ Sharing 
(UNOS) Region and concluded that implementa-
tion of DCD heart transplantation in the United 

States would improve overall donation rates [51]. 
To put survival following DCD heart transplant 
into context, 1 year survival following DBD heart 
transplant of 566 patients transplanted between 
2014–18 was 82.4% [12]. Figure 5.5 shows the 
change in heart donor types in the UK over the 
past decade.

5.9.5  Pancreas

In comparison to DBD donors, there have been 
relatively small numbers of DCD pancreas trans-
plants worldwide and the literature is quite thin. 
Concern about reperfusion pancreatitis and graft 
failure have meant that generally DCD donors 
are younger with lower risk scores than DBD 
donors. A 2017 meta-analysis of five studies, 
comparing DBD with DCD SPK recipients 
showed there was no difference in 1 yr. pancreas 
graft survival in SPK 87.2% vs. 86.5% or patient 
survival 95.3% vs. 96.5% respectively. However, 
there were higher rates of pancreas graft throm-
bosis in DCD pancreases of 9% vs 5.2% in DBD 
grafts [52]. A single centre study of 104 pancreas 
transplants from Leiden showed age was the only 
risk factor for pancreas graft failure [53].
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5.10  Future Work

Many of the technologies being used for preser-
vation, in particular in the context of DCD donors 
are slowly implemented into practice rather than 
tested in a clinical trial. Advances in practice 
utilising perfusion technology can be shown to be 
highly successful for individual patients, such as 
the paediatric patient who underwent a success-
ful heart transplant following NRP then 2 h SCS 
[54]. However, to ensure the best use of technol-
ogy clinicians and stakeholders should endeavour 
to work together to test them in multicentre clini-
cal trials rather than highly selective series, as is 
often the case. In order for patients to benefit 
from organs that will provide excellent outcomes, 
deciding on the appropriate preservation and per-
fusion strategy and means of viability assessment 
for a particular organ is essential. This may 
include HMP, NMP, NRP or a combination of 
each and it may be different for individual organs 
from the same donor. There are many questions 
to answer and a plethora of trials ahead to reach 
the goal of negligible organ discard combined 
with excellent outcomes after transplant. The 
challenge for all of us involved is to design a 
sequence of strategies or combinations of meth-
ods of preservation that can be carried out in par-
allel across participating countries to demonstrate 
clinical evidence with benefit for patients and 
cost-effectiveness for our health care systems.
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Organ Preservation

Mahir Kirnap and Mehmet Haberal

6.1  Introduction

Organ transplantation has been one of the most 
significant advances in modern medicine in the 
second half of the twentieth century. It is regarded 
as the most effective treatment for end-stage 
organ failure. Progressin solid-organ transplanta-
tion from the level of experimental studies to 
becoming the criterion standard is undoubtedly 
due to advances in organ retrieval from deceased 
donors and their preservation. Organ preserva-
tion starts with making the diagnosis of brain 
death and continues until the time of the comple-
tion of vascular anastomoses and the return of 
proper organ function in the recipient. The objec-
tive of the preservation process is to preserve 
organ function and cellular integrity until the 
time of transplant [1, 2]. Because the number of 
patients on wait lists has increased and because 
of the limited organ and tissue pool, marginal 
grafts from deceased donors have become more 
frequently used. In this regard, organ and tissue 
preservation techniques are of even greater 
importance for outcomes attained with marginal 
grafts [3]. In this chapter, we will review and dis-
cuss injury mechanisms during the organ preser-
vation process, the history of organ preservation 

techniques and solutions and currently used prac-
tices, and future perspectives.

6.2  History of Organ 
Preservation

First mentioned in the biography of Cesar Julien 
and Jean Le Gallois in 1812 and developed from 
the primitive concept of extracorporeal circula-
tion, organ preservation has created a speculation 
that “if the heart’s function can be mimicked via 
injection and if that injection can be regularly 
sustained, then life can be maintained infinitely” 
[4]. In 1938, Carrel and Lindbergh conducted a 
study that described the first isolated organ perfu-
sion in which organs of cats, dogs, and chickens 
could be preserved under normothermic condi-
tions [5]. Carrel perfused isolated cat thyroids in 
the Lindbergh apparatus with a thyroid solution 
composed of glucose, ions, and 40% to 50% 
homologous serum. He discovered that organs 
could survive for 3 to 21 days [6]. With the dis-
covery of heparin, blood-containing substances 
necessary for continued survival of organs has 
been used as the perfusion fluid [7]. However, 
many studies conducted under normothermic 
conditions have shown that organs could only 
survive for an hour. This negative outcome has 
directed researchers from normothermic studies 
to hypothermic ones, making it clear that tissues 
may preserve their viability 10 times longer when 
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their temperature is lowered to 4  °C compared 
with normothermic conditions [8, 9].

The discovery of hypothermic preservation 
methods led to a flood of organ preservation stud-
ies. Belzer et  al. reported in 1967 that kidneys 
could be preserved for 72 h using a pulsatile per-
fusion device [10]. After it was understood how 
cell integrity and function are impaired in isch-
emia and that hypothermia augments ischemic 
injury by inducing cellular swelling, new irriga-
tion and preservation liquids were developed. For 
this purpose, plasma, Perfadex, and Ringer lac-
tate solutions were initially used. However, 
because kidney irrigation with these solutions did 
not yield superior outcomes versus embedding 
them in ice, researchers discovered that kidneys 
could be preserved for 30 h at 4 °C using solu-
tions having intracellular properties and higher 
potassium and lower sodium content [11]. As 
greater understanding developed regarding the 
pathophysiology of ischemia-reperfusion injury 
and the differing resistances of organs to isch-
emia, focus on the importance of the contents of 
preservation solutions increased. Pharma-
cological agents added to preservation solutions 
can prolong organ preservation times. In 1988, 
Belzer and colleagues developed the University 
of Wisconsin (UW) solution [12]. Thanks to 
other subsequently developed solutions, the 
hypothermia- induced cellular dilemma was miti-
gated, allowing a longer preservation time for 
retrieved organs.

6.3  Pathophysiology 
of Ischemia-Reperfusion

There are three important points to remember for 
organ preservation: hypothermia, cellular swell-
ing, and reperfusion injury induced by free radi-
cals. With ischemia, structural alterations occur 
in the mitochondria, cell nucleus, endoplasmic 
reticulum, lysosomes, and cell membrane [1]. 
Although it is difficult to ascertain whether these 
alterations are reversible or irreversible, it is 
already known that injuries to mitochondria and 
cell membrane can cause permanent injury; that 
is, they can lead to irreversible impairments in 

organ function. Ischemic changes begin at differ-
ent times in each tissue of the human body, and 
each organ’s ischemia endurance time is differ-
ent. For example, ischemic changes start 5 min 
after ischemia in the heart and 30 min in the prox-
imal tubules of the kidneys [13].

There are 2 main mechanisms of transplant 
tissue injury: ischemia/hypothermia and 
reperfusion.

6.3.1  Ischemia

Ischemia is the inability of the circulation to sup-
ply a tissue’s need for oxygen and other metabo-
lites and to remove waste products. Depending 
on ischemia time, reversible or irreversible 
changes can occur in the mitochondria, cell 
nucleus, endoplasmic reticulum, lysosomes, and 
cell membrane. During transplant, the two types 
of ischemia (cold and warm) follow each other 
[14].

Cold ischemia encompasses the cold preserva-
tion time after hypothermic perfusion has started 
with the cessation of the deceased donor’s circu-
lation. It ends when the organ is removed from 
the storage box.

Warm ischemia encompasses the time period 
between taking the organ out of the cold storage 
box and reperfusion. However, tissue injury 
caused by this process increases with increasing 
temperature. Hence, injury is reduced by taking 
measures such as shortening the warm ischemia 
time, reducing direct manual contact with the 
organ to limit an increase in temperature, and 
intermittent irrigation of the organ with isotonic 
saline [15].

6.3.2  Hypothermia-Induced Cellular 
Swelling

The main objective in organ preservation is to 
establish hypothermia, prevent cellular swelling, 
and minimize free radical-induced organ injury. 
Primary nonfunction of a transplanted organ is 
mainly due to preservation injury, where the 
death of the organ is inevitable [7, 16]. There are 
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many complex physiological interactions during 
organ transplant. A thorough understanding of 
organ preservation, organ ischemia, and reperfu-
sion pathophysiology is imperative [17].

The basic factor for slowing cellular metabo-
lism is hypothermia. When an organ’s tempera-
ture is kept at low levels, its metabolism is 
slowed, its need for oxygen and nutrients is 
reduced, the activity of hydratic enzymes is 
stopped, and the growth of microorganisms is 
arrested. With every 10 °C temperature decrease, 
organ metabolism reduces by 1.5 to 2.5 times, 
hence lowering approximately 10 times from 
37 °C to 0 °C [1, 18]. In contrast to these favor-
able effects, hypothermia also has a detrimental 
effect, namely, cellular swelling. In this setting, 
ion pumps located at the cell membrane, particu-
larly the sodium-potassium adenosine triphos-
phate (ATP) pump, are impaired. Normally, this 
mechanism pumps out intracellular sodium ions 
and pumps in extracellular potassium ions. 
Ischemia and hypothermia reduce the amount of 
ATP and hence impair the function of this pump. 
The most notable mechanism to preserve cellular 
integrity is the cell wall sodium-potassium pump, 
which maintains a cell’s ionic composition. 

When the activity of the sodium-potassium pump 
is impaired, sodium ions leak into the cell and 
potassium ions leak out. However, cells continue 
to function but at the expense of an anaerobic 
metabolic condition. This causes increased 
hydrogen ion and lactic acid production and 
hence acidosis. In addition, as a result of altera-
tions in cell membrane permeability, calcium 
enters the cell and alters the intracellular acid 
buffering ability. Intracellular calcium triggers 
enzyme activation and induces cellular injury. At 
the same time, chlorine is transported outside the 
cell, intracellular oncotic pressure is increased, 
water is drawn into the cell, the cell swells, and 
cell death occurs (Fig. 6.1) [2, 19].

6.3.3  Reperfusion Injury

Another subject that is important for preserva-
tion, which has been recently intensely studied, 
is reperfusion injury caused by free oxygen 
radicals. Free oxygen radicals (FORs) and cyto-
toxins that are released when anastomoses are 
completed and organ reperfusion is established 
in the recipient are responsible for this type 
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of injury. FORs are also responsible for aug-
mented immunogenic properties of the graft. 
As ischemia time is prolonged, purine metabo-
lites like xanthine and hypoxanthine, which are 
formed by ATP breakdown, are accumulated in 
the cell. An increase in calcium concentration 
causes the conversion of xanthine dehydroge-
nase into xanthine oxidase. A rapid and sud-
den oxygen supply to the tissue by reperfusion 
causes purine oxidation by xanthine oxidase 
and thus FOR formation. Lipid peroxidation, 
protein oxidative modification, and, by generat-
ing DNA chain breakdown, tissue injury form 
FORs. Cytokines are intercellular messenger 
molecules. Secretion of cytokines, including 
tumor necrosis factor-alpha, interferon- gamma, 
interleukin-1, and interleukin 8, is increased as a 
result of ischemia-reperfusion injury. Increased 
expression of these cytokines may cause leu-
kocyte accumulation and formation of throm-
bocyte plugs, thus impairing graft function 
following revascularization.

With this understanding of the pathophysiol-
ogy of reperfusion injury, some pharmacological 
agents that may prevent injury have been added 
to preservation solutions. Allopurinol is a xan-
thine oxidase inhibitor that has been shown to 
alleviate reperfusion injury when used before 
ischemia. Adenosine is used for ATP production 
during reperfusion. Glutathione, vitamin E, tryp-
tophan, and histidine are used in perfusion solu-
tions as FOR sweepers [20].

6.4  Organ Preservation 
Solutions and Techniques

Organ preservation is the most important step for 
all transplanted tissues and organs, including 
heart, lungs, liver, kidneys, cornea, pancreas, and 
small intestines. If metabolism can be slowed 
down during the ischemic process, which devel-
ops as a result of the cessation of an organ’s vas-
cular supply, then the resulting tissue injury will 
be proportionately reduced. Preservation  solutions 
should protect organ viability and metabolism 
while the organ is transplanted to the recipient [1, 
9]. An appropriate and effective preservation 
solution should consider the following:

• Reduce hypothermia-induced cellular 
swelling

• Prevent intracellular acidosis
• Not spread into the interstitial space during 

irrigation
• Protect the organ from cellular injury caused 

by FORs formed during reperfusion
• Provide necessary materials to reproduce ATP 

during reperfusion

6.4.1  Overview of Organ 
Preservation Solutions

Today, various solutions with different contents, 
but with a similar goal, are used for organ pres-
ervation. In general, preservation solutions con-
tain electrolytes (sodium, potassium, chloride, 
gluconate, magnesium), acidity regulators (sul-
phate, bicarbonate, phosphate, lactobionate), 
sugars (glucose, trehalose, raffinose), colloids 
(HES, dextran), free oxygen radical scavengers 
(N-acetylcysteine, allopurinol, glutathione), and 
some other substances, albeit at variable propor-
tions. The substances used in preservation solu-
tions and their function are presented in Table 6.1 
[21].

Table 6.1 Substances used in preservation solutions and 
their function

Substance Function
Lactobionate, raffinose, 
citrate, gluconate

Prevents cellular swelling 
(permeability prevention)

Na, K, Mg, and Ca ions Creates osmotic effects
Magnesium Stabilizes the membrane 

and acts as enzyme 
cofactor

Phosphate, bicarbonate, 
histidine

Provides extracellular 
hydrogen ion balance

Colloid(albumin, HES) Creates osmotic effect, 
preventing cellular 
swelling

Allopurinol, 
antiprotease, 
chlorpromazine

Suppresses cellular 
structural disruption via 
metabolic inhibitor effect

Adenosine, glutathione Facilitates metabolic 
restoration during 
reperfusion

Amino steroids, 
glutathione, vitamin E, 
Desferal

Prevents free oxygen 
radical injury
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6.4.2  Overview of Organ 
Preservation and Transplant

An organ must be preserved without being harmed 
during transport to the immunologically suitable 
recipient’s hospital. With suitable preservation 
solutions and methods, a heart can currently be pre-
served for more than 6 h, a liver 24 h, a pancreas 
48 h, and a kidney 100 h. The two basic techniques 
used for organ preservation are the continuous per-
fusion technique and the simple hypothermic pres-
ervation using preservative solutions [16, 22].

Organ preservation begins before donor surgery. 
Allowing a donor’s hemodynamics to be main-
tained until organ retrieval allows healthier organs 
and longer graft survival to be achieved. Measures 
to be taken for this purpose include the following:

• Donor’s blood pressure should be kept 
between 90 and 120 mmHg

• Donor should have a urinary output of 
100 mL/h

• Hematocrit should be kept at 35%
• Arterial blood-gas Spo2 value should exceed 

95%
• Body temperature should be kept above 35 °C

All necessary information about the organ 
should be provided to the transplant team. In par-
ticular, information about the organ’s anatomic 
structure and vascular anomalies should be pro-
vided. In addition, the exact time of harvest, how 
in situ perfusion was achieved, and the perfusion 
solution and its amount should be specified. It 
should be remembered that transplantation is a 
race against time [23].

6.5  The Simple Hypothermic 
Preservation Technique

6.5.1  Overview

Since the 1960s, static hypothermic preservation 
solutions have become the criterion standard for 
organ preservation. Static hypothermic preserva-
tion solutions include the irrigation of a retrieved 
organ with the preservation solution at 0  °C to 
4 °C, with preservation in the solution at the same 
temperature until the time of transplant. The 

hypothermic medium is responsible for slowing 
cellular metabolism; a preservation solution 
reduces cellular metabolism and provides cyto-
protection [1]. With the understanding of the cel-
lular injury process during transplant, many 
preservation solutions have been developed to aid 
healing of injury. In 1969, Collins et  al. devel-
oped a solution that could successfully protect 
kidneys for 30 h after organ retrieval until trans-
plant, provided that the kidneys were perfused 
immediately after retrieval and preserved at 
4 °C. Collins solution was the first preservation 
solution introduced to the commercial market 
[7]. It has been used to preserve kidney, heart, 
liver, and lung grafts. In 1980, the Collins solu-
tion was modified with an impermeant composi-
tion and an improved chemical stability. The 
renewed solution was called Euro-Collins solu-
tion, and it provided better preservation during 
prolonged cold ischemia [24]. In the mid-1980s. 
the University of Wisconsin (UW) solution was 
introduced. This solution is still used today for 
the preservation of intraabdominal organs [25].

In 1996, Haberal et  al. were able to extend 
cold ischemia time to 111 h by using the simple 
hypothermic preservation technique. They 
reported that the organ functioned properly for 
24  years [22]. The preservation solution is an 
intracellular-type solution characterized by a 
lower sodium ion concentration and a higher 
potassium ion concentration. Intracellular liquid- 
type solutions aim to prevent cellular edema by 
preserving intracellular ions over hypothermia- 
induced sodium/potassium ion pump dysfunction 
[26]. The simple hypothermic preservation tech-
nique is preferred by most transplant centers 
around the world due to its favorable properties, 
such as requiring no experienced team and com-
plex devices, having low cost, allowing transport 
of organs to other centers, and having the advan-
tage of not causing vascular damage seen in 
transplanted organs with the continuous perfu-
sion technique [27].

During organ recovery with the simple hypo-
thermic preservation method, organs are irrigated 
in situ with 2000 cm3 (4 °C) of preservation solu-
tion at a pressure of approximately 60 to 100 mmHg 
through a catheter placed inside the donor’s aorta. 
The recovered organs are perfused separately with 
the same solution prepared in a sterile fashion at 
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4  °C.  The solution volume varies by the type of 
organ recovered. Kidneys are irrigated with 200 to 
400  cm3, livers with 1000 to 1500  cm3 (hepatic 
artery 150 cm3, portal vein 1000 cm3, common bile 
duct 100 cm3), and pancreas with 200 to 500 cm3. 
Recovered organs are then placed into bags con-
taining the same solution at 4 °C. To prevent warm-
ing, crushing, and infection of the organ during 
transport, a second bag containing Ringer lactate 
and ice and a third bag as preservative are used. To 
maintain the temperature at 4  °C, the recovered 
organ is placed into a box filled with crushed ice, 
after which it is rapidly transported. During the 
period from placement of the organ into preserva-
tion solution to transplant, ice cubes inside the cold 
storage box are checked intermittently to ensure 
effective cooling is maintained [28].

6.5.2  Hypothermic Preservation 
Solutions Used Today

Over the past quarter century, 160 to 170 differ-
ent solutions have been introduced. Among them 
are histidine-tryptophan-ketoglutarate (HTK), 
UW, Collins, Euro-Collins, UW-polyethylene 
glycol, polysol, Kyoto, and New Kyoto. However, 
HTK and UW solutions are the most widely used 
and studied solutions worldwide [29, 30].

6.5.2.1  Euro-Collins Solution
The aim of this solution is to reduce substance 
traffic between the intracellular and extracellular 
spaces during ischemia. For this purpose, high 
concentrations of potassium, magnesium, phos-
phate, and glucose and lower concentrations of 
sodium and bicarbonate are added to the solution 
prepared with intracellular properties. It has been 
shown to reduce delayed graft function when 
used for kidney preservation. This solution is 
used for both living-donor and deceased-donor 
transplant procedures [31, 32].

6.5.2.2  Ross-Marshall Citrate Solution
This solution has been developed as an alterna-
tive to Collins solution. Although its electrolyte 
content is similar to that of Collins solution, this 
solution uses citrate instead of phosphate and 
mannitol instead of glucose. Citrate forms a che-

late with magnesium and helps to stabilize the 
extracellular space [33].

6.5.2.3  Histidine-Tryptophan- 
Ketoglutarate Solution

Histidine-tryptophan-ketoglutarate solution 
(CUSTODİOL®, Odyssey Pharmaceutical, 
Hanover, Germany) was developed in the 1980s 
for cardioplegia. In this solution, mannitol and 
histidine create both an antioxidant and an osmotic 
effect. Ketoglutarate and tryptophan, on the other 
hand, have membrane-protective effects and act 
as a substrate of the Krebs cycle in an oxygen-
deprived cell. Because potassium and sodium ion 
concentrations are low, it was first widely used for 
heart transplants. It offers a more rapid cooling 
effect and is characterized by a threetimes greater 
flow rate. Because its viscosity is lower (2.0 cen-
tipoise), it is used in high volumes and at a lower 
flow rate (approximately 10–12 lt and 100–
175  mL/kg). Compared with UW solution, its 
cost is lower, and it forms no hyperpotassemia 
when used in flushing fashion [34]. In experimen-
tal studies, HTK was shown to be more effective 
than Euro-Collins and UW solutions at clearing 
blood cells in a microvascular bed. It was also as 
effective as UW solution in liver transplant [35]. 
In general, HTK solution lowers leukocyte adhe-
sion rate, reduces capillary permeability, increases 
tissue oxygenation, reduces ATP consumption, 
and increases lactate dehydrogenase levels.

6.5.2.4  University of Wisconsin 
Solution

The UW solution (Via Span Belzer®, DuPont 
Pharmaceutical, Dublin, Ireland) is a solution 
developed by Belzer and colleagues at the 
University of Wisconsin. It is currently used in all 
organ transplant procedures. This solution was 
first formulated to reduce cellular swelling 
caused by hypothermia. Therefore, it has an 
intracellular character (contains low sodium and 
high potassium).

Glutathione and allopurinol as free-radical 
scavengers and xanthineoxidase as an inhibitor 
have been added to UW solution [36]. Both lacto-
bionate and glutathione have been shown to be 
strong matrix metalloproteinase inhibitors. It also 
contains adenosine for ATP need, hydroxyethyl 
starch as an interstitial edema preventer, and 
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phosphate as a pH stabilizer. Because it contains 
the same concentration of electrolytes as the 
intracellular space, it is cardiotoxic and its use in 
flushing fashion carries the risk of hyperkalemia 
[37]. Compared with HTK, UW has a higher vis-
cosity; however, its endothelial protective effects 
are greater, and thus the incidence of ischemic 
biliary complications has been shown to be 
higher [38]. This solution also increases hepatic 
artery resistance and leukocyte aggregation [39].

6.5.2.5  Phosphate-Buffered Sucrose 
Solution

This solution contains 140  mmol/L sucrose, 
sodium hydrogen, and dihydrogen phosphate as a 
buffer. It is not widely used [40].

6.5.2.6  Celsior Solution
Celsior solution was originally introduced as a 
heart preservation solution in the 1990s and has 
been used as both a thoracic and abdominal organ 
preservation solution thereafter [28]. It has an 
extracellular character. Its content is very similar 
to that of UW solution. Because it does not con-

tain HES, its viscosity is lower. Similar to the 
HTK solution, it uses histidine buffer and a lower 
potassium ion concentration. However, its 
sodium ion concentration is much higher. It has 
equal properties as UW but with lower cost. 
Unlike UW solution, it contains glutamate as an 
antioxidant and an energy substrate. Other anti-
oxidants like reduced glutathione, histidine, and 
mannitol have been added to the solution [41].

6.5.2.7  Kyoto Extracellular-Type 
Solution

Developed by Kyoto University, this solution con-
tains higher concentrations of sodium, low con-
centrations of potassium, a disaccharide trehalose, 
and gluconate [41]. This extracellular- type solu-
tion is mostly used for experimental purposes.

Euro-Collins, HTK, and UW solutions have 
been in the commercial market since the 1980s; 
small modifications have been made to each of 
their compositions for marketing purposes. 
Table 6.2 provides a comparison of widely used 
preservation solutions [2].

Table 6.2 The most widely used preservation solutions and their pharmacological properties

Component Euro- Collins UW HTK Celsior
Cellular feature Intracellular Intracellular Extracellular Extracellular
pH 7.3 7.4 7.2 7.3
Sodium (mmol/L) 10 40 15 100
Potassium (mmol/L) 107 120 10 15
Magnesium (mmol/L) 5 4 13
Calcium (mmol/L) 0.015 0.25
Chloride (mmol/L) 15 50
Sulfate (mmol/L) 5
Lactobionate (mmol/L) 100 80
Phosphate (mmol/L) 57 25
Raffinose (mmol/L) 30
Adenosine (mmol/L) 5
Glutathione (mmol/L) 3 3
Allopurinol (mmol/L) 1
Ketoglutarate/glutamicacid (mmol/L) 1 20
Histidine (mmol/L) 198 30
Starch (g/L) 50
Mannitol (mmol/L) 30 60
Glucose (mmol/L) 194
Osmolarity (mOsm/L) 355 320 310 320
HES (g/L) 0.25
Bicarbonate (mmol/L) 10 5
Insulin 100
Viscosity Low High Low Low

Abbreviations: HTK histidine-tryptophan-ketoglutarate, UW University of Wisconsin
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6.6  The Continuous 
Hypothermic Perfusion 
Technique

The continuous perfusion technique was first 
used by Belzer et al. in 1967 [42]. Machine per-
fusion is a method that involves organ perfusion 
using a controlled perfusate flow. The main aims 
of this method is to provide oxygen and other 
nutrients through a perfusion device after organ 
retrieval, maintain the organ’s temperature at 
between 8 °C and 12 °C, and remove metabolic 
products from the medium in a continuous man-
ner. The cold ischemia time is the main bottle-
neck for transplanted organs, particularly those 
coming from marginal donors. Use of pumps to 
perfuse organs with an oxygenated fluid during 
cold ischemia time would allow cells to maintain 
their metabolic functions with less hypoxic injury 
[43, 44]. In a randomized study, kidneys from 
deceased donors stored with the machine perfu-
sion method showed better graft survival than 
simple cooling [7].

The metabolic rate of cells is proportional to 
the medium’s temperature. For example, at 0 °C 
to 4 °C, static cold preservation solutions reduce 
the metabolic rate by 5%. With hypothermic 

machine perfusion, the rate can be reduced by 
10% at 0 °C to 8 °C.Normothermic machine per-
fusion can reduce at 35 °C to 38 °C by 70% to 
80%, subnormothermic machine perfusion can 
reduce at 20 °C to 34 °C by 50%, and controlled 
oxygenated reheating can reduce at 8° to 20 °C 
by 20% to 25% (Fig. 6.2) [20].

6.6.1  Hypothermic Machine 
Perfusion

Hypothermic machine perfusion (HMP) (0–8 °C) 
is based on the concept of maintaining oxidative 
energy production at hypothermic temperatures 
via mitochondrial electron transport. 
Hypothermic machine perfusion constantly pro-
vides metabolic substrates for ATP production to 
replenish the graft tissue’s energy. The first clini-
cal HMP device was developed by Belzer in 
1960; it was first used by Belzer et al. in 1968 to 
perform a preserved human kidney transplant. 
They performed kidney perfusion with hypother-
mic, diluted plasma or blood for 3 days [45, 46]. 
The newer HMP technology was shown to 
improve late graft function in marginal donors 
compared with simple cold preservation solu-
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tions. In 2015, approximately 25% to 35% of all 
transplanted kidneys in the United States were 
preserved with HMP [47]. However, because the 
liver is perfused via both the portal vein and 
hepatic artery, use of HMP for liver transplant is 
challenging. Nevertheless, the first clinical study 
of liver grafts preserved with HMP showed 
shorter hospitalization times and reduced vascu-
lar and biliary complications. A few studies 
reported use of HMP for heart and lung trans-
plants. Nakajima et  al. reported that short-lived 
HMP (1–2 h) may increase energy levels in lung 
tissue and that it may improve ischemia- 
reperfusion injury by reducing the rate of reactive 
oxygen species production in rat lungs [48, 49]. 
Michel et al. showed that HMP protected the cel-
lular structure of donor hearts better than simple 
cooling during prolonged ischemia times in pigs 
(Fig. 6.3) [50].

6.6.2  Normothermic Machine 
Perfusion

Normothermic machine perfusion (NMP) (35–
38  °C) is a method that perfuses donor organs 
under physiological conditions to maintain activ-
ity and viability. Normothermic machine perfu-

sion provides oxygen and basic substrates and 
keeps donor organs at body temperature. In 2001, 
Steen et al. reintroduced the exvivo lung perfu-
sion (EVLP) technique to assess lungs after car-
diac death [51]. In 2007, the group performed the 
first human lung transplant using a donor lung 
rejected after being assessed by EVLP [52, 53]. 
The first clinical study on NMP in liver transplant 
was published in 2006; it assessed the outcomes 
of 16 transplant patients operated after NMP. The 
results suggested that 30-day graft survival was 
similar between the NMP and simple cooling 
techniques and that the median peak aspartate 
aminotransferase level was significantly lower in 
the NMP group compared with the simple cool-
ing technique [54].

6.6.3  Subnormothermic Machine 
Perfusion

Subnormothermic machine perfusion (SNMP) 
(20–34 °C) is an intermediary approach between 
HMP and NMP.  Although better preservation 
times have been provided with NMP compared 
with HMP, it has been considered that the cyto-
protective benefits of reduced cellular metabo-
lism under hypothermic temperatures would 
further improve organ preservation. In addition, 
adequate metabolism would be provided for via-
bility assessment and organ repair/replenishment 
[55]. Although some studies have shown that liv-
ers and kidneys perfused with SNMP were supe-
rior to those preserved by the simple cooling 
technique, a recent study reported that swine kid-
neys preserved with SNMP had a higher rate of 
graft dysfunction than those preserved with the 
simple cooling technique [56, 57].

6.6.4  Controlled Oxygen Reheating

After cold ischemic protection, a sudden change 
of temperature from hypothermia to normother-
mia upon reperfusion may result in reperfusion- 
induced organ injury, affecting mitochondria and 

Fig. 6.3 Hypothermic machine perfusion device. The 
device shown here (Life Port Kidney Transporter by 
Organ Recovery Systems, Chicago, IL, USA) was used to 
preserve a kidney
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proapoptotic signal conduction. Hypothermic 
protection serves to help the ischemic organ by 
lowering metabolism. However, ischemic redox 
dyshomeostasis may disrupt mitochondrial mem-
brane potential via mitochondrial passage open-
ing. Mitochondrial injury may be worsened after 
reperfusion [58]. Controlled oxygen reheating 
(COR) (8–20  °C) is an alternative organ perfu-
sion technique that involves a slow, gradual 
increase in perfusate temperature. Controlled 
oxygen reheating aims to minimize graft injury 
and prevent mitochondrial membrane potential 
disruption. Clinical studies have shown that COR 
could be used safely during liver transplant [59]. 
In 2016, COR was used effectively during 15 
human liver transplant procedures [60].

6.6.5  Pulsatile Perfusion

Continuous perfusion can be accomplished by 
pulsatile or continuous techniques. Pulsatile flow 
can reduce capillary pressures, augment the 
expression of vasodilatory molecules, and provide 
a better solution flow, thereby improving organ 
function [44]. In addition, other agents like vasodi-
lators and free oxygen radical scavengers can also 
be added to the solution. The use of a pump has 
dramatically improved organ use and its outcomes, 
particularly from marginal donors. In addition to 
improved graft function, it allows longer cold isch-
emia time. Several pumps are being developed for 
hepatic, cardiac, and pulmonary allografts. These 
pumps are portable and allow organ transport dur-
ing pumping. The pump properties can also serve 
as a tool for diagnosis to decide whether a graft is 
suitable for use. Poor pump properties have been 
linked to a higher rate of graft dysfunction and 
thus higher rejection rates [1, 44]. In pulsatile per-
fusion, the solution used to perfuse the organ is 
usually given at a rate of 60 beats/min. The initial 
systolic pressure is 60 mmHg and diastolic pres-
sure is 8 to 14 mmHg. Within hours after starting 
perfusion, the systolic pressure drops to 35 to 
40 mmHg. The main superiority of pulsatile perfu-
sion over continuous perfusion is that the former 
does not expose the organ’s vascular structures to 
continuous pressure [40].

6.7  Summary of Continuous 
Perfusion Versus Simple 
Hypothermic Preservation 
and the Available 
Preservation Solutions

6.7.1  Advantages 
and Disadvantages 
of Continuous Perfusion 
Techniques Versus Simple 
Hypothermic Preservation 
Techniques

6.7.1.1  Advantages
The advantages of the continuous perfusion tech-
nique versus the simple hypothermic preserva-
tion technique are as follows:

• Preservation of organs with a long cold isch-
emia time

• Supporting organ metabolism with various 
factors (nutrient factors, osmotic and oncotic 
factors, oxygen, pH regulation, removal of 
metabolic wastes)

• Prevention of vasoconstriction
• Better removal of blood and its elements from 

the organ
• Ability to monitor the organ’s physiological 

parameters
• Ability to determine levels of enzymes 

released from the organ, indicative of cellular 
injury

• Has been shown to have a reduced rate of pri-
mary graft organ dysfunction

6.7.1.2  Disadvantages
The advantages of the continuous perfusion tech-
nique versus the simple hypothermic preserva-
tion technique are as follows:

• Experienced personnel and perfusion devices 
may not be available in every center (thus, 
limiting transfer of organ to other centers)

• Organ injury may occur due to possible device 
malfunction

• May result in alterations induced by continu-
ous pressure perfusion in the vascular 
system
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6.7.1.3  Other Considerations
Ultrastructural examination of continuously per-
fused kidneys have shown that the vascular endo-
thelium is affected [44]. Electron microscopic 
examination of biopsies taken 1  h after organ 
transplant detected endothelial cell and basal 
membrane injury. These injuries may be caused by 
high perfusion pressures and colloid concentra-
tions found in perfusion solutions [2]. In kidneys 
treated with the simple hypothermic preservation 
technique, on the other hand, these injuries are far 
less common, which is the reason why the simple 
hypothermic preservation technique is widely uti-
lized. Perfusion machines developed for organ 
preservation in clinical practice include the Belzer 
machine, GAmbro machine, and Waters machine. 
These machines are single-use devices that are 
similar in many aspects. Today, only the Waters 
machine is in active use [2].

Widely used perfusates, such as Steen solution 
and the Organ Care System perfusate, use glu-
cose as the sole energy source. However, organs 
are perfused at body temperature during 
NMP.  Glucose alone is not sufficient for organ 
metabolism. Adding more nutrients such as ami-
noacids, vitamins, lipids, and others should be 
considered to prolong NMP for organ repair. 
Aminoacids are the basic structural components 
of proteins and are essential for cell survival and 
proliferation. Vitamins may aid in utilizing 
chemical energy supplied for processing pro-
teins, carbohydrates, and fats, which are neces-
sary for cell metabolism [61].

In studies in liver and kidney transplants, ami-
noacids and extra glucose were added to the per-
fusate during NMP; this approach yielded 
promising results in dogs [62].

Although only a few prospective studies are 
available about continuous perfusion devices, 
several studies have indicated that it was effective 
for organ preservation. Nevertheless, the tech-
nique and its higher cost limit its use.

6.7.2  Which Is the Best Solution?

The answer is debatable, and there is no compre-
hensive study to answer this question. The UW 

solution and its derivatives are the most widely 
used solutions throughout the United States. 
There is some evidence that the HTK solution is 
less viscous than the UW solution, flows more 
smoothly through small vessels, and causes less 
vascular complications after transplant, espe-
cially in donors with prolonged cold ischemia 
time [1, 3, 43]. The Euro-Collins solution has 
been recently used mostly for kidney transplants. 
Haberal et  al. reported that, with this solution, 
kidneys with a cold ischemia time of upto 111 h 
could be successfully transplanted [22]. In liver 
and pancreas transplants, the UW solution is 
widely used. With the use of this solution and the 
simple cooling technique, liver preservation can 
be successfully applied for 48  h under experi-
mental conditions and for 36  h under clinical 
conditions, whereas pancreas preservation can 
extend to 48 to 72 h under experimental condi-
tions and to 24 h in clinical practice [1, 2, 63].

6.7.3  Conclusions

Since the first speculations about organ preserva-
tion over 200 years ago, there has been enormous 
progress in this field. The introduction of the 
simple organ cooling technique in the 1960s 
caused a revolution. It has become a standard 
procedure for preserving organs in a static man-
ner at hypothermic temperatures. With more 
demands to expand the organ donor pool, the cur-
rent status of organ preservation has evolved 
from a simple cooling procedure to a continuous 
perfusion technique. These techniques have initi-
ated in-depth studies about advanced graft pres-
ervation, viability assessment, and most 
importantly repair and regeneration. Studies on 
organ preservation continue intensively in many 
organ transplant centers worldwide, with the 
basic aim of prolonging preservation time with-
out injuring the organ. Current techniques allow 
slowing, but not complete cessation, of organ 
metabolism. It is thought that complete, revers-
ible cessation of metabolism and organ function 
is possible with the use of “cryopreservation.” 
However, this technique has yet been developed 
for clinical practice.
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Cardiac Replacement, Assistance, 
Repair or Regeneration for Heart 
Failure

Daniel G. Tang, Jenna E. Aziz, Katherine Klein, 
and Salim Aziz

7.1  Introduction

The number of patients with end-stage heart fail-
ure is increasing and they are more complex. As 
management of acute coronary syndromes has 
improved acute mortalities have decreased but 
this has increased the percentage of patients 
developing chronic heart failure. In the USA, 
approximate six million patients have CHF and 
of these 5–10% [1] have advanced heart failure or 
stage D disease.

The 1-year mortality for these patients is 
worse than most forms of cancer with over 50% 
dying within a year [2]. The management of end 
stage severe chronic heart failure remains a 
challenge.

We have come a long way since the first suc-
cessful human heart transplant by Christian 

Barnard in 1967 [3]. Heart transplantation is now 
an established form of therapy for end stage heart 
failure. Over 140,000 heart transplants have been 
performed worldwide with current 1  year sur-
vival approaching 90%, and 50% of patients 
 surviving 15 years [4] (Fig. 7.1). In those early 
days, limited immunosuppressive regimens 
together with inability to treat opportunistic 
infections and  rejection were associated with 
poor short and  long- term survivals. The intro-
duction of cyclosporine by Calne et  al. [5] 
allowed for an exponential increase in organ 
transplantation, globally.

A major stumbling block to more widespread 
use of cardiac transplantation is the lack of suit-
able donors, approximately 2000 heart trans-
plants are performed per year in the US. Despite 
the growing number of patients being listed for 
transplantation, the number of transplants per-
formed worldwide has remained stagnant with 
<5000 being done annually [4]. In the last few 
years, this has increased approximately 20% pri-
marily because of increase in North American 
transplants (now ~3000/year) and it is speculated 
that the opioid epidemic has played a role. A 
change in allocation systems has also recently 
been introduced so as to ensure best use of donor 
organs for the sickest patients.

Lack of suitable and adequate donors has led 
to the increasing use of mechanical devices rang-
ing from ventricular assist devices (VADs) that 
support either ventricle to use of the total  artificial 
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heart [6]. These have been used both as a bridge 
to transplantation (BTT) as well as destination 
(BTD) therapy. However, VADs are associated 
with a number of ongoing problems including 
thromboembolic events, strokes, gastrointestinal 
bleeding, driveline infections etc., [7].

Advances in the detection of early rejection, 
improved organ preservation procedures, and 
the introduction of new immunosuppressive 
therapy protocols have improved survival results 
in heart transplantation [4]. Late graft athero-
sclerosis remains a serious threat despite re- 
transplantation and, in some cases, mechanical 
cardiac support [8, 9].

7.2  Indications for Heart 
Transplantation

Figure 7.2 outlines the types of patients receiving 
heart transplantation (ISHLT 2018). In Western 
countries, the main indications for cardiac trans-
plantation remain ischemic heart disease and idio-
pathic cardiomyopathies. In the current era, heart 
transplant recipients are more complex, are older, 

may be on mechanical circulatory systems (MCS), 
have pre-formed antibodies and tend to have other 
system involvement. In rare conditions such as 
post-partum cardiomyopathy the failing heart can 
recover if allowed a period of “rest” using MCS or 
appropriate medical therapy [10].

7.2.1  Recipient Selection for Heart 
Transplantation

A thorough work up must be done before listing 
a patient for heart transplantation including a full 
psychosocial assessment. Table 7.1 outlines stan-
dard and extended recipient selection crtieria and 
work-up need before a patient can be listed for 
heart transplantation. Generally speaking, most 
centers limit the upper age limit to 65  years. 
Although reports do suggest that suitable out-
comes can also be achieved in patients older than 
70  years of age [11]. As always, a multi- 
disciplinary team approach must be used in 
establishing each center’s willingness to expand 
from standard criteria. Also, the presence of other 
co-morbid conditions in the recipient can pre-
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clude selection of the recipient for transplanta-
tion. Some disease can recur in the donor heart 
e.g. sarcoidosis, amyloidosis etc. leading to dif-
ferent centers have varying selection criteria. 
Standard and extended donor selection criteria 
are outlined in Table  7.2. The subject of using 
marginal donors for marginal recipients has been 
considered and used by some centers [12]. 
Finally, the donor must be “matched” to the 
recipient Table 7.3.

7.3  Pre-sensitized Recipients

Presensitized patients are at risk for antibody 
mediated rejection [13]. It is important to detect 
the identity and intensity of anti-HLA antibodies 
that are present. This helps in finding a safe donor 
organ for the recipient and also in evaluating 
which sensitized patients require treatment prior 
to transplantation. A threshold of the calculated 
PRA (cPRA), which is the frequency of unac-
ceptable HLA in the donor, is used to decide on 
treatment of the sensitized patient [14].

A number of approaches are used either in isola-
tion or in combination in the management of the 
sensitized patients. These involve protocols that tar-
get antibodies by inactivation (intravenous immune 
globulin), removal (plasmapheresis), and decreased 
production (rituximab and bortezomib) [13, 15, 16].

With increasing use of assist devices, patients 
who have received blood and blood products is 
likely to increase. In patients with a history of 
elevated PRAs and/or pre-sensitization flow 
cross-matching should be used prior to perform-
ing the implant. Post-operative flow cross match-
ing may be useful in monitoring an increase in 
donor reactive antibodies so that measures can be 
taken to decrease the development of full blown 
humoral medicated rejection by adjusting immu-
nosuppression [17].
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Fig. 7.2 ISHLT 2018 types of patients getting Heart Transplants

Table 7.1 Work of patient before being listed for heart 
transplantation

Recipient evaluation for cardiac transplantation:
Right and left heart catheterization
Cardiopulmonary testing.
Labs: CNBC, CMP, coagulation studies, thyroid 
function tests,
HIV, hepatitis screen, PPD, CMV IgG, RPR, VDRLK, 
PRA
Blood group, lipids
CXR, PFTs including DLCO, EKG
Substance abuse history, screening, abstinence for at 
least 6 months
Mental health evaluation, social support
Financial support
Weight not more than 140% of ideal body weight
Extended recipient criteria:
Re-transplantation for acute graft failure.
Re-do heart-lung transplantation
Age > 70 year.
Combined organ transplantation: (heart-liver, 
heart-kidney)
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7.4  Cardiac Re-transplantation

Another topic that has differing opinions is how 
to handle recipients with a failed heart transplant 
(a) acute primary graft failure, hyperacute rejec-
tion, acute rejection and (b) chronic rejection, 

AGA. In the climate of limited donors, many cen-
ters do not offer re-transplantation. Analysis of 
UNOS data clearly shows that re-transplantation 
for early acute allograft failure has decreased sur-
vival and should generally not be done [18]. For 
these patients, the TAH and or other MCS should 
be considered. However, survival results for sec-
ond or third-time re-transplantation for AGA are 
not inferior to first time transplantation.

7.5  Limitations for Widespread 
Use of Heart Transplantation

The major limitation has been the shortage of 
suitable donors for the increasing number of 
recipients. A chronic shortage of donor organs 
has led to innovative approaches to enhance 
donor supply have included, use of marginal 
donors, use of cardiac death donors and use of 
extracorporeal systems to resuscitate/evaluate 
cardiac allografts [19, 20]. Efforts to redress this 
imbalance have included the use of marginal 
donors. This has increased the number of donors 
especially if these are used for marginal recipi-
ents e.g. older patients. Another recent innova-
tion is to use cardiac death (DCD) donors [20].

7.5.1  Donor Selection Criteria

Suitable criteria and extended for donor evalua-
tion are outlined in Table 7.2 and are from usu-
ally harvested from brain dead donors. However, 
with increasing waiting lists experienced centers 
have liberalized their donor selection criteria. 
Organ Care System (OCS) can be used in situa-
tions where there is an adverse donor-recipient 
profile. Some of these like the TransMedics sys-
tem allow allograft perfusion after explant and 
until implantation (Fig. 7.3). They can be particu-
larly useful in evaluating marginal donors or 
extended criteria donors e.g. reduced EF, pres-
ence of LVH, cardiac arrest, long ischemic times, 
on high dose inotropes, donors where status of 
coronary arteries is unknown etc. In addition, in 
cases where recipient implantation is likely to be 
problematic e.g. hostile mediastinum, presence 

Table 7.2 Donor selection criteria

Standard cardiac donor criteria and evaluation:
Age < 50–60
Absence of the following:
  Prolonged cardiac arrest
  Prolonged severe hypotension
  Pre-existing cardiac disease
  Intra-cardiac drug injection
  Severe chest trauma with evidence of cardiac injury
  Septicemia
  Extra-cerebral malignancy and glioblastoma
  Positive serologies for human immunodeficiency 

virus, hepatitis B (active), or hepatitis C.
  Hemodynamic stability without high-dose inotopic 

support (<20 ug/kg/min dopamine)
Evaluation/tests:
  Past medical history and physical examination 

EKG
  Arterial blood gases
  Laboratory tests: (blood group, HIV, HBV, HCV)
  ECHO
  Pulmonary artery catheter.
  If indicated a cardiac catheterization (? Role for 

cardiac CT angiogram)
Extended donor criteria
Age > 60
Long ischemic times likely
Size mismatch
LVH
Positive serology (Hep B inactive)
Presence of CAD
Valve abnormality present
Cardiac death donor (DCD)

Table 7.3 Factors involved in matching donor to 
recipient

Matching donor and recipient:
Severity of illness
ABO blood group (match or compatible)
Donor weight to recipient ratio (must be 75–125%)
PRA issues: Is prospective flow cross-matching 
required?
Location of donor/ischemic time issues (may be less 
so with use of OCS)
In recipients with elevated pulmonary pressure more 
attention may need to be paid to D/R size, ischemic 
times etc.

D. G. Tang et al.



107

of LVAD etc. the OCS allows the recipient team 
to work carefully without increasing the “isch-
emic times” [21].

Efforts are made to “match” donors to recipi-
ents. Although height and weight have been 
used extensively, a better option is to “match the 
donor recipient cardiac mass [22]. Most centers 
limit cold ischemic times to less than 4 hours as 
this has been shown to have a bearing on out-
comes [23].

The concept of using organs from donors 
death after cardiac (DCD) is not new. Using 
these donors as a source of cardiac allografts is 
receiving increasing attention [20]. Investigators 
in Cambridge, UK and Australia have shown 
that, properly managed, procured and pre-
served, these donors can increase donor supply. 
Recipients so implanted have comparable out-
comes to those implanted with brain death 
donors [20, 24].

7.6  The Donor Explant 
Procedure

The techniques for allograft procurement are 
straight forward and not complex. Although this 
is often delegated to trainees or junior surgeons, 
procurement is nonetheless key to a functioning 
and successful transplant. The increased avail-
ability of diagnostic angiography and echocar-
diography helps with allograft prescreening and 
avoiding unnecessary travel. However, all tests 
are subject to interpretation and the procuring 
surgeon should personally review the available 
diagnostic imaging. On arrival, appropriate veri-
fication of the declaration of brain death, consent 
for organ donation, and final review of the donor’s 
evaluation including serology and blood type 
match with the recipient is performed. With 
emphasis on maximizing available donor organs, 
coordination with other potential procuring sur-
geons (such as the lung and abdominal team) is 
necessary. Development of vascularized compos-
ite allotransplantation (such as the face and hand) 
has seen remarkable success and these donors 
require significant coordination for the extra dis-
section time required.

A median sternotomy connected to an 
extended laparotomy is made. Inspection of the 
donor heart is important before making the final 
decision to proceed with transplant. The coronary 
arteries and atria are inspected and palpated for 
unexpected stenosis or thrills. The left and right 
ventricular function is assessed. As noted above, 
angiography and echocardiography are wide-
spread and unexpected findings are less common. 
Assessment of the right ventricular function prior 
to final acceptance is perhaps the most important 
part of procurement. Dynamically sensitive to 
preload and afterload, RV function can readily 
deteriorate in the interim between initial testing 
and the time of procurement. Large volume 
resuscitation, evolution of cardiac contusion, 
 pulmonary embolism, arrhythmia, or other hemo-
dynamic deterioration can present the procuring 
surgeon with an unexpected distended struggling 
right heart. Intraoperative maneuvers (such as 
diuresis, inotropes, etc.) are reasonable but if 

Fig. 7.3 Tansmedics Organ Care System (OCS™) image 
courtesy of TansMedics, Inc
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there is not demonstrable improvement, the risk/
benefit ratio to the recipient and allograft declina-
tion should be considered. Once accepted, lim-
ited dissection is necessary prior to procurement. 
Mobilization of the great vessels is helpful. The 
pulmonary artery, left atrium, and IVC are shared 
between their respective organs and good com-
munication is important such that each team has 
adequate lengths for implantation. Separation of 
the aorta from the pulmonary artery facilitates 
subsequent aortic cross clamp and separate car-
dio/pulmonoplegia. Mobilization of the IVC 
from the diaphragm and opening oblique sinus 
facilitates division of the IVC.  Ligation of the 
azygous vein allows for maximal harvest of the 
SVC (particularly for congenital heart trans-
plants. Mobilization of the interatrial 
(Waterston’s) groove can facilitate safe separa-
tion of the right sided pulmonary veins from the 
right atrium / cava. Once all the procuring teams 
are ready, heparin 30,000 U IV is given. A car-
dioplegia catheter is placed in the ascending 
aorta. If lungs are being procured the mid pulmo-
nary artery is cannulated. Also, during the time of 
donor procurement, care must be taken to prevent 
pulmonoplegia solution from entering the coro-
nary arteries and damaging the myocardium.

The SVC is ligated and the right atrium/IVC 
junction is incised. A pool tip suction catheter is 
passed down the IVC to exsanguinate all return-
ing warm blood. The heart is allowed to empty 
for 1–2 beats. The aorta is cross clamped and car-
dioplegia is given. There is wide heterogeneity in 
solutions used for cardioplegia although 
University of Wisconsin and HTK are common. 
Distention of the aortic root for adequate delivery 
of cardioplegia and flaccid decompression of the 
left ventricle are verified by amputating the tip of 
the left atrial appendage or incising the left atrium 
above the pulmonary veins to vent the left ven-
tricle. If the lungs are not being procured, the left 
inferior pulmonary vein can be divided. The field 
is then flooded with iced saline. Once completed, 
the heart is excised confirming the various cuffs 
with the lung and abdominal team. The IVC divi-
sion is completed. The left atrium is transected 
just anterior to the pulmonary veins. Use of a bi- 
caval anastomosis for implantation requires suit-

able length of SVC and IVC be taken. If lungs are 
not procured the pulmonary veins can be divided 
and the left atrium opened later.

The main pulmonary artery is divided half 
way between the pulmonary valve sinus and the 
PA bifurcation. The aorta is divided at the takeoff 
of the innominate artery. The previously ligated 
azygous is divided and the SVC is divided just 
below the innominate vein. Care must be taken 
that any central lines present in the SVC do not 
embolize into the allograft. They are either 
retracted or divided and removed. The allograft is 
rinsed and inspected for any potential missed 
abnormality. If present, a patent foramen ovale is 
closed primarily. If amputated, the left atrial 
appendage is similarly closed. The allograft is 
then packaged in the ice cold cardioplegia solu-
tion and transported back to the recipient 
hospital.

Recipient Procedure Both the explant and 
implant procedure are related to the technique of 
implantation to be employed. There are three 
techniques that have been described (a) The stan-
dard bi-atrial Shumway and Lower technique (b) 
bicaval (with left atrial), and (c) bicaval with 
separate pulmonary venous anastomosis 
[25–27].

Irrespective of the technique being used, 
assiduous attention must be paid to myocardial 
protection during the implantation period [28]. In 
the early days at Stanford, a “cold line” was used 
to infuse cold saline into the recipient heart via 
the left atrial appendage during the implantation 
period.

The standard bi-atrial technique was devel-
oped by Lower and Shumway [25] in the 1960s. 
Efficient and reproducible, the technique was 
associated with distortion of the atrial geometry 
which lead to subsequent tricuspid regurgitation 
and dysrhythmias. In the early 1990s, several 
centers developed a technique with complete 
excision of the left and right atria with separate 
pulmonary venous and caval anastomoses. The 
benefits of a more anatomic implant over the 
increased complexity of four additional anasto-
moses were indeterminate. Bi-caval and left 
atrial implantation was developed as a hybrid of 
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the two techniques and is the most commonly 
utilized technique today. The bi-caval technique 
[26] has been shown to decrease the incidence 
of atrial arrhythmias, need for permanent pace-
maker implantation and significant tricuspid 
regurgitation because of the preservation of 
sinus function and atrial geometry. The group at 
Cedar Sinai have reported excellent results 
using total excision of recipient’s atria with bi-
caval and pulmonary venous anastomoses [27]. 
UNOS registry analysis of bi-caval versus bi-
atrial implants demonstrated a lower incidence 
of dysrhythmias requiring pacemaker implant 
and a small survival benefit [29]. Here we 
describe the bi-caval and left atrial anastomosis 
technique.

 (a) Recipient Explant. Close coordination must 
take place between the donor harvesting 
team and the recipient site so that ischemic 
times are minimized for the allograft. In 
patients with no prior sternal entry a standard 
median sternotomy approach is used. Once 
the sternum is opened the ascending aorta 
and SVC are exposed for cannulation. Bi- 
caval (SVC and IVC) cannulae are used. The 
ascending aorta is clamped, and the ascend-
ing aorta and main pulmonary arteries tran-
sected above their valves by using the 
transverse sinus as a plane. We tend to mark 
the 3 and 9 ‘o’clock positions on the PA so as 
to allow best orientation during implantation 
of this floppy structure.

Heart failure patients are often at risk for 
thromboembolism and early (cross clamp) 
aortic control is recommended. Once the 
aorta is clamped, the proximal aorta should 
be incised (or transected) to vent the left side. 
The left atrial excision plane is just posterior 
to the coronary sinus. The right atrium is 
divided at the SA node and the coronary 
sinus. This maintains the entire length of the 
SVC and IVC to be later trimmed and tai-
lored to the allograft. A common modifica-
tion to the bi-caval technique is to leave the 
posterior wall of the right atrium connecting 
the SVC and IVC. This prevents retractions 
of the vessels and facilitates large spatulated 

anastomoses to prevent stenosis but still 
maintain atrial geometry.

 (b) The implant procedure (Fig. 7.4): Explant 
of the native heart is done in coordination 
with the arrival of the donor allograft to mini-
mize ischemia. On arrival, the allograft is 
unpackaged and re-inspected. There is wide 
variation on whether to give another dose of 
cardioplegia to the allograft and whether to 
repeat if at all. If not previously done, closure 
of patent foramen ovale and repair of an 
amputated left atrial appendage are per-
formed. Size matching of the donor cuffs to 
the recipient is assessed. Implanting sur-
geons must be prepared to use innovative 
techniques should improper length/cuff of 
tissue be left for implantation. The donor and 
recipient left atria are first anastomosed using 
long 3/0 Prolene. Care must be taken to have 
endocardium opposed to endocardium. Next, 
we sew in the IVC and SVC, followed by the 
PA and the aorta. Care must be taken to trim 
the PA.  Due to the posterior course of the 
pulmonary artery, an overly long length to 
the PA can be associated with kinking and 
inadvertent RV outflow obstruction. The 
usual de- airing maneuvers are made before 
unclamping the aorta. Prior to weaning off 
CPB careful inspection is made of all anasto-
moses. In special circumstances of unantici-
pated long ischemic times, the aortic 
anastomosis can be completed immediately 
following the left atrial anastomosis. The 
allograft is then reperfused while the remain-
ing anastomoses are completed.

Weaning off CPB Is done with particular atten-
tion to de-airing and evaluation of the right heart 
function. In some cases, a gradual wean may be 
needed. Intra-op TEE is useful for evaluating de- 
airing and overall cardiac function. In patients 
with prior elevated pulmonary pressures nitric 
oxide or pulmonary vasodilators may be needed. 
Any evidence of right and or left heart dysfunc-
tion that does not respond to the usual measures 
and inotropes etc., should be supported by an 
IABA, ECMO or temporary VAD. In most cen-
ters, the incidence of PGF is fortunately less than 
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5% [30]. A period of MCS can help the dysfunc-
tional transplant heart recover.

Special Circumstances: Heart Transplantation 
in Patients Already on MCS The use of 
mechanical circulatory support as a bridge to 
transplantation continues to grow [4]. In 2018, 
55% of adult heart transplants were performed in 
patients supported with a VAD, TAH, or 
ECMO. Ideally, efforts to make re-entry “safer” 

at the time of transplantation should be consid-
ered at the time of device implantation. Liberal 
coverage of the heart and device with thin sheets 
of PTFE minimizes adhesions and significantly 
reduces the bleeding associated with mobiliza-
tion for explant of the device and native heart. A 
substernal strip of silastic can be an effective buf-
fer to the oscillating saw. With appropriate plan-
ning, sternal re-entry, explant and transplant with 
minimal to no blood transfusion is possible.

a b

c

e f

d

Fig. 7.4 Recipient implant technique. (a) Left atrial anastromosis. (b) Use of topical cooling during implantation. (c) 
Pulmonary artery anastomosis. (d) and (e) Bicaval (IVC and SVC anastomosis), (f) Aortic anastomosis
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Planning for sternal re-entry at the time of list-
ing is important. CT scan imaging to assess the 
proximity/fixation of structures (e.g. coronary 
bypass grafts, right ventricle, LVAD outflow graft 
lie and attachment) underneath the sternum and 
assessment of the peripheral arterial access is 
important. Pre-operatively the anticoagulation on 
Coumadin needs correction with fresh frozen 
plasma or PCC to decrease bleeding related 
issues. Some centers use PCC after completion of 
the implant and when off CPB.

Unique Considerations in LVAD Patients The 
vast majority of MCS patients are supported with 
a continuous flow LVAD.  The introduction of 
intra-pericardial placed centrifugal flow devices 
has made the explant procedure easier, but there 
are still many patients supported with devices 
placed in the pre-peritoneal space. While much 
easier to explant than the large first generation 
pneumatic pre-peritoneal devices, careful mobili-
zation is still important to avoid intra-abdominal 
injury. As current continuous flow devices do not 
have valves, regurgitant flow will occur if turned 
off. Once on bypass, LVAD flow is continued to 
prevent retrograde flow but turned down to pre-
vent blood trauma.

There seem to be two schools of thought on 
how best to approach LVAD patients. In patients 
at high risk for re-entry, peripheral cannulation 
(via the axillary and/or femoral vessels) facili-
tates safe and expeditious re-entry. When cannu-
lated peripherally, the femoral venous cannula is 
placed at the IVC/RA junction and the SVC is 
then directly cannulated once exposed.

 1. Some centers expose the right axillary/subcla-
vian artery and sew an 8 mm graft in an end to 
side fashion to use at the arterial site for CPB 
[31] and use either open or percutaneous 
placed long femoral venous cannula (Size 
25 F) that is parked at the IVC RA junction 
and go on partial CPB prior to opening the 
chest using an oscillating saw. During this 
time, the LVAD flows are reduced but not 
stopped. In most cases a prior sheet of PTFE 

is usually placed to cover the heart/LVAD and 
the outflow limb of the LVAD is usually 
curved laterally away from the midline to 
avoid injury during re-entry.

 2. Another approach in patients with an LVAD is 
to use the re-do median sternotomy approach 
using an oscillating saw. Some surgeons place 
femoral artery and vein cannulae and start 
partial bypass prior to starting the sternal 
entry. It is imperative that pre-operative evalu-
ation has shown that the outflow graft to the 
ascending aorta is well away from the 
midline.

The aortic cannula needs to be placed at a 
point on the ascending aorta or arch so that the 
ascending aorta can be transected at a higher 
level to include the graft/aorta anastomosis. 
Also, the donor harvesting team should get as 
long a segment of ascending aorta and arch as 
possible. Once the device is exposed and on full 
flow support bypass, the outflow graft is clamped 
and the device turned off.

Heart Transplant in a Patient with a 
TAH Although there are a few trials using 
recently developed TAH devices, the majority of 
patients with a TAH have the Syncardia device 
[32]. Many centers tend to place a PTFE patch to 
separate the TAH from the sternum and other sur-
rounding structures. This makes the chance of 
inadvertent surgical mishaps during re-entry less 
likely.

Transition from TAH to CPB and Explant of 
the TAH Once the chest is suitably entered, the 
ascending aorta, SVC and IVC are dissected and 
sutures placed for cannulation. The patients are 
placed on CPB, the TAH is switched off and the 
aortic cross-clamp applied high on the ascending 
aorta. The TAH is removed using the same plane 
of explant (beneath the coronary sinus level/ 
atrioventricular junctions) as for a regular recipi-
ent “heart” explant. This can be further adjusted 
depending on the technique of implantation to be 
used for the allograft.
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7.7  Patients on ECMO

If the recipient is on central VA ECMO the right 
atrial cannula is converted to SVC/IVC bi-caval 
cannulation. In patients on peripheral VA ECMO, 
the femoral venous cannula maybe left in place 
and an additional SVC cannula added and “Yed” 
to this.

7.7.1  ICU Care

The transplanted heart is denervated although the 
atrial remnant of the recipient remains inner-
vated, these impulses do not cross the suture line. 
It is the donor atrium that is responsible for heart 
rate generation. The transplanted heart has a 
higher resting rate (90–110/min) and demon-
strates reduced rate variability. In the denervated 
heart the initial response via the Frank-Starling 
mechanism is an increase in stroke volume 
dependent on an adequate left ventricular end 
diastolic volume. The increased contractility sec-
ondary to heart rate is a secondary effect and is 
dependent on circulating catecholamine. The 
transplanted heart is sensitive to preload [33]. 
The higher rate in the denervated heart is fortu-
itous as the decreased filling time minimizes 
stress to the allograft RV while maintaining car-
diac output. Temporary atrial pacing and chrono-
tropic agents such as isoproterenol, epinephrine, 
dopamine, and dobutamine are useful adjuncts in 
maintaining a higher rate.

Other features that may impact early allograft 
function include presence of tricuspid and mitral 
regurgitation. With increasing use bi-caval anas-
tomosis, the former is less likely. The pulmonary 
artery catheter helps monitor the pulmonary pres-
sures and need for pulmonary dilators etc. Chest 
drains and temporary RA and RV pacing wires 
are placed. Patients are kept intubated usually 
until the next day.

Vasoconstrictors When vasoconstrictors are 
required, especially on patients who were on 
angiotensin receptor blockers, Vasopressin, 
which produces less pulmonary vasoconstriction 

as compared to systemic vasoconstriction, should 
be considered over standard alpha-agonists.

7.7.2  Renal Dysfunction

A long period of chronic low cardiac output in 
itself can result in renal dysfunction in many 
patients awaiting heart transplantation [34]. 
Further insult with prolonged non-pulsatile CPB, 
CNI, hypotension and hypertension etc. can com-
pound an already precarious situation. At times 
an early and short course of renal replacement 
therapy (RRT) may be required with judicious 
use of CNI. Some centers resort to using induc-
tion therapy to allow a delayed introduction of 
potential nephrotoxic immunosuppressive agents.

7.7.3  Bleeding

The recipient has a number of factors before 
going to the operation that predispose to bleed-
ing. These include, being on oral anticoagulation 
until the time of transplantation, liver congestion 
and associated coagulation factors produced by 
the liver abnormality. These will be compounded 
by heparinization and hypothermia during 
CPB. In patients with re-sternotomies, added dis-
section, adhesions can increase areas of bleeding. 
The presence of LAVDS or being on ECMO can 
also affect von Willebrand factor (vWF) form and 
function [35].

The use of TEG (thromboelastography) to 
help guide blood product replacement therapy is 
useful. Although a variety of “agents” have been 
used to correct the coagulopathy such as plate-
lets, fresh frozen plasma or plasma protein con-
centrate (PCC) and recombinant factor VII we 
tend to use PCC. In cases where the coagulopa-
thy cannot easily be corrected, we resort to a 
delayed sternal closure technique, using either 
negative pressure suction or Esmark sternal cov-
erage. It must be remembered that patients with a 
coagulopathy may develop hemodynamic com-
promise and may need early re-exploration for 
tamponade.
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7.7.4  Hypertension

Is not uncommon in the early postoperative 
period. The etiology of this is probably multifac-
torial and includes use of calcineurin inhibitors, 
steroids, baroreflex related hypertension, cate-
cholamine dysregulation etc. [36]. These patients 
may also have cardio renal-neuroendocrine aber-
rations with a denervated allograft. The hyperten-
sion should be appropriately managed using 
vasodilators and calcium channel blockers. In the 
setting of renal dysfunction, angiotensin receptor 
blockers and/or inhibitors should be avoided.

7.8  Postoperative Complications

These are outlined in Table  7.4. They include 
early graft failure (RV, LV, biventricular), low 
cardiac output requiring MCS (ECMO, VADs), 
neurological (cerebrovascular accident (CVA), 
TIAs, seizures), bleeding requiring blood and 
products and need for re-exploration, renal fail-
ure requiring renal replacement therapy, pericar-
dial effusion, arrhythmias and node dysfunction. 
Once the patient arrives in ICU after surgery with 
some differences, the postoperative care is simi-
lar to other open-heart surgery cases. After the 
patient has stabilized with no evidence of medi-
astinal bleeding, neurologic or respiratory dys-
function, weaning off mechanical ventilation is 
done. This is usually within 24 hours. In patients 
who have been on preoperative ACE inhibitors, 
vasoconstrictors may be needed to maintain ade-
quate systolic pressures (90-110 mm Hg). We try 
to maintain adequate vital signs: As the trans-
planted heart is denervated, we tend to use dobu-
tamine and/or isoproterenol to keep the heart rate 
90–110 beats/min. Pulmonary vasodilators may 
be needed if the systolic PA is >40 mm Hg. We 
tend to use PGE1 or inhaled Flolan or iloprost. 
Particular attention in this regard must be paid in 
cases with a pre-operative history of elevated pul-
monary pressures.

 (A) Patients with explanted LVAD prior to trans-
plantation: With the increasing use of 

LVADS as BTTx, up to 55% of cases com-
ing to transplantation have a chronically 
implanted LVAD [4]. These patients tend to 
have a more complicated post-operative 
management because (a) pre-operatively 
they are on anticoagulants (b) have under-
gone a redo-sternotomy (c) longer bypass 
times and (d) more prone to requiring blood 
products.

 (B) Patients with explanted TAH prior to trans-
plantation: As these patients also have been 
on pre-operative anticoagulation they can be 
prone to requiring blood and blood 
products.

 (C) On pre-transplant ECMO. Again, the major-
ity of these patients have been on anticoagu-
lation, have associated coagulation 
abnormalities pre-operatively and hence 
may be more prone to bleeding problems.

Table 7.4 Post-Op complications

Postoperative complication:
Surgical: Bleeding, tamponade, aortic 
pseudoaneurysm (cannulation sites) sternal 
complications.
Medical: Tricuspid regurgitation
RV failure: Pulmonary artery compression
      Stenosis, pulmonary hypertension
LV failure: Ischemia, poor protection, operative injury, 
rejection (acute, hyperacute)
Rejection:
Acute. (a) Cellular (b) antibody mediated (humoral)
Rhythm issues: Sinus node dysfunction, 
bradyarrhythmias, atrial fibrillation, ventricular 
arrhythmias, may need permanent pacemaker.
Respiratory failure:  Cardiogenic and non-cardiogenic 

pulmonary edema
         Infection, prolonged intubation
Renal and hepatic dysfunction: Exacerbation of 
previous dysfunction, new dysfunction. Need for RRT 
(CVVH, HD)
Infection: Early, late. Bacterial, viral, fungal, 
“opportunistic”
Complications related to immunosuppression:
Early: Related to need for increased 
immunosuppression in the peri-operative period e.g. 
use of induction therapy, steroids, etc)
Late: Hypertension, steroid related, renal dysfunction, 
PTLD
Hypertension.
Elevated pulmonary pressures.
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7.9  Immunosuppression

Although protocols may vary from center to cen-
ter [37, 38], in essence four classes of drugs [39] 
are used they consist of a calcineurin inhibitors 
(Cyclosporine and Tacrolimus), anti-proliferative 
agents (Azathioprine and Mycophenolate 
Mofetil: MMF/Cellcept), m-TOR inhibitors 
(Sirolimus and Everolimus) and steroids. 
Corticosteroids have been used as part of induc-
tion therapy, treatment of rejection and for main-
tenance therapy. They provide non-specific 
immunosuppression. They are started at the time 
of surgery in higher doses and then rapidly 
tapered to maintenance dose. An immunosup-
pressive protocol is outlined in Table 7.5.

7.9.1  Induction Therapy

Induction therapy is traditionally given in the 
peri-operative period to decrease the risk of early 
rejection [40, 41]. Many centers now used it to 
delay introduction of CNI and steroid use. Agents 
used for induction therapy have included poly-
clonal anti-thymocyte globulin such as rabbit 
derived Thymoglobulin (rATG, Genzyme 
Corporation, Cambridge, MA) or equine derived 
ATGAM (Pharmacia Upjohn, Pfizer, NY) can 
induce rapid depletion of T lymphocytes by com-
plement mediated cytolysis or cell mediated 

opsonization. Newer agents include interleukin 2 
receptor IL-2R antagonists [42] such as basilix-
amab (Simulect) which blocks IL-2 mediated T 
cell proliferation. However, as maintenance 
immunosuppression has improved, the benefits 
of either induction therapy in heart transplanta-
tion is questionable. Similar to studies in other 
organs, the use of induction therapy has not been 
shown to have a significant impact on long term 
graft function or survival. Studies suggest it may 
result in a small decrease in the incidence of early 
rejection but an increase in viral and fungal infec-
tions and malignancy. Reflecting the lack of con-
sensus, ISHLT registry demonstrates that 
currently one half of heart transplant patients 
receive no induction therapy. Of the remaining 
half, ~30% receive ILR antagonist, and  ~  20% 
receive polyclonal ATG.

Many programs have taken a graduated 
approach to the use of induction therapy. Patients 
at the highest risk for rejection (such as known 
HLA sensitizatioin, younger recipients, African 
American recipients, MCS recipients) are con-
sidered. Also, patients with renal dysfunction, 
who may benefit from delaying the start of calci-
neurin inhibitors are considered.

7.10  Rejection

Hyperacute Rejection Luckily with pre- 
operative evaluation of PRAs, cross-matching 
techniques, hyperacute rejection is very uncom-
mon [43]. A scientific statement from the American 
Heart Association on this subject is all encompass-
ing regarding diagnosis and treatment [44]. Should 
it occur or be suspected plasmapheresis, agents 
targeting humoral mediation should be employed 
[17, 44]. In addition, early use of MCS can be used 
should there be serious hemodynamic instability.

Acute Rejection Histological criteria have been 
established for diagnosing acute rejection [45].

Cellular The gold standard for diagnosis remains 
the endomyocardial biopsy (EMBx). The grading 
criteria is outlined in Table  7.6. With current 
immunosuppressive regimens, severe acute rejec-

Table 7.5 Immunosuppression protocols. (Inova)

Immunosuppressive protocol:
Induction plan decided by team at time of listing
  Non-sensitized, renal dysfunction: Basiliximab
  Sensitized: rATG
Preop
  MMF 1000 mg PO × 1
Intraop
  Methylprednisolone 1 gm IV
Postop
  MMF 1500 IV/PO q12
  Methyprednisolone 125 mg IV q8 × 3 then taper to 

prednisone 15–20 mg qd by 2 weeks
  Tacrolimus 2 mg Q12 starting 24–48 h post surgery 

(target trough 10–12 for first 3 mo

Augmented immunosuppression during rejection epi-
sodes (mild, moderate, severe
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tion is unusual. Should it occur steroid bolus ther-
apy, intravenously is used. Also, with milder forms 
of rejection, augmented immunosuppression using 
lower dose steroids can be used.

Humoral (antibody mediated) rejection. Again, 
special staining techniques on the EMBx should 
be performed to make this diagnosis. Agents to 
treat this type of rejection include plasmaphere-
sis, IVIG, Rituximab, Alemtuzumab, Bortezomib, 
Eculizumab, Cyclophosphamide, Mycophenolate 
and total lymphoid irradiation [44].

Treatment of Rejection Rejection is treated by 
augmented immunosuppression and agents used 
depend on whether it is cellular and the grade on 
histology or if it is humoral, antibody mediated. 
With any rejection episode if severe hemody-
namic compromise results that is not response to 
inotropic agents and anti-rejection therapy, con-
sideration to using MCS including ECMO should 
be given, early.

Monitoring Rejection An early EMBx is done 
on the seventh postoperative day and thereafter 

based on protocol at a particular institution. 
Suggested frequency can include weekly biop-
sies for the first month, then every month for the 
first 3 months, then every third month for the first 
year, and every fourth month in the second year, 
then annually depending on the presence or 
absence of rejection. We and other use molecular 
systems to increase the accuracy of making a 
diagnosis of rejection and also to reduce the fre-
quency of doing EMBx [46, 47].

Infection Antibiotics: Perioperative antibiotics 
include gram positive and negative coverage. In 
addition, as with other organ transplants, immu-
nosuppressant predisposes to increased infection 
risk. Attention must be paid to decreasing risk of 
viral, fungal and P. carnii infections. This is par-
ticularly important when there is donor recipient 
“mismatching” e.g. of CMV status.

Mortality After Heart Transplantation The 
cause of death after heart transplantation is time 
dependent. Early postoperative period: graft fail-
ure, multi-organ failure and infections, Fig. 7.5. 
In most centers, overall 1-year mortality is 88%. 

Adult Heart Transplants
Relative Incidence of Leading causes of Death
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Factors that increase mortality include, age, long 
donor ischemic times, rejection episodes, infec-
tions, re-do sternotomy, pulmonary hypertension, 
presence of MCS etc.

7.11  Effects of Donor/Recipient 
Sizing

Donor/recipient size mismatching can impact the 
post-operative course. The term “Big heart syn-
drome” is used when the D/R size ratio is >2. 
This can result in systemic hypertension syn-
drome with resultant effects on the central ner-
vous system symptoms e.g. seizure, coma etc. 
The hypertension must be carefully controlled. 
On the other end a D/R ratio < 1 has been reported 
to cause post-operative heart failure [48, 49].

7.11.1  Post-Operative Pericardial 
Effusions

Occur in 9–21% of adult recipients [50]. This 
may in part be due to the increased pericardial 
volume that results when regular sized heart 
replaces a dilated removed heart. Usually these 
effusions do not require surgical drainage and 
only require intervention should hemodynamic 
instability occur. They can be monitored by serial 
ECHOs.

7.11.2  Arrhythmias

The commonest rhythm abnormality is bradycar-
dia. In the early post-transplant sinus node dys-
function is reported to occur in up to 44% of 
cases [51] and the etiology is probably multifac-
torial. In the early days, a continuous isoprotere-
nol infusion was used as a chronotrope agent to 
increase the heart rate. Other options include AV 
pacing or atrial pacing alone using temporary 
pacing wires placed intraoperatively. In most 
cases the sinus node dysfunction is temporary. 
Approximately 2–5% will have permanent dys-
function requiring pacemaker implantation [52]. 
As some of the calcium channel blockers can 

interfere with immunosuppression their use 
should be avoided.

7.12  Pulmonary Vascular 
Resistance and RV Failure

Since the early days if transplantation the delete-
rious effects of recipient elevated PVR on 
allograft RV dysfunction/failure was quickly 
realized [53]. Pulmonary artery pressures greater 
than 50 mm Hg, transpulmonary gradient (TPG) 
greater than 15 mm Hg and PVR greater than 6 
Woods units that are not responsive to vasodila-
tors, are contraindications to orthotopic heart 
transplantation. Several studies have shown that 
elevated fixed PVR > wood units are associated 
with a high risk of RV failure and death [54]. In 
the immediate post-implant period of heart trans-
plantation, the etiology of RV failure is multifac-
torial and can be compounded by the presence of 
elevated pulmonary hypertension. Factors 
include poor donor heart preservation during pro-
curement and implantation, ischemia/reperfusion 
injury, prolonged ischemic times, SIRS associ-
ated with CPB and pulmonary vascular hyper- 
reactivity [55] which increases and further strains 
the RV. If this RV failure is not managed properly 
(chemical and or MCS) graft failure and death 
can result.

The management of pulmonary hypertension 
and RV failure must continue into the early 
post- operative period. An indwelling PA cathe-
ter and use of echocardiography can be compli-
mentary in this regard. Agents that decrease 
elevated pulmonary artery pressures include 
iNO, prostaglandins, phosphodiesterase type-5 
inhibitor such as Sildenafil and endothelin 
receptor blockers [56].

7.13  Primary Graft Dysfunction 
(PGD)

Graft dysfunction is classified into primary 
graft dysfunction (PGD) or secondary graft 
dysfunction where a discernible cause can be 
identified e.g. hyperacute rejection, pulmonary 
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hypertension, or surgical complications. PGD 
must be diagnosed within 24  hours of trans-
plantation. It is said to occur in up to 20–30% 
of patients in the first 30 days post-transplanta-
tion and is said to be the etiology of up to 20% 
of deaths in the first 30 days [57, 58]. PGD is 
divided into PGD of the left or right ventricle 
and categorized into mild, moderate, or severe 
grades depending on the level of cardiac func-
tion and need/extent of supportive therapy 
(inotropes and MCS such as VADs, ECMO or 
TAH).

7.13.1  Renal Dysfunction

Recipients with long-standing heart failure may 
either heart failure related or unrelated renal dys-
function. This may be compounded by CPB, 
immunosuppressive agents, need for vasocon-
strictors in the post-operative period etc. Fluid 
overload due to volume resuscitation in the face 
of renal dysfunction and diuretic resistance may 
necessitate renal replacement therapy or simple 
ultra-filtration. Acute renal failure occurs post- 
operatively in approximately 3–10% of heart 
transplant recipients [59].

7.13.2  After Hospital Discharge

Close follow-up by the transplant cardiologist 
team is essential. These visits decrease in fre-
quency as after the first few months. The goals 
being to monitor cardiac allograft function, detect 
rejection, infection, adjust immunosuppression. 
Patients are also monitored for development of 
PTLD and other tumors. Transplant patients have 
a 100-fold increase in the prevalence of malig-
nant tumors as compared with age-matched 
 controls. The most common is PTLD (post-trans-
plantation lymphoproliferative disorder), a type 
of non-Hodgkin’s lymphoma believed to be 
related to EBV (Epstein Barr Virus). The inci-
dence can be as high as 50% in EBV-negative 
recipients of EBV positive hearts. Treatment 
involves reduction of immunosuppressive agents, 
use of acyclovir and chemotherapy for wide-
spread disease.

7.13.3  Allograft Vasculopathy

Ever since this entity was recognized after cardiac 
transplantation was started in South Africa, we have 
made little progress in its overall prevention [60]. 
Even though acute and severe rejection frequency 
has decreased with immunosuppressive regimens 
AGA still remains an important cause of late 
allograft failure and need for re- transplantation. It is 
best evaluated by coronary angiography imaging 
which is also notorious for under estimating its 
severity. The role of CT angiography is also being 
evaluated. Use of IVUS and other intravascular 
techniques has highlighted its severity. In severe 
cases cardiac re- transplantation is the only recourse.

7.13.4  Role of MCS (TAH, LVAD, 
RVAD, bi-VAD, ECMO) 
in Chronic Heart Failure

The concept of using MCS (mechanical circula-
tory systems) to support patients with heart fail-
ure is not new. As technology has improved these 
devices have also been miniaturized and designs 
have moved away from the first-generation 
devices that were pusher plate systems to contin-
uous flow (CF) systems either axial flow or cen-
trifugal flow based. The CF devices are smaller 
and easier to implant. We are beginning to better 
understand the long-term effects of CF systems.

MCS can be used as a bridge to transplanta-
tion for suitable patients. They are a variety of 
systems, devices temporary/ short term and long- 
term devices. The frequency and type of configu-
ration used is outlined in Fig. 7.6 (ISHLT). The 

Table 7.6 LVAD complications

1.  Stroke (etiology multifactorial. Hemorrhagic, 
ischemic).

2.  Aortic insufficiency. Approximately 30% by two 
years. Etiology multifactorial.

3.  Right heart failure. May be early or delayed.
4.  Pump thrombosis. Inadequate anticoagulation, 

mechanical, low-flow.
5.  Driveline infection. Occurrence, variable timeline.
6.  Gastrointestinal bleeding. 15–30% incidence.
7.  Bleeding: Early: Usually surgery related.
8.  Device malfunction.
9.  Hemolysis
10. Arrhythmias
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REMATCH trial using first generation systems 
was the first randomized trial that showed LVADS 
had an advantage of maximal medical therapy in 
chronic heart failure patients [61]. Another 
approach has been use of MCS as “destination 
therapy”. These are patients who are not trans-
plant candidates. For the majority of these 
patients LVADS are used [62]. However, the 
great disparity between donor supply and recipi-
ent need has not improved with use of MCS. The 
use of MCS as a bridge to transplant therapy has 
increased the list of patients awaiting 
transplantation.

Types of Commonly Implanted Long-term 
LVADS The two commonly implanted LVADS 
[63] are: (a) Heartware (HVAD, Medtronic). This 
is a centrifugal pump (Fig.  7.7) and (b) the 
Heartmate (HM, Abbott). The axial flow pump 
version HM2 has now been superseded by the 
centrifugal design HM3 (Fig. 7.8) which in recent 
reports is associated with less complications [64]. 
These devices are mainly implanted on CPB and 

via a median sternotomy. However alternate 
approaches avoiding a median sternotomy have 
been described, e.g. via a left thoracotomy for 
accessing the LV apex and use of the subclavian 
artery for the outflow anastomoses in cases of a 
hostile mediastinum and/or in an effort to prevent 
sternal re-entry issues [65].

Complications associated with LVADS: These 
are listed in Table  7.6 and include, RV failure, 
infection, stroke, TIAs, gastrointestinal bleeding, 
VW factor abnormalities, pump thrombosis and 
embolism and death [66]. Early results suggest 
that with better designs, some of these complica-
tions may be reduced [66]. The role of lack of 
pulsatility and attempts to create pulsatility con-
tinue to be evaluated.

Temporary MCS In cases where a heart failure 
patient deteriorates rapidly and time is required 
to plan overall care, temporary or short-term sup-
port devices may be used to support the left and/
or right ventricle [67]. These devices include 
IABA, ECMO, Impella, Tandem Heart, ProTek 
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Duo etc. (Fig. 7.9). These devices can play a use-
ful role as a “bridge to further decision”, be that 
as a “bridge to a bridge”, bridge to implantable 
MCS, or transplantation, etc.

Use of the Total Artificial Heart (TAH) This 
should be considered as replacement therapy 
where there is severe biventricular heart fail-
ure, in restrictive and infiltrative cardiomyopa-
thies, in severe structural heart disease and in 

patients on ECMO with biventricular failure. 
Presently the largest experience is with the 
Syncardia TAH with over 1800 being 
implanted. They are used as a bridge to trans-
plant. The implantation technique is depicted 
in Fig. 7.10a, b, c. The explantation technique 
at the time of transplantation is similar to a 
“native heart” explant. With improvement in 
patient selection, implantation techniques and 
postoperative care and targeted anticoagulation 
therapy excellent immediate and longer-term 
results are reported. Complications include, 
infection, stroke, device malfunction and 
bleeding.

7.14  Cardiac Procedures 
on the Native Heart

In some patient surgical procedures may help 
manage/correct the etiology of the heart fail-
ure. These include: (a) revascularization (cor-
onary artery bypass grafting) especially in 

Fig. 7.7 Heartware

Fig. 7.8 HM3
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Impella (Abiomed)IABP

Centrimag

Temporary (Short to Mid-term)
Circulatory Support Devices)

ECMO TandemHeart

Fig. 7.9 Percutaneous temporary MCS. Permission from Michael A Acker MD, Chief CV Surgery, University of Pennsylvania

Fig. 7.10 (a) Excision of the right and left ventricle.  The RV 
and LV are excised leaving a 1 cm ventricular cuff beyond 
the mitral and tricuspid annulus. Arrows point to the incision 
along the anterior wall of the RV.  The incisions are extended 
through the left and right ventricular outflow tracts and 
through the aortic and pulmonic valves. (b) Quick connects 
and Gortex Prelude implanted.  The atrial quick connects and 
vascular grafts are sewn to their respective orifices.  The peri-
cardium is lined with a Gortex membrane to facilitate subse-

quent reentry for transplantation. (c) A saline implant is used 
to maintain the pericardial apical space for transplantation. 
(d) Device implanted.  The device implanted just prior to 
chest closure. TAH: Recipient heart explant and Syncardia 
IMPLANT (Citation for TAH implant figure. Tang, D. G., 
Shah, K. B., Hess, M. L., Kasirajan, V. Implantation of the 
Syncardia Total Artificial Heart. J. Vis. Exp. (89), e50377, 
https://doi.org/10.3791/50377 (2014)

a
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segments of the heart that are viable or hiber-
nating (b) repair/replace valvular defect caus-
ing/contributing to the failure e.g. aortic, 
mitral, tricuspid valve disorders (c) treat the 
“electrical issues” arrhythmias contributing to 
cardiac dysfunction (d) repair myocardial 
structural abnormalities such as ventricular 

aneurysms e.g. Dor procedure (e) “reverse/
reduce severe pulmonary hypertension con-
tributing to right heart failure e.g. pulmonary 
thrombo-endartectomy for severe pulmonary 
hypertension due to thromboembolic disease. 
(f) correction of congenital heart defects con-
tributing to heart failure.

c

b

Fig. 7.10 (continued)
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7.14.1  Future Direction

A better understanding of molecular mecha-
nisms of heart failure should allow introduction 
of further medical therapies to stop worsening 
heart failure. Use of genomics and cell-based 
therapies could assist in recovery of the dam-
aged heart before severe heart failure ensues. 
Also, the concept or depopulating donor hearts 
and repopulating them with recipient stem cells 
hold some promise.

7.14.2  “Re-furbished hearts”

Donors: Currently only 34% of hearts are used 
from potential donors annually in the US.Use of 
ex-vivo systems [68] where the donor heart can be 
placed after explantation to replenish metabolic 
derangements should increase donor supply.

7.14.3  Recent Developments in TAH

Although the majority of current TAH implants 
involve Syncardia, other TAH devices that have 
been developed. Some have been implanted clini-
cally such as CARMAT and the Abiomed 
TAH.  Others are in various stages of develop-
ment. An exciting device design is the Bivacor 
heart which can be used as a VAD or TAH [69]. 
Isolated reports describe using two CF pumps 
placed in series in lieu of implanting a TAH.

7.15  Xenotransplantation

As a source of donor organs, xenografts holds 
promise to address the critical shortage of organs. 
Much progress has been made in the ability to 
control the initial hyperacute rejection which is 
driven primarily by innate immune and inflam-
matory responses. The results of orthotopically 
transplanted transgenic pigs hearts into baboons 
are encouraging [70, 71].

A fear of xenotransplantation has been trans-
mission of pig retroviruses. The availability of 
CRISPR molecular tools to remove pig retro- 

viruses should hopefully speed up their use in 
clinical transplantation [72, 73].

7.15.1  Tolerance

The encouraging results of Treg cells in renal 
transplantation to help create “chemical toler-
ance” bodes well for extending to other solid 
organs including cardiac transplantation. This 
would decrease the unfortunate complications 
associated with long term immunosuppression. It 
will be interesting to see if this also impacts the 
severity and incidence of AGA, a major cause for 
cardiac re-transplantation [74, 75].

7.15.2  Cell Based Therapies

The role of using cells to “support” the myocar-
dium is continuing to be evaluated. In the early 
days the patient’s own skeletal myoblasts were 
used. However, these were associated with devel-
opment of ventricular arrhythmias [76] and are 
no longer used.

The role of stem cells to repopulate the failing 
heart are current being actively evaluated. Now 
that induced pluripotent stem (ips) cells can be 
used instead of using an embryonic source of 
stem cells, the field has expanded [77].

7.15.3  Tissue Engineering

The concept of depopulating donor organs and 
then repopulating the “acellular scaffold” with 
recipient cells is receiving increasing attention 
[78]. There have been some encouraging experi-
mental results [79] using this approach.

7.16  Conclusion

We owe much to the early intrepid investigators. 
The field of managing heart failure is set for rapid 
expansion. Advances in bioengineering, regener-
ative medicine, immunology, molecular biology 
and xenotransplantation will all play a vital role 
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in selecting a patient/disease centered approach 
to managing heart failure.
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8.1  Introduction

We have come a long way since the first lung 
transplantation was performed by James Hardy 
in 1964 [1]. With the advent of calcineurin inhibi-
tors [2], the issues related to bronchial/tracheal 
healing have been minimized. Surgical tech-
niques have largely been standardized. “Lung 
supportive therapy”, extracorporeal membrane 
oxygenation (EC MO) before, during, and after 
transplantation has enhanced management of 
complex patients [3]. ISHLT (International 
Society of Heart and Lung Transplantation) 
reports that over 50,000 transplants have been 
performed worldwide with approximately 4600 
performed in 2017 (Fig. 8.1), with 1 and 5 year 
survivals of 80% and 54% respectively [4]. The 
Achilles heel of long-term survival after trans-

plantation remains bronchiolitis obliterans [5]. A 
continued shortage of donors limits wider use of 
lung transplantation.

Lung transplantation is a potential treatment 
option for carefully selected patients with very 
advanced chronic lung disease who continue to 
deteriorate despite best medical therapy. 
However, it must be remembered that pulmonary 
transplantation in itself is not a cure, but rather 
another form of treatment. The post-transplant 
care requires close management of the patient 
and the long-term use of immunosuppressive 
therapy and monitoring for rejection, infection 
etc.

Numerous studies have shown that after suc-
cessful lung transplant there is a marked improve-
ment in quality of life and survival advantage in 
patients with cystic fibrosis (CF), idiopathic pul-
monary fibrosis and pulmonary hypertension. 
However, for other conditions such as chronic 
obstructive pulmonary disease (COPD), 
improved quality of life may not be associated 
with an overall increase in survival. In the climate 
of limited donor supply these factors must be 
taken into account (Fig. 8.2). Patients with end-
stage lung disease who may be candidates for 
lung transplantation must be referred to centers 
of excellence early, so that appropriate evaluation 
and bridge to transplantation options are consid-
ered. On the horizon are other mechanical and 
biological therapies that can support the failing 
lung and will also be addressed in this chapter.
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Table 8.1 Disease-specific indication for transplant [6]

Guidelines for lung transplantation for common disease indications
Idiopathic pulmonary fibrosis COPD
Timing of Referral: At the time of clinical diagnosis 
Timing of Listing FYC<65% predicted · DLCO<40% 
predicted 6 MWD <250 m ≥10% decline in FVC over 
6 months ≥15% decline in DLCO over 6 months >50 m 
decline in 6 MWD over 6 m Desaturation to <88% 
during 6 MW Extensive and or worsening fibrosis on 
HRCT Presence of significant pulmonary hypertension 
Moderate to severe and or worsening dyspnea · History 
of respiratory hospitalization

Timing of Referral (presence of 1 or more): · BODE 
index (composite score of body mass index, FEV1, 
degree of dyspnea and 6 minute walk distance) ≥5 
Hypoxemia (PaO2 < 60 mmHg) and or hypercapnia 
(PaCO2 >50 mmHg) FEV1 < 25% of predicted 
Progressive disease despite optimal medical therapy, 
including pulmonary rehabilitation Timing of listing 
(presence of 1 or more) BODE index ≥ 7. FEV1 < 15% 
to 20% predicted. Frequent exacerbations · Episode of 
acute hypercapnic respiratory failure · Moderate to 
severe pulmonary hypertension

Cystic fibrosis Pulmonary Arterial Hypertension (PAH)
Timing of Referral: · FEV1 < 30% of predicted, or a 
rapid decline in FEV1, particularly in females · 
Increasing frequency of exacerbations · Exacerbation 
requiring non-invasive ventilation · Recurrent or 
refractory pneumothorax or massive hemoptysis · 
Worsening nutritional status despite supplementation · 
Increasing antibiotic resistance · 6 min walk <400 m 
Timing of Transplant Hypercapnia 
(PaCO2 > 50 mmHg) Hypoxemia (PaO2 < 60 mmHg) 
Advanced functional limitation · Pulmonary 
hypertension

Timing of Referral · NYHA functional class III–IV with 
escalating therapy · Rapidly progressive disease · 
Known or suspected pulmonary venoocclusive disease 
or pulmonary capillary hemangiomatosis · Timing of 
Transplant · Persistent NYHA class HI–IV despite 
maximal medical therapy · Cardiac index <2 L/min/m2 · 
Right atrial pressure>15 mmHg · Other clinical and/or 
imaging evidence of RV failure · Massive hemoptysis

8.1.1  Recipient Selection

Patients should be considered for lung transplanta-
tion when the risk of mortality from their lung dis-
ease is greater than 50% within the next 2 years. If 
transplantation is performed before this point, the 
peri-operative mortality risks may outweigh the 
potential benefits. Selecting this “tipping point” in 
risk requires experience and judgement. Guidelines 
are provided by ISHLT, Table 8.1.

Disease-specific indications are shown in 
Table 8.1. Recipient evaluation and contraindica-
tions are outlined in Table 8.2. The type of opera-
tion is considered, single, double, lobar or 
heart-lung block Lung transplantation. This is 
determined when the patient is listed for 
transplantation.

Currently the upper limit of recipient age in 
most centers is 65 years, although older patients 
without added comorbidities are transplanted in 
centers with a large experience. Indications for 
lung transplantation are outlined in Table 8.1.

The timing of listing a patient for lung trans-
plantation is also important. General contraindi-

cations are outlined in Table 8.2. We know that 
certain subsects of patients requiring lung trans-
plantation are at higher risk of dying while wait-
ing for transplant, e.g. patients with pulmonary 
arterial hypertension and pulmonary fibrosis. 
These patients get extra “points” added and are 
placed higher on the waiting list. The latest 
UNOS listing scheme for recipients is outlined in 
Table 8.3, which take into account these recipient 
factors for lung allocation.

The role of re-transplantation for acute and 
or chronic graft failure (largely due to bronchi-
olitis obliterans) remains a topic of debate, 
especially in the current climate of donor short-
age [8, 9].

Now with ECMO therapy being widely 
available, patients who are deteriorating can be 
supported (and allowed mobility) without 
recourse to intubation [3]. Emerging data sug-
gest limiting anticoagulation therapy is safe 
during protracted ECMO and hopefully this 
will decrease the need for transfusions and the 
added risk thereby of increasing antibody for-
mation [10].
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8.2  Effect of Elevated Panel 
Reactive Antibodies (PRA)

In lung transplantation it has been reported that 
PRA-positive patients have higher rates of cellu-
lar rejection and BOS rates [11]. Ashish et  al. 
[12] in examination of UNOS data set looking at 
over 10,000 patients (1987–2005), reported that 
PRA exceeding 25% is associated with increased 
death. Their study also suggested that from 1998 
through 2005, highly sensitized patients no lon-
ger have the same mortality risk. However, the 
risk of rejection and chronic allograft failure was 
not reported.

8.2.1  The Donor

There remains a major imbalance between donor 
supply and recipient demand in lung transplanta-

tion. Presently less than 30% of multi-organ donors 
are suitable for lung transplantation. Characteristics 
of the ideal donor are outlined in Table  8.4. 
Unfortunately, few donors meet the ideal criteria 
and extended criteria and marginal donors are often 
considered. At times a marginal donor can be 
improved prior to explantation by assiduous atten-
tion to donor management. Careful fluid balance 
should be maintained and requires close coopera-
tion between the various harvesting teams and the 
local organ procuring organization (OPO). Fluid 
overload resulting in pulmonary edema must be 
avoided. Pulmonary toilet including use of frequent 
bronchoscopy and early involvement of the pulmo-
nary team is helpful. Sometimes only one lung may 
be able to be procured.

In addition to size measurement on CXR and 
comparisons of estimated total lung capacity 
(TLC) between donor and recipient there must be 
blood group compatibility.

Table 8.2 Absolute and relative contraindications for transplant [6]

Absolute contraindications Relative contraindications
Active smoking or substance abuse Age > 65
Current malignancy (excluding some skin cancers) Bilateral pulmonary sepsis or infection with multi-drug 

resistant organisms (for single lungs)
Co-existing organ failure, other than pulmonary failure Ventilator or ECMO dependence
Active Mycobacterium Tuburculosis infection Severe malnutrition or obesity
Irreversible left heart failure or uncorrectable severe 
coronary artery disease

Dependence on high dose steroids

Medical instability, including, but not limited to, sepsis, 
myocardial infarction, or liver failure, or uncontrollable 
bleeding diathesis

Active hepatitis B or C with signs of liver damage

Severe connective tissue disorders with significant 
extra-thoracic manifestations

Severe, symptomatic osteoporosis

Severe untreated psychiatric disorders or significant 
medical non-compliance

Extensive prior thoracic surgery, lung resection, or 
pleurodesis

Infection with highly virulent or multi-drug resistant 
organisms including bacteria, mycobacteria, or fungi in 
extrapulmonary locations or with poor control 
pre-transplant

Recent history of malignancy (within 2 years for most 
malignancies and within 5 years for breast cancer or 
melanoma)

Inability to walk with poor rehabilitation potential Presence of significant esophageal dysfunction
Lack of health insurance or financial means to pay for 
medical care

HIV infection (transplant can be considered if undetectable 
HIV-RNA and compliance with good anti-retroviral regimen)
Spinal deformity that would cause pulmonary restriction
Infection with Burkholderia cenocepacia, Burkholderia 
gladioli, or Mycobacterium abscessus
Lack of social or family support
Availability of an alternative treatment plan

S. Aziz et al.



131

8.2.2  Recent Developments 
to Enhance Donor Use

Two recent developments increase the availabil-
ity of donors for transplantation. (1) Use of 
ex vivo perfusion techniques as a means to assess 
and “optimize” marginal or unsuitable donor 
lungs [13]. (2) Use of donors of cardiac death 
(DCD) [14]. Evidence suggest that outcomes in 
recipients of DCD are comparable to brain death 
(BD) donors [15] without an increase in primary 
graft dysfunction (PGD).

Steen et al. [13] were the first to use ex vivo 
lung perfusion (EVLP) prior to transplant, and 
experience has been steadily growing with the 
use of EVLP to optimize marginal lungs. EVLP 
involves controlled ventilation and perfusion of 
the lungs, with a number of different perfusates 
being available [15, 16]. This has allowed lungs 
to be optimized in controlled environment and 
rule in or out a suboptimal lung such as allowing 
us to screen out lungs with early pneumonia, 
which typically do not improve on EVLP and can 
then be discarded [17].

Table 8.3 The lung allocation score [7]

Clinical variables used for lung allocation score calculation
Characteristics for waiting list model Characteristics tor post-transplant model
Age (years) Age at transplant (years)
Body mass index (kg/m2) Creatinine at transplant (mg/dL)
Diabetes New York Heart Association functional class
New York Heart Association functional class Forced vital capacity for groups B and D (% predicted)
Forced vital capacity (% predicted) Pulmonary capillary wedge pressure mean ≥20 mm Hg 

for group D
Pulmonary arterial systolic pressure for diagnosis 
groups A, C, and D

Mechanical ventilation

Oxygen requirements at rest (L/mm) Diagnosis groupsa

Six-minute walk distance (feet) Diagnosis detailedb

Continuous mechanical ventilation
Diagnosis groupsa

Diagnosis detailedb

aDiagnosis groups
A = Obstructive lung disease
B = Pulmonary vascular disease
C = Cystic fibrosis or immunodeficiency disorder
D = Restrictive lung disease
bDiagnosis detailed
Bronchiectasis
Eisenmenger syndrome
Lymphangioleiomyomatosis
Obliterative bronchiolitis
Pulmonary fibrosis, other
Sarcoidosis and pulmonary arterial pressure mean >30 mm Hg
Sarcoidosis and pulmonary arterial pressure mean ≤30 mm Hg
•  The waitlist urgency measure (WLi), which predicts the number of days an individual with a specific set of charac-

teristics is expected to live during the next year on the waiting list (range 0–365).
•  The post–transplant survival measure (PTi), which predicts the number of days an individual is expected to live dur-

ing the first year after the lung transplantation (range 0–365).
The raw allocation score is calculated using the following equation:
Raw Score = PTi − 2WLi
The raw score can range from –730 to 365. A final lung allocation score (0–100) is obtained by normalization of the raw 
score

Lung Allocation Score RawScore minimum Range

RawSc

= -[ ]
=

100

100

/

oore

RawScore

- -( )éë ùû
= =[ ]

730 1095

100 730 1095

/

/
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In special circumstances living (related and 
non-related) donors have been used for lobar 
transplantation particularly in cystic fibrosis, or 
where in circumstances where cadaveric lung 
donation is limited [18]. This type of operation 
however is limited due to donor associated risks. 
The rate of heart-lung en-block transplantation 
worldwide has declined over the past few years 
(Fig. 8.3).

8.3  The Operation

8.3.1  Donor Procurement

Prior to starting the explant procedure, flexible 
bronchoscopy is repeated. This is done both to 

clear any secretions that may be present and to 
assess bronchial anatomy. Secretions that clear 
easily and reveal normal, non-erythematous 
mucosa are not significant [19]. Secretions that 
re-accumulate after appropriate suctioning indi-
cate the presence of pneumonia and generally 
indicate unsuitability of the donor’s lungs for 
transplantation, but if this is confined to one lung 
the other lung may be used. If bronchial abnor-
malities, such as takeoff of the right upper lobe 
bronchus from the trachea, are found, this does 
not preclude the use of the donor’s lungs but this 
needs to be communicated to the implanting 
team.

A median sternotomy incision is made, fol-
lowed by creating a pericardial well after both 
pleura are widely opened and lungs are inspected. 
Initially, the lungs are palpated to evaluate for 
masses or adhesions, and visually inspected to 
look for consolidation or contusion. The lungs 
are then gently expanded to 25 cm H2O pressure, 
and any areas of atelectasis are examined to 
ensure they are recruitable. The anesthesiologist 
is then instructed to break the ventilator circuit 
and the lungs are observed as they deflate. 
Palpation of the deflated lungs is performed to 
look for occult masses. Ventilation is then 

Table 8.4 Ideal lung donor criteria

Age 20–45
PaO2:FiO2 >350
Smoking history None
Chest X-ray Clear
Ventilation days <5
Microbiology Grain stain negative
Bronchoscopy Clear
Ischemic time <4 h
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resumed, typically at tidal volumes of 6–8 cc/kg 
of tidal volume, FiO2 of 1.00, and PEEP of 5 to 
minimize barotrauma. [20]. Arterial blood gases 
are generally checked about 15–20 min after the 
bronchoscopy, and PO2 should be >300 on the 
above settings. Selective pulmonary venous gases 
may be drawn during procurement if needed. 
During procurement, every effort is made to min-
imize fluid administration during the case, and, in 
some cases, diuretics may be necessary to treat 
pulmonary edema. Recruitment maneuvers with 
gentle “hand-bagging” and the administration of 
bronchodilators may also be used. Contusions, 
areas of consolidation, masses, significant bullae, 
or areas of infarction are generally contraindica-
tions to the use of a set of lungs.

Once the lungs are deemed to be appropriate 
for transplantation, this is communicated to the 
recipient team so that the recipient operation can 
be scheduled to keep ischemia time less than 8 h 
[21, 22].

Dissection is carried out to separate the pul-
monary artery from the aorta. The aorta is cir-
cumferentially controlled and separated not 
only from the main pulmonary artery, but also 
from the right pulmonary artery as it courses 
under the ascending aorta. The superior vena 
cava (SVC) is also separated from the right pul-
monary artery. The trachea is usually exposed 
above the innominate vein and is circumferen-
tially controlled. The SVC is controlled above 
the attachment of the azygos vein, and the azy-
gos is ligated and divided. During this time, 
there is an ongoing discussion with the cardiac 
procurement team regarding sites of pulmonary 
arterial cannulation, strategy for venting the left 
side of the heart, and cuff length of the left 
atrium. Venting the left side of the heart can be 
accomplished either by dividing the left atrial 
appendage or by direct entry into the left atrium 
via Sondergaard’s grove. Developing 
Sondergaard’s groove adequately is essential to 
ensuring adequate left atrial cuff length 
(Fig. 8.4). Since this can cause bleeding or atrial 
fibrillation, this step can be done after heparin 
administration just prior to crossclamp. If the 
heart is not going to be transplanted, this mobi-
lization should be done by the lung team to 

ensure all the left atrium is left attached to the 
pulmonary veins during procurement [23].

When the time is ready to procure, the lung 
and heart team must work in concert. The donor 
is heparinized with 30,000 units of heparin, and 
given 3  min to circulate. A purse-string suture 
with 4–0 Prolene is placed at the bifurcation of 
the pulmonary artery and the pulmonary artery is 
cannulated. This cannula is directed towards the 
pulmonic valve to ensure equal perfusion of both 
lungs. Once all teams are ready, 500 ucg of PGE1 
is given directly into the pulmonary artery [24]. 
This serves as a potent pulmonary vasodilator, 
and will often cause significant systemic hypo-
tension. Once this is given, the SVC is ligated, 
the left atrium is opened (either through the left 
atrial appendage or via Sondergaard’s groove), 
the anterior part of the IVC is divided, and the 
aortic crossclamp is applied. The early studies by 
Haverich et al. showed the benefit of using flush 
techniques using Euro-Collins solution [25]. 
Presently many centers use Perfadex [26] and 
60 ml/kg is given. The antegrade pulmonoplegia 
is then started, taking care to keep the infusion 
pressure 10–15 mmHg. This is best accomplished 

Fig. 8.4 Incision in the Atrium along the Sodergaard 
grove
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by hanging the bag about 30 cm above the donor 
and allowing the infusion to run in by gravity. 
Care is taken to keep pulmonoplegia away from 
the coronary tree. As the lungs are being per-
fused, the heart and lungs are covered in cold 
saline and icy slush. Every effort is made to avoid 
lifting the heart (as this can cause incompetence 
of the pulmonic valve), and the effluent from the 
left atrium is examined to ensure it adequately 
clears. The atriotomy on the left atrium needs to 
be adequate to ensure the left atrium is com-
pletely decompressed. The lungs are also 
 examined to make sure they blanche appropri-
ately. The lungs continue to be ventilated, but the 
FiO2 is reduced to 50%.

Once the pulmonoplegia has been given, the 
heart explant is performed. The SVC is divided, 
and any remaining attachments to the right pul-
monary artery are divided. The IVC is transected, 
and the pericardium up to the right inferior pul-
monary vein is divided. The left atrium is then 
divided, leaving an adequate cuff of left atrium 
attached to the pulmonary veins. On the left side, 
the midpoint between the base of the left atrial 
appendage and the takeoff of the left superior 
pulmonary vein is incised (Fig. 8.5). On the right 
side, adequate development of Sondergaard’s AV 

groove will facilitate this division. Care must be 
taken as one cuts under the IVC to leave some 
left atrium attached to the heart and also some 
attached to the right inferior pulmonary vein. It is 
essential to visualize each pulmonary vein to 
avoid injuries as the atrium is divided. Superiorly, 
the coronary sinus should be avoided, and the 
adventitial attachments to the right pulmonary 
artery will need to be divided. The aorta is then 
divided, and the pulmonoplegia cannula is 
removed and the cannulation site is incised. The 
pulmonary artery is then divided at its bifurca-
tion; this is often best visualized from the left 
side of the operating table. The heart is then able 
to be removed [27].

The pulmonary explant is begun by dividing 
the pericardium at the level of the diaphragm 
down to the inferior pulmonary ligaments bilat-
erally. These incisions are then connected in 
front of the esophagus, taking care to avoid the 
cut end of the IVC. The inferior pulmonary liga-
ments are then divided, down to the inferior pul-
monary veins. The lungs are then each medially 
rotated, and the posterior mediastinal pleura is 
divided up to the lung apices. On the right, this 
means dividing the azygos vein. Above the 
carina, the esophagus will need to be carefully 
separated from the trachea to avoid injury to the 
membranous portion. On the left, the aorta will 
be encountered and should be divided. The 
innominate vein is then divided, and the tissues 
anterior to the trachea are incised. The soft tis-
sues on the right of the trachea are divided down 
to the level of the esophagus. The soft tissues on 
the left are divided down to the level of the tran-
sected aorta. The trachea is then palpated, and 
the endotracheal tube is pulled back by the anes-
thesiologist if needed. Two firings of a TA-30 
stapler with 4.8  mm staples are used to staple 
the trachea with the lungs inflated to 25 cm H20 
pressure. The trachea is incised with a scalpel 
between the staple lines, and any remaining soft 
tissue is divided. The lungs are then brought out 
to the back table. If the retrograde flush was not 
done in the field, it can be done at this time. The 
lungs are then separated on the back table. This 
is done by first dividing the left atrium into left 
and right halves. The pulmonary arteries are 

Fig. 8.5 Incision on the left side of the left atrium, show-
ing the relative locations of the left pulmonary veins and 
the coronary sinus
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then divided along the bifurcation ridge into left 
and right halves. The pericardium is then divided 
up to the carina. Finally, the left bronchus is 
separated from the trachea and the right bron-
chus with a single firing of a GIA 60 stapler 
with 4.8 mm staples.

A retrograde flush through individual pulmo-
nary veins are performed of the lungs typically 
using 500 ml of cold Perfadex solution, following 
the antegrade flush. This can be done either in the 
field at this time, or on the back table after the 
lungs are taken out (Fig.  8.6). As this is being 
done, the effluent from the pulmonary arteries is 
examined to ensure that the effluent becomes 
clear. It is often than not there may be clots or 
debris in the effluent.

Each of the lungs is then triple bagged, with 
1 L of Perfadex solution placed in the innermost 
bag and 1 L of cold saline and ice in each of the 
other bags. Each bag is securely tied after all the 
air is evacuated, and the bags are labelled for lat-
erality and placed on ice for transport to the 
recipient hospital (Fig. 8.7).

In cases where EVLP systems are being used, 
the system and protocols should be used as 
described by the individual center. In general, the 
lungs are not separated during an EVLP 
procurement.

Injuries during procurement are relatively 
uncommon. Tracheal injuries usually affect the 
membranous trachea and can cause rapid defla-
tion of the lungs. If this occur, an endotracheal 
tube can be inserted into the cut end of the tra-
chea, and the lungs can be hand-bagged to appro-
priate expansion. Once the level of the tracheal 
injury has been identified, the trachea can be 
clamped below this level and stapled to allow the 
lungs to remain inflated.

The most common arterial injury is division of 
the right pulmonary artery instead of the main 
pulmonary artery. If the right or left pulmonary 
artery is injured, a segment of descending aorta 
can be harvested to use as an interposition graft. 
Pulmonary venous injuries can be much more 
difficult to manage, as the cut pulmonary vein 
may retract into the lung parenchyma if it is com-
pletely transected. This is most often caused by 
inadequate visualization of the pulmonary veins 
during division of the left atrium, or during the 
division of the inferior pulmonary ligament. In 
those cases, donor pericardium can be used to 
help reconstruct the pulmonary vein. As always, 
communication with the recipient team when an 
injury is discovered is essential.

Fig. 8.6 Retrograde flush through individual pulmonary 
veins

Fig. 8.7 Each of the lungs is then triple bagged, with 1 L 
of Perfadex solution placed in the innermost bag and 1 L 
of cold saline and ice in each of the other bags
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8.4  Recipient Operation

8.4.1  Explantation Procedure

For all lung transplants, we typically place a 
double- lumen endotracheal tube and a Swan- 
Ganz catheter. For a single lung transplant, 
the patient is usually positioned in a lateral or 
semi- lateral position and a left or right thora-
cotomy incision is made in the fifth intercos-
tal space. Whenever possible, muscle-sparing 
incisions should be used. For a double lung 
transplant, the patient is placed supine on the 
operating table, and the arms are extended 
above the patient’s head and appropriately 
supported in a neutral position. Either bilat-
eral thoracotomies or a clam-shell incision 
are made (Fig. 8.8). The clam-shell provides 
excellent exposure to the whole thorax, and 
makes central cannulation easier if cardiopul-
monary bypass is needed, but requires divi-
sion of both internal mammary arteries and 
there are reports of poor sternal healing. 
Alternatively, some centers perform a median 
sternotomy for double lung transplant. This 
only requires a single lumen endotracheal 
tube, but does require cardiopulmonary 
bypass. Also, exposure to the pulmonary hila 
can be difficult from this approach, especially 
with any degree of cardiac hypertrophy or 
mediastinal lymphadenopathy.

Regardless of the approach used, all adhesions 
must be carefully taken down and meticulous 
attention to hemostasis is essential. With a ster-
notomy, this is especially important as the poste-
rior mediastinum cannot be easily visualized 
once the lungs have been implanted. Depending 
on the patient’s diagnosis, abscesses or signifi-
cant mediastinal lymphadenopathy may compli-
cate the pneumonectomy. While exposure and 
control of the pulmonary vessels can be obtained 
at any time, division of the vessels is not done 
until the donor lung is in the operating room. The 
pulmonary veins are either ligated and divided or 
stapled as distal as possible. The pulmonary 
artery is also kept as long as possible and divided 
with staplers. Care is taken to pull back the Swan- 
Ganz catheter before division of the pulmonary 
artery. The bronchus is divided after the takeoff 
of the lobar bronchi using electrocautery. 
Mediastinal lymph nodes other than those around 
the bronchus or pulmonary artery are generally 
left undisturbed if possible, to minimize bleed-
ing. Bleeding from bronchial arteries is con-
trolled with clips or electrocautery. Dissection 
around the bronchus is minimized to avoid dis-
rupting the bronchial circulation, but the bron-
chus is separated from the pulmonary artery and 
prepared with the knife before anastomosis. 
Next, the pericardial reflection around the pulmo-
nary artery and vein is divided. This helps facili-
tate clamp placement.

a b

Fig. 8.8 (a) Bilateral thoracotomies or (b) a clam-shell incision
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8.4.2  Implant Procedure [24, 27, 28]

Once the donor lung arrives in the operating 
room, it is carefully examined for surgical dam-
age and for atrial cuff size, PA size, and bronchial 
size. The PA, atrial cuff and bronchus are mobi-
lized from each other. We perform a retrograde 
flush with cold Perfadex solution in the back 
bench prior to starting implantation. On the back 
table, the bronchus is divided, deflating the lung 
and obtaining a specimen for bronchial culture. 
The bronchus is then divided, leaving no more 
than 2 rings between the cut end of the bronchus 
and the takeoff of the first lobe. The order of sew-
ing structures can be variable depending on sur-
geon preference. We prefer to perform the PA 
anastomosis last. Most surgeons will sew the 
bronchus or left atrial anastomosis first. If you 
are performing the atrial anastomosis the recipi-
ent bronchus is not cut until the donor lung is 
seated in the chest. We typically use a running 
4–0 PDS suture for the membranous portion of 
the bronchus, and interrupted 4–0 PDS figure-of- 
eight sutures for the cartilaginous portion of the 
bronchus. We tend to use 4–0 Prolene for atrial 
and 5–0 Prolene for PA anastomoses. Care must 
be taken to avoid kinking of the pulmonary artery 
particularly on the right side and excess tissue 
needs to be removed before anastomosis. For LA 
anastomosis, care must be taken to approximate 
intima to intima to avoid a nidus for thrombus 
formation. This anastomosis should be performed 
widely to avoid obstruction of venous outflow. 
Suitable measures to de-air the pulmonary circu-
lation must be used before the LA clamp is finally 
removed. Gradual reperfusion must be estab-
lished to minimize injury from ischemia–reperfu-
sion. When performing sequential double lung 
transplant, adequate time for reperfusion of the 
newly transplanted lung is given before the sec-
ond pneumonectomy is performed. Once the 
transplant is completed, the Swan-Ganz is re- 
advanced into the pulmonary artery while the 
chest is open. Meticulous hemostasis is achieved 
before closing the chest. Bronchoscopy is per-
formed at the end of the case, both to assess the 
bronchial anastomoses and to clear any secre-
tions, blood clots and debris present.

It is unusual to have technical complication 
with this technique of allograft implantation. 
However, one must keep in mind possibilities of 
pulmonary vein stenosis, gradients across pulmo-
nary artery anastomosis, bronchial stenosis, stric-
ture and dehiscence. TEE and flexible 
bronchoscopy are useful in evaluating such con-
cerns. When detected early, appropriate interven-
tion must be considered (endovascular, stents or 
open repair) [24].

8.4.3  Lobar Lung Transplantation

Living donor lobar lung transplantation is a rare 
procedure performed in some centers in the 
US. It was championed by Starnes [18] and col-
leagues, but has also been used in Japan, England, 
Brazil, and China. The most common indication 
is cystic fibrosis, although other indications has 
been treated with lobar transplantation. It is most 
often performed in children or young adults. It is 
typically performed by harvesting lower lobes 
from two living donors and then transplanting the 
lobes into a single recipient. Usually, the larger 
donor has their right lower lobe harvested, and 
the smaller donor has their left lower lobe har-
vested. Size matching of both donor lobes and the 
recipient are essential for good outcomes, both in 
terms of anatomic size and function. The recipi-
ent operation is usually performed via a clam- 
shell incision and with the use of cardiopulmonary 
bypass. The technical aspects of the implant are 
similar to the technique described above.

8.4.4  General Anesthesia Issues

In our practice, all patients have a double-lumen 
endotracheal tube and a Swan-Ganz catheter 
placed preoperatively. Single lung transplants are 
not performed on patients with significant pul-
monary hypertension; those patients either 
receive double lung transplants or have their 
transplant deferred if discovered intraoperatively. 
Nitric oxide or inhaled prostaglandins (Velitri) 
are useful adjuncts in this setting. In some 
patients with advanced lung disease, ECMO may 
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be started preoperatively; this is typically contin-
ued postoperatively as needed. If cardiopulmo-
nary bypass (CPB) is needed during the 
transplant, either central cannulation or femoral 
cannulation can be used and partial or full flow 
may be used depending on the circumstance. In 
centers that do double lung transplant using a 
median sternotomy with full CPB, single lumen 
alone may be adequate but having double lumen 
intubation help to independently ventilate lung if 
necessary.

Fluid management is essential to avoid signifi-
cant pulmonary edema. In single lung transplant, 
acute increases in pulmonary airway pressures or 
hemodynamic instability may indicate tension 
pneumothorax of the contralateral side or signifi-
cant auto-PEEP. This must be rapidly recognized 
and corrected.

8.4.5  Role of ECMO in Lung 
Transplantation

With better circuitry (cannula, pumps, heparin 
bonded tubing, miniaturization) and the ability 

to minimize heparin doses or use alternate anti-
coagulants, there has been increasing consider-
ation to use ECMO at various stages of lung 
transplantation process. Donor: Experience sug-
gests it can be used to better manage the donor 
prior to organ harvesting, to manage the 
explanted allograft to “recover” marginal donors 
and “test them” for suitability for implantation 
(EVLP) and to extend the “safe” period of lon-
ger ischemic times (Fig.  8.9). Recipients: 
ECMO can also be used to manage the deterio-
rating recipient prior to lung transplantation and 
thereby avoid use of conventional mechanical 
ventilation. In these patients, it is usually used 
in the VV (veno-venous ECMO) format and 
often as a single cannula with double lumen 
configuration via the internal jugular vein which 
allows for ambulation and rehabilitation. It can 
also be used intra-operatively in lieu of using 
classical CPB circuits. Postoperatively ECMO 
can be used to support the allograft and or the 
recipient in a VV or VA (Veno-arterial format) 
configuration for primary graft failure (PGF), 
severe rejection, infectious or technical 
complications.

Toronto Ex Vivo Lung Perfusion (EVLP) system

ICU
ventilator

Bridge

Pump

Leukocyte filter

Reservoir

Memberane
(de)oxygenator

XVIVO chamber
with lungs

Red: Venous (oxygenated) perfusate
Blue: Arterial (deoxygenated) perfusated
Perfusated: Acelluar Steen solutiuon

Gas for deoxygenation
86% N2, 8% CO2, 6% O2

Ventilator Perfusion:40% CO
Ventilator: 7cc/kg, 7BPM,PEEP 5, Fio2=21%

Fig. 8.9 Toronto Ex 
Vivo Lung Perfusion 
(EVLP) system
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8.4.6  Post-Transplant Issues

These maybe considered at different time periods 
(a) early post operatively within days to weeks 
after transplantation (b) weeks to months and 
then finally long-term complications (months to 
years).

8.4.7  Intra-Operative Management

Prior to allowing reperfusion of the transplanted 
lung, 500–1000 mg of Solumedrol are given. It is 
key to prevent hyper-perfusion of the newly 
implanted lung and also to prevent excessive air-
way pressure during re-establishment of ventila-
tion of the implanted lung. Gentle “hand bagging” 
efforts to open areas of atelectasis /collapse are 
employed.

8.4.8  Immediate Post-Operative 
Management

The double lumen tube is changed to a single 
lumen tube at the end of surgery. Patients are 
ventilated with pressure control ventilation, 
aiming to use a lung protective strategy. The 
usual parameters of ventilator weaning are 
used. Most patients are extubated within hours 
of the completion of the transplant assuming 
there are no issues related to the transplanted 
lung (severe reperfusion injury, bleeding, pul-
monary edema, evidence of PGF etc.). Evidence 
of lung injury (ischemia-reperfusion, preserva-
tion, immune mediated etc.) may necessitate a 
more prolonged period of intubation. Careful 
attention to fluid management in the early post-
operative period is essential. The transplanted 
lung is devoid of functioning lymphatics and is 
especially sensitive to volume loading. Early 
use of diuretics helps optimize lung function, 
and will help with minimizing chest tube out-
put. Nitric oxide, intravenous or inhaled prosta-
glandins (Flolan, Veletri), or intravenous 
vasodilators are helpful in managing early pul-
monary hypertension. In cases with early pri-

mary graft dysfunction, ECMO is a useful 
adjunct and should be used early.

8.4.9  Primary Graft Dysfunction 
(PGD) After Lung 
Transplantation

The term really includes a spectrum from mild to 
severe lung injury seen within the first 72 h after 
lung transplantation. The etiology is probably 
multifactorial (Table  8.5). The incidence is 
between 11 and 57% and is said to account for 
approximately 25% of the deaths within 30 days 
[29, 30]. In 2005, the ISHLT published their stan-
dardized definition that was updated in 2016 
(Table—ISHLT PGD definition). Approximately 
10–15% of recipients develop the severe form of 
PGD (Table 8.6).

Table 8.5 Key factors that may confound and/or amplify 
a diagnosis of primary graft dysfunction

Key post-lung transplant factors that may confound 
and/or amplify a diagnosis of primary graft 
dysfunctiona

  Airway
   Blocked endotracheal lube/poor positioning
    Blocked bronchus/distal airways with sputum or 

blood
  Vascular
   Arterial anastomotic obstruction
   Venous anastomotic obstruction
  Cardiac
   Acute Left ventricular cardiac dysfunction
    Right and left ventricular dys-synchrony in 

patients with
   Significant pre-operative pulmonary hypertension
  Parenchymal
   Infection
   Rejection
   Aspiration
   Hemorrhage
   Transfusion-related acute Lung injury
   Systemic inflammatory response syndrome
  Pleural
   Hemorrhage
   Effusion
   Pneumothorax
   Open chest

aNot exhaustive and not listed, in order of frequency
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8.4.10  Infection

All patients treated with immunosuppressants are 
prone to opportunistic infections. In addition, at 
times of augmented immunosuppression e.g. to 
treat rejection or in the early phase when induc-
tion therapy is being used, there is also an 
increased incidence of infections.

Infection related to the allograft. The source of 
allograft infections can be from the donor lung, 

such as occult pneumonia, or from organisms 
already present in the recipient at the time of 
transplantation, especially in cystic fibrosis. Also, 
patient transplanted across CMV mismatch status 
can get CMV infections.

8.4.11  Immunosuppression

Although these may vary from center to center, 
Table  8.7 [31] outlines a commonly used 
approach. In the meantime, challenges remain of 
managing the long-term complications of chronic 
immunosuppression. Ideally regimens that allow 
development of tolerance will be the key to suc-
cessful long-term allograft implantation. Such 
approaches utilizing a combination of Treg and 
minimal immunosuppression are being evaluated 
in renal transplantation [32].

Other long-term complications associated 
with lung transplantation are outlined in 
Table 8.8.

Table 8.7 Immunosuppression strategies for lung transplant

Basiliximab (standard Induction therapy): 20 mg IVPB intra-operatively and on post-operative day 4
Corticosteroids (standard maintenance therapy): Methylprednisolone 1,000 mg IV Intra-operatively than 
125 mg IV every 12 h X 2 doses on post- operative day 1 than 20 mg IV every 12 h X 6 doses on post-operative day 
2–4 then prednisone 0.5 mg/kg/day for 7 doses on post-operative day 5–11 with further taper by 5 mg every 7 days 
down to 20 mg dally through month 1. If no refection at 1 month bronchoscopy, taper by 2.5 mg per month to 5 mg 
daily by month 6 post-transplant
Calcineurin inhibitor (standard maintenance therapy)
Tacrollmus (first-line): 1mg sublingual every 12 h beginning post-operative day 1 (may delay start If shock or 
acute kidney injury), titrate every 2–3 days to goal 12-h trough level; convert to oral route (2X sublingual dose) 
when able except continue sublingual route in cystic fibrosis patients due lo absorption concerns
Goal 12-h trough levels (ng/ml):
Months 1–6:10–12
Months 7–12: 8–10
Year 1–2: 6–10
>2 years: 6–8
If on mTOR inhibitor for rental Insufficiency: <1 year: 4–6 or >1 year 3–5
Cyclosporine, modified (second-line If Intolerant to tacrollmus): 100 mg by mouth or via feeding tube every 
12 h; titrate every 2–4 days to goal li-h trough level
Goal 12-h trough levels (ng/ml):
Months 1–6: 250–300
Months 7–12: 200–250
Year 1–2: 150–200
>2 years: 100–150
If on mTOR inhibitor for renal insufficiency: <1 year 100–150 or a 1 year 50–100
Anti-metabolite/Cell Cycle Inhibitor (standard maintenance therapy):

Table 8.6 International society for heart and lung trans-
plant primary graft dysfunction definition

The 2016 international society for heart and lung 
transplantation primary graft dysfunction definition

Grade
Pulmonary edema 
on chest X-ray

Pao2/Fio2 
ratio

PGD grade 0 No Any
PGD grade 1 Yes >300
PGD grade 2 Yes 200–

300
PGD grade 3 Yes <200
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Table 8.7 (continued)

Mycophenolate mofetil (first-line): 1000 mg by mouth pre-operatively then 1000 mg IVPB every 12 h post-
operatively converted to by mouth/feeding tube route when able
– Mycophenolate mofetil dose can be Increased to 1500 mg every 12 h to control severe rejection
– Consider reduction in mycophenolate mofetil dose to 500 mg every 12 h or holding during severe infections
Azathioprine (second-line If Intolerant to mycophenolate): 2 mg/kg/day (round to nearest 25 mg)
Adjustments to mycophenolate mofetill or azathioprine dose for neutropenia:
– Reduce dose by one half for absolute neutrophil count (ANC) <2000 cell/mm3 and hold for ANC <1000 cell/mm3

– Resume poor dosing once ANC >2000 cell/mm3 for 2 consecutive weeks
– For patients on azathioprine that develop mycophenolate consider checking thiopurine methyltransferase (TPMT) 
enzyme level
mTOR Inhibitor/Proliferation Signal inhibitor (alternate maintenance therapy):
Everolimus or Sirolimus: Used as a third-line agent if >30 days post-transplant, no open wounds, and no significant 
proteinuria at discretion of transplant physician for the following indications:
– Renal dysfunction: used in combination with low dose CNI, cell cycle inhibitor, and prednisone
– Cell cycle inhibitor intolerance: used in place of cell cycle inhibitor with standard dose CNI and prednisone
– Malignancy: used in place of cell cycle inhibitor with reduced dose or suspension of CNI and prednisone
– Chronic/persistent rejection: used in combination with standard-dose CNI, cell cycle inhibitor, and prednisone
Everollmus usual starting dose in absence of significant CYP 3A4 Inhibitors/Inducers: 0.75–1 mg by mouth 
every 12 h; titrate dose every 5 days to goal 12-h trough level 4–6 ng/ml (if in combination with CNI)
Strollamus usual starting dose in absence of significant CYP 3A4 Inhibitors/Inducers: 4 mg by mouth daily 
for 2 days then 2 mg by mouth daily; titrate dose every 7 days to goal 12-h trough level 4–7 ng/ml (if In 
combination with CNI)

Table 8.8 Chronic Complications of lung transplantation

Organ system or type of complication Specific disorders
Cardiovascular Systemic hypertension

Cardiac rhythm disturbances
Thromboembolism
Atherosclerotic heart disease

Renal Chronic renal insufficiency
Renal failure

Gastrointestinal Gastroesophageal reflux
Biliary tract disease
Bowel disorders (motility disorders, diverticulitis, etc.)

Metabolic/endocrine Dyslipidemia
Diabetes
Excessive weight gain, obesity
Electrolyte abnormalities

Musculoskeletal Osteoporosis
Myopathy

Hematologic Anemia
Cytopenia (leukocytes, platelets)

Neurologic Tremor
Secure
Memory loss
Neuropathy

Drug toxicity and side effects Immunosuppressants
Drug-drug interactions

Malignancy Post-transplant lymphoproliferative disease
Primary lung cancer
Other malignancy

(continued)
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8.4.12  Rejection

Acute rejection: This may be cellular and or 
humoral. In this day and age, with current immu-
nosuppressive regimens the incidence of acute 
rejection is between 50 and 60% [33, 34]. Clinical 
and radiological features may be suspicious for 
rejection. The diagnosis is confirmed by trans-
bronchial biopsy and is made on H&E stains. The 
role of C4d immunostaining for antibody- 
mediated rejection in the lung is still evolving 
[35]. Immunostaining for lymphocyte markers 
(B- and T-cells) and in situ hybridization for EBV 
mRNA (EBER) and CMV can also e used as 
required. Treatment is usually with augmented 
immunosuppression.

8.4.12.1  Chronic Lung Allograft 
Dysfunction (CLAD)

It now appears that CLAD represents a range of 
disorders including BO [36] and restrictive 
allograft syndrome (RAS) [37]. RAS as a more 
aggressive clinical course with the lungs becom-
ing smaller and smaller causing difficulty in lung 
expansion. BO is associated with clinical and his-
tological features (Table 8.9 and Fig. 8.10). The 

etiology is probably multifactorial and is the 
main cause long term allograft dysfunction and 
re-transplantation.

These may be considered as general issues 
related to (a) effects of chronic Immuno-
suppression, and (b) those related to the trans-
planted lung itself. The transplanted lung itself 
eventually succumbs to BO, a phenomena whose 
clinical course and pathology is well described but 
whose therapy is far from effective.

8.4.13  Treatment of BO

The long-term impairment to successful lung 
transplantation remains bronchiolitis obliterans 
(BO). The etiology is probably multifactorial and 
includes ischemia-reperfusion injury, preserva-
tion, infection ongoing rejection etc. Some evi-
dence suggests a role for injury-induced exhaustion 
of airway epithelial stem cells [39]. In its advanced 
stages, lung re-transplantation remains the only 
option. Results for re- transplantation are not as 
good as for primary transplantation and in these 
days of limited donor supply, careful consideration 
must be given to this therapy.

Table 8.8 (continued)

Organ system or type of complication Specific disorders
Lung allograft Acute cellular rejection

Infection
Chronic lung allograft dysfunction
Diaphragmatic dysfunction
Disease recurrence

Native lung complications Hyperinflation (emphysema as transplant indication)
Infection
Pneumothorax

Pleural disease Effusion
Pleural space infection

Chronic infection Paranasal sinus disease
Bronchiectatic lung (native or allograft)

Psychosocial problems Disrupted support system
Depression
Medical noncompliance
Multiple hospitalizations
Resumption of addictive behaviors

Socioeconomic problems Inadequate funds to cover medical costs
Pressure on relationships
Loss of insurance
Disability, inability to find gainful employment
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8.4.14  Survival

Survival after lung transplantation is significantly 
greater in the most recent era (2010–June 2017) 
compared to previous eras, however the differ-
ence has not been as profound as previously 
noted in the recent past (Fig.  8.11). For adults 

who underwent primary lung transplantation in 
the most recent era, the median survival was 
6.7  years (Fig.  8.12). For adult recipients who 
survived to 1  year after primary transplant, the 
median survival in the most recent cohort was 
8.9 years. Female recipients, recipients with CF 
as the indication for transplantation and recipi-

 Algorithm for clinical evaluation of suspected bronchiolitis obliterans syndrome (BOS). This algorithm is a
description of the collective clinical practices of the committe members. It is not based upon systematically developed
evidence-based diagnostic recommendation. PFT: pulmonary function test; FEV1: forced expiratory volume in 1 s:
FEF25-75%: forced expiratory flow at 25–75% of the forced vital capacity; HRCT: high-resolution computed tomography
GOR: gastro-oesophageal reflux. #: obtain both inspiratory and expiratory views to evaluate for air trapping; ¶: the
presence of bronchiolitis obliterans lessions on lung biopsy (if obtained) is considered diagnostic and HRCT findings
consistent with bronchiolitis (e.g. air-trapping) are supportive, restrictive allograft syndrome is an alternative diagnostic
consideration if a restrictive pattern is found on pulmonary function testing.

Re-evaluate

Treat cause

Other cause identified

Clinical diagnosis of BOS

BOS is likely cause¶
Sustained and persistent FEV1

decline (FEV1 <80% baseline)

No significant abnormality
or

spirometric decline identified

Suspected decline in lung function

Clinical evaluation
History and physical examination
Spirometry (in PFT laboratory)
Routine thoratic imaging (chest radiography)
Other testing based upon clinical presentation

Observe

FEV1 <90% of baseline
and/or FEF25-75%  75 of baseline
Non-BOS cause not identified  

Consider HRCT if not recently
performed#

Bronchoscopy
  Transbronchial biopsy
  Bronchoalveolar lavage
Evaluate for GOR

Table 8.9 Algorithm for clinical evaluation of suspected bronchiolitis obliterans syndrome [38]
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a b c

Fig. 8.10 Histological features of bronchiolitis obliterans on lung biopsy. (a) Bronchiolitis obliterans in a surgical lung 
biopsy with partial luminal compromise accompanied by mild chronic inflammation in the wall and focal ulceration of 
the mucosa. (b) Bronchiolitis obliterans on a transbroncheal biopsy with complete luminal obliteration. Scant bronchio-
lar muscle (arrow) helps to identify the scarred structure as residual airway (haematoxylin and eosin stain). (c) An 
elastic tissue stain from a slightly deeper section of the same bronchiole (shown in b) highlights the residual elastica 
present. In contrast to the accompanying artery on the right, there is only one elastic lamella in the bronchiolar wall. 
Original magnification: 100×
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ents of bilateral lung transplants continue to 
experience longer survival [4, 40].

8.5  Heart and Lung 
Transplantation (HLTX)

In the early days of HLTX, indications included 
idiopathic pulmonary hypertension (iPAH) and 
congenital heart disease [41]. As increasing evi-
dence showed resolution of right ventricular after 
double lung transplantation (DLTx), this latter 
procedure became the operation of choice for 
iPAH patients. Presently HLTX is reserved for 
congenital heart disease (CHD) [42] and those 
patients with acquired heart disease combined 
with pulmonary hypertension and/or lung paren-
chymal disease. As compared with lung trans-
plantation, early survival with HLTx is decreased 
[43]. Indications for listing patients for HLTx are 
less uniform.

Kaplan-Meier survival curve for adult HLTx 
recipients transplanted in 1982–1993, 1994–
2003, and 2004–2015. Conditional median sur-
vival is defined as the time to 50% survival in 
1-year survivors [from Lund et al. [43], with per-
mission]. HLTx, heart-lung transplantation.

8.5.1  Postoperative Care

Postoperative care after HLTx is similar to that of 
DLTx or single-lung transplantation. Indeed, it is 
lungs not the heart related issues that are the 
source of most postoperative complications and 
include infections and both acute and chronic 
rejection [44].

Rejection: Acute cellular rejection in either 
the lungs or heart after HLTx is less common 
than after isolated heart or lung transplantation. 
Acute cellular rejection tends to involve the lungs 
more often than the heart [44]. Also, rejection of 
the heart may occur independently of lung rejec-
tion [45].

8.5.2  Further Developments

8.5.2.1  Biological Solutions
 (a) The role of gene based therapies to treat 

genetic disorders such as alpha 1 anti-trypsin 
[46] and cystic fibrosis [47] is increasing.

 (b) Lung Regeneration [48]. Regenerative medi-
cine has the potential to play an important 
role in new therapies for a variety of lung dis-
eases. Lung re-cellularization with induced 
pluripotent stem cells after decellularization 
could lead to “on-demand”, patient specific 
allografts for transplantation. Another 
approach is direct transplant of stem cell 
lines that are capable of developing into lung 
tissue [49].

 (c) Xenotransplantation: Developments in trans-
genic animals such as the pig as a source of 
lung xenografts are ongoing [50]. Using 
lungs from transgenic pigs together with 
drugs that target complement activation, 
coagulation and inflammation plus immu-
nosuppression has yielded encouraging 
results [51].

8.5.3  Mechanical Solutions

The concept of an implanted membrane based 
lung assist device (LAD) is not new. Much work is 
in progress and clinical trials are on the horizon. 
Early concepts include paracorporeal devices 
attached either in series or parallel [52, 53].

8.6  Summary

Lung transplantation, presently is therapy for end 
stage lung failure in select patient populations. 
There remains a disparity between donor supply 
and recipient needs. The use of EVLP techniques 
and DCD donors increase the donor supply. 
Xenotransplantation should enhance donor sup-
ply but still not realized. Temporary “mechani-

8 Lung and Heart-Lung Transplantation and Other Therapies for Lung Failure



146

cal” (ECMO) approaches have become 
widespread. Implantable lung devices that would 
permit longer term use are under current 
investigation.
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Management of Primary Graft 
Dysfunction: Lung Transplantation 
Surgery
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9.1  Introduction

Lung transplantation is an effective treatment 
option for selected patients with end-stage lung 
disease. However, the effectiveness of this ther-
apy is hampered by the limited number of suit-
able organs for transplant, the development of 
primary graft dysfunction (PGD), adverse 
effects of life-long immunosuppressive therapy, 
and chronic lung allograft dysfunction. Among 
these challenges, PGD influences each of the 
others and has been demonstrated to have sig-
nificant impact on short and long-term out-
comes [1].

There are no effective treatments available for 
recipients who develop PGD and successful out-
come depend on supportive care [2]. Therefore, 
risk reduction strategies and advanced support 
adjuncts are necessary to salvage recipients who 
develop a severe form of PGD; otherwise early 
mortality with severe PGD has been reported to 
be between 23 and 42% [1]. Because “standard 
criteria” lungs only comprise about 5–15% of 
donors, no definitive predictive criteria are yet 
available, and decisions on organ suitability are 

complex, transplant teams must consider pre-, 
intra- and postoperative strategies to optimize 
organ recovery and patient outcome [3] 
(Table 9.1).

Systematic prevention of PGD can be 
achieved by decision on donor-recipient match-
ing and surgical planning, by decision on mar-
ginal donor lung suitability at procurement, by 
preventive measures at procurement, and by 
preventive measures at implantation. Although 
decision factors principally rely on art and sci-
ence of surgeon’s experience and expertise, 
Lung Allocation Score (LAS) and ex-vivo lung 
perfusion are innovative advances [4–6]. Many 
advances in measures to prevent PGD at pro-
curement, evaluation, protection, preservation, 
and implantation have been made. With all 
considerable endeavors in the field, safe expan-
sional use of donor lungs with certain margin-
ality has been successfully achieved, which 
increased number of lung transplantation with 
improved outcomes [5, 7–14] (Figs.  9.1, 9.2, 
9.3, 9.4 and 9.5).

From surgeon’s perspective, we describe our 
current approach in the management of PGD 
emphasizing an: (1) cautious clinical decision 
making on donor-recipient matching and surgi-
cal planning; (2) cautious clinical decision mak-
ing on marginal donor lung suitability for 
transplantation; (3) simple implementation of 
preventive measures at procurement with more 
attention to protection from alveolar side (“Open 
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Lung” Cold Storage with Room Air); (4) avoid-
ance of cardiopulmonary bypass and adoption of 
controlled slow ventilation and reperfusion at 
implantation; (5) preemptive initiation of veno-
venous Extracorporeal Membrane Oxygenation 
(vvECMO) rather than late venoarterial ECMO 
(vaECMO) in support of recipients developing 
severe PGD.

9.2  Definition, Incidence, 
Grading and Significance 
of PGD

PGD is a syndrome occurring within the first 
72 h after lung transplantation characterized by 
progressive acute lung injury encompassing a 
spectrum of severity of mild to severe. PGD is 
characterized by inflammatory pulmonary edema 
with diffuse alveolar damage that manifests clini-
cally as progressive hypoxemia with radiographic 
pulmonary infiltrates similar to Adult Respiratory 
Distress Syndrome (ARDS) [15].

Following ischemia and reperfusion, inflam-
matory and immunological injury-repair 
responses appear to be the key controlling mech-
anisms of PGD [15, 16]. Hypoxemia and paren-
chymal opacities in the chest x-ray (CXR) 
generally appear on postoperative day 1, peak by 
day 3, and subside afterward corresponding to 
the natural chronological progression and conva-
lescence of the injury-repair response [1]. Since 
2005, the International Society of Heart and Lung 

Table 9.1 Classical “Standard Criteria” of ideal donor 
lung

1. Age less than 55 years
2. ABO blood group compatible
3. Appropriate size match
4. Clear chest radiograph
5. PaO2/FiO2 ratio > 300 on 5 cmH2O PEEP
6. Tobacco history of less than 20 pack years
7. Absence of chest trauma
8. No evidence of aspiration or sepsis
9. Absence of purulent secretions at bronchoscopy
10.  Absence of organisms on sputum Gram stain
11.   No history of primary pulmonary disease or active 

pulmonary infection

FiO2 fraction of inspired oxygen, PEEP peak end expira-
tory pressure, PaO2 partial arterial oxygen tension
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Fig. 9.1 Increasing numbers of lung transplantation 
worldwide. From Chambers DC, Yusen RD, Cherikh WS, 
Goldfarb SB, Kucheryavaya AY, Khusch K, et  al. The 
Registry of the International Society for Heart and Lung 
Transplantation: Thirty-fourth Adult Lung And Heart- 

Lung Transplantation Report-2017; Focus Theme: 
Allograft ischemic time. The Journal of heart and lung 
transplantation: the official publication of the International 
Society for Heart Transplantation. 2017;36(10):1047–59 
[10]. with permission
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Transplantation (ISHLT) definition and criteria 
of PGD has been utilized as a standardized tax-
onomy and grading system [17].

Incidence of the severe form of PGD (ISHLT 
Grade 3: partial arterial oxygen tension (PaO2)/
fraction of inspired oxygen (FiO2) <200 with 
radiographic pulmonary infiltrates) has been 

reported to range 15–35% at any time point in the 
first 72 h (ISHLT Grade 3 at T0-T72) and 10–20% 
between 48 and 72 h (ISHLT Grade 3 at T48–72) 
[18, 19].

Severe (Grade 3) PGD, especially at T48 to 
T72 has been reported to have significant impact 
on short- and long-term mortality, morbidity, 
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Fig. 9.2 Improving survival of lung transplantation 
worldwide. From Chambers DC, Yusen RD, Cherikh WS, 
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Registry of the International Society for Heart and Lung 
Transplantation: Thirty-fourth Adult Lung And Heart- 
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functional outcomes as well as incidence of 
 bronchiolitis obliterans syndrome (BOS). [1] 
Short- term (30-day to 90-day) mortality has been 
reported 0–7% for Grade 0–2 PGD at T48-T72 vs 
23–43% for Grade 3 PGD at T48-T72 with risk 
ratio (RR) of 4.8–6.95 accounting for up to 42% 
of all-cause mortality. Long-term outcome has 
been reported 87–89% 1-year survival, 60–66% 
5-year survival and 35–38% 10-year survival for 
Grade 0–2 PGD at T48-T72 vs 66–73% 1-year, 
44–51% 5-years and 11–19% 10-year survival 
for Grade 3 PGD at T48–72. Incidence of stage 1 
BOS has been reported as 15% at 1 year, 59% at 
5 years, 87% at 10 years for Grade 0–2 PGD at 
T48-T72 vs 22% at 1 year, 72% at 5 years and 
91.5% at 10 years for Grade 3 PGD at T48-T72 
(median time to BOS 3.4–3.9  years) [1]. 
Significant association of PGD with development 
of BOS has been reported in dose-dependent 
fashion with stage 1 BOS RR of 2.07 for Grade 1 
PGD at T72, RR of 2.81 for Grade 2 PGD at T72 
and RR of 4.25 for Grade 3 PGD at T72 and with 
Stage 2 and stage 3 BOS RR of 7.24 and 7.99 
respectively for Grade 3 PGD at T72 [20–23].

A recent study of 1179 subjects using the 
Lung Transplant Outcomes Group (LTOG) data 
from 10  U.S. lung transplant centers re-evalu-
ated the construct validity of the ISHLT PGD 
definition system and found significantly  better 
mortality discrimination at any interval using 
ISHLT Grade 3 severe PGD (PaO2/FiO2 ratio 
<200 and positive CXR finding) at T48 to T72 
(15.9% incidence) [24]. The authors fit a multi-
variable Cox proportional hazard model using 
potential confounding variables previously 
associated with PGD and mortality (donor 
smoking history, recipient diagnosis, recipient 
body mass index, recipient pulmonary artery 
pressure, transplant type, cardiopulmonary 
bypass use, and recipient reperfusion FiO2) and 
demonstrated Grade 3 PGD at T48–72 hazard 
ratio of 2.05 (p-value of <0.001). The strongest 
lung injury biomarker previously associated 
with PGD (plasma plasminogen activator 
iBALnhibitor-1 level) was also used for testing 
divergent  discrimination and demonstrated a 
dosage effect with moderate and severe injury. 
The effects of ventilator status and transplant 
procedure type (single vs bilateral) were also 
evaluated and found not to negatively affect dis-
criminant validity. This study reinforces the 
concept that PGD is a graded syndrome of acute 
lung injury and inflammation. Increased sever-
ity of injury increases the risk of secondary 
effects such as other organ failure and infection 
leading to death [25].

9.3  Risk Factors 
and Pathogenesis of PGD

Much work has been done to identify significant 
risk factors for development of PGD [1]. During 
the lung transplantation process, there are 
sequential stages where injury to donor lungs 
may occur, including: (1) primary and secondary 
injuries occurring at the time of death, (2) pro-
curement related injury, (3) ischemia-reperfusion 
injury (IRI) at implantation, (4) postoperative 
recovery and resuscitation. Table  9.2 illustrates 
consistently identified clinical risk factors for 
PGD, which are practically  categorized as 
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tation: official journal of the American Society of 
Transplantation and the American Society of Transplant 
Surgeons. 2013;13 Suppl 1:149–77 [13]. with permission
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 donor- inherent, donor-acquired, recipient, and 
procedural variables [26–28].

IRI is central to the pathogenesis of  PGD 
[15, 16]. IRI results from the damage of isch-
emia, generation of reactive oxygen species 
(ROS) at reperfusion, and subsequent activation 

of the damage-amplifying proinflammatory cas-
cade. Experimental and clinical studies suggest 
that PGD develops in a biphasic pattern [29–
31]. In the early phase, development of PGD 
appears to be dependent primarily on innate 
macrophages and lymphocytes present in the 
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AK, Zaun D, Rosendale JD, Schaffhausen C, Snyder JJ, 
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Deceased Organ Donation. American journal of trans-

plantation: official journal of the American Society of 
Transplantation and the American Society of Transplant 
Surgeons. 2018;18 Suppl 1:434–63 [14]. with permission
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alveolar site of donor lungs interacting with the 
endothelium. In the later phase, development of 
PGD appears to result from influx of recipient 
neutrophils and lymphocytes enhancing inflam-
matory responses.

Downstream effectors such as tumor necrosis 
factor (TNF)-α, interleukin (IL)-17 and other 
mediators of leukocyte, neutrophil and innate 
immune components have been implicated in 
the recipient response causing PGD [32]. A 
novel human prospective study using bron-
choalveolar lavage (BAL) and tissue biopsy 
samples showed increased levels of IL-8 (neu-
trophil chemoattractant and activator) in the 
lung tissue and in the BAL fluid of brain-dead 
donor correlate with PGD severity and mortality 
in a dose-dependent manner. Immunolocalization 
staining of IL-8 and IL-8 messenger RNA 
expression in donor lung tissues also showed 
findings suggesting that alveolar macrophage 

and epithelial cells were major sources of the 
widespread increase of IL-8 in the donor lungs 
that later functioned poorly [33].

Many investigations for clinical biomarkers, 
mediators, and genetic determinants of develop-
ment of PGD have identified associated patho-
physiological mechanisms of PGD: alveolar 
epithelial and endothelial injury, cytokines and 
chemokines, adhesion molecules, hypercoagula-
bility and impaired fibrinolysis, vascular perme-
ability, cell proliferation, intracellular assembly 
for homeostasis and signaling, and innate and 
acquired immunity [34, 35].

Alveolar epithelial injury (type 1 pneumocyte 
injury for gas exchange and type 2 pneumocyte 
injury for surfactant) has been shown to be an 
integral part of both ARDS and PGD.  Plasma 
soluble form of the receptor for advanced glyca-
tion end products (RAGE: a marker for type 1 
pneumocyte injury) in plasma of recipients after 
reperfusion as well as RAGE in BAL fluid of 
donors was shown to have significant association 
with PGD [36, 37].

Anti-type V collagen (a stimulant of IL17 
dependent cellular innate immunity in the alveo-
lus) antibody in plasma of recipients after reper-
fusion as well as pre-existing delayed-type 
hypersensitivity reaction to type V collagen in 
recipients was shown to have significant associa-
tion with PGD [38, 39]. Delayed-type hypersen-
sitivity reaction to type V collagen was also 
shown to have significant association with severe 
BOS [40].

Recent studies of genetic determinants for 
development of severe ISHLT Grade 3 PGD 
showed that genes in inflammasome-mediated 
innate immune pathways, genes in Toll-like 
receptors-mediated innate immune pathways, 
and genes in oxidant stress regulatory pathways 
have significant association [15, 41–43]. Targeted 
therapy on these in the alveolus and other subse-
quent mediators may be feasible for modifying 
injury-repair responses of donor lungs of severe 
PGD in the future [44–46]. In this perspective, 
ex-vivo lung perfusion is a prospective platform 
for such studies.

Table 9.2 Risk factors for PGD

Category Risk factors for PGD
Donor-inherent 
variables

Age > 45 yo and age < 21 yo
African american race
Female gender
History of smoking > 20 py, 
>10 py, current, any

Donor-acquired 
variables

Prolonged mechanical ventilation
Aspiration pneumonia
Head trauma and/or brain death
Hemodynamic instability
Neurogenic and/or pulmonary 
edema

Recipient 
variables

Obesity with BMI > 25
Diagnosis of idiopathic 
pulmonary fibrosis
Diagnosis of primary 
pulmonary hypertension
Diagnosis of sarcoidosis
Elevated pulmonary artery 
pressure

Procedural 
variables

Prolonged ischemic time > 8 h
Use of cardiopulmonary bypass
Blood transfusion > 1 little
High FiO2 > =0.4 at reperfusion

Bold: More consistently reported factors for PGD
BMI Body Mass Index, FiO2 Fraction of Inspiratory 
Oxygen Concentration, PGD Primary Graft Dysfunction, 
py pack year, yo year old

Y. Suzuki and C. A. Bermudez
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9.4  Management of PGD

9.4.1  No Effective Direct Treatment 
or Consensus Guideline 
Available for PGD

Due to its complexity and a lack of appropriately 
powered clinical studies, there is no consensus 
guidelines for the treatment and management of 
PGD [2]. There are no effective direct treatment 
for PGD available. However, advances in preven-
tive strategy and supportive care have improved 
survival with steady increase of the number of 
lung transplantation. Similar to ARDS, support-
ive treatment is sufficient for mild to moderate 
PGD including lung protective ventilation, avoid-
ance of excess fluid administration, diuresis and 
early mobilization [1]. Use of other medical 
adjuncts such as pulmonary vasodilators for 
severe PGD including inhaled Nitric Oxide or 
Prostaglandin I 2 (PGI 2) (prostacyclin: iloprost 
and epoprostenol) may be beneficial in recipients 
with right ventricular dysfunction with increased 
PVR (pulmonary vascular resistance), however, 
there is insufficient data to support the efficacy of 
these agents for hypoxia alone [47]. 
Retransplantation is generally not a recom-
mended option due to poor outcomes in this indi-
cation [1].

Practically, a variety of other circulatory, 
mechanical, infectious, inflammatory, and 
immune pathologies of the lung can coexist in the 
management of PGD including ones carried over 
from donor before procurement as well as ones 
developed at and after implantation procedure. 
Therefore, simultaneous timely treatment of 
these pathologies based on a simple comprehen-
sive checklist (Table 9.3) is helpful for the suc-
cess of managing PGD and recipient’s immediate 
post-surgical conditions. These pathologies were 
listed as exclusion criteria in the ISHLT PGD 
definition and grading system [17, 48].

Major significant pathologies on donor lungs 
are neurogenic pulmonary edema from brain 
death, aspiration and subsequent developing 
pneumonia, trauma, and pulmonary embolism. 
Circulatory, mechanical, infectious, and inflam-
matory control are the basic principle of surgery. 

Immune control and management is specifically 
required for transplant surgery. Prompt recogni-
tion and correction of pulmonary venous anasto-
motic obstruction is critically important because 
a few hours of delay of correction leads to high 
mortality [49].

9.4.2  Systematic Prevention of PGD 
at Donor-Recipient Matching: 
Making Cautious Clinical 
Decision Based on Estimates 
of Severe PGD Probability

In view of the significant negative impact of 
severe PGD and its lack of effective medical 
treatment, systematic and comprehensive preven-
tion strategies are of paramount importance 
(Table 9.4). Basic tenets are to mitigate risks by 
eliminating prohibitive risks and attenuating neg-
ative factors in the clinical context of donor lung 
conditions, recipient conditions, and procedural 
demands. Although there is no definitive predic-
tion model for PGD, simplified donor assessment 
tools have been described by several groups 
including the Oto donor lung score and the 
University of Minnesota Donor Lung Quality 
Index [50, 51]. For a tool to be effective and pop-
ularized it needs to be simple, easily remem-
bered, and give a reasonable accurate prediction.

A recent multicenter cohort study utilized 
recipient body mass index (BMI), diagnosis, and 
mean pulmonary artery pressure (mPA) and 
donor smoking history to define risk [52]. Data 

Table 9.3 Coexisting causes of inflammation and other 
pathological states of lungs mimicking PGD.  These 
require simultaneous timely management at implantation 
surgery

•  Aspiration pneumonia, lung trauma, pulmonary 
embolism that had occurred in donor lungs

•  Cardiogenic pulmonary edema, volume overload 
(Circulation Control)

•  Pulmonary venous anastomotic obstruction 
(Mechanical Control)

•  Influence of cardiopulmonary bypass, bleeding, 
blood transfusion (Inflammation & Infection 
Control)

•  Hyperacute rejection (Immunity Control)

PGD primary graft dysfunction

9 Management of Primary Graft Dysfunction: Lung Transplantation Surgery
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included a derivation (n = 1255) and validation 
(n = 382) cohorts with a severe PGD 16.8% and 
14.7%, respectively. A logistic regression identi-
fied body metabolic index (BMI) >25, any diag-
nosis other than Chronic Obstructive Pulmonary 
Disease (COPD) or cystic fibrosis (CF), and 
mPA  >  40  mmHg (moderate pulmonary hyper-
tension) as recipient predictors and any smoking 
history as donor predictors of severe PGD.  In 
their prediction models, low-risk recipients who 
had absence of all three predictors had a pre-

dicted severe PGD risk of 4–7% in contrast to 
15–18% in all other recipients categorized as 
high-risk group. Matching donor lungs with any 
smoking history to a high-risk recipient group 
significantly increased severe PGD risk to 
24–28%, although risk did not significantly 
change in low-risk recipients (4–11%) 
(Table 9.5).

In the derivation cohort, low risk recipients 
also had a lower risk of 90-day and 1-year mor-
tality. The addition of a smoking donor did not 
significantly affect the predicted risk of 90-day or 
1-year mortality. This study was limited by miss-
ing data, inaccuracy of smoke exposure history 
and quantification of smoke exposure, and rela-
tively small numbers of subjects. Additional 
decision curve analysis showed that the utility of 
the predictive model could apply only for severe 
PGD incidences between 5 and 25%, which 
include average severe PGD incidence of the 
U.S. institutions. Despite these limitations, this 
study showed feasibility, validity, and reproduc-
ibility of a simple probability prediction model 
for severe PGD in additive fashion of recipient 
risk factors and in synergistic fashion of donor 
risk factors (Table 9.5 and Fig. 9.6). At the time 
of considering donor-recipient matching, having 
estimates of severe PGD probability can be use-
ful for clinical decision by striking a balance 
between risk of staying on the waiting list and 
risk of accepting specific donor lungs with cer-
tain marginality [50, 53].

Table 9.4 Systematic management strategy for PGD

• Donor lung management protocol
–  Lung protective ventilation
–  Lung protective fluid management
–  Hormone therapy for brain death

•  Donor-recipient matching and surgical planning
•  Donor lung evaluation and decision at procurement

–  Quantification of aspiration pneumonia and 
inflammation

•  Protective and preservative measures at 
procurement
–  Lung protective ventilation
–  Total organ circulation control prioritizing 

heart, liver, kidney, and lung
–  Airway clearance and thorough recruitment at 

direct evaluation
–  Maintained recruitment on low tidal volume 

and PEEP
–  Topical hypothermia
–  PGE1, low potassium with dextran 

pulmonoplegia, antegrade and retrograde cold 
flush

–  “Open Lung” Cold Storage with room air
•  Protective and supportive measures at reperfusion 

and implantation
–  Avoidance of cardiopulmonary bypass with 

cardiotomy reservoir if feasible
–  Maintenance of hypothermia of lungs while 

implanting
–  Controlled Slow Ventilation after gentle 

recruitment and Controlled Slow Reperfusion 
in the first 10 min at reperfusion

–  Total circulation control to vital organs 
including brain, heart, lung, liver, kidney, and 
blood cells

–  Preemptive initiation of vvECMO support 
benefitting lung protection and kidney 
circulation by pulmonary vasodilatory effect of 
higher oxygen

–  Lung protective ventilation
–  Fluid management to protect lungs and kidney

vvECMO venovenous Extracorporeal Membrane 
Oxygenation, PEEP positive end expiratory pressure, 
PGD Primary Graft Dysfunction, PGE1 Prostaglandin E1

Table 9.5 Addition of donor smoking history signifi-
cantly increases incidence of severe PGD in high-risk 
recipients but not in low-risk recipients

Severe PGD incidence

Donor 
smoking 
NO

Donor smoking 
YES

Low-risk recipients 
(BMI < 25, 
mPA < 25 mmHg, 
diagnosis of COPD or CF)

4–7% 4–11% (no 
increase)

High-risk recipients (all 
others)

15–18% 24–28% 
(significant 
increase)

CF Cystic Fibrosis, COPD Chronic Obstructive 
Pulmonary Disease, BMI Body Metabolic Index, mPA 
mean pulmonary artery pressure, PGD Primary Graft 
Dysfunction
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Almost all of donor lungs have some injury 
[54]. Major pathologies on donor lungs are neu-
rogenic pulmonary edema from brain death and 
catecholamine storm, aspiration and subsequent 
developing pneumonia, trauma, and pulmonary 
embolism; Among them, most frequent and 
most formidable one is aspiration and subse-
quent pneumonia due to frequent cardiopulmo-
nary resuscitation. Aspiration can be also 
frequently caused by an initial acute event such 
as drug intoxication, stroke, head trauma, and 
motor vehicle accident leading to brain death 
[27]. It is difficult to argue against the basic 
premise that acutely injured donor lungs can be 
continuously treated in a body of recipient and 

can be restored to function as healthy as before 
the event of brain death unless prohibitively 
severe PGD or other insults occur during the 
course of lung transplantation. This is the prin-
ciple of successful use of donor lungs with some 
acceptable marginality [55].

There was little data to suggest that any single 
extension of the historical “standard donor crite-
ria” (Table 9.1) impacts either short-term or long- 
term mortality. There were studies that evaluated 
the effects of multiple extended donor criteria 
with mixed results [9, 53, 54, 56–71]. These stud-
ies suggest that donor lungs with any single 
extended criteria can be safely usable for trans-
plantation, but caution has to be exercised when 

All of donor information including history, demographics, labs and examinations

+

Objective Donor Smoking assessment by CXR & CT in advance of preliminary acceptance 

+

Qualification & Quantification of Infiltrations (areas of aspiration pneumonia) at procurement

+

Estimates of transportation time and ischemic time

Recipient Diagnosis®Elevated PAP (mPA > 40, > 25)®Obesity (BMI > 25)ÆProcedure demands (BBB)

o Primary Pulmonary Hypertension
o Sarcoidosis
o Elevated PAP (mPA>40)

--- Low Risk Donor Lungs or DCD Lungs

---Low Risk Donor Lungs

in    IPF                 BMI > 25 --- Low to Moderate Risk Donor Lungs

CF, COPD      BMI £ 25 --- Low to Moderate Risk Donor Lungs

o Moderately elevated PAP (40 > mPA > 25) 

in    IPF                 BMI > 25 --- Moderate Risk Donor Lungs

CF, COPD     BMI £ 25 --- Moderate Risk Donor Lungs

o No elevated PAP (mPA < 25) 
in    IPF                 BMI > 25 --- Moderate Risk Donor Lungs

CF, COPD &  BMI £ 25 --- Donor Lungs with smoking > 20 py 

Fig. 9.6 Key thought process of donor-recipient match-
ing: Note that there is no perfectly suited organ available 
in reality, which underscores the importance of clinical 
decision. Note importance of “eye-balling” of CXR and 
Chest CT images by lung transplant physicians who know 
a specific clinical context and make important clinical 
decision of Donor-Recipient Matching. “Images = 
shadow”: CXR and Chest CT should be interpreted in a 

specific clinical context. BBB Bypass-Bleeding-Blood 
Transfusion, BMI Body metabolic index, CF Cystic fibro-
sis, COPD Chronic obstructive pulmonary disease, CXR 
chest X-ray, CT computed tomography, DCD donation 
from determination of cardiac death, IPF Idiopathic pul-
monary fibrosis, mPA mean pulmonary artery pressure 
(mmHg), PAP pulmonary artery pressure, py pack years
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donor lungs offered have more than one extended 
donor criteria (Fig. 9.7).

There are only less than 10% of donor lungs 
that are standard and perfectly clean. Therefore, 
the majority of successfully transplanted lungs 
had some marginality and would have been 

waisted if perfection is sought. Sound under-
standing, recognition, program consensus, and 
acceptance of estimated probability of PGD risk 
in each specific recipient to available donor lungs 
striking a balance between risk of staying on the 
waiting list and risk of accepting specific donor 

[[     (Recipient Risk × Donor Risk) * (Cold Ischemic Time + Procedure Demands)  =  PGD Risk.     ]]

Currently 22-29% Lung
Utilization from Donor

in the U.S.
Recipient Risk High Recipient Risk Low

Donor Lung Risk
Prohibitively High
with various extended
donor lung criteria
(about 70% of offer)

Currently contraindication Currently contraindication

Donor Lung Risk High with
multiple extended criteria
depending on degree of
aspiration pneumonia and
donor smoking exposure
(about 10% of offer)

Turned down at procurement Turned down at procurement

Sometimes need taking a chance
with a planned preemptive
vvECMO based on recipient’s
clinical urgency

back-up single lung candidates
or back-up candidates tolerable
for extended criteria or tolerable
for size mismatch

Donor Lung Risk High with
one extended criterion
depending on degree of
aspiration pneumonia and
donor smoking exposure
(about 5% of offer)

Cautiously explorable Widely and safely explorable 

Cautiously explorable

Donor Lung Risk Low wit
only one extended criterion
(about 5% of offer)

Widely and safely explorable Widely and safely explorable

Donor Lung “Standard”
without any extended criteria
(<10% of offer)

PGD: Primary graft dysfunction, vvECMO: venovenous Extracorporeal Membrane Oxygenation
Procedure Demands: Risks for PGD at implantation including Bypass, Bleeding, and Blood Transfusion

A chance “Lotus Land” 
Rare but possible to encounter

Fig. 9.7 Exploring safe donor-recipient matching and 
organ suitability. PGD Primary graft dysfunction, 
vvECMO venovenous Extracorporeal Membrane 

Oxygenation. Procedure Demands: Risks for PGD at 
implantation including Bypass, Bleeding, and Blood 
Transfusion
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lungs with certain marginality forms the founda-
tion of successful lung transplantation.

In view of frequency and clinical significance 
of “smoker donor lungs”, effort to obtain objec-
tive findings of smoker lungs at preliminary 
matching decision is worthy of mention. There 
are obvious limitations of inaccuracy of smoke 
exposure history and quantification of smoke 
exposure. However, detailed objective findings of 
“smoker lungs” can be obtained by chest images. 
Therefore, importance of “eyeballing” of CXR 
and Chest CT (Computed Tomography) images 
by expert and experienced lung transplant physi-
cians who make ultimate clinical decision in the 
complex clinical context cannot be underscored 
enough.

Focus should be on the degree of “smoker 
lungs” with the spectrum of anatomical emphy-
sematous changes and existence of incidental 
nodules to rule out malignancy. Wide anatomical 
spectrum of emphysematous change chronically 
progressive in decades are similar to the wide 
spectrum of atherosclerotic changes of cardio-
vascular disease. Depressed level of the dia-
phragm below the tenth rib, hyperinflation of the 
lungs without high peak end expiratory pressure 
(PEEP), enlarged intercostal space, and narrowed 
cardiac contour (“drop heart shadow”) are sug-
gestive findings on CXR. Chest CT findings of 
kissing of both lungs in the middle of the anterior 
mediastinum, diffusely increased lucency (CT 
density) of lung parenchyma, large heteroge-
neous areas of different lucency gradation can be 
identified.

Detection of small (<3 mm) nodules abutting 
visceral pleura is limited on CT. It is important at 
procurement to carefully palpate each side of 
lungs thoroughly standing from the contralateral 
side of the donor in old donors (>35 years old) 
with smoking history. Detection of small blebs at 
the apex can be feasible on CT but detection of 
small blebs abutting visceral pleura second most 
frequent at the superior segment of the lower lobe 
is limited on CT but easily resectable to prevent 
spontaneous pneumothorax. Bullous lung disease 
in the “smoker lungs” with emphysematous 
changes is different from bullous emphysema in 
that bullous lung disease has bullae with structur-

ally normal intervening lung, whereas bullous 
emphysema has bullae associated with more dif-
fusely abnormal lung parenchyma in the advanced 
form of the emphysema spectrum. Discrimination 
and quantification of consolidation whether atel-
ectasis, pneumonia, trauma, or pulmonary embo-
lism is limited on CT unless clear 
air-bronchograms or peripheral wedge shape are 
identified. It is also difficult on CT taken within 
2  days of the initial even to detect and qualify 
aspiration pneumonia which develops and estab-
lishes matured pneumonia in about 3–4 days.

9.4.3  Systematic Prevention of PGD 
at Making Cautious Clinical 
Decision on Organ Suitability

In a clinical context of certain recipient condi-
tions and procedural demands, questions at pro-
curement point toward how severe those acute 
injuries and inflammation are and how large areas 
are involved in those acutely injured lungs focus-
ing especially on aspiration pneumonia [27]. Our 
guiding principle for the physical and functional 
evaluation of donor lungs at procurement is that 
“all precious donor lungs are usable for trans-
plantation unless proved prohibitively injured.”

Our current contraindications at procurement 
after airway clearance by bronchoscopy and 
direct recruitment are; (1) continuous repooling 
of purulent secretions in a large area (>2/3 lobe) 
corresponding to infiltrations at inspection, (2) a 
non-resectable large area (>1/2 lobe) of consoli-
dation without aeration (organizing aspiration 
pneumonia, pulmonary infarct, and hemorrhagic 
parenchymal contusion), (3) poor compliance 
with peak inspiratory pressure (PIP) >28 cm H2O 
at tidal volume (TV) of 10  ml/kg ideal body 
weight on PEEP of 5. Most of the infiltrations 
suggesting aspiration pneumonia are identified in 
the right and left lower lobes. Another contraindi-
cation is a finding of diffuse bronchial mucosal 
inflammation with mucosal erosions at bronchos-
copy suggesting fulminant diffuse aspiration 
injuries and inflammation.

If one side of lungs is relatively intact, single 
lung transplantation is a meaningful and effective 
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treatment for selected recipients who can back up 
the primary candidate [72]. Of note, there are 
frail recipients such as elderly recipients who 
would not securely tolerate bailout ECMO 
because of reduced reserved vital function includ-
ing heart, liver, kidney, nutrition, blood, immu-
nity, coagulation and fibrinolysis, vascular, brain, 
and musculoskeletal. In such cases, the decision 
should stay in a conservative side (Fig. 9.7).

Our current guidelines for comfortable and 
confident final acceptance for donor lungs with 
aspiration pneumonia are up to 2/3 areas of single 
lobe and complete aeration of the area of infiltra-
tions at recruitment of Valsalva maneuver at 
30–35 cm H2O. How easily and how well areas of 
infiltrations with bogginess (moist areas without 
heaviness) are aerated and recruited is the most 
reliable finding from our experience. If it requires 
40 cm H2O of Valsalva pressure, generally sug-
gests contraindication. These findings usually 
correspond to selective lobar pulmonary venous 
PaO2 > 300 mmHg. Once decision is made, we 
try to tent the area of infiltrations and aspiration 
pneumonia with PEEP of 10 cm H2O and TV of 
<7 ml/kg ideal body weight keeping PIP < 25 cm 
H2O for protection (Table 9.4).

Poor compliance is worse warning finding 
than poor oxygenation. PaO2 is condition- 
dependent with a wide range of values, though 
objective numbers are helpful to communicate. 
Partial arterial carbon dioxide tension (PaCO2) 
constantly >45  mmHg with minute volume of 
10 ml/kg ideal body weight is contraindication. A 
drop test is to test compliance of the lungs by 
sudden cessation of positive pressure mechanical 
ventilation and exposure to atmospheric pressure 
by disconnecting mechanical ventilation tube 
from endotracheal tube for 10–30  s to see the 
compliance, recoil, and air-trapping of the lungs. 
Because almost all donor lungs have some boggi-
ness, slow recoil with 5–10 s to deflate, and some 
residual air up to 50% of lung volume at 10 ml/kg 
ideal body weight are acceptable. But, residual 
air >70% is our current contraindication. Caution 
needs to be exercised when oversized donor 
lungs have poor compliance (PIP 25–28 cm H2O) 
and residual air (50–70%) because this combina-
tion pauses a technical difficulty at sewing bron-

chial anastomosis: a difficulty in keeping space to 
accommodate the lung and keeping exposure 
angle for approximating and sewing anastomosis 
of the main bronchus. Larger donor lungs with 
poor compliance is contraindicated to a recipient 
with smaller chest cavity.

9.5  Preventive Measures 
at Procurement

After acute leading event to brain death, donor 
lung management protocols before procurement 
have been shown effective in improving rates of 
donor lung utilization (from 27 to 43% in one 
study, from 27 to 54% in one study) without 
increasing incidence of PGD or early mortality 
[73, 74]. Many advances have been made in 
measures at procurement and during ischemic 
storage and transportation reducing incidence 
and severity of PGD; notably use of extra-cellu-
lar low- potassium dextran flush solution 
(Perfadex®), plostagrandin E1 (PGE1), and ret-
rograde flush allowing up to 6–8 h cold ischemia 
safely [2, 16, 27].

9.5.1  Simple Implementation 
of Preventive Measures 
with more Attention 
to Protection from Alveolar 
Side at Procurement 
<<Hypothermia 
and Recruitment>>

Hypothermia with topical ice-cold saline, initial 
cold pulmonoplegia flush, and simple ice-cold 
immersion storage has been the gold standard of 
protective and preservative method for lungs up 
to 6–8 h, which has been the time-tested safe and 
reliable practice to prevent severe PGD. Attention 
and care need to be exercised to thermo insulat-
ing effect and floating effect of air uniquely 
inside of the lungs (Table 9.6). Hypothermia has 
its own well-known deleterious effect on lungs, 
however, warm ischemia causes tissue necrosis 
without any chance of recovery [2]. One basic 
study in 1993 showed that 10 degrees Celsius 
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storage provided better preservation for PGD 
[75]. Another basic study in 2014 showed that 
initial flush of room temperature solution and 
subsequent inflated storage on ice provided bet-
ter preservation for PGD than cold preservation 
[76]. These are interesting findings warranted for 
further studies, but so far, no further evidences 
have been collected. Large gaps remain to be 
filled to extrapolate from small animal lungs 
with different thermo insulating effect of air to 
large human lungs clinically accompanied with 
aspiration and other various acute injuries [54]. 
There is a practical pitfall of getting warm isch-
emia of lungs during the anastomosis for 
60–90 min with direct contact to chest wall and 
blood at warm body temperature if lungs are not 
cooled enough.

9.6  “Open Lungs” Cold Storage 
with Room Air

Lungs are unique organ with dual supply of oxy-
gen from alveolar side as well as from circula-
tion. Learned from successful practice of 
donation from determination of cardiac death 
(DCD) lung transplantation backed up with basic 
studies, lungs can be initially protected from ces-
sation of circulation by topical cooling and con-
tinued ventilation with reduced oxygen demand 
[77–84]. Initial cold pulmonoplegia flush can be 
delayed up to 30-60  min, which reinforces the 
importance of hypothermia and recruitment with 
maintained low alveolar oxygen to protect donor 
lungs from PGD (Table 9.6).

Lungs are also unique organ which have 
strong ability to keep V/Q (ventilation-perfusion) 
matching with auto-vasoconstriction, which 
implies that acutely injured most vulnerable areas 
of donor lungs without recruitment and aeration, 
especially areas of infiltrated aspiration pneumo-
nia, are not protected by initial antegrade cold 
pulmonoplegia flush in situ [85] (Table  9.6). 
Importance of recruitment of lungs before and at 
antegrade cold flush in situ especially in areas of 
non-aerated infiltrations can be visualized at the 
time of retrograde flush; larger amount of resid-
ual blood flushed back from the areas of non- 
aerated infiltrations. Recent experimental study 
in ventilation induced lung injury (VILI) in 
ARDS also suggested that in comparison to the 
“lung rest” strategy with residual atelectasis, the 
“open lung” strategy enhanced the protection 
from VILI-induced release of proinflammatory 
cytokines likely by protective apoptosis through 
the expression of mitogen-activated protein 
kinases (MAPKs) [86, 87] (Table 9.7).

Numerous experimental studies using intra-
cellular component pulmonoplegia with high 
potassium in 1990s showed deleterious effects of 
deflated lung preservation with increased edema. 
Increased tendency of edema and barotrauma of 
fully inflated lung preservation was also shown, 

Table 9.6 Lungs are unique solid organ at procurement

A.  Maintain low oxygen metabolism from oxygen in 
the alveolar side during cold ischemia before 
reperfusion
<<Dual supply of oxygen from both alveolar and 
endothelial sides>>

B.  Most vulnerable injured areas with infiltrations 
are NOT protected by antegrade pulmonoplegia 
<<Intrinsic auto-vasoconstriction to keep VQ 
(ventilation-perfusion) matching>>

C.  Contain air inside of lungs
<<Thermo insulating effect and floating effect of 
air>>.

Table 9.7 Keys to management of PGD

I.    Consistent Lung Protective Ventilation (Airway 
Clearance + Recruitment + Low Tidal 
Volume + PEEP)

II.    Cautious Clinical Decision—“Err on the side of 
Caution”

III.   Quantification of Aspiration Pneumonia and 
Inflammation at organ decision

IV.    Hypothermia and Recruitment (“Open Lung” 
Cold Storage with room air) plus 
Pulmonoplegia

V.   Controlled Slow Ventilation and Reperfusion 
in the first 10 min

VI.    Total Recipient Vital Organ Protection especially 
Lung and Kidney

VII.  Preemptive vvECMO (to keep PIP < 35 cm 
H2O, FiO2 < 0.6) and Damage Control if 
necessary

FiO2 fraction of inspired oxygen, PEEP peak end expira-
tory pressure, PIP peak inspiratory pressure, PGD pri-
mary graft dysfunction, vvECMO venovenous 
Extracorporeal Membrane Oxygenation
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thus recommending inflation with 50% Total 
Lung Capacity (TLC) for preservation [16, 88, 
89]. One recent animal study using current low 
potassium with dextran pulmonoplegia revisited 
optimal TV for preservation. It showed 75–100% 
of vital capacity (VC) had significantly better 
oxygenation with attenuated levels of IRI mark-
ers and significantly better preservation of lung 
surfactants in the alveolar space with caution of 
potential barotrauma [90]. In terms of optimal 
alveolar oxygen concentration for lung inflation 
at 8-h cold ischemia, one animal study in 2001 
found that feasibly lowest oxygen concentration 
(5% in the study, practically 21% at room air) 
showed lowest mitochondrial dysfunction and 
lowest lipid peroxidation. Oxygen concentration 
of 5% resulted in better preservation of lung 
function from reperfusion injury than 0% and any 
other higher concentrations [91]. Table 9.4 sum-
marizes our current approach for protection and 
preservation at procurement.

9.7  Preventive Measures 
at Implantation

9.7.1  Use of vaECMO Instead 
of Cardiopulmonary Bypass

Use of cardiopulmonary bypass at implantation 
has been one of the most impactful risk factors for 
PGD with a reported Odds Ratio (OR) of 3.4; 95% 
CI 2.2–5.3; P  <  0.001 [26]. Cardiopulmonary 
bypass circuit lacks blood biocompatibility of the 
endothelium. Blood continuously contacts with 
materials and air leading to activation of the com-
plement system by the classic and alternative path-
ways. Activation of the other systemic 
inflammatory responses also occur. As an alterna-
tive, ECMO with a heparin-coated circuit and new 
generation oxygen membrane without a cardiot-
omy reservoir has been gaining more utilization 
with improved outcomes [92]. With a lack of well-
devised randomized controlled studies, there have 
been arguments that cardiopulmonary bypass is an 
associated event of sicker recipients rather than a 
causative relationship [93, 94]. Nonetheless, retro-
spective studies and a meta- analysis showed use of 

vaECMO at implant result in equivalent or better 
short-term survival and better outcomes than car-
diopulmonary bypass in complications, PGD, and 
renal impairment [92, 95–99].

9.7.2  Controlled Ventilation 
Following Gentle Recruitment 
and Controlled Slow 
Reperfusion

Basic animal and clinical studies showed that 
lung graft function can be significantly improved 
using initial controlled slow reperfusion by low-
ering initial perfusion pressure by 50% with 
mPA  <  20  mmHg and 200  ml/min for 10  min. 
Modifications of leukocyte depleted, buffered, 
hypocalcemic, nitroglycerin- or PGE1-added, 
and nutrient rich perfusate, if feasible, were 
reported effective [100–104]. Basic animal stud-
ies also showed that gentle recruitment to TLC 
keeping <25 cm H2O for 2 min before reperfu-
sion, keeping initial low ventilation volume with 
20% of TV on PEEP of 5 cm H2O, keeping initial 
low ventilation pressure < 15 cm H2O, and keep-
ing initial low ventilation concentration of oxy-
gen <50% for the first 10 min of reperfusion can 
significantly reduce IRI after cold ischemia. 
Reperfusion with physiologic ventilatory pres-
sures resulted in poor function, whereas a 50% 
reduction in ventilatory pressure for the first 
10 min of reperfusion yielded function similar to 
non-ischemic controls [105–108] (Table 9.8).

Table 9.8 Recommended initial controlled slow ventila-
tion and reperfusion

  i.  Gentle recruitment to TLC keeping <25 cm H2O 
for 2 min before reperfusion

 ii.  Lowering initial reperfusion pressure by 50% 
with mPA < 20 mmHg and 200 ml/min for 
10 min

iii.  Keeping initial low ventilation volume with 20% 
of TV on PEEP of 5 cm H2O

 iv.  Keeping initial low ventilation pressure < 15 cm 
H2O

 v.  Keeping initial low ventilation concentration of 
oxygen <50% for the first 10 min of reperfusion

mPA mean pulmonary artery pressure, PEEP positive end 
expiratory pressure, TLC total lung capacity, TV tidal 
volume
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9.7.3  Preemptive Initiation 
of vvECMO for Severe PGD: 
Use of vvECMO not 
as a Salvage but a Preemptive 
Support to Protect Lungs 
as well as Other Vital Organs 
Especially Kidney

Historically, vaECMO was used for salvage from 
refractory hypoxemia and hemodynamic instabil-
ity due to severe PGD following lung transplanta-
tion. Complications are common including 
bleeding, limb ischemia, stroke, infection, and 
multiple organ failure with non-survivors 
reported if initiated later than 24 h of lung trans-
plantation [25]. Recently, vvECMO has gained 
popularity with potentially good survival if 
started early [109, 110]. In the past, a study 
showed that patients requiring vaECMO (45%) 
or vvECMO (55%) (7.6% of total recipients) had 
poor long-term survival with 30-day, 1-year, and 
5-year survival of 55 vs 58%, 39 vs 42%, and 22 
vs 29%, respectively [111]. However, the more 
recent development of a high-performance mem-
brane oxygenator and heparin-coated circuit 
together with preemptive strategy has led to 
improved results [2, 112]. A study from Duke 
group showed that patients requiring vaECMO 
(65%) or vvECMO (35%) (4.4% of total 522 
recipients in 1992–2004) had 30-day and 3-year 
survival of 7% vaECMO vs 88% vvECMO and 
0% vaECMO vs equivalent to non-ECMO in 
vvECMO, respectively with less complications 
in vvECMO. Recipients with vvECMO showed 
significant reduced PVR and improved hemody-
namic instability within 1–4 h. Most of the com-
plications with vvECMO involved renal failure 
but by hospital discharge, recovery of renal func-
tion with normal creatinine values were found. 
Incidence of BOS and acute rejection was equiv-
alent in patients with vvECMO to non- 
ECMO. However, peak FEV1 was significantly 
lower in vvECMO vs non-ECMO recipients with 
1.71  L (1.28–2.39) vs 2.66  L (2.24–3.24) 
(P = 0.006) [109]. Preemptive timely initiation of 
vvECMO may reduce potential toxicity of high- 
grade supportive care: high concentration oxy-
gen, high volume and pressure on mechanical 

ventilation, and high dose vasopressors compro-
mising lungs and other vital organs especially 
kidney.

A follow-up study from Duke group showed 
that patients requiring vvECMO (5.35% of total 
498 recipients in 2001–2009) had improved sur-
vival of 30-day, 1-year, and 5-year survival of 
82%, 64%, and 49%, respectively. Initiating 
vvECMO support was considered when support-
ing ventilatory requirement reaches at PIP of 
35 cm H2O and FiO2 content surpasses 0.60, or 
whenever copious pulmonary edema secretions 
develop. Freedom from BOS was 88% in 
vvECMO at 3 years and incidence of acute rejec-
tion was equivalent to non-ECMO but peak 
FEV1 was significantly lower with 2.0 L (58% 
predicted) in vvECMO vs 2.7 L (83% predicted) 
in non-ECMO recipients (P = 0.001). Strategies 
to improve lung allograft function in patients 
developing severe PGD are still needed [112].

A study using UNOS registry in 2015–2016 
showed 5.3% (107 out of 2001) recipients requir-
ing post lung transplantation ECMO were 
younger (56 vs 60  years old, P  =  0.007) with 
higher BMI (27.2 vs 25.8, P = 0.012), increasing 
ischemic time, and pre-transplantation ECMO 
support and with 62.2% 6-month survival. Post- 
transplantation dialysis was associated with mor-
tality. Six-month survival for recipients requiring 
post-transplantation ECMO with vs without dial-
ysis was 25.8% vs 86.7% (P < 0.001) [113].

As severe PGD appears injury-repair response 
complicated with edema, bypass, bleeding, blood 
transfusion, and multiple organ dysfunction, the 
armamentarium of surgical damage control 
including open chest management is also funda-
mental to secure successful management of 
severe PGD [114] (Table 9.7).

9.8  Conclusion

PGD appears to be a spectrum of injury-repair 
response involving IRI as a central role in the 
complicated and integrated background of donor 
lung conditions, recipient conditions, procedural 
insults, and donor-recipient immunological inter-
actions. Management of PGD has a pivotal role 
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to the successful outcomes and efficient use of 
limited organ pool in lung transplantation. Due to 
its complexity and a lack of appropriately pow-
ered clinical studies, there is no consensus guide-
lines for the treatment and management of PGD.

Without effective direct treatment or consen-
sus guidelines, management of PGD centers 
avoidance, prevention, and secure support by 
clinical decisions and measures scientifically and 
semi-empirically evidenced. Emphasis should be 
directed to cautious risk balance, simple compre-
hensive protective measures, and preemptive 
supportive measures for lungs as well as other 
vital organs especially kidney. With all consider-
able efforts in the field, safe expansional use of 
donor lungs with certain marginality has been 
successfully achieved, which steadily increased 
numbers of lung transplantation with improved 
outcomes.

In view of such critical significance of PGD, 
further studies warranted for many complicated 
facets of PGD.  Above all, large gaps exist 
between current clinical practices with variously 
injured lungs and basic animal studies with lungs 
without background complex injuries. Well- 
devised randomized controlled clinical trials fill-
ing those gaps are essentially needed.
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10.1  History

There were numerous attempts at kidney trans-
plantation before the first successful kidney 
transplant was performed in 1954  in Boston. In 
this procedure, a kidney was transplanted from 
one identical twin to another, providing proof of 
concept of the technical aspects of the kidney 
transplant. The recipient lived 8 years after trans-
plantation without the use of immunosuppression 
drugs. The donor died 56 years later, suggesting 
that donation of a kidney does not compromise 
longevity. The exchange of nonidentical live 
donor kidneys and deceased donor kidneys 
awaited the development of immunosuppressive 
medications to ameliorate the rejection response.

In the United States (US), besides the devel-
opment of immunotherapy as an important 
adjunct to the development of the field of kidney 
transplantation, two other developments were 
key: (1) the decision by the federal government to 
support the care of patients with end stage renal 
disease (this decision fostered both transplanta-
tion and renal replacement therapy), and (2) the 
development of the criteria for brain death. The 
implementation of the National Organ Transplant 
Act (NOTA) in 1984 established a central clear-

ing house for organ placement and data collec-
tion furthered this development. In many 
countries, key legislative developments have fos-
tered the growth of transplant activity. Examples 
include the support of the Spanish Government 
of the National Transplant Organization (ONT) 
and the Global Observatory which oversees 
Spanish transplant activity and serves as a reposi-
tory of transplant data from around the world; 
Spain’s emphasis has been on deceased donation 
with the development of a strong program of 
enhanced deceased donation that has served as a 
model and been adopted throughout the world. A 
second example is the collaborative approach in 
Iran between the medical community, the gov-
ernment and religious leaders, which has facili-
tated the establishment of an active deceased 
donor program that had little activity prior to 
2010.

10.2  Global Burden of Disease

It is estimated that two million people die each year 
with end stage renal disease, and that more than 
200 million people worldwide have chronic kidney 
disease (CKD). The exact number of patients with 
CKD is unknown; this highlights the reality that 
most patients with renal failure do not have access 
to renal replacement therapy. The highest rates of 
CKD are in Latin America, Asia and Sub-Suharan 
Africa [1]. In Mexico, CKD ranks second to isch-
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emic heart disease in terms of life years lost and 
more than 50% of patients with CKD have diabetes 
[2]. There has been a transition in lower to middle 
income countries away from communicable dis-
eases to noncommunicable chronic diseases which 
include ischemic heart disease, diabetes mellitus, 
chronic kidney disease, obesity and hypertension 
[3]. Renal replacement therapy is expensive and 
often available to only a small portion of a popula-
tion unless there is support from the government or 
extensive insurance coverage. In the case of middle 
and high resourced countries, renal replacement 
therapies exist, but access depends on coverage. In 
low resourced countries, only a few individuals 
may have access to treatment. It is estimated that 
fewer than 5% of the half million new cases of 
ESRD in Sub-Suharan Africa gain access to even 
limited dialysis [1]. It has been reported that 100 
countries which represent a population greater than 
1 billion people have no provision for renal replace-
ment therapy. The global estimate of the prevalence 
of CKD is 3–18%, with a female predominance, 
and a larger contribution by elderly adults. The 
approach of the ministries of health to the problem 
of chronic kidney disease has largely been to begin 
with support of renal replacement therapy. While 
this approach has short- term benefits in extending 
the lives of patients with chronic kidney disease, it 
has also fostered the proliferation of private renal 
replacement enterprises without the concomitant 
development of transplant capabilities (see national 
self-sufficiency below). In addition to having a 
positive effect on survival, kidney transplantation is 
cost effective when compared to renal replacement 
therapy.

10.3  Worldwide Kidney 
Transplantation Activity

In 2016 there were 126, 000 solid organ trans-
plants performed globally [4]. It is estimated that 
this represents 10% of the global need. The 
majority of these transplants- 85,000 transplants- 
are kidney transplants, and were performed in 
103 countries as reported to the Global 
Observatory in Transplantation [4]. There are 
two potential sources of kidney donors- living 

and deceased donors. Most countries have a com-
bination of both deceased and live donors. For 
example, in the US, 40% of kidney transplants 
are performed using organs from live donors and 
60% are done using kidneys from deceased 
donors. Other countries with mixed (live and 
deceased) donation include Korea and Iran. In 
other countries there is a preponderance of either 
live (Turkey, Pakistan, Philippines, Japan, and 
Mexico) or deceased (Spain and Croatia). For 
countries to realize self-sufficiency, it is likely 
they will need to develop both donor sources.

The results for live donor kidney transplant 
are superior to that from deceased donation. 
However, the use of live donors introduces the 
potential for donor harm or donor exploitation 
through forced donation or coercion. Success of a 
live donor program mandates careful evaluation 
of the donor, transparency of donor complica-
tions, and commitment to long term monitoring 
of the donor. The establishment of a deceased 
donor program, on the other hand, requires exten-
sive governmental support to establish brain 
death legislation, organ procurement units, regis-
tries for patients awaiting transplantation, and 
transparent distribution algorithms. Robust 
deceased donor programs also require public 
trust and active community involvement in this 
identification of donors and support for donor 
families. Regardless of the donor source, long 
term recipient follow up and transparency regard-
ing morbidity and mortality are essential. It is 
also clear that durable success in kidney trans-
plantation requires long-term immunosuppres-
sion with concomitant toxicities and compliance 
challenges. Attempts to wean immunosuppres-
sion have been largely unsuccessful in kidney 
transplant; protocols for tolerance induction are 
being developed and may ultimately prove useful 
in avoiding or decreasing immunosuppression.

10.4  Technical Aspects of Kidney 
Transplantation

The principles behind the technical aspects of the 
kidney transplant operation are to provide opti-
mal arterial inflow, venous outflow, and urinary 
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drainage. Although simple in concept, the 
achievement of these goals may be challenging in 
specific patients. The standard operative approach 
is to perform the kidney transplant in the retro-
peritoneal approach with a right or left lower 
quadrant incision and development of the retro-
peritoneal space. Most commonly the iliac ves-
sels are used for arterial inflow and venous 
outflow and the host bladder for urinary conti-
nence. The intraperitoneal approach is used in 
small children or in patients whose iliac vessels 
have been previously been used for transplant or 
for other procedures. Recently, a robotic approach 
has been suggested in transplantation of the obese 
or frail recipient which may lead to fewer wound 
complications and could subject patients to a less 
invasive procedure [5]. Typically an end to side 
renal artery to external artery anastomosis is 
fashioned; alternatively an end to end anastomo-
sis to the internal iliac vessel may be done or the 
common iliac may be used for inflow. The choice 
for the inflow depends on the degree of calcifica-
tion and caliber of the inflow vessel. In patients 
less than 10  kg, the aorta is used for inflow. A 
preoperative non-contrast CT scan may be used 
to assess the integrity of the iliac vessels and plan 
the operative approach.

A history of deep venous thrombosis, pulmo-
nary embolism or finding of unilateral leg swell-
ing may dictate a venogram or ultrasound to 
evaluate for venous obstruction or occlusion. 
Both the arterial and venous anastomoses are 
done with fine vascular suture and care to avoid 
strictures. Urinary continuity is usually accom-
plished by an ureteroneocystomy; if the bladder 
is very small or scarred, an ureteroureterostomy 
is fashioned using native ureter and a stent. 
Preoperative evaluation of the bladder and assur-
ance that it empties may need to be performed if 
bladder function is in question. In patients with a 
neurogenic or inadequate bladder, an augmenta-
tion procedure or an ileal conduit may be neces-
sary prior to consideration for transplantation. 
The ureteroneocystotomy is usually reinforced 
with an overlying muscle layer of bladder in an 
attempt to decrease the incidence of ureteral 
reflux.  The donor operation for live donor kid-
ney transplantation is generally done with a lapa-

roscopic approach [6]. Most commonly the left 
kidney is used to benefit from its longer vein. If 
one kidney appears smaller or has other abnor-
malities (such as cysts), the less optimal kidney is 
used for donation. There are a few reports of the 
donor procedure performed with robotic 
technique.

10.5  Complications

After kidney transplantation, patients are suscep-
tible to a variety of medical and surgical compli-
cations. As with any operation, routine 
complications in the immediate post-operative 
period include infection, venous thromboembo-
lism, and bleeding. In the long term, due in part 
to side effects from the immunosuppression regi-
men required after transplantation, kidney trans-
plant recipients may also develop medical 
conditions such as hypertension, hyperlipidemia, 
tremors, infections, and de novo diabetes. The 
subsequent discussion of complications after kid-
ney transplantation will focus on those that are 
both specific to kidney transplantation and gener-
ally technical in nature.

10.5.1  Vascular

Inadequate hemostasis may lead to hematoma 
formation after kidney transplantation. While the 
majority of hematomas are small and incidental, 
re-operative intervention is indicated in the pres-
ence of hemodynamic instability, of compro-
mised graft function related to compression of 
the graft secondary to hematoma, and for graft 
rupture. Anticoagulants such as heparin and anti- 
platelet agents such as aspirin and clopidigrel 
have been associated with a greater risk of hema-
toma formation after kidney transplantation [7]. 
Hematomas may also occur after biopsy of the 
transplanted kidney; cessation of antiplatelet 
agents has been shown to decrease the incidence 
of minor biopsy-associated complications [8].

Arterial complications include transplant renal 
artery thrombosis and stenosis. Renal artery 
thrombosis is rare and is most often due to techni-

10 Kidney Transplantation



174

cal complications such as kinking. Renal artery 
stenosis, on the other hand, is the most common 
vascular complication after kidney transplanta-
tion [7], occurring 3 months to 2 years after trans-
plantation [9] with an incidence as high as 23%. 
The manifestations of transplant renal artery ste-
nosis (TRAS) most commonly include worsening 
hypertension, with radiographic findings of arte-
rial stenosis. Etiologies of TRAS include fibrosis 
(40%), donor artery atherosclerosis (27%), and 
renal artery kinking (21%) [10]. A stenosis of 
>70% warrants intervention [7], typically with 
angioplasty and stenting or surgical revision.

Unlike arterial complications, renal vein com-
plications are almost immediately evident. Renal 
vein thrombosis is typically caused by kinking of 
a long left renal vein or compression of a short 
right renal vein and manifests as the abrupt onset 
oliguria followed by hematuria. If untreated, the 
sequalae associated with renal vein thrombosis 
can lead to life threatening graft rupture. Surgical 
correction is almost always mandated. The place-
ment of a right renal graft with a short vein placed 
low in a patient with a narrow pelvis may increase 
the risk of renal vein thrombosis.

10.5.2  Lymphatic

Lymphocele formation after kidney transplanta-
tion is common, with an incidence ranging from 
2–50%, and occurs as a result of leaking lym-
phatics which have been divided overlying the 
iliac vessels. It is thought that lymphocele forma-
tion after kidney transplantation might be due, in 
part, to immunosuppression which compromises 
the normal healing process and fails to seal any 
leaky lymphatic channels. Lymphoceles gener-
ally occur within 1 week to 6 months following 
transplantation and may be more common during 
rejection episodes. They may present in a variety 
of ways including urinary frequency, unilateral 
leg edema, deep vein thrombosis, and graft dys-
function secondary to compression. While often 
asymptomatic, structurally significant lympho-
celes can result in graft compression and/or pre-
cipitate infection or rarely the development of a 
lymphocutaneous fistula, particularly within the 

wound bed. Generally, lymphoceles recur after 
percutaneous aspiration or drain placement. 
Either open or laparoscopic creation of a perito-
neal fenestration to facilitate drainage and reab-
sorption into the intraabdominal cavity provides 
more durable therapy.

10.5.3  Ureteral

The incidence of urologic complications after 
kidney transplantation ranges from 1 to 15% and 
includes ureteral leaks, strictures and reflux in 
addition to urinary tract infections, hematuria, 
urinary calculi, obstruction, retention, and devel-
opment of urologic malignancies. We will focus 
here on ureteral leaks, strictures and reflux.

The native ureter is supplied by both renal and 
pelvic vasculature, while the transplant ureter is 
supplied only by the renal artery anastomosis. As 
a result, the distal ureter is most prone to isch-
emia and extra care must be taken to preserve any 
superior or inferior pole arteries that could be the 
primary, or a significant, source of blood flow to 
the ureter.

Ureteral leaks have an incidence of 1–3%; 
early leaks (within the first 24 h) are most often a 
result of technical errors, while late leaks (within 
the first 14 days) are more often due to ischemia. 
Leaks often manifest as a cessation of urine out-
put in association with wound drainage, increased 
drain output, or development of a new fluid col-
lection. Diagnosis is confirmed by sending the 
fluid for creatinine; imaging with CT scan or 
MAG-3 study can also aid in the diagnosis. Non- 
operative management consists of stenting and 
foley catheter placement. The approach to opera-
tive management depends on the extent of ureter 
necrosis. If no necrosis is observed and the leak 
appears due to a technical flaw with the anasto-
mosis, the defect can be primarily repaired with 
interrupted sutures. However, any amount of 
necrosis mandates resection of the necrotic por-
tion; a small resection can be followed by simple 
reimplantation, but if the necrosis is extensive 
and the anastomosis cannot be made tension free, 
a more extensive repair involving mobilization of 
the bladder is warranted.
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The incidence of ureteral stenosis is approxi-
mately 3% [11]. These complications are thought 
to be caused by one of three mechanisms: (1) 
external compression; (2) intrinsic ischemia; (3) 
intraluminal obstruction [7]. Ureteral stenoses 
may occur at any time after kidney transplanta-
tion and have been associated with several risk 
factors including donor age, >2 renal arteries, 
and delayed graft function [12]. Ureteral stenosis 
manifests as a gradually increasing creatinine 
and hydronephrosis on ultrasound. Endoscopic 
stenting is typically the first line treatment modal-
ity. Recurrent strictures usually require open sur-
gical revision. Ureteral reflux refers to urine 
passing from the bladder back into the ureter with 
bladder contraction. This reflux may lead to 
infection of the upper urinary tract with pyelone-
phritis. The overlay of the bladder muscle on top 
of the ureter as it enters the bladder at the time of 
transplant may prevent this complication. Urinary 
revision with an anti-reflux muscle tunnel may be 
indicated.

10.5.4  Rejection

The most important complication after kidney 
transplant is rejection. Acute rejection, mani-
fested by rise in creatinine, decreased urine out-
put, weight gain and hypertension may be the 
result of either a cellular mediated process or the 
development of antibody mediated rejection. A 
biopsy confirms the diagnosis and enables clas-
sification and grading of the process; this in turn 
dictates therapy and provides prognosis.

Severe acute rejection, with both interstitial 
and vascular involvement, carries a poor progno-
sis. Similarly, chronic rejection graft fibrosis, 
interstitial infiltrate, and the development of anti- 
donor antibodies carries a poor prognosis. 
Approximately 40% of grafts are lost due to 
immunological mechanisms and retransplanta-
tion for chronic rejection represents 20% of kid-
ney transplants undertaken in the U.S. Compliance 
is an important issue in chronic graft loss. Non- 
compliance due to patient choice or to an inabil-
ity to afford immunosuppression drugs is a major 
challenge for the field.

10.6  Immunosuppression

In the initial era of kidney transplantation in the 
1960s, the mainstays of immunosuppression 
were azathioprine and corticosteroids. 
Azathioprine is an imidazolyl derivative of 
6-mercaptopurine that inhibits DNA and RNA 
synthesis by suppressing purine synthesis and 
inhibits lymphocyte proliferation. Steroids were 
originally only used to treat episodes of acute 
rejection, but were quickly administered along-
side azathioprine as immediate post-transplant 
immunosuppression. The precise mechanism of 
action of steroids remains incompletely under-
stood, but they provide potent immunosuppres-
sive and anti-inflammatory effects through 
suppression of IL-2 activity and monocyte inhibi-
tion, respectively. The use of steroids and azathi-
oprine combination allowed kidney transplant to 
extend beyond identical twin transplants into 
other live donor sources as well as to deceased 
donors.

In the late 1970s, cyclosporine was discovered, 
which ushered in the era of calcineurin inhibitor 
therapy. Renal transplant results greatly improved 
with cyclosporine and allowed for transplant of 
other solid organs. Soon thereafter in the 1980s, 
monoclonal T-cell depleting antibody therapies 
became feasible, ultimately leading to the concept 
of induction immunosuppression. At the present 
time, the typical immunosuppression regimen fol-
lowing kidney transplantation begins with induc-
tion with a T cell depleting agent or an IL-2 
receptor antagonist (IL2RA) followed by double 
or triple maintenance therapy with a calcineurin 
inhibitor, antiproliferative agent, and steroids.

10.6.1  Induction

The purpose of induction therapy is to minimize 
the risk of acute rejection, which has been associ-
ated with decreased graft survival. In the United 
States, lymphocyte depleting agents such as anti-
thymocyte globulins (ATG) are used in the major-
ity of kidney transplant recipients, while in 
Europe, induction with an IL2RA agent such as 
basiliximab is more prevalent.
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Polyclonal antibody preparations include ATG 
derived from rabbits and horses. Because these 
preparations include a wide variety of antibodies, 
their mechanism of action is multifactorial and 
incompletely understood. It is believed that these 
antibodies act on multiple pathways including anti-
gen recognition, adhesion, and costimulation [7].

Conversely, monoclonal antibodies focus on a 
single target. Muromonab (OKT3) was the initial 
monoclonal antibody used in kidney transplanta-
tion and targeted CD3. As of 2009 it is no longer 
commercially available in the United States due 
to an unfavorable side effect profile. IL2RA 
agents are also referred to as anti-CD25 agents. 
The two most common anti-CD25 drugs were 
daclizumab and basiliximab, however dacli-
zumab is no longer commercially available. A 
widely cited Cochrane review published in 2010 
by Webster et al. looked at randomized controlled 
trials comparing induction therapy with IL2RA 
versus placebo, no treatment, or other antibody 
therapy [13]. Compared with placebo, graft loss 
after IL2RA treatment was reduced by 25% at 
6 months and 1 year, with concomitant reduction 
in biopsy-proven acute rejection (BPAR) at 
1 year and a decrease in the incidence of CMV 
infection. When IL2RA treatment was compared 
with ATG, there was no difference in graft loss or 
clinical rejection, but ATG was associated with a 
decreased risk of BPAR, as well as an increased 
risk of malignancy and CMV infection [13].

The other primary monoclonal antibody ther-
apy is rituximab, a chimeric anti-CD20 monoclo-
nal antibody. CD20 is involved in B-cell 
activation, so rituximab is typically used as an 
induction agent in sensitized patients. More com-
monly, it is used as an adjunct therapy in treating 
antibody mediated rejection and as treatment for 
post-transplant lymphoproliferative disorder.

10.6.2  Maintenance

The purpose of maintenance therapy after kidney 
transplantation is to reduce the immune response 
to the allograft without generating the comple-
ment of side effects associated with intense 
immunosuppression used for either induction or 

rescue therapies. The mainstay of maintenance 
immunotherapy is treatment with calcineurin 
inhibitors.

Cyclosporine was developed in the 1970s and 
tacrolimus was clinically utilized beginning in 
the 1990s. Both act by inhibiting the phosphatase 
activity of calcineurin that prevents the transloca-
tion of nuclear factor of activated T cells, which 
in turn prevents IL-2 gene transcription and sub-
sequently inhibits T cell activation. Cyclosporine 
binds to cyclophilin, while tacrolimus binds to an 
intracellular protein, FKBP-12. Both cyclospo-
rine and tacrolimus have a narrow therapeutic 
index and require frequent monitoring. 
Unfortunately, both agents are also associated 
with a variety of side effects including nephro-
toxicity, neurotoxicity, hypertension, hyperlipid-
emia, and diabetes.

Another cornerstone of maintenance immuno-
suppression is mycophenolate, an antiprolifera-
tive agent which has replaced azathioprine. 
Mycophenolate is a reversible, non-competitive 
inhibitor of inosine 5′-monophosphate dehydro-
genase. This enzyme is the rate-limiting step in 
guanine nucleotide synthesis, so inhibition halts 
DNA synthesis and subsequently depresses T and 
B cell proliferation. Side effects are primarily 
gastrointestinal in nature (abdominal pain, diar-
rhea) and myelosuppression.

Steroid therapy was mentioned previously, 
and is often continued in a low dose for patients 
on triple maintenance immunosuppression. Some 
centers, however, are moving towards steroid free 
maintenance regimens, as a result of the signifi-
cant side effect profile associated with long term 
steroid use.

More recently, the mammalian targets of 
rapamycin (mTOR) inhibitors sirolimus and 
everolimus have been used in addition to, or in 
place of, calcineurin inhibitors. Both sirolimus 
and everolimus act by binding to FK506-binding 
protein 12, which interferes with downstream 
signaling and cytokine activation, ultimately 
inhibiting lymphocyte growth and proliferation. 
While mTOR inhibitors have yet to replace calci-
neurin inhibitors in maintenance immunosup-
pression, they have been associated with a small 
but significant decrease in the development of 
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overall post-transplant malignancy and in non- 
melanoma skin cancer specifically. Aside from 
proteinuria, the most concerning complication of 
mTOR inhibitors is their impact on wound heal-
ing. As a result, most recipients are transitioned 
to mTOR inhibitors in the first month or two fol-
lowing transplantation, when it is presumed that 
the anastomoses and wound are adequately 
healed.

Increasingly, the important role of antibody 
mediated rejection has been identified as an 
important factor in graft loss. There is great inter-
est in its classification and treatment. The devel-
opment of donor specific antibodies is a 
prognostic factor for graft loss. Rituximab and 
plasmapheresis may be used once a patient has 
developed donor specific antibodies.

10.7  National Self-Sufficiency

Organ shortage remains the most pressing issue 
in transplantation; in the US, nearly 7000 people 
die each year awaiting transplantation, and a sim-
ilar phenomenon is observed in countries 
throughout the world. Since the early 2000s, the 
World Health Organization (WHO) has empha-
sized the importance of national self-sufficiency. 
The concept of self-sufficiency is that countries 
can meet the transplant needs of their citizens and 
residents through donors from their own popula-
tion, and through regional collaboration. The 
importance of self-sufficiency is that it provides 
all the transplant needs from within a given coun-
try and eliminates the need to rely on the popula-
tion or practices of another country as an organ 
source [14].

Self-sufficiency can realistically be obtained 
through robust deceased donor programs, as seen 
in countries such as the US, England, and Spain, 
but it can also be achieved through optimization 
of living donor transplants. For countries with 
robust deceased donor practices, utilization of 
marginal or high-risk donors has been one strat-
egy used to increase the number of donor organs. 
In Spain, improved utilization of donation after 
cardiac death donors and older donors has led to 
an enormous overall increase in donor organs. In 

countries with fledgling deceased donor pro-
grams, however, increasing deceased donation 
can be difficult—often due to social, cultural, and 
religious beliefs. In Korea, implementation of a 
national reporting mechanism for all potential 
brain dead donors increased deceased donors sig-
nificantly (from 148 deceased donors in 2007 to 
408 deceased donors in 2012) [15]. Perhaps the 
best example of this transformation is in Iran. 
After brain death was officially recognized in 
2000, the rate of deceased donors increased dra-
matically. Now, at Namazi hospital in Shiraz, 
more than 92% of kidney transplants are per-
formed using organs from deceased donors. 
There is no monetary compensation for donation, 
but the families of the deceased are honored, the 
donor is buried in a martyr’s graveyard, and fam-
ily members also receive priority access to health 
care services [15].

In 2011, Delmonico, Dominguez-Gil and col-
leagues proposed that national self-sufficiency 
required five factors: (1) national legislation and 
regulatory oversight; (2) deceased donation prac-
tice integrated into the healthcare system; (3) 
ethical living donation system; (4) donation/
transplantation practices aligned with interna-
tional health organization standards; and (5) pre-
ventative medical practices to curtail the 
development of end stage organ failure [14]. The 
previously mentioned examples highlight the 
importance of tailoring efforts toward self- 
sufficiency according to the needs of individual 
countries. While international oversight from 
organizations such as the WHO and The 
Transplantation Society (TTS) is essential, strong 
advocates for self-sufficiency must come from 
within each country as well, in order to both iden-
tify and implement best practices.

10.8  Organ Trafficking

In 2004, the WHO issued a call to member states 
to “protect the poor and vulnerable from trans-
plant tourism and to address the wider problem 
of international trafficking of human organs and 
tissues”. In response, in 2008, TTS and the 
International Society of Nephrology (ISN) con-
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vened a summit in Istanbul to create a declara-
tion defining organ trafficking and transplant 
tourism and to achieve consensus on principles 
of practice. This meeting generated the 
Declaration of Istanbul (DOI), which was 
endorsed by more than 135 professional societ-
ies and has served as an ethical compass for the 
transplant community for the past 10 years. The 
Declaration of Istanbul Custodian Group 
(DICG) was formed in 2010 and charged with 
promoting and implementing the principles of 
the declaration across the world. In 2017, the 
Pontifical Academy of Sciences (PAS) of the 
Vatican City convened the Summit on Organ 
Trafficking and Transplant Tourism. This gath-
ering of international physicians, ethicists, and 
jurists culminated in the issuance of a statement 
officially condemning organ trafficking and rec-
ognizing it as a crime against humanity. In 
March 2018, the DICG called for increased 
investigation and reporting of patients who have 
traveled abroad for transplantation, in order to 
provide better care for this patient population 
[16]. And in June 2018, the DICG issued an 
updated edition of the DOI, with further detail 
and clarification of definitions and guiding 
principles.

The 2018 DOI defines organ trafficking as fol-
lows [17]:

 (a) removing organs from living or deceased 
donors without valid consent or authoriza-
tion or in exchange for financial gain or com-
parable advantage to the donor and/or a third 
person;

 (b) any transportation, manipulation, transplan-
tation or other use of such organs;

 (c) offering any undue advantage to, or request-
ing the same by, a healthcare professional, 
public official, or employee of a private sec-
tor entity to facilitate or perform such 
removal or use;

 (d) soliciting or recruiting donors or recipients, 
where carried out for financial gain or com-
parable advantage; or.

 (e) attempting to commit, or aiding or abetting 
the commission of, any of these acts.

According to the WHO, over 125,000 trans-
plants are performed each year and approxi-
mately 10% of transplants occur as part of 
international organ trade [18]. The majority of 
these are kidney transplants, and countries known 
to be engaging in various forms of organ traffick-
ing include Pakistan, India, China, and the 
Phillipines [18]. Quantifying the exact burden of 
organ trafficking, identifying vulnerable popula-
tions of potential donors, and prosecuting the 
individuals and organizations that enable organ 
trafficking has remained challenging, due largely 
in part to the covert nature of these operations. As 
a result, the majority of information on organ 
trafficking comes from media reports or state-
ment papers from societies such as the WHO, 
TTS, or PAS.

To circumvent this dearth of information, 
Delmonico published an overview of interna-
tional organ trafficking activities in 2009 [19]. In 
this review, he described a variety of practices 
taking place throughout the world, including the 
use of organs from executed prisoners in China (a 
practice that has ceased as of the writing of this 
chapter), utilization of deceased donor livers in 
Columbia in excess of that required to support 
the Columbian population alone, living unrelated 
donor vendors in Iran, and travel largely from the 
United States and Canada for organ purchases 
abroad [19]. As evidenced by these examples, the 
DOI is violated in a variety of ways throughout 
the world, which adds an additional layer of com-
plexity to implementing and upholding its 
principles.

While efforts to identify and eradicate organ 
trafficking internationally have continued over 
the past decade, a new area of interest has 
emerged in the United States: travel for trans-
plantation. Travel for transplantation and trans-
plant tourism are phenomena related to organ 
trafficking. Travel for transplantation is defined 
by the WHO and DOI as, “the movement of 
organs, donors, recipients or transplant profes-
sionals across jurisdictional borders for trans-
plantation purposes” [20]. Travel for 
transplantation becomes transplant tourism when 
trafficking of persons is introduced or when the 
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allocation of organs to non-resident patients 
undermines a country’s ability to achieve self- 
sufficiency in organ transplantation [21]. 
Transplant tourism is internationally regarded as 
an unethical practice.

In the US, travel for transplantation comes 
occurs in both imports and exports: (1) imports: 
transplant of foreign nationals in the US, and (2) 
exports: US residents or citizens who travel 
abroad for transplantation. The latter is not well 
described, but the former has become increas-
ingly discussed, particularly as organ allocation 
policies continue to evolve. Transplant centers 
are allowed to perform transplants in non-citizen, 
non-resident patients; historically, these cases 
were limited to 5% of the center’s total transplant 
volume. In 2014, this policy changed and 
removed the 5% restriction but mandated report-
ing of whether recipients had traveled to the US 
specifically for the purpose of undergoing trans-
plantation. In 2018, Ascher et  al. examined the 
phenomenon of transplants performed in the US 
in non-resident, non-citizen recipients between 
2013 and 2016 [22]; 1176 transplants were per-
formed in this cohort, constituting 2% of the total 
transplant volume in the US during that time 
period. Approximately 50% of the non-resident, 
non-citizen patients who underwent transplanta-
tion during the study period had traveled to the 
US with the explicit purpose of undergoing trans-
plantation. A subsequent study by Goldberg et al. 
examined outcomes after transplantation in for-
eign national patients and found that, compared 
with US residents, non-resident, non-citizen liver 
transplant candidates were less likely to die or be 
removed from the waitlist, had lower post- 
transplant mortality, and were more likely to be 
lost to follow up after transplantation [22].

Travel for transplantation, transplant tour-
ism, and organ trafficking remain significant 
problems facing the international transplant 
community. In order to maintain the trust of the 
public, honor the gifts of both living and 
deceased donors, and safeguard the reputation 
of our field, we must remain engaged and vigi-
lant with regard to these complex ethical, legal, 
and political issues.

10.9  Conclusion

Since the first successful transplant in 1954, kid-
ney transplantation has driven the global devel-
opment of the entire field of solid organ 
transplantation. This phenomenon is due to the 
global burden of kidney disease and to the immu-
nogenicity of the kidney, which has propelled the 
study of rejection and tolerance and fueled the 
development of better immunosuppressants. In 
high income societies, the current focus in kidney 
transplantation is optimizing access, utilizing 
marginal donor organs to increase organ avail-
ability, and finding new ways to increase graft 
longevity. In lower income societies, however, 
fundamental issues such as access to transplanta-
tion and protection of donors and their families 
remain at the forefront. As we promote and 
encourage the implementation of self-sufficiency 
across the world, it is our hope that disparities in 
access to kidney transplantation and the exploita-
tion of vulnerable donor populations will 
dissipate.
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Surgical Complications after 
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11.1  Introduction

11.1.1  Intraoperative Complications 
of External Iliac Arterial 
Dissection

Traumatic external iliac artery dissection (EIAD) 
after renal transplant is a rare complication, but it 
should be treated immediately due to its devastat-
ing effects on graft and lower limb circulation. 
External iliac artery dissection is seen more in 
recipients with diabetes mellitus and comorbid 
diseases. Vascular atherosclerosis and cardiomy-
opathy are predisposing factors for EIAD. Besides 
senility, hypertension, dyslipidemia, smoking, 
and diabetes, many other risk factors (like ane-
mia, microalbuminemia, and oxidative stress) 
may play a role in EIAD in patients with end- 
stage renal disease. External iliac artery dissec-
tion after renal transplant appears with 

hypertension, sudden pain in lower limbs without 
pulse, oliguria, or anuria. Graft artery and femo-
ral artery blood flow cannot be visualized by 
Doppler ultrasound. Recipients with EIAD 
should be treated immediately by percutaneous 
angioplasty or surgical reconstruction. In the lit-
erature, some cases have been treated by percuta-
neous angioplasty and stenting and/or 
endarterectomy [1]. The other treatment option is 
reconstruction with expanded polytetrafluoroeth-
ylene (ePTFE) graft. In our center, EIAD compli-
cations have occurred in only 2 patients. Both 
cases were due to vascular clamping, and we 
treated the patients with expanded polytetrafluo-
roethylene graft reconstruction technique 
(Fig.  11.1). The dissected part of the external 
iliac artery was resected and replaced with a 6- to 
8-cm × 8-mm PTFE graft using 6/0 Prolene. The 
renal artery was then anastomosed to the PTFE 
graft with 7/0 Prolene continuously. Both patients 
were doing well at follow-up with normal kidney 
function (Fig. 11.2a and b).

11.2  Postoperative Vascular 
Complications

Vascular complications can result from renal 
graft vessels (renal artery thrombosis, renal vein 
thrombosis), the native vessels (iliac artery 
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thrombosis, pseudoaneurysms, deep venous 
thrombosis), or both.

Refinement of the operative technique for kid-
ney transplant has greatly reduced surgical com-
plications, morbidity, and mortality rates in 
recipients. In particular, significant progress has 
been made regarding methods of vascular anasto-
mosis. The introduction of the Carrel patch vas-
cular technique by Alexis Carrel in 1902 is 
considered one of the most important steps in 
transplant surgery [2]. Some vascular complica-
tions associated with renal transplant procedures 
can be managed with percutaneous techniques. 
Others call for urgent surgical intervention 
because of possible graft loss if treatment is not 
swift and appropriate. The incidence of vascular 
complications has been reported to be as high as 

30% during early stages of transplant develop-
ment, whereas currently the incidence rate is 
0.8–6% [3].

According to Clarke and associates [4], Starzl 
(1964) mentioned 1 patient who survived removal 
of a pulmonary embolus and complications of the 
vena cava for 2 months, during which the kidney 
functioned, but at necropsy the renal vein was 
occluded by thrombus, which extended to its 
smallest branches. Another group (Smellie and 
associates, 1968) attempted to visualize the renal 
vein by pertrochanteric venography in 3 trans-
plant recipients. In all 3 patients, the renal vein 
was thought to be patent, although only its termi-
nal portion was demonstrated as such. Other 
groups reported by Clarke and associates 
included Walsh, who described arterial 

a b

c d

Fig. 11.1 (a) Dissection of Left Common Iliac Artery 
and Occlusion of the Dissected External Iliac Artery; (b) 
Dissected External Iliac Artery; (c) Inside of Dissected 

External Iliac Artery; (d) External Iliac Artery Is Replaced 
With Expanded Polytetrafluoroethylene Graft
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 complications but did not mention thrombosis of 
the renal vein in 1969, and Khastagir and associ-
ates, who mentioned 2 patients in 1969 in which 
thrombosis of the renal vessels occurred as part 
of the rejection process, although the investiga-
tors did not specifically describe the renal veins. 
Finally, Owen in 1969 suggested that, if diag-
nosed early enough, it was worthwhile to explore 
thrombosed anastomoses but that it was not often 
possible to obtain a viable kidney.

In Turkey, the first living donor kidney trans-
plant was performed by Haberal and team on 
November 3, 1975. Since 1975, Haberal has 
described different vascular anastomosis tech-
niques. From November 1993 to December 2003, 

his group performed end-to-side or end-to-end 
anastomoses using the 4 quadrant running suture 
technique [5]. After December 2003, he defined 
corner-saving renal artery anastomosis [6]. In his 
series, arterial complication rates are 0.35% for 
thrombosis and 0.7% for stenosis.

11.2.1  Postoperative Iliac Artery 
Dissection

The dissection of the iliac artery is a rare compli-
cation. A few cases have been reported in the lit-
erature [7–9], and one of our patients also 
presented with this complication. Seven days 
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after transplant, immediate surgery was required. 
After exploration, the renal artery was separated 
from the external iliac artery. The kidney was 
then flushed with histidine-tryptophan- 
ketoglutarate solution via the renal artery, after a 
renal vein branch opening. Without opening the 
main renal vein anastomosis, we replaced the dis-
sected section of the external iliac artery with a 
PTFE graft, and the graft kidney’s artery was 
anastomosed to it. At last follow-up, the patient’s 
kidney was functioning well (Fig. 11.3).

11.2.2  Renal Artery Thrombosis

Although vascular thrombosis is a rare complica-
tion, it has become a major cause of early graft 
loss, accounting for up to one-third of graft loss 
within 1  month and up to 45–47% within 
2–3  months. In the pediatric North American 
Pediatric Renal Transplant Cooperative Study 
cohort from 1996 to 2001, thrombosis was the 
most common cause of early graft loss [2, 10].

Renal artery thrombosis usually occurs soon 
after transplant and is a catastrophic complication, 
usually resulting in graft loss. Its incidence is 
reported to range from 0.2 to 7.5% [2] or from 0.5 
to 3.5% [11–13]. Children have a higher incidence 

than adults. The most important sign of renal 
artery thrombosis is instantaneous cessation of 
urine outflow due to the absence of graft perfusion 
and the presence of worsening hypertension. In 
preemptive patients and patients who have preop-
erative urine output, this sign can be masked. In 
these patients, postoperative bedside Doppler 
ultrasonography is recommended [14]. The most 
common causes of renal artery thrombosis are 
technical complications, including faulty suture 
techniques producing incomplete intimal reap-
proximation with secondary intraluminal fibrosis.

Since November 1975, our transplant team 
has performed 2248 kidney transplants. We cur-
rently use the four-quadrant running suture tech-
nique or the corner-saving renal artery 
anastomosis for arterial anastomosis. During this 
period, 8 renal artery thromboses (0.35%) have 
been seen, with surgical exploration performed in 
5 patients, which included thrombectomy, reper-
fusion, and reanastomoses. The other 3 patients 
who developed renal artery thrombosis were 
treated with percutaneous transluminal angio-
plasty, thrombolysis, and intraluminal stent 
placement. One of the 8 patients with renal arte-
rial thrombosis died from a pulmonary embolism 
at 9  days after transplant. The remaining 7 
patients had normal renal function (Fig. 11.4).
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Another surgical complication related to renal 
artery thrombosis is the possible development of 
endothelial damage during donor nephrectomy 
and/or perfusion. The other factors for thrombosis 
are kinking or twisting of the renal artery, postop-
erative hypotension, hypercoagulable state, ath-
erosclerosis of the donor or recipient vessels, 
wide disparity in vessel size, increased intrarenal 
pressure resulting from acute tubular necrosis, 
hydronephrosis, or cellular rejection. In our cen-
ter, 7 cases (0.3%) of renal artery kinking were 
seen, with patients treated via surgical exploration 
to rearrange the positions of their grafts. All 
patients had return of normal renal function.

Renal artery thrombosis is a surgical emer-
gency and its diagnosis is made by color Doppler 
ultrasonography or surgical exploration. To save 
the transplanted kidney, immediate exploration 
with restoration of the blood flow to the kidney is 
needed. A few cases of graft salvage in transplant 
renal artery thrombosis with endovascular 
catheter- directed thrombolysis with or without 
angioplasty have been reported. More commonly, 
by the time diagnosis is confirmed, it is already 
too late, and graft nephrectomy is the only option 
left.

11.2.3  Renal Artery Stenosis

Renal artery stenosis represents the most com-
mon vascular complication, with an estimated 

incidence between 19 and 23% of all transplant 
recipients [15–17]. In our centers, the rates are 
0.5–0.75%. Renal artery stenosis is diagnosed 
first using ultrasonography and then angiogra-
phy. Our preferred and initial option for treat-
ment is the interventional radiologic approach. 
However, in cases where this is not successful, 
we have resorted to surgical reconstruction [12–
14, 17–21].

Transplant renal artery stenosis (TRAS) is a 
relatively frequent, potentially curable cause of 
refractory hypertension and allograft dysfunction 
that accounts for approximately 1–5% of cases of 
posttransplant hypertension (renal transplant 
arterial stenosis). In some series, the incidence of 
TRAS was reported to be 25%. It usually becomes 
apparent between 3  months and 3  years after 
renal transplant, but it can present at any time. 
Transplant renal artery stenosis can occur at the 
anastomosis, preanastomosis, or postanastomotic 
renal artery stage. About 50% are located at the 
anastomosis, and end-to-end anastomoses have a 
threefold higher risk than end-to-side anastomo-
ses. It frequently presents with worsening or 
refractory hypertension and/or graft dysfunction 
in the absence of rejection, ureteric obstruction, 
or infection. Different locations and timing of 
disease onset may reflect different causes. Thus, 
an anastomotic stenosis is most likely related to 
trauma to the donor or recipient vessels during 
organ recovery, clamping, or suturing and usually 
arises early after transplant. Small, subtle intimal 

a b c

Fig. 11.4 Segmental renal artery thrombosis. (a) Doppler 
ultrasonography showing decreased perfusion of the ante-
rior segmental branch. (b) Angiographic image revealing 
occluded segmental artery, with patient subsequently anti-

coagulated with Coumadin. (c) Doppler ultrasonography 
showing normal perfusion at first year due to hypertrophy 
of the remaining renal parenchyma
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flaps or subintimal dissections of the vascular 
wall precede intimal scarring and hyperplasia 
that result in narrowing or occlusion of the lumen. 
The other predictors of TRAS include older 
donor and recipient age, expanded criteria donors 
(defined as any deceased donor over the age of 
60 y or from a donor over the age of 50 y with 2 
of the following: a history of hypertension, a ter-
minal serum creatinine level  ≥  1.5  mg/dL, or 
death resulting from a cerebral vascular acci-
dent), delayed graft function, ischemic heart dis-
ease, and induction immunosuppression.

Evaluation of TRAS may be performed with 
both noninvasive and invasive imaging tech-
niques. Color flow duplex ultrasonography and 
magnetic resonance angiography have now 
become the primary noninvasive imaging modal-
ities for diagnosis of TRAS, although catheter- 
based angiography has conventionally been held 
as the criterion standard in evaluation of arterial 
stenosis.

Three different treatment options are feasible. 
If the kidney functions and Doppler ultrasonog-
raphy finding are normal, the first option for 
treatment can be medical therapy. In these 
patients, angiotensin-converting enzyme inhibi-
tors should be used to control blood pressure.

Intervention, either percutaneous or surgical, 
may be considered if refractory hypertension 
and/or worsening graft function as measured by 
increasing creatinine levels are present. Primary 
treatment with percutaneous transluminal angio-
plasty with or without stent placement have 
shown significant improvements in blood pres-
sure and creatinine levels and can be considered 
as an initial treatment of choice (Figs. 11.5, 11.6 
and 11.7).

11.2.4  Renal Vein Thrombosis

Renal vein thrombosis usually occurs within the 
first 7  days after transplant. The incidence of 
renal vein thrombosis ranges from 0.1 to 8.2%, 
and it usually causes graft lost in the early period 
of transplant [2, 4, 10]. Risk factors for renal vein 
thrombosis are surgical technical errors, hyperco-
agulopathy states such as deficiency of anti-

thrombin III, protein C, or protein S, right kidney 
transplant with kinking due to short renal vein, 
transplant in the left iliac fossa with kinking due 
to position of external iliac vein, dehydration, 
ipsilateral iliofemoral thrombophlebitis, deep 
femoral thrombosis, and vascular compression 
due to hematomas and lymphoceles. Clinical pre-
sentations of this condition include sudden oligu-
ria or anuria accompanied by pain, hematuria, 
and life-threatening hemorrhage due to rupture of 
the graft. Depending on hemorrhage, patients 
may develop circulatory shock. For diagnosis, 
Doppler imaging studies are the best diagnostic 
tools [14, 17]. In our clinic, we routinely apply 
Doppler ultrasonography examinations on the 
postoperative third and seventh days for diagno-
ses of early vascular problems. Furthermore, 
Doppler ultrasonography must be performed dur-
ing the immediate postoperative period on clini-
cal suspicion and/or biochemical evidence of 
renal dysfunction. Evaluations of renal Doppler 
ultrasonography can confirm the increase in renal 
volume and absence of venous flow [13, 17, 20]. 
An arterial view can show reverse diastolic flow. 
Perinephric hematomas and lymphocele can also 
be seen with ultrasonography. External compres-
sion of the vessels (hematomas, lymphocele) pro-
duce vascular problems. These problems can be 
solved by percutaneous drainage.

Treatment includes emergency exploration for 
venous thrombectomy and to restore blood flow. 
If this treatment is not possible, nephrectomy is 
performed to save the patient. In our series, we 
had 4 patients (0.17%) who developed renal vein 
thrombosis after transplant, with all treated with 
urgent thrombectomy. Unfortunately, 2 of the 
treatments were unsuccessful, and the grafts were 
lost. One patient had a renal vein problem due to 
external iliac vein thrombosis. Interventional 
radiologists placed a self-expanding stent to the 
proximal external iliac vein, and the graft was 
rescued. At recent follow-up, all patients main-
tained good graft function (Fig.  11.8). In our 
 center, 9 patients (0.4%) showed renal vein kink-
ing, which was treated with surgical exploration 
to reposition the graft. At recent follow-up, all 
patients maintained normal renal function.
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11.3  Posttransplant Urologic 
Complications

Urologic complications are the most common 
surgical complications encountered after renal 
transplant, causing significant morbidity and 
mortality [22–24]. Rates of urologic complica-
tions after kidney transplant range between 2.5 
and 30% of all recipients [22, 23, 25–27].

11.3.1  Urine Leakage

Urologic complications associated with the ure-
terovesical anastomosis after transplant may 
cause graft loss and mortality. Incidences of uri-
nary leakage in different transplant centers have 
ranged from 0 to 8.9%, with incidences of ure-
teric stricture reported to range from 0.1 to 
12.4%. Major urologic complications, for exam-

a b

c d

Fig. 11.5 Renal percutaneous transluminal angioplasty. 
(a) High-grade stenosis of the main and the polar arteries 
of transplanted renal artery. (b and c) Balloon dilation of 

both arteries. (d) Postballoon dilation showing good result 
after percutaneous transluminal angioplasty
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ple leakage and stenosis, are often related to the 
ureteroneocystostomy [25, 28]. To avoid urologic 
complications, clinicians at some transplant cen-
ters routinely prefer stenting as this maneuver 
avoids anastomotic tension, kinking, and ureteral 
narrowing. In our center, from 1975 to 1983, we 
performed ureteroneocystostomies using the 
modified Politano-Leadbetter technique [29]. 
Beginning in 1983, we began using the extrave-
sicular Lich-Gregoir technique in combination 
with temporary ureteral stenting [29]. In 
September 2003, we began using the corner- 
saving ureteral reimplantation technique without 
stenting [30, 31]. Because the double J stent 

increases the risk of postoperative urinary infec-
tion and removal of this device requires an inva-
sive procedure, we prefer not to routinely use a 
double J ureteral catheter. Although there are 
many disadvantages to the stent we do advocate 
its use in select patient groups such as those with 
thin graft kidney ureter walls or thin urine blad-
der walls, especially with transplants involving 
deceased donations. To evaluate complications 
early, we use ultrasonographic and scintigraphic 
findings from days 1, 3, and 7 and creatinine lev-
els on day 7 and at 1 month after transplant. In 
our series, 1% of patients developed urine leak-
age after transplant.

Fig. 11.6 Anastomotic stenosis of transplanted renal 
artery at 9 months after transplant Fig. 11.7 Stent placement for stenosis

a b c

Fig. 11.8 Renal vein complications due to external iliac vein thrombosis. (a and b) External iliac vein is blocked and 
causing venous congestion of the renal vein. (c) Placement of self-expanding vascular stent in the external iliac vein
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Risk factors that contribute to the prevalence of 
urologic complications need to be determined. So 
far, many factors have been described in the litera-
ture, including several donor and recipient charac-
teristics. Furthermore, problems encountered 
during graft recovery, prolonged ischemia times, 
type of ureteroneocystostomy, presence of acces-
sory arteries, and stent placement may influence 
the incidence of urologic complications.

It has been suggested that urologic complica-
tions are caused by an insufficient blood supply 
to the ureter. Excessive dissection of the site 
known as “golden triangle” (the site confined by 
the ureter, kidney and renal artery) should there-
fore be avoided during graft procurement. 
Damage of this triangle may lead to necrosis of 
the distal ureter in 70% of cases.

In most cases, these complications require 
placement of a percutaneous nephrostomy 
(Fig. 11.9). Sometimes, even a surgical revision 
is required, leading to additional morbidity and 
costs.

11.3.2  Ureteral Obstruction

Ureteral obstruction occurs in 2–10% of renal 
transplant patients postoperatively, usually pre-
senting within the first few weeks or the first year 
[26, 28]. Prompt diagnosis and remedial treatment 
are vital to prevent graft loss. Ureteric ischemia is 
the most common cause, accounting for around 

90% of occurrences [26, 28]. The other causes are 
more than 2 arteries, long cold ischemia time, 
tumor, calculi, lymphocele, hematomas, abscess, 
kinking, and technical problems. Some occur-
rences of transplant ureteric stenosis may be asso-
ciated with ureteric leak or necrosis (Fig. 11.10).

Percutaneous therapy of ureteral strictures 
consists of balloon dilatation with or without 
temporary stenting (Figs.  11.11 and 11.12). 
Balloon dilatation should be repeated to achieve 
adequate results, especially in patients with resis-
tant strictures. A cut balloon also may be applied 
in fibrotic strictures in which a standard balloon 
dilatation would usually fail. After successful 
dilatation, most authors suggest temporary stent-
ing of the ureter with a double J stent. Metallic 
stents have been used to treat ureteral stenoses 
after failed balloon dilatation, but uroepithelial 
ingrowth has been a major issue with these 
devices [24, 26, 28].

If all of these methods are unsuccessful, surgi-
cal treatment should be applied. The options are 
to perform either a ureteral reimplantation or a 
ureteroureterostomy using the native ureter (side- 
to- side or end-to-end) through an abdominal or a 
kidney incision.

There are 3 different surgical techniques for 
ureteral stricture management occurring after 
renal transplant: [1] proximal transections of 
the anastomosis after anastomosis stricture and 
making ureteroneocystostomy; [2] excision of 
the strictured part and end-to-end ureteroure-

a b c

Fig. 11.9 (a) Postrenal transplant ureteral anastomosis 
leak; (b) Treatment With Percutaneous Nephrostomy and 
Double J Stent Replacement; (c) At 2-month Follow-Up, 
Leak Had Disappeared Completely and Nephrostomy 

Catheter Was Removed. Double J stent was also removed 
at 2-month follow-up. No sign of leakage after treatment 
was shown

11 Surgical Complications after Kidney Transplant
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terostomy; and [3] ureteroureterostomy using 
the native ureter (ipsilateral or contralateral 
native ureter). At our center, we have per-
formed 4 revisions after urethra strictures. For 
2 patients, the old ureteroneocystostomy was 
terminated and a ureteroneocystostomy was 
performed. In 1 patient, we performed native 
nephrectomy and end-to-side anastomosis 
between the native urethra and graft’s renal 
pelvis (Fig. 11.13a and b). Figure 11.14 shows 
the same patients at postoperative 6-month 
evaluations. In the other patient, we performed 
end-to-side anastomosis between the graft’s 
urethra and native urethra.

Fig. 11.10 Ultrasonographic image showing hydrone-
phrosis due to distal ureteral stricture

a b

c

Fig. 11.11 (a and b) Distal Ureteral Stenosis and Balloon Dilation; (c) Double J Stent Placement

M. Haberal et al.
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11.3.3  Lymphoceles

Another urologic complication in kidney trans-
plant recipients is a lymphocele, which is a fluid 
collection between the kidney allograft and the 
bladder. This complication (rate of 0.6–40%) is 

caused primarily by extravasation of the lymph 
from the lymphatic vessels injured during prepa-
ration of the iliac vessels of the recipient and 
unligated lymphatic system from the renal hilum 
of the donor. Other factors such as acute rejec-
tion, urinary obstruction, and graft decapsulation 

a b

c d

Fig. 11.12 (a) Hydronephrosis and Proximal Ureteral 
Stenosis; (b) After Balloon Dilation of Ureter, 
Infundibulum and Pelvis With 2 Percutaneous Access 
Points to the Kidney; (c) Complete Obstruction Developed 

at 2-Month Follow-Up and Again Percutaneous 
Nephrostomy Was Placed; (d) Resistant Stenosis of 
Ureteral Anastomosis, Treated With Metal Stenting
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a b

Fig. 11.13 (a) Antegrade Pyelography Was Performed 
Via Nephrostomy Catheter Revealing Occlusion of the 
Ureter (previously a metal stent had been placed and was 

also occluded); (b) Successful Surgical Result After 
Uretero- Ureterostomy Pyelography

End to side anastomosis

Native Urethra

a b

c d

Fig. 11.14 (a–d) 6-Month Posttransplant Tomography 
Images of Patients With Native Nephrectomy and End-to-
Side Anastomosis Between Native Ureter and Graft’s 

Renal Pelvis. Ureteroureterostomy anastomosis seems 
normal, and preoperative pelvicaliceal dilatation has 
disappeared

M. Haberal et al.
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may contribute to the development of lympho-
cele. Patients are usually asymptomatic, and 
spontaneous resolution occurs after a few months 
[32–36].

The incidence of symptomatic lymphoceles 
after kidney transplant in our center has been 
4.2% (109/2594 total cases). This complication 
presented with elevated serum creatinine levels in 
31 patients (28.4%), pain and abdominopelvic 
swelling in 53 patients (48.6%), and lower 
extremity edema in 25 patients (22.9%). 
Diagnosis of lymphocele was confirmed by ultra-
sonography. Percutaneous drainage was used for 
the treatment of lymphocele in 104 patients 
(95.4%) and for 66 patients (60.5%) who also 
received povidone iodine injection. In the remain-
ing 5 patients (4.5%), the primary approach was 
surgical intraperitoneal drainage due to multiloc-
ulated collection and inappropriate access for 
percutaneous drainage. However, in our experi-
ence, percutaneous drainage is the most effective 
approach to treat this complication (Fig. 11.15).
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Long-Term Management 
of the Kidney Transplant Recipient

Heidi M. Schaefer

12.1  Introduction

Kidney transplantation remains the treatment 
of choice for patients with end-stage renal dis-
ease. With significant advances in short-term 
outcomes primarily driven by advances in 
immunosuppression with low acute rejection 
rates, a large percentage of patients are surviv-
ing long-term with functioning allografts. 3As 
of 2015 over 200,000 patients in the United 
States had functioning allografts [1]. These 
patients present with a particular and complex 
set of medical issues that require intensive 
management to allow for longevity of both the 
patient and the allograft. Due to constraints of 
the transplant center and a limited number of 
transplant nephrologists, it is important that 
the community nephrologist and primary care 
providers have an understanding of the com-
plex and interacting medical issues these 
patients face. Common aspects of medical care 
of the transplant recipient will be discussed 
here.

12.2  Cardiovascular Disease

Although successful kidney transplantation con-
fers a notable increase in life expectancy over 
dialysis therapy for patients with ESRD, the sur-
vival of kidney transplant recipients is signifi-
cantly shortened by cardiovascular disease 
(CVD) [2, 3]. The annual risk of CVD death is 
3.5–5% in kidney transplant recipients [4] and is 
the primary etiology of death with a functioning 
graft. The most common causes of cardiac death 
are cardiac arrest (45%), myocardial infarction 
(31%) and cardiac arrhythmia (13%) [5]. In addi-
tion to the CVD burden carried over from ESRD, 
transplant recipients encounter several factors in 
the post-transplant period that further accentuate 
the prevalence and severity of several CVD risk 
factors. It is well recognized that immunosup-
pressive agents have associated effects on hyper-
tension, dyslipidemia and diabetes [3]. Aggressive 
management of these factors must be carried out 
by the treating physician (Table 12.1).

12.2.1  Hypertension

Hypertension is the most prevalent CVD risk fac-
tor in kidney transplant recipients, affecting up to 
80% of patients [6]. In addition to essential hyper-
tension, primary kidney disease, quality of donor 
organ, delayed graft function, acute  rejection, cal-
cineurin inhibitor therapy,  glucocorticoids, trans-
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plant renal artery stenosis and chronic allograft 
nephropathy all contribute to the pathogenesis of 
post-transplant hypertension [7]. Based on pub-
lished guidelines, the recommended treatment 
goal for hypertension in transplant recipients is 
<130/80 mm Hg [8]. In addition to lifestyle modi-
fications including weight loss, dietary sodium 
restriction and physical exercise, the majority of 
transplant recipients will require medical therapy 
to achieve goal blood pressure. Most classes of 
antihypertensive agents have been used and are 
effective in treating kidney transplant recipients 
but it is important to recognize that the pharmaco-
logic management of hypertension in this popula-
tion presents several unique issues related to 
potential drug interactions and side effects. 
Calcium channel blockers have been used as first 
line agents due to their vasodilatory properties 
that may counteract the vasoconstrictive effects of 
calcineurin inhibitors. It should be noted however 

that verapamil and diltiazem significantly interact 
with and raise calcineurin inhibitor levels with 
potential for nephrotoxicity and should be avoided 
if possible. In those patients who have known 
CVD, beta- blockers are recommended as first line 
agents. If the transplant recipient has significant 
proteinuria and/or diabetes, angiotensin convert-
ing enzyme inhibitors or angiotensin receptor 
blockers should be instituted due to their potential 
reno-protective effects with close attention given 
to serum potassium levels.

12.2.2  Dyslipidemia

Post-transplant hyperlipidemia occurs in 
60–80% of transplant recipients with immuno-
suppressive agents contributing significantly to 
lipid abnormalities [9]. Increases in total choles-
terol and LDL are the most common abnormali-

Table 12.1 Cardiovascular risk factor management in the transplant recipient

Risk factor Guideline Goal of treatment Treatment recommendations Comments
Hypertension K/DOQI <130/80 mmHg •  Lifestyle modification

•  Calcium channel blocker
•  ACEI/ARB if proteinuria 

present
•  Beta-blocker if known h/o 

CAD

Avoid diltiazem/verapamil 
due to interactions with 
calcineurin inhibitors

Dyslipidemia NCEP III Total cholesterol <200
LDL <100
Triglycerides <150

•  Lifestyle modification
•  Statins
•  Fibrates
•  Ezetimibe

Avoid bile acid 
sequestrants.
Monitor for hepatitis, 
myositis and 
rhabdomyolysis when 
using statin/fibrate drugs

NODAT KDIGO Target HbA1C 7.0–7.5% •  Lifestyle modification
•  Oral agents
•  Insulin

Increased risk of lactic 
acidosis with use of 
metformin

Anemia K/DOQI Target Hgb 11–12 g/dL •  Iron (intravenous and 
oral)

•  Recombinant 
erythropoietin

Avoid liberal use of 
recombinant 
erythropoietin due to 
possible increased risk of 
thrombotic and vascular 
events

Obesity KDIGO BMI <35–40 kg/m2 •  Lifestyle modification
•  Referral to dietician
•  Bariatric surgery

Tobacco 
abuse

KDIGO Smoking cessation •  Behavioral counseling
•  Pharmacologic therapy

K/DOQI Kidney Disease Outcome Quality Initiative, NCEP III National Cholesterol Education Program Report of the 
Expert Panel, KDIGO Kidney Disease Improving Global Outcomes, ACEI ace inhibitor, ARB angiotension receptor 
blocker, LDL low density lipoprotein, HbA1C hemoglobin A1C, Hgb, hemoglobin, BMI body mass index
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ties, with elevated triglyceride levels usually 
noted as well. All recipients should have at least 
one fasting lipid panel obtained within the first 
2–3 months after transplant and then measured 
annually. Updated KDIGO guidelines no longer 
recommend specific LDL cholesterol treatment 
targets. Instead, the decision to initiate 
cholesterol- lowering treatment should be based 
on the absolute risk of coronary events [10] with 
kidney transplantation considered as a coronary 
heart disease equivalent risk. In addition to ther-
apeutic lifestyle changes and dietary modifica-
tion, it has been suggested that statin therapy be 
prescribed for all kidney transplant recipients 
>30 years of age regardless of baseline choles-
terol level. In one of the few randomized con-
trolled trials in transplantation, the Assessment 
of Lescol in Renal Transplant (ALERT) trial 
demonstrated a significant reduction in LDL 
cholesterol, incidence of myocardial infarction 
and cardiac death in those patients randomized 
to Fluvastatin [11]. For those patients with sig-
nificant hypertriglyceridemia, fibric acid deriva-
tives such as gemfibrozil are recommended [12]. 
Both statins and fibrate drugs can interact with 
calcineurin inhibitors and increase the risk of 
hepatitis, myositis and rhabdomyolysis with 
close monitoring of patients required after insti-
tution of these agents. Ezetimibe has been 
shown to be well tolerated and effective in low-
ering LDL cholesterol when used alone and in 
combination with statin therapy [13]. Specialist 
involvement is suggested for patients with fast-
ing triglyceride levels >1000  mg/dL or LDL 
levels >190 mg/dL [10].

12.2.3  Diabetes

Diabetes after transplant is related to both insulin 
resistance and beta-cell dysfunction and is asso-
ciated with worsening of graft function and 
increased morbidity and mortality, especially 
from CVD [14]. Identified risk factors for the 
development of post-transplant diabetes include 
increasing age, ethnic background, positive fam-
ily history, viral infections, immunosuppressive 
medications including tacrolimus and sirolimus, 

steroid therapy, obesity and hypertension [15]. 
All patients should be screened periodically with 
the diagnosis based on American Diabetes 
Association criteria including fasting plasma glu-
cose levels ≥126  mg/dl or 2-h plasma glucose 
levels ≥200 mg/dl [16]. As with hyperlipidemia, 
dietary modification and exercise should be 
encouraged. In addition, modification of the 
immunosuppressive regimen should be consid-
ered with rapid taper of corticosteroids and 
reduction in exposure to tacrolimus and siroli-
mus. Chronic hyperglycemia management should 
follow the guidelines outlined by the ADA for the 
treatment of individuals with type 2 diabetes 
[17]. The physician should set blood glucose tar-
gets for each individual patient and adjust ther-
apy according to a “treat to target” approach. If 
unable to reach target with the above discussed 
methods, oral glucose lowering monotherapy or 
combination therapy and/or insulin is recom-
mended. There are no specific recommendations 
regarding choice of oral agent used but caution 
should be taken if prescribing metformin due to 
the possibility of life-threatening lactic acidosis, 
particularly in patients with renal failure, sepsis 
and cardiovascular compromise. Referral to a 
diabetologist may be of benefit and patients 
should be counseled regarding regular opthalmo-
logical evaluation and foot care.

12.3  CKD Care

12.3.1  Anemia

Anemia is a common complication post- 
transplant and is estimated to occur in 30–40% of 
patients [18]. The American Society of 
Transplantation (AST) defines anemia as hemo-
globin <13  mg/dl for men and  <  12  mg/dl for 
women [19]. Studies in kidney transplant recipi-
ents have demonstrated a biphasic patter of ane-
mia with an initial phase of high post-transplant 
anemia prevalence in the first 3–6 months reach-
ing a nadir at 1 year and then a subsequent rise in 
the prevalence over the ensuing years [20]. Both 
the use of erythrocyte stimulating agents and pre- 
emptive transplant has helped to provide kidney 
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transplant recipients with higher post-operative 
hemoglobin levels. The causes of anemia are 
multifactorial. In addition to inadequate erythro-
poietin production and iron deficiency, surgical 
blood loss, frequent phlebotomy and allograft 
dysfunction may lead to continued anemia in the 
early post-operative period. In patients with well- 
functioning grafts, hemoglobin levels usually 
normalize within 6 months after transplantation. 
There are a multitude of additional factors that 
may lead to anemia in the late post-transplant 
period (≥6  months) including immunosuppres-
sive agents (MMF, azathioprine, sirolimus) viral 
infections (parvovirus, EBV, CMV) and acute or 
chronic allograft dysfunction. Mycophenolate 
mofetil and azathioprine appear to have direct 
antiproliferative effects on the bone marrow, 
while mTOR inhibitors may have effects on iron 
hemostasis and increased erythropoietin 
resistance.

Transplant providers should screen all kidney 
transplant patients routinely for anemia. In those 
patients with anemia, follow-up testing should 
include iron studies, RBC indices, reticulocyte 
count, and occult blood for stool. If hemolytic 
anemia is suspected, bilirubin, haptoglobin, and 
lactate dehydrogenase should be measured. 
Although anemia has been shown to be an inde-
pendent risk factor for post-transplant LVH and 
cardiovascular events [21], there is currently 
insufficient evidence to show that aggressive ane-
mia management improves overall outcomes. It 
is recommended that the KDIGO guidelines for 
the management of anemia in CKD be followed 
in the transplant population [22], but until pro-
spective, randomized trials are carried out deter-
mining optimal hemoglobin targets in kidney 
transplant recipients, liberal use of recombinant 
erythropoietin should be avoided.

12.3.2  Bone Metabolism

Post-transplant bone disease is a complex disorder 
and may lead not only to reduced bone quality or 
bone loss, which may result in fractures, but also 
to changes in mineral metabolism. There are many 
factors that contribute to post-transplant bone dis-

ease including pre-existing renal osteodystrophy, 
corticosteroid therapy, hormone deficiencies, per-
sistent hyperparathyroidism and hypophosphate-
mia. Bone loss is greatest in the first 6–12 months 
after transplantation leading to an increased risk of 
fractures. The incidence has been variably reported 
but exceeds 40% in some studies [23]. A unique 
characteristic is that most of the fractures occur 
primarily in the appendicular skeleton, particu-
larly the feet with diabetics being at increased risk. 
Additional risk factors include older age, female 
sex, receipt of dialysis before transplantation and 
previous history of fracture.

The prevention and management of bone dis-
ease post-transplant requires a multifactorial 
approach. Dual-energy X-ray absorptiometry 
(DXA) is recommended in the first 3 months after 
transplant in those patients who received cortico-
steroids or have general population risk factors for 
osteoporosis. Patients who are deemed to be high 
risk based on risk factors should be considered for 
steroid avoidance protocols. Laboratory evalua-
tion should include measurement of calcium, 
phosphorus, intact parathyroid hormone, and 
25-hydroxyvitamin D levels. Patients should have 
adequate calcium intake (1200  mg/d) and 
25-hydroxyvitamin D repleted to levels above 
30 ng/mL. Bisphosphonates have been shown to 
prevent early bone loss in kidney transplant recipi-
ents, but there are no controlled studies that dem-
onstrate fracture prevention [24]. In addition, it is 
important to recognize that use of bisphosphonates 
has been associated with adynamic bone disease 
and should be used with caution in kidney trans-
plant recipients. In addition to pharmacologic 
therapies, non-pharmacologic measures should be 
employed to prevent early bone loss. These include 
regular physical exercise, weight resistance train-
ing, and improving balance and mobility.

12.4  Transplant Related Care

12.4.1  Allograft Dysfunction

Despite significant advances in immunosuppres-
sion reducing early allograft loss, long term 
allograft loss rates have remained unchanged 
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[25]. It is important that allograft function be 
assessed at routine intervals post-transplant 
through laboratory monitoring as reduced kidney 
allograft function is associated with poor patient 
and graft outcomes [26]. In the late post- 
transplant period, patients may present with acute 
kidney injury or a slow decline over time in 
allograft function, termed chronic allograft dys-
function. Acute kidney injury most commonly is 
related to volume depletion, drugs (CNI, ACE-I, 
ARB, NSAIDS) and urinary tract infections. 
Acute rejection is rare in this period, but should 
be suspected if the treatment of other causes does 
not return the creatinine back to the previous 
baseline or if the patient admits to noncompli-
ance with their immunosuppressive regimen. In 
these particular instances, allograft biopsy should 
be performed. Causes of chronic allograft dys-
function include chronic allograft nephropathy, 
calcineurin inhibitor nephrotoxicity, chronic 
active antibody mediated rejection, and recurrent 
or de novo glomerulonephritis. Chronic allograft 
nephropathy is associated with significant mor-
bidity and mortality and is the main reason for 
returning to dialysis after transplantation [27]. It 
is defined as a condition of renal allograft dys-
function occurring at least 3 months after trans-
plantation without evidence of active acute 
rejection, drug toxicity or other diseases. It is 
characterized clinically by gradual deterioration 
of graft function, increasing proteinuria and 
worsening hypertension. Treatment of chronic 
allograft nephropathy can be challenging but 
should focus on prevention of early acute rejec-
tion and in subsequent years, limitation of CNI 
exposure. In addition, several studies have sug-
gested that ACE-I’s and ARB’s may have a ben-
eficial effect in prolonging allograft survival in 
those recipients with CAN and proteinuria [28, 
29]. Along with chronic allograft nephropathy, 
calcineurin inhibitor nephrotoxicity plays a sig-
nificant role in progressive kidney dysfunction 
post-transplant with most allografts showing his-
topathologic signs of CNI toxicity by 10  years 
[30]. A variety of tactics have been employed to 
try to limit CNI toxicity through CNI avoidance, 
early withdrawal or minimization. Several sys-
tematic reviews have shown higher creatinine 

clearance in those patients withdrawn from CNI 
and treated with sirolimus or belatacept based 
regimens [31–33]. Chronic antibody mediated 
rejection (AMR) is defined by the presence of 
donor specific antibodies in the recipient serum 
and C4d deposition in the peritubular capillaries. 
These patients present with significant protein-
uria as a result of transplant glomerulopathy, a 
specific glomerular lesion felt to be the result of 
immune injury. Patients who are considered 
immunologic high risk at the time of transplant 
may benefit from DSA screening and subsequent 
adjustment of immunosuppression. Finally, glo-
merulonephritis both recurrent and de novo can 
occur at any time post-transplant and contribute 
to loss of the allograft. Focal and segmental glo-
merulosclerosis, membranoproliferative GN and 
hemolytic uremic syndrome are the disorders 
known to be most aggressive when they recur. 
Recurrent and de novo GN is associated with a 
two-fold increase in risk for graft loss [34] and 
should be considered in any patient presenting 
with proteinuria, hematuria and a decline in 
allograft function. Biopsy with both electron 
microscopy and immunofluorescence staining 
should be performed.

12.4.2  Infections

Infections occurring in the transplant recipient 
are common with the risk of infection determined 
primarily by the intensity of the immunosuppres-
sion and epidemiologic exposures of the individ-
ual (donor-derived infections, recipient-derived 
infections, nosocomial infections, and commu-
nity infections). The incidence and severity of 
early post-transplant infections has been dramati-
cally reduced by the use of antimicrobial prophy-
laxis. Most transplant centers use 
trimethoprim-sulfamethoxazole for prophylaxis 
against Pneumocystis jiroveci pneumonia for at 
least 6 months after surgery. In addition to PCP, 
the drug can prevent infections with common uri-
nary, respiratory and gastrointestinal pathogens. 
Dapsone, atovaquone, and pentamidine are alter-
native agents that may be used in the case of sulfa 
allergy Cytomegalovirus prophylaxis should also 
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be instituted with most centers using oral valgan-
ciclovir for at least 4  months post-transplant. 
Based on the results of the Improved Protection 
Against CMV in Transplant trial (IMPACT), 
those patients deemed highest risk (donor +/
recipient −) should receive 6 months of therapy 
[35]. Due to reduction in overall immunosup-
pression exposure, the risk of infection dimin-
ishes 6  months after transplant with the most 
common infections being community acquired 
respiratory illnesses. In addition, urinary tract 
infections are quite common, and some would 
argue for the routine surveillance of UTI with 
urine cultures obtained at each post-transplant 
visit. In those patients who receive increased 
immunosuppression due to acute rejection epi-
sodes, increased vigilance for opportunistic 
infections including Pneumocystis jiroveci, 
Listeria monocytogenes, Nocardia asteroids, 
Cryptococcus neoformans, and Aspergillus 
should be undertaken.

In addition to prophylactic therapy, all 
patients should be appropriately vaccinated to 
prevent infectious complications (Table  12.2) 
[36]. It is important to remember that live vac-
cines should be avoided in transplant recipients. 
Recipients should receive yearly influenza vac-
cination. All patients should receive both the 
23-valent polysaccharide pneumococcal vac-

cine (PPV23) and the 13-valent pneumococcal 
conjugate vaccine (PCV13). Hepatitis B vacci-
nation is recommended in all solid organ trans-
plant candidates and if a suboptimal response is 
seen with negative titers following vaccination, 
the series should be repeated after transplanta-
tion. Hepatitis A is recommended in patients 
with liver disease. Meningococcal vaccine 
should be given to all patients with risk factors 
including those with a history of splenectomy 
and before treatment with eculizumab. Patients 
should be up to date with Haemophilus influ-
enza, tetanus and acelluar pertussis vaccines. 
Recombinant zoster vaccine (Shingrix) is rec-
ommended for all organ transplant candidates 
and recipients ≥50 years old. Patients should be 
varicella zoster IgG positive and should wait at 
least 3 months post-transplant and 1 year from a 
shingles episode to receive the vaccine. Patients 
travelling overseas should receive appropriate 
counseling and vaccinations as needed prior to 
their trip [37].

12.4.3  Malignancy

Malignancy after transplant is a leading cause of 
death among transplant recipients. It has an inci-
dence that is 2–4 times higher than general popu-
lation. Cancers tend to be more aggressive and 
can be challenging to treat with worse prognosis. 
The most common cancers causing death in kid-
ney transplant recipients are non-Hodgkin lym-
phoma and renal cell carcinoma.

Immunosuppression is felt to play a major role 
in the pathogenesis of post-transplant malignancy 
by lowering immunosurveillance mechanisms, 
directly damaging host DNA, and potentiating 
the effect of pro-oncogenic viruses, such as 
human herpes virus type 8 for Kaposi sarcoma, 
Epstein-Barr virus for post-transplant lymphop-
roliferative disorder (PTLD), and human papil-
lomavirus for oropharyngeal and anogenital 
carcinomas. Additional risk factors include 
underlying disease, type of transplant, history of 
malignancy before transplant, and established 
risk factors such as age, sex, ethnicity, geographic 
location, and smoking [38].

Table 12.2 Immunizations following solid organ 
transplant

Recommended vaccines
Contraindicated 
vaccines

•  Diptheria- 
pertussis-tetanus

•  Haemophilus influenza B
•  Hepatitis A (travel, 

occupational risk, and 
endemic regions)

•  Hepatitis B
•  Pneumococcal (PCV13, 

PPV23)
•  Inactivated polio
•  Influenza A and B 

(annually)
•  Meningococcal (if high 

risk)
•  Typhoid V
•  Inactivated varicella 

zoster

•  Bacillus Calette- 
Guerin (BCG)

•  Smallpox
•  Intranasal influenza
•  Live oral typhoid 

Ty21a
•  Measles (except 

during outbreak)
•  Mumps
•  Rubella
•  Oral polio
•  Live Japanese B 

encephalitis 
vaccine

•  Yellow fever
•  Live varicella 

zoster
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Nonmelanoma cancer is the most common 
malignancy post-transplant with an incidence 
of squamous cell carcinoma that is 60–250 
times greater than in the general population 
[39]. It is expected that one third of all kidney 
transplant recipients will have a nonmelanoma 
skin cancer within 10 years of transplant. Risk 
factors for skin cancer include older age, male 
sex, skin type, sun exposure, and duration of 
immunosuppression. Kidney transplant recipi-
ents should undergo annual skin exams by an 
experienced physician or dermatologist and 
should be counseled regarding sun protective 
measures. In those patients with a primary skin 
cancer, conversion to an mTOR inhibitor should 
be considered as they have been shown to lower 
risk of the development of subsequent skin can-
cers [40].

PTLD is the second most common de novo 
malignancy after transplantation with 85% of 
B-cell origin. EBV plays a key role in the 
pathogenesis of PTLD with a higher incidence 
in children who are EBV negative prior to 
transplant. It usually presents in a bimodal pat-
tern with the highest incidence in the first year 
and another peak after the fifth year [38]. The 
clinical presentation is variable with extranodal 
manifestations common. In several large series, 
PTLD frequently involved the gastrointestional 
tract, solid allografts and the central nervous 
system [41]. Treatment includes reduction in 
immunosuppression, surgical excision and 
radiotherapy to localized disease, rituximab 
monotherapy, and chemotherapy. Rituximab 
has become standard treatment for those who 
do not respond to lowering of immunosuppres-
sion with chemotherapy reserved for those who 
do not develop remission with rituximab 
(Dierickx).

As cancer screening guidelines for organ 
transplant recipients are inconsistent and based 
on limited available evidence, it is recommended 
that physicians follow the guidelines for breast, 
colorectal, cervical, and prostate cancer available 
for the general population. Screening for lung 
and renal malignancies is not recommended 
among kidney recipients [42].

12.5  General Health Maintenance

12.5.1  Pregnancy

As fertility can be restored to normal soon after a 
kidney transplant, it is important for physicians 
caring for recipients to be able to inform the 
patient about the potential risks of pregnancy and 
offer contraception. If pregnancy is desired, 
 optimal circumstances include: stable allograft 
function for at least 1 year post-transplant with-
out rejection, good control of blood pressure and 
appropriate adjustment of immunosuppression 
and other known teratogenic medications prior to 
conception [43]. There have been no obvious 
associations with any congenital malformations 
with calcineurin inhibitors. On the other hand, 
mycophenolic acid products have been known to 
cause various deformities such as such as cleft lip 
and palate, microtia, absence of external auditory 
canals, and possible coloboma. In addition, distal 
limb, heart, esophagus, and kidney abnormalities 
have been seen. The miscarriage rate may be 
increased with exposure [44]. It is recommended 
that mycophenolic acid be discontinued at least 
6 weeks prior to conception efforts. Limited data 
are available for pregnancies during mTOR 
inhibitor use. These drugs have been associated 
with impaired spermatogenesis and may reduce 
male fertility [45]. Safety of breastfeeding by 
mothers receiving immunosuppressants remains 
uncertain but small studies have shown no linger-
ing effects to infants to infants who were breast- 
fed while their mothers were taking calcineurin 
inhibitors, azathioprine, and/or prednisone [46].

In planning for pregnancy, one should discuss 
pregnancy outcomes and risks both to the mother 
and fetus. Studies show that transplanted women 
who are pregnant are more likely to have hyper-
tension, are more often diagnosed with pre-
eclampsia and have more Cesarean sections 
performed [44]. Pre-pregnancy hypertension is 
associated with intrauterine growth retardation, 
preterm delivery, miscarriage, and low birth 
weight. Current recommendations are to control 
BP to below 140/90 during pregnancy using 
acceptable agents including methyldopa, labet-
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alol, and nifedipine. Hydralazine and thiazide 
diuretics have been safely used as adjunctive 
agents. One needs to have a high index of suspi-
cion for preeclampsia as it may be difficult to dis-
tinguish from acute rejection. Although, rejection 
rates and graft loss in pregnant kidney transplant 
recipients are not reported to be higher than their 
non-pregnant counterparts, it is recommended 
that these patients be seen more frequently dur-
ing pregnancy to have both kidney function and 
immunosuppression levels monitored closely. 
Post-kidney transplant pregnancies are consid-
ered high risk and should be managed in close 
conjunction with a high-risk obstetrician.

12.5.2  Preventive Care

Patients should be counseled on the need for life-
style modification post-transplant. Many trans-
plant patients gain excess weight due to increased 
caloric intake and lack of routine physical activ-
ity. Female, African American, low-income 
patients with type 2 diabetes are at highest risk 
for obesity [47]. Obesity may exacerbate the car-
diovascular risk profile (hypertension, hyperlip-
idemia and diabetes) affecting negatively 
long-term allograft and patient outcomes. It is 
important that patients receive appropriate coun-
seling regarding healthy dietary practices and 
may benefit from consultation with a transplant 
dietician. In addition to lifestyle modification, 
available pharmacologic and surgical options 
should be discussed with appropriate patients.

Along with obesity, smoking tobacco has also 
been shown to exacerbate the cardiovascular risk 
profile. Kidney transplant recipients should be 
strongly discouraged from smoking as it has been 
shown to contribute significantly to allograft loss 
[48]. Both behavioral counseling and pharmaco-
logic therapy should be recommended to the 
transplant recipient to aid in smoking cessation.

12.6  Conclusion

Kidney transplant recipients present with a 
unique and complex set of medical issues. As 
patients survive longer with functioning 

allografts, the responsibility for their care will 
become increasingly dependent on the commu-
nity nephrologist and primary care physicians. It 
is important that these providers have the neces-
sary skills and knowledge to provide appropriate 
care to these recipients ensuring optimum health. 
Diligence and early intervention of transplant 
related complications and cardiovascular risk 
factors should be undertaken with assistance 
from published guidelines and the transplant cen-
ters with the hope of improving long-term 
outcomes.
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Pancreas and Islet Transplantation: 
Pancreas and Islet Transplantation 
in Diabetes Mellitus

Paul Johnson, Edward Sharples, Sanjay Sinha, 
and Peter J. Friend

13.1  Introduction

Since the first pancreas transplant by William 
Kelly and Richard Lillehei in 1966 at the 
University of Minnesota, transplantation of the 
pancreas has been fraught with challenges [1]. 
Although insulin independence was achieved in 
these early ventures, graft failure occurred 
quickly and commonly and the operation came 
with great morbidity for patients. Since then, 
with improvements in surgery, immunosuppres-
sion, antimicrobials, organ preservation and bet-
ter understanding of donor selection, 
insulin-independence is now more frequent and 
more prolonged and patient outcomes much 
improved, such that whole-organ transplantation 
is now an established treatment option for 
selected patients with advanced diabetes.

Until recently this had led to an increase in 
popularity, but with stabilisation of the waiting 
list and the advent of more advanced exogenous 
insulin delivery systems, the number of pancreas 
transplants performed globally has stabilised or 

even decreased [2]. Certainly, there remains con-
siderable risk in pancreas transplantation due to 
the sequelae to ischaemia-reperfusion injury, and 
thus pancreas transplantation remains reserved 
for selected patients where the benefits justify the 
intervention.

The first clinical islet transplant performed in 
1974 by Paul Lacy but was also met with compli-
cations [3]. It was the isolation and transplanta-
tion protocol from Edmonton that that lead to a 
resurgence of enthusiasm and consistently suc-
cessful results making islet transplantation more 
widely offered for selected patients [4]. Although 
islet transplantation can lead to insulin- 
independence, though at a lower rate than that 
after whole organ transplantation, success does 
not require this: the elimination of hypoglycaemia- 
unawareness is the definition of success in this 
group of patients. The procedure remains far less 
invasive than solid organ transplantation, and the 
indications for islet or whole organ transplant dif-
fer and therefore the choice between the proce-
dures should be made on an individualised basis.

13.2  Indications

There is a body of unequivocal evidence that 
good glycaemic control is beneficial in terms of 
the development and progression of the second-
ary complications of diabetes [5]. Most people 
with type 1 diabetes are able to manage their 
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 glycaemic control through a regime of exogenous 
insulin, delivered via basal bolus insulin injec-
tions or for some via a continuous subcutaneous 
infusion pump. For some with very brittle and 
difficult to control diabetes, exogenous insulin 
may result in regular dangerous swings from 
hyperglycaemia to hypoglycaemia, leading to 
loss of normal physiological reactions to hypo-
glycaemia or hypoglycaemic unawareness. This 
puts the patient at high risk of entering a poten-
tially fatal hypoglycaemic coma and is an indica-
tion for islet or solid organ pancreas-alone 
transplantation. Even for those where this is not 
the case, many are unable to achieve sufficiently 
good glycaemic control with insulin therapy 
resulting in the development and progression 
over years of debilitating secondary complica-
tions, including nephropathy, retinopathy, neu-
ropathy and cardiovascular disease. Where 
long-standing diabetes has resulted in end-stage 
diabetic nephropathy, patients are eligible for 
pancreas and kidney transplantation. In each of 
these cases, pancreas transplant aims to restore 
insulin-independence and normoglycaemia 
resulting in improved quality and quantity of life.

13.2.1  Renal Failure

Diabetic kidney disease leads to excessive mor-
bidity and mortality for affected patients. While, 
renal dysfunction is associated with increased 
mortality in most populations, large national reg-
istry studies show that the effect on life expec-
tancy is particularly marked in patients with 
diabetes. A long term population study in Finland 
showed that patients with type-1 diabetes melli-
tus had similar life expectancy to the general 
population in the absence of any evidence of dia-
betic kidney disease, but the presence of any 
manifestation of kidney disease (from albumin-
uria to impaired GFR) had significantly adverse 
effects on mortality [6]. Although evidence from 
large randomised controlled trials has led to 
increased use of angiotensin receptor antago-
nists, the incidence of end stage renal failure 
associated with diabetes continues to increase: 
indeed diabetes is now the most common cause 

of end-stage renal failure. Furthermore, diabetes 
is associated with notably poor life-expectancy in 
dialysis patients: despite the overall improve-
ments in patient survival observed over the past 
20 years, patients with diabetes (of all age groups) 
continue to have a shorter life expectancy on dial-
ysis than other groups, with a higher propensity 
to cardiovascular disease. In this group, trans-
plantation has the potential to greatly improve 
life expectancy and is the treatment of choice for 
patients with diabetic kidney disease, and patients 
with renal failure therefore account for 75–80% 
of all those undergoing whole pancreas 
transplantation.

Transplant options for patients with diabetes 
and progressive kidney disease include simulta-
neous kidney pancreas transplantation (SPK), 
simultaneous islet and kidney (SIK), or kidney 
transplantation alone (KTA), potentially fol-
lowed by whole organ pancreas transplant (PAK), 
or islet transplant (IAK). The addition of the pan-
creas graft undoubtedly increases peri-operative 
mortality and morbidity, but is justified by the 
benefit of normal metabolic control, with effects 
on patient survival, kidney graft survival and the 
risk of diabetic complications: importantly, the 
long-term complications of transplantation are 
almost entirely related to immunosuppression, 
and there is therefore no incremental effect of the 
pancreas in patients undergoing the combined 
procedure.

In the UK, and in line with patients referred 
for kidney transplantation for any reason, patients 
with insulin-dependent diabetes may be listed for 
SPK transplant with an eGFR below 20  ml/
min/1.73 m2. To be considered for the combined 
procedure, most centres would require the recipi-
ent to be non-obese with low insulin resistance 
(BMI <30 kg/m2) and undergo cardiac functional 
testing with myocardial perfusion scanning, 
stress echocardiography and/or cardio- pulmonary 
exercise testing. For patients who fulfil these cri-
teria, SPK enables them to benefit not only from 
the excellent glycaemic control offered by the 
pancreas transplant but also from excellent kid-
ney function: not only is there evidence that a 
functioning pancreas transplant protects against 
diabetic nephropathy in the transplanted kidney, 
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but also the organ allocation system prioritises 
SPK recipients for donor kidneys from younger, 
fitter donors and often shorter cold ischaemia 
times than they may have received if undergoing 
kidney transplant alone.

Living donor kidney transplantation should 
not be dismissed as an option for patients with 
type 1 diabetes, and should be considered along-
side the work-up for the simultaneous kidney 
pancreas waiting list. Living donor transplanta-
tion has the advantage that the patient can receive 
a kidney transplant with minimal delay, whereas 
the wait for a combined operation is unpredict-
able. Living donor kidney transplantation can be 
achieved with significantly lower peri-operative 
mortality and this option will be more suitable for 
a proportion of patients with significant co- 
morbidities, especially established cardiovascu-
lar disease, or as an option to minimize the 
adverse effects of time spent waiting whilst on 
dialysis. This could be followed by pancreas after 
kidney transplantation in patients who are 
deemed fit enough for this. There is still some 
debate over the criteria for PAK or IAK trans-
plantation, and whether they should match the 
criteria for pancreas transplant alone (i.e. the cri-
terion of hypoglycaemia unawareness), in view 
of the additional surgical morbidity. Currently in 
the UK this is not part of listing requirements, on 
the (logical) basis that PAK/IAK patients are 
already immunosuppressed and the risk-benefit 
balance is different from pancreas transplant 
alone (PTA) patients. Nevertheless, the decision 
to proceed with a PAK must be balanced against 
the risks of a further procedure, the increased risk 
of immunological incident and the (poorly under-
stood) inferior pancreas graft survival of PAK 
compared to SPK. For this reason, in the UK, his-
tory of glycaemia or chronic hyperglycaemia 
with HbA1c >53 mmol/mol is necessary for eli-
gibility [7].

With the success of islet transplantation, the 
use of islets as part of simultaneous islet kidney, 
or islet after kidney transplantation is now avail-
able to be considered for some recipients. 
Importantly and in contrast to islet transplanta-
tion alone (ITA), severe hypoglycaemia is not an 
essential criterion for listing for SIK or IAK 

transplant, as the recipient meets the standard cri-
teria for SPK, or PAK transplant. Islet transplan-
tation is preferable if the recipient is not suitable 
for a solid organ PAK, which may be for a variety 
of recipient-related factors, including co- 
morbidities or anticipated technical difficulty in 
placing the organ,. In SIK, the islets from the 
same donor as the kidney are isolated, and admin-
istered 24  hours later irrespective of total islet 
yield (unlike ITA in which there is a minimum 
threshold). Insulin independence is not guaran-
teed, but results show benefits of beta cell replace-
ment, at much lower morbidity. Several studies 
have compared long term outcomes in recipients 
of SIK/IAK and those receiving SPK transplant. 
Lehman et al demonstrated that the SIK recipi-
ents had a greater than 90% reduction in hypo-
glycaemic events, although few were insulin 
independent at 5 years. The rate of re-laparotomy, 
however, was four times more common in the 
SPK recipients [8]. Another, more recent, study 
by Gerber et  al. compared SIK recipients with 
patients receiving SPK, IAK, or intensive insulin 
therapy following a failed pancreas graft. 
Glycated haemoglobin was significantly lower 
following SIK, or IAK, compared to levels with 
intensive insulin therapy. There was also a reduc-
tion in the incidence of severe hypoglycaemia, 
and lower insulin usage [9].

13.2.2  Recipients with Type 2 
Diabetes Mellitus

The majority (90%) of SPK recipients have type 
1 diabetes, although pancreas transplantation is 
an option for patients with type-2 diabetes melli-
tus requiring insulin therapy. The rate of simulta-
neous kidney pancreas transplantation in patients 
with type-2 diabetes has increased significantly 
from 6 to 9% over the last decade, while the rate 
of solitary pancreas transplants has remained sta-
tionary, both pancreas after kidney (PAK) and 
pancreas transplant alone (PTA). Although the 
popularity of pancreas transplantation in type-2 
diabetes remains disproportionately lower than in 
type-1, previous data from multiple centres sup-
port the notion that pancreas transplantation in 
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younger (<50  years old), insulin-dependent 
patients with minimal comorbidities, especially 
limited cardiovascular disease, lower BMI 
(<30  kg/m2), and insulin requirement threshold 
(<1 iu/kg), is successful and outcomes are com-
parable to recipients of SPK transplants with 
type-1 diabetes. The clinical dilemma, however, 
remains triaging the appropriate T2DM patients 
to pancreas transplantation, to minimize peri- 
operative complications and maximise chance of 
insulin independence, and while making best use 
of living donor transplantation if available. 
Despite the limitations described above, there is 
little or no evidence for restricting pancreas 
transplantation on the basis of Type 2 status or 
insulin requirement.

In an updated analysis of International 
Pancreas and Transplant Registry (IPTR) data, 
Gruessner et al. examined the outcomes of pan-
creas transplants in type-2 diabetes recipients 
between 1995 and 2015 [10]. From the data, 
1514 pancreas transplants in patients with type-2 
diabetes were identified, the majority of which 
were SPK (88%), with only 33 pancreas re- 
transplants performed. In the most recent cohort, 
significant improvement was noted for SPK 
patient survival, whereby the 1- and 3-year 
patient survival rates increased from 91.4 and 
86.5%, to 97.6 and 95.8%. Risk factors with the 
greatest impact on patient mortality were failure 
of kidney or pancreas graft, recipient age over 
43 years and being African–American. Pancreas 
graft survival also improved significantly, with 1- 
and 3-year pancreas graft function from 80.2 and 
70.5%, to 89.0 and 83.3%. Importantly, the rate 
of early technical failures decreased over time.

13.2.3  Hypoglycaemic Unawareness

Patients with brittle, difficult to control diabetes 
in the absence of renal failure, who have experi-
enced more than 2 severe hypoglycaemia- 
unawareness episodes within the last 2 years may 
be offered pancreas transplant alone or islet 
transplantation. In contrast to islet transplanta-
tion, the goal of whole organ transplantation is 
insulin independence, and this is frequently 

achieved. This is, of course, at the expense of a 
surgical procedure with greater morbidity. While 
the results of islet transplantation continue to 
improve, the primary goal is not insulin- 
independence but rather reduction in the fre-
quency, severity and symptoms of hypoglycaemia: 
this is frequently achieved in the context of 
reduced doses of insulin and thus enabling 
improved glycaemic control and greatly improved 
quality of life. Islets are infused via a percutane-
ous transhepatic approach into the portal vein: 
while complications may occur, the procedure is 
minimally invasive by comparison. Both islet and 
whole organ approaches come with the need for 
life-long immunosuppression, including the 
associated risks of opportunistic infection and 
malignancy, and while often compared, these two 
approaches are best considered complementary, 
with choice informed by patient preference.

13.3  Patient and Graft Survival

Overall, transplantation improves patient sur-
vival significantly when compared to the waiting 
list population. A retrospective analysis of the 
UNOS database and Social Security death master 
file over a twenty-five year period examined the 
life years gained with transplantation compared 
to those who remained on the waiting list. 
Simultaneous kidney pancreas transplantation 
was associated with median survival 14.5 years 
compared to 4.2 years on the waiting list [11]. In 
the presence of a functioning pancreas transplant, 
patient survival is prolonged beyond what might 
be expected with kidney transplant alone. Weiss 
et  al. examined the SRTR database to compare 
patient and graft survival in patients transplanted 
between 1997 and 2005. Patient survival was sig-
nificantly better in those patients with pancreatic 
function at one year after SPK transplant (88%) 
when compared to recipients in whom the pan-
creas had failed (73.9%), or patients who had 
undergone living donor kidney transplant 
(80.0%) [12]. This difference in survival was 
confirmed by multi-variate analysis and was not 
influenced by the take-up of pancreas after kid-
ney transplantation. Kidney graft survival was 
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also highest in the SPK cohort on unadjusted 
data. Recipients in whom the pancreas graft 
failed in the early post-op period did not gain this 
survival advantage.

There is debate about the optimal timing of 
transplantation. Outcomes of patients receiving 
pre-emptive transplantation are superior, and so 
the adverse effects of time spent on dialysis may 
outweigh any advantage of delaying the interven-
tion, and pre-emptive SPK listing should be con-
sidered as standard. Differences in kidney graft 
survival have been attributed to the beneficial 
effect of the pancreas graft, although proper cor-
rection for donor demographics is critical to 
determine the factors responsible for the observed 
improvement. A recent re-assessment of this sur-
vival advantage following SPK transplant over 
kidney transplant alone has suggested that the 
difference in survival is significant, but possibly 
less than that suggested in earlier studies. Data 
from the SRTR was used to compare graft and 
patient survival in 7308 SPK recipients and 4653 
recipients of kidney transplants, matched for a 
number of co-variants including transplant cen-
tre, BMI, recipient and donor age, from a cohort 
of adult patients with type 1 diabetes mellitus 
transplanted between 1998 and 2009. Mean 
restricted kidney graft survival and patient sur-
vival were superior: this survival benefit was pri-
marily observed in younger patients [13].

Graft failure has typically been defined as a 
return to exogenous insulin therapy; although this 
may require review in light of the entrance to the 
market of non-insulin therapies for diabetes and 
the increased recognition of ‘partial function’—
the patient requiring injectable insulin despite 
ongoing endogenous insulin production. This has 
led to the specification by OPTN that the defini-
tion of transplant failure requires that insulin ther-
apy should exceed 0.5 units/kg and continue for 
>90 consecutive days [14]. Studies examining the 
influence and importance of serum c-peptide lev-
els have been performed at national levels and no 
correlation to graft failure has been found. As 
such, although c-peptide levels are often mea-
sured, these do not form part of diagnostic crite-
ria. Conversely, for islet transplantation, 
insulin-independence is not considered necessary 

to achieve the desired outcome of eliminating 
hypoglycaemic awareness. Consistent c-peptide 
production is required and therefore does form 
part of defining graft failure in these cases. 
Freedom from hypoglycaemia unawareness is the 
primary criterion for success in this group of 
patients.

Using current definitions, the outcomes of 
both whole organ pancreas and islet transplanta-
tion have moved closer to the level of other solid 
organ transplantation [15]. Graft survival remains 
superior in simultaneous pancreas-kidney trans-
plant compared to pancreas transplant alone, with 
pancreas graft survival rates now much improved 
to 96%, 89% and 81% for 1-, 3- and 5-year sur-
vival for SPK and 82%, 72% and 60% for pan-
creas only transplantation. The greatest 
improvement is graft outcomes has been achieved 
in the first 12 months, when graft loss rates are 
highest. This may be due to changes in donor 
selection, efforts to minimise cold ischaemia 
time or awareness and early management of the 
sequelae of graft pancreatitis. The reason for 
superior outcomes in SPK when compared to 
pancreas alone is not fully understood, but often 
attributed to the presence of a kidney from the 
same donor in the former allowing renal function 
to act as a surrogate biomarker for rejection in the 
pancreas. The kidney does have the advantage of 
having an easily measurable marker of function 
but also being amenable to biopsy, however in 
studies involving biopsy of both organs, discon-
cordance rates have been reported as high as 37% 
[16]. Recipients of SPK transplants are on aver-
age older than recipients of solitary pancreas 
transplants, and are at a later stage in their diabe-
tes. Rises in auto and allo-antibodies are often 
seen after transplantation and it may be that a 
more immune-reactive environment in solitary 
pancreas transplant recipients may be a contrib-
uting factor.

The results of islet transplantation have also 
improved significantly over the last decade. 
Insulin-independence has been reported at 58% 
at 1-year compared to only 11% in the 1990s, 
albeit with a high rate of attrition thereafter with 
only 10% insulin-independent at 5  years. 
However 80% of these patients still retained 
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c-peptide positivity and had well-controlled 
HbA1c [17]. The level of expertise at the isolat-
ing and transplanting centres does have an impact 
of islet graft survival rates, nevertheless, even in 
the best centres the longer-term outcomes of islet 
transplantation are inferior to those of whole 
organ transplantation. The lower morbidity does 
allow for repeat transplantation to take place, 
although this is as the risk of sensitising the 
recipient to HLA antigens, which may be prob-
lematic for patients that might require kidney 
transplantation at a later stage [18].

13.4  Donor Selection

The success of whole organ pancreas transplanta-
tion relies heavily on donor selection and the 
retrieval process. Donor organs for pancreas 
transplantation come predominantly from 
deceased donors declared dead by neurological 
(brain-stem death, DBD) or cardiovascular (cir-
culatory death, DCD) criteria (formerly known as 
non-heart beating donation). Living pancreas 
donor transplantation has been carried out in 
small numbers in a very small number of centres: 
due to the associated morbidity for the donor 
(15–30%), this has not become standard practice 
internationally [19]. Most cases were performed 
at the University of Minnesota, and in Japan 
(where deceased donors are rarely available). 
Segmental pancreas transplantation (transplanta-
tion of the body and tail of the pancreas on the 
splenic vessels) is performed in these cases: no 
advantage in the recipient has been shown over 
deceased donation, and metabolic studies have 
detected significant subsequent abnormalities in 
the donor [20].

Most DBD or DCD donors who have been 
deemed as appropriate for cardiothoracic and 
other abdominal organ donation should be con-
sidered for pancreas donation. However, donor 
selection for pancreas donation remains more 
stringent than that for other solid organs: DBD 
donors comprise the majority. Comparable out-
comes have been achieved using DCD donors; 
however, such donors are accepted with a very 
selective approach with regard to other risk fac-

tors. The criteria for quality assessment in donor 
and organ selection remain unclear, although 
there have been many attempts to identify donor 
features associated with adverse outcomes. The 
best tool is the Pancreas Donor Risk Index 
(PDRI) devised by Axelrod et al. which describes 
the relative cumulative impact of donor charac-
teristics in a score relative to 1 [21]. Nevertheless, 
studies attempting to validate the PDRI as a pre-
dictive tool have provided mixed results [22, 23], 
and without recipient factors built into the model 
it is difficult to interpret in real-life scenarios. 
Thus the PDRI is seldom used in clinical prac-
tice, and instead a pragmatic and individualised 
approach is most often used to balance the com-
monly identified poor prognostic characteristics: 
advanced donor age (>45  years), high BMI 
(>30 kg/m2), donation after circulatory death and 
prolonged cold ischaemia time (>12 h).

In the UK, two-thirds of donor pancreases 
meeting nationally-agreed criteria and offered for 
transplantation are declined as unsuitable [24]. 
Donors may be declined due to absolute contra-
indications specific to pancreas donation: these 
include a history of diabetes mellitus (Type 1, 
Type 2, or gestational), previous pancreatic sur-
gery, significant pancreatic trauma, acute or 
chronic pancreatitis (active acute or chronic). 
Relative contraindications include alcohol abuse, 
severe atherosclerosis, fatty infiltration, or pan-
creatic oedema. Additional factors include a long 
anticipated cold preservation time, a recent his-
tory of IV drug abuse or high-risk sexual behav-
iour, severe obesity (> 150% ideal body weight 
[IBW], body mass index [BMI] > 30 kg/m2) or 
sometimes an inexperienced organ retrieval team. 
Despite a selective approach to organ acceptance 
at the time of offering, even after a donor is 
accepted, the conversion rate from pancreas 
donor to transplant remains low: the pancreas is 
the organ most often discarded after organ 
retrieval. On visual inspection either in the donor 
or ex vivo, the pancreas is often found to be 
abnormal with macroscopic appearances of fibro-
sis or fatty infiltration. These features are broadly 
associated with severe reperfusion injury (reper-
fusion pancreatitis): given that there is not the 
same level of donor organ shortage for the 
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 pancreas as for other organs, most surgeons are 
reluctant knowingly to subject a recipient to any 
increased risk of high morbidity and early graft 
loss. However, visual inspection is highly subjec-
tive and the risk notoriously difficult to assess.

Organ allocation systems for whole organ 
pancreas transplantation and islet transplantation 
run in parallel in many countries since the pre-
ferred donor for islet transplant differs slightly to 
that of whole organ transplantation. For islet 
transplantation, older and higher-BMI donors are 
more acceptable whereas solid organ transplant-
ers favour younger slim donors. However, intra-
parenchymal fat or fibrosis may still hinder 
pancreas digestion. Cold ischaemia is limited to 
under 8 h for islet isolation (in the UK): for solid 
organ transplantation every effort is made to 
restrict cold ischaemia time to less than 12  h. 
These limitations are factored into the organ allo-
cation arrangements.

13.5  Organ Retrieval

There are two retrieval strategies in DBD dona-
tion: (1) rapid dissection of vasculature and 
organs in the cold phase after flush-out (manda-
tory if the donor is unstable) or (2) warm dissec-
tion before cold perfusion [25]. The retrieval 
technique for DCD organs differs in the timing of 
the cross clamping, with ‘super rapid recovery’ 
through laparotomy and immediate cannulation 
of the aorta or by direct cannulation of the femo-
ral artery. This to minimise the warm ischaemia 
time following cessation of cardiorespiratory 
function: there is an obligatory 5 min observation 
period following circulatory arrest, before any 
intervention is permissible. In a multi-organ 
retrieval procedure, if portal perfusion is to be 
performed then this must be either done via a 
completely transected portal vein or the portal 
circulation needs to be vented through the splenic 
or inferior mesenteric vein: this is to avoid back 
pressure, non-perfusion and congestion of the 
pancreas. The role of the retrieval surgeon to look 
after the interests of all organs is paramount. The 
assessment of the organ is best done on the bench 
rather than in the donor’s body, since allows both 

visual and tactile assessment of the donor pan-
creas. Currently, assessment and decision- making 
in organ acceptance is multifactorial and largely 
subjective with significant inter-clinician and 
inter-centre variability. Macroscopic features of 
the pancreas such as the degree of inter- and 
intra-lobular pancreatic steatosis, fibrosis and 
calcification are important and may be associated 
with the likelihood of reperfusion pancreatitis 
and poorer long-term function.

Organ preservation is a key factor in the two 
major (and related) early complications of solid 
organ pancreas transplantation, vascular com-
plications and reperfusion pancreatitis. Novel 
perfusion devices have been developed in recent 
years to enable the preservation and perfusion 
of visceral organs at hypothermic and normo-
thermic temperatures. These have been tested in 
trials and have entered clinical practice in kid-
ney, liver, heart and lung transplantation, with 
increasing evidence suggesting improved 
patient outcomes and better graft survival. 
Perversely, preservation techniques for the frag-
ile pancreatic allograft have changed little [26] 
and, while there have been attempts at perfu-
sion, the prospect of perfusing the whole pan-
creas remains far from realisation into clinical 
practice at the present time. Currently, static 
cold storage is the preferred approach, and has 
been the most widely used method for pancreas 
preservation for the last 30 years. University of 
Wisconsin solution (UWS) is the most com-
monly utilised preservation fluid, and is used for 
flushing the pancreas after explant and before 
implantation, as well as during transportation. 
An alternative to UWS is Histidine Tryptophan 
Ketoglutarate solution (HTK) and Celsior, how-
ever despite numerous trials no advantage over 
UWS has been shown [27].

13.6  Implantation Procedure

Back-table preparation of the pancreas graft must 
be undertaken with care: this is usually started as 
soon as the pancreas graft arrives in the implanting 
centre in order to minimise cold ischaemia time. 
The pancreas graft is assessed  macroscopically for 
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damage or fatty infiltration. If the graft is deemed 
suitable for transplant, the recipient is called to the 
operating theatre and anaesthetic procedures begin 
while the graft is prepared. The pancreas is a retro-
peritoneal organ and requires considerable dissec-
tion with attention to haemostasis. The spleen and 
excess fat are removed and small vessels and lym-
phatics ligated, the mesenteric root is over-sewn 
and the attached donor duodenum shortened, 
restapled and also over- sewn. The dual arterial 
input of the pancreas is reconstructed to a single 
point of inflow, using a Y-graft of donor iliac ves-
sels to the superior mesenteric artery and splenic 
artery. The graft is flushed with University of 
Wisconsin fluid before being replaced in static 
cold storage until time for implantation. As men-
tioned, attempts at perfusing the pancreas ex vivo 
have not been successful and thus static cold stor-
age and minimising cold ischaemia times remains 
the primary focus in clinical practice.

Implantation is usually (although not in all 
centres) performed through a midline incision 
with the pancreas graft placed in the right iliac 
fossa with arterial inflow from the recipient right 
common iliac artery via the Y-graft, and venous 
outflow from the donor portal vein into the recipi-
ent inferior vena cava or right common iliac vein. 
In a minority of centres, portal venous drainage 
(to the portal or superior mesenteric veins) has 
been employed with the aim of achieving more 
physiological insulin drainage. However this 
approach has not been supported by any evidence 
of benefit [28].

After perfusion of the pancreas and careful 
haemostasis, the donor duodenum is anasto-
mosed to an accessible section of recipient 
jejunum. Historically, drainage of the exocrine 
secretions of the pancreas has been seen as the 
‘Achilles heel’ of pancreas transplantation, 
and various methods have been adopted, 
including drainage into the bladder, jejunum 
or duodenum, with or without a Roux-en Y 
loop. Enteric drainage of secretions is clearly 
more physiological but with loss of the poten-
tial benefit of monitoring urinary amylase 
with bladder-drainage.

Islet transplantation is far less invasive involv-
ing the infusion of isolated islets into the liver via 

the portal vein. This is usually performed via a 
percutaneous radiologically-guided transhepatic 
approach, however, may also be performed 
through cannulation of a mesenteric vessel 
reached laparoscopically or through a mini- 
laparotomy. The principle challenge in islet 
transplantation, is in the isolation (a process of 
pancreas digestion combining enzymatic and 
mechanical dissociation and islet purification 
using density-gradient separation). In terms of 
the utilisation of donor organs, this is relatively 
inefficient, with only 30% of isolations resulting 
in transplantable yields. Islet isolation requires 
specialised expertise and many programmes are 
based on a hub-and-spoke model.

13.7  Immunosuppression

Immunosuppression in islet and pancreas trans-
plantation follows a similar pattern to other solid 
organ transplantation. Biological antibody induc-
tion (thymoglobulin, alemtuzumab or basilix-
imab) is used perioperatively to reduce the 
immediate cell-mediated immune response, with 
maintenance therapy comprising tacrolimus and 
mycofenolate mofetil to block T-cell activation 
and expansion. Mycofenolate has been shown to 
be associated with lower rates of graft rejection 
[29] compared to azathioprine and there was a 
reduction in severe rejection and 3 year graft loss 
in the EUROSPK 001 trial comparing an immu-
nosuppression regime including tacrolimus to the 
same with cyclosporine [30]. There is a recent 
trend towards the use of steroid-free regimens: 
the avoidance of long-term steroid use is desir-
able in terms of minimising insulin insensitivity 
and risk of wound infection [31].

13.8  Complications

Whole organ pancreas and islet transplantation 
carry similar long term risks with respect to 
immunosuppression (opportunistic infections, 
specific drug side effects and malignancy). Islet- 
specific complications are rare and usually fall 
into either portal vein thrombosis or bleeding. 
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Solid organ pancreas transplantation is associ-
ated with a much higher number of potential 
complications. Like any operation, there is the 
risk of general anaesthesia, bleeding and infec-
tion, and, as with other organ transplants, there 
are also risks of delayed graft function, primary 
non-function, thrombosis, rejection (acute or 
chronic), in addition to other complications of 
immunosuppression. One in four pancreas recipi-
ents will require further surgery, most commonly 
for bleeding or the management of graft pancre-
atitis. Because the pancreas is not an organ that is 
immediately essential for life, severe complica-
tions are more commonly managed by removal 
of the graft than in other types of transplant. 
Early graft failure necessitating graft pancreatec-
tomy may occurs in the context of thrombosis 
(usually venous). Non-occlusive venous throm-
boses are frequently identified by in radiological 
assessment, with incidence reported as being 
10–35%: this may be associated with ischaemia- 
reperfusion injury and reperfusion pancreatitis in 
this very sensitive organ. The vascular flow in the 
major vessels (especially the splenic vessels) is 
much lower than in normal physiology due the 
removal of the spleen, and low velocity combined 
with endothelial injury due to organ preservation 
constitute a substantially increased risk of throm-
bosis. Because of this, careful attention is given 
to anticoagulation, often with frequent monitor-
ing using methods such as thromboelastography. 
Another devastating, much later, vascular com-
plication is that of mycotic pseudoaneurysm, 
usually occurring years after transplantation: it is 
thought that vascular suture line infection may be 
caused by contamination at the time of transplan-
tation. To avoid this antifungal treatment is given 
routinely: in any patient who presents with gas-
trointestinal bleeding the possibility of this diag-
nosis is entertained.

13.8.1  Rejection and Biopsy

Acute rejection of the pancreas graft is difficult to 
diagnose, which creates a challenge since treat-
ment is far more likely to be successful before 
hyperglycaemia is apparent. Attempts to salvage 

rejecting organs once serum glucose rises are 
unlikely to be fruitful. Rejection rates have been 
described in the literature as between 5 and 25%, 
with definitions being based on a number of 
factors.

Various biomarkers have been used in moni-
toring protocols with the aim of providing earlier 
warning of impending pancreas rejection, but 
these are based on limited evidence. In the case 
of bladder-drained pancreases, urinary amylase 
has been used: a drop in urinary amylase has 
been shown to precede evidence of endocrine 
dysfunction [32]. However, bladder drainage is 
associated with considerable morbidity for recip-
ients and has been abandoned in most centres. 
Serum amylase has not been shown to correlate 
well with pancreas graft rejection, and lipase is 
used in many centres in preference, since it shows 
a quicker peak that can prompt more timely inter-
vention, however the evidence base for this is 
also limited [33]. The emergence of donor- 
specific HLA antibodies and diabetic auto- 
antibodies have been shown to be associated with 
poor pancreas outcomes and undoubtedly relate 
to underlying inflammatory processes [34]. 
However, it is not clear if these arise in advance 
of the event sufficiently to be useful. Pancreas 
biopsies are only performed in a few centres: 
these may be performed at open surgery, laparo-
scopically, via endoscopy or radiologically 
guided. Although features of rejection have been 
described and based on histological findings [35], 
experience in interpreting pancreas biopsies is 
limited. The biopsy procedure is associated with 
a risk of bleeding, fistulation and graft loss, as 
well as a high rate of procedural failure, making 
biopsies challenging to justify without clear clin-
ical indication.

13.8.2  Pancreatitis

Ischaemia-reperfusion injury is manifest in the 
transplanted pancreas as graft pancreatitis. There 
is no specific biochemical test to make the diag-
nosis of graft pancreatitis, which is therefore 
made on a combination of clinical and radiologi-
cal findings. Clinically patients experience pain, 
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often with ileus and failure to progress, with on- 
going raised inflammatory markers. Radiological 
assessment may show an oedematous pancreas 
graft often associated with fluid collection and 
thrombosis. The recipients are likely then have a 
prolonged length of stay, often requiring repeated 
operations to wash-out amylase rich collections 
and inspect the pancreas. Without intervention, 
patients may progress to sepsis and multi-organ 
failure: if progress is not made in the individual 
case, early pancreatectomy must be considered.

Severe graft pancreatitis is a complication 
much feared by clinicians, and is the major con-
tributor to early graft loss. This leaves the recipi-
ent having been through the trauma of surgery 
and sepsis without reaping any of the benefits of 
pancreas transplantation. In addition also patients 
are potentially sensitised to HLA antigens, mak-
ing attempts at retransplantation more challeng-
ing. The single greatest need in the field of 
pancreas transplantation is to understand better 
the aetiology of pancreatitis and develop the 
means to abrogate this devastating complication.

13.9  Graft Function 
and Surveillance

Successful pancreas transplantation achieves 
insulin independence, with normalisation of 
blood glucose and HbA1c, but monitoring after 
pancreas (and islet) transplantation remains a 
challenge. The natural history of functional 
decline after pancreas transplantation and the 
mechanisms that lead to graft failure are not 
understood. Unlike the kidney, there is no easily 
measurable marker of function to monitor and, 
even in those centres where it is carried out, 
biopsy of the pancreas is a means of diagnosis 
rather than surveillance. As a result, graft failure 
appears to occur suddenly with little opportunity 
for graft salvage. It is often presumed that this is 
a result of rejection; however other underlying 
mechanisms have been postulated including 
recurrence of autoimmunity and development of 
type 2 diabetes [36].

Most centres follow monitoring protocols 
including regular laboratory and possibly radio-

logical testing, with measurement of serum amy-
lase, lipase, insulin, c-peptide and glucose. HbA1c 
and oral glucose tolerance testing may also be 
employed. In the past, bladder-drainage of exo-
crine secretions enabled monitoring of urinary 
amylase levels which was used as a biomarker 
and early warning of impending graft failure and 
prompt further investigation and intervention 
[37]. However, this approach is not used widely 
partly as bladder-drainage was associated with 
metabolic and urological complications that 
resulted in frequent hospital admissions and renal 
impairment. In simultaneous pancreas- kidney 
transplantation, kidney function may be used as a 
surrogate however disconcordance rates of rejec-
tion between the two organs are too high to make 
this robust [16]. Nevertheless, this may be one 
factor in the superior outcomes of the combined 
procedure over pancreas transplant alone.

In islet transplantation, there have been sev-
eral useful metabolic scores introduced to pro-
vide an objective assessment of graft function, 
including the beta-score and HYPO score [38]. 
These are not applicable to whole organ trans-
plantation due to systemic drainage of insulin 
and the high incidence of renal dysfunction. To 
date, in whole organ transplantation there is no 
easily applicable method for measuring graft 
function sequentially and monitoring remains a 
challenge. Existing metabolic assessment tools 
are invasive and laborious, radiological and 
radioisotopic methods to measure beta-cell mass 
are of experimental interest but are not in clinical 
use and have not been shown to correlate with 
graft function. Immunological monitoring may 
give warning of an immunological reaction but 
interpretation and intervention are both challeng-
ing. Novel interventions such as the use of a vas-
cularised donor sentinel skin flap to allow for 
protocol biopsies have been studied but are not 
yet part of routine clinical practice.

13.10  Diabetic Complications

Diabetes is associated with other devastating sec-
ondary complications in addition to nephropathy. 
Good glycaemic control is known to reduce 
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decline in renal function, which is particularly 
important in the context of lifelong immunosup-
pression with nephrotoxic calcineurin inhibitors. 
This benefit is best realised with stable function 
beyond 10 years, by which time studies of non- 
uraemic pancreas transplant alone recipients have 
shown stabilisation of early functional decline 
and improvements in glomerular structure to nor-
mal [39, 40]. Browne et al. compared 2776 PAK 
and 13,635 kidney alone recipients and con-
firmed that these histological and functional 
improvements translated into improved graft sur-
vival, thereby endorsing the additional benefit of 
the pancreas in this situation [41].

Whether pancreas transplantation conveys 
benefit with respect to other complications is less 
clearly established. Although there has been 
some evidence of stabilisation of diabetic neu-
ropathy after transplantation, large and robust 
studies have been limited by the lack of a ‘gold 
standard’ outcome measure [42]. Diabetic reti-
nopathy is the leading cause of blindness in 
young people, however most patients already 
have established advanced retinopathy at the time 
of transplant limiting the potential for benefit. 
Indeed, rejection episodes have been shown to be 
associated with a deleterious effect [43]. While 
neuropathy and retinopathy lead to great morbid-
ity for patients, cardiovascular disease is the main 
cause of death. While data do show that SPK is 
associated with lower rates of cardiac death, this 
is in the context of stringent pre-operative cardiac 
screening and optimisation [44]. Further research 
is needed to clearly define the impact of pancreas 
transplantation and graft function on the develop-
ment and progression of diabetic complications.

13.11  Interventions and Further 
Research

Although there have been significant technologi-
cal advances in insulin-delivery systems, with 
continuous glucose monitoring enabling insulin 
pumps to deliver insulin responsively in systems 
described as the ‘artificial pancreas’, islet trans-
plantation is still likely to have a role for those 
who are not able to control their very brittle dia-

betes in this manner. Meanwhile, whole organ 
pancreas transplantation remains the only treat-
ment for diabetes to normalise glucagon in what 
is now understood to be a bi-hormonal disease.

Currently, the risk of pancreas transplantation 
and its associated complications limits its risk- 
benefit and restricts its use to a selected group of 
patients. New methods to prevent and minimise 
morbidity, particularly that of graft pancreatitis, 
will expand the criteria for transplantation and 
increase the access to transplantation. With the 
donor population becoming progressively more 
marginal, and the risks associated with ischaemia- 
reperfusion injury driving increasingly conserva-
tive donor selection, there is a need to improve 
organ utilisation with new approaches to organ 
retrieval, preservation, assessment and the con-
trol of ischaemia-reperfusion injury. There is a 
pressing need for more effective graft monitor-
ing, perhaps by immunological or biochemical 
biomarkers, to aid early identification of rejection 
and other causes of graft dysfunction, enabling 
improved graft survival. There is much interest in 
alternative methods of generating functional 
beta-cells or better islets, but this technology is 
still a considerable distance away from clinical 
practice.

References

 1. Kelly WD, Lillehei RC, Merkel FK, Idezuki Y, Goetz 
FC.  Allotransplantation of the pancreas and duode-
num along with the kidney in diabetic nephropathy. 
Surgery. 1967;61(6):827–37.

 2. Kandaswamy R, Stock PG, Gustafson SK, Skeans 
MA, Urban R, Fox A, et al. OPTN/SRTR 2017 annual 
data report: pancreas. Am J Transplant. 2019;19(Suppl 
2):124–83.

 3. Karl RC, Scharp DW, Ballinger WF, Lacy 
PE. Transplantation of insulin-secreting tissues. Gut. 
1977;18(12):1062–72.

 4. Shapiro AM, Lakey JR, Ryan EA, Korbutt GS, 
Toth E, Warnock GL, et  al. Islet transplantation in 
seven patients with type 1 diabetes mellitus using a 
glucocorticoid- free immunosuppressive regimen. N 
Engl J Med. 2000;343(4):230–8.

 5. Lasker RD.  The diabetes control and complications 
trial. Implications for policy and practice. N Engl J 
Med. 1993;329(14):1035–6.

 6. Skupien J, Smiles AM, Valo E, Ahluwalia TS, Gyorgy 
B, Sandholm N, et al. Variations in risk of end-stage 

13 Pancreas and Islet Transplantation: Pancreas and Islet Transplantation in Diabetes Mellitus



216

renal disease and risk of mortality in an international 
study of patients with type 1 diabetes and advanced 
nephropathy. Diabetes Care. 2019;42(1):93–101.

 7. Accessed March 2013. http://odt.nhs.uk/pdf/advi-
sory_group_papers/PAG/Standard_%20listing%20_
criteria_summary.pdf

 8. Lehmann R, Graziano J, Brockmann J, Pfammatter 
T, Kron P, de Rougemont O, et al. Glycemic control 
in simultaneous islet-kidney versus pancreas-kidney 
transplantation in type 1 diabetes: a prospective 
13-year follow-up. Diabetes Care. 2015;38(5):752–9.

 9. Gerber PA, Hochuli M, Benediktsdottir BD, Zuellig 
RA, Tschopp O, Glenck M, et  al. Islet transplanta-
tion as safe and efficacious method to restore glyce-
mic control and to avoid severe hypoglycemia after 
donor organ failure in pancreas transplantation. Clin 
Transplant. 2018;32(1).

 10. Gruessner AC, Laftavi MR, Pankewycz O, Gruessner 
RWG.  Simultaneous pancreas and kidney trans-
plantation- is it a treatment option for patients with 
type 2 diabetes mellitus? An analysis of the interna-
tional pancreas transplant registry. Curr Diab Rep. 
2017;17(6):44.

 11. Gruessner RW, Sutherland DE, Gruessner 
AC.  Mortality assessment for pancreas transplants. 
Am J Transplant. 2004;4(12):2018–26.

 12. Weiss AS, Smits G, Wiseman AC. Twelve-month pan-
creas graft function significantly influences survival 
following simultaneous pancreas-kidney transplanta-
tion. Clin J Am Soc Nephrol. 2009;4(5):988–95.

 13. Sung RS, Zhang M, Schaubel DE, Shu X, Magee 
JC.  A reassessment of the survival advantage of 
simultaneous kidney-pancreas versus kidney-alone 
transplantation. Transplantation. 2015;99(9):1900–6.

 14. Access March 2019. https://optn.transplant.hrsa.gov/
media/1116/03_pa_graft_failure_definition.pdf

 15. Kandaswamy R, Stock PG, Skeans MA, Gustafson 
SK, Sleeman EF, Wainright JL, et  al. OPTN/SRTR 
2011 annual data report: pancreas. Am J Transplant. 
2013;13(Suppl 1):47–72.

 16. Troxell ML, Koslin DB, Norman D, Rayhill S, 
Mittalhenkle A.  Pancreas allograft rejection: anal-
ysis of concurrent renal allograft biopsies and 
posttherapy follow-up biopsies. Transplantation. 
2010;90(1):75–84.

 17. Shapiro AM, Ricordi C, Hering BJ, Auchincloss H, 
Lindblad R, Robertson RP, et  al. International trial 
of the Edmonton protocol for islet transplantation. N 
Engl J Med. 2006;355(13):1318–30.

 18. Naziruddin B, Wease S, Stablein D, Barton FB, 
Berney T, Rickels MR, et  al. HLA class I sensi-
tization in islet transplant recipients: report from 
the Collaborative Islet Transplant Registry. Cell 
Transplant. 2012;21(5):901–8.

 19. Kirchner VA, Finger EB, Bellin MD, Dunn TB, 
Gruessner RW, Hering BJ, et  al. Long-term out-
comes for living pancreas donors in the modern era. 
Transplantation. 2016;100(6):1322–8.

 20. Robertson RP, Sutherland DE, Seaquist ER, Lanz 
KJ.  Glucagon, catecholamine, and symptom 

responses to hypoglycemia in living donors of pan-
creas segments. Diabetes. 2003;52(7):1689–94.

 21. Axelrod DA, Sung RS, Meyer KH, Wolfe RA, 
Kaufman DB.  Systematic evaluation of pancreas 
allograft quality, outcomes and geographic varia-
tion in utilization. Am J Transplant. 2010;10(4): 
837–45.

 22. Mittal S, Lee FJ, Bradbury L, Collett D, Reddy 
S, Sinha S, et  al. Validation of the pancreas donor 
risk index for use in a UK population. Transpl Int. 
2015;28(9):1028–33.

 23. Blok JJ, Kopp WH, Verhagen MJ, Schaapherder 
AF, de Fijter JW, Putter H, et al. The value of PDRI 
and P-PASS as predictors of outcome after pan-
creas transplantation in a large European Pancreas 
Transplantation Center. Pancreas. 2016;45(3):331–6.

 24. Accessed March 2019. https://nhsbtdbe.blob.core.
windows.net/umbraco-assets-corp/12300/transplant-
activity-report-2017-2018.pdf

 25. Brockmann JG, Vaidya A, Reddy S, Friend 
PJ. Retrieval of abdominal organs for transplantation. 
Br J Surg. 2006;93(2):133–46.

 26. Maglione M, Ploeg RJ, Friend PJ. Donor risk factors, 
retrieval technique, preservation and ischemia/reper-
fusion injury in pancreas transplantation. Curr Opin 
Organ Transplant. 2013;18(1):83–8.

 27. Stewart ZA, Cameron AM, Singer AL, Dagher NN, 
Montgomery RA, Segev DL.  Histidine-tryptophan- 
ketoglutarate (HTK) is associated with reduced graft 
survival in pancreas transplantation. Am J Transplant. 
2009;9(1):217–21.

 28. Sollinger HW, Odorico JS, Becker YT, D'Alessandro 
AM, Pirsch JD. One thousand simultaneous pancreas- 
kidney transplants at a single center with 22-year 
follow-up. Ann Surg. 2009;250(4):618–30.

 29. Stegall MD, Simon M, Wachs ME, Chan L, Nolan 
C, Kam I.  Mycophenolate mofetil decreases rejec-
tion in simultaneous pancreas-kidney transplanta-
tion when combined with tacrolimus or cyclosporine. 
Transplantation. 1997;64(12):1695–700.

 30. Saudek F, Malaise J, Boucek P, Adamec M, Euro 
SPKSG. Efficacy and safety of tacrolimus compared 
with cyclosporin microemulsion in primary SPK 
transplantation: 3-year results of the Euro-SPK 001 
trial. Nephrol Dial Transplant. 2005;20 Suppl 2:ii3–
10, ii62.

 31. Gruessner RW, Sutherland DE, Kandaswamy R, 
Gruessner AC. Over 500 solitary pancreas transplants 
in nonuremic patients with brittle diabetes mellitus. 
Transplantation. 2008;85(1):42–7.

 32. Sibley RK, Sutherland DE. Pancreas transplantation. 
An immunohistologic and histopathologic examina-
tion of 100 grafts. Am J Pathol. 1987;128(1):151–70.

 33. Sugitani A, Egidi MF, Gritsch HA, Corry RJ. Serum 
lipase as a marker for pancreatic allograft rejection. 
Transplant Proc. 1998;30(2):645.

 34. Mittal S, Page SL, Friend PJ, Sharples EJ, Fuggle 
SV. De novo donor-specific HLA antibodies: biomark-
ers of pancreas transplant failure. Am J Transplant. 
2014;14(7):1664–71.

P. Johnson et al.

http://odt.nhs.uk/pdf/advisory_group_papers/PAG/Standard_ listing _criteria_summary.pdf
http://odt.nhs.uk/pdf/advisory_group_papers/PAG/Standard_ listing _criteria_summary.pdf
http://odt.nhs.uk/pdf/advisory_group_papers/PAG/Standard_ listing _criteria_summary.pdf
https://optn.transplant.hrsa.gov/media/1116/03_pa_graft_failure_definition.pdf
https://optn.transplant.hrsa.gov/media/1116/03_pa_graft_failure_definition.pdf
https://nhsbtdbe.blob.core.windows.net/umbraco-assets-corp/12300/transplant-activity-report-2017-2018.pdf
https://nhsbtdbe.blob.core.windows.net/umbraco-assets-corp/12300/transplant-activity-report-2017-2018.pdf
https://nhsbtdbe.blob.core.windows.net/umbraco-assets-corp/12300/transplant-activity-report-2017-2018.pdf


217

 35. Drachenberg CB, Odorico J, Demetris AJ, Arend L, 
Bajema IM, Bruijn JA, et al. Banff schema for grad-
ing pancreas allograft rejection: working proposal by 
a multi-disciplinary international consensus panel. 
Am J Transplant. 2008;8(6):1237–49.

 36. Vendrame F, Pileggi A, Laughlin E, Allende G, 
Martin-Pagola A, Molano RD, et  al. Recurrence of 
type 1 diabetes after simultaneous pancreas-kidney 
transplantation, despite immunosuppression, is asso-
ciated with autoantibodies and pathogenic autoreac-
tive CD4 T-cells. Diabetes. 2010;59(4):947–57.

 37. Prieto M, Sutherland DE, Goetz FC, Rosenberg ME, 
Najarian JS. Pancreas transplant results according to 
the technique of duct management: bladder versus 
enteric drainage. Surgery. 1987;102(4):680–91.

 38. Ryan EA, Shandro T, Green K, Paty BW, Senior PA, 
Bigam D, et al. Assessment of the severity of hypo-
glycemia and glycemic lability in type 1 diabetic 
subjects undergoing islet transplantation. Diabetes. 
2004;53(4):955–62.

 39. Fioretto P, Steffes MW, Sutherland DE, Goetz FC, 
Mauer M. Reversal of lesions of diabetic nephropa-

thy after pancreas transplantation. N Engl J Med. 
1998;339(2):69–75.

 40. Mauer M, Fioretto P.  Pancreas transplantation and 
reversal of diabetic nephropathy lesions. Med Clin 
North Am. 2013;97(1):109–14.

 41. Browne S, Gill J, Dong J, Rose C, Johnston O, 
Zhang P, et  al. The impact of pancreas transplanta-
tion on kidney allograft survival. Am J Transplant. 
2011;11(9):1951–8.

 42. Navarro X, Kennedy WR, Loewenson RB, Sutherland 
DE. Influence of pancreas transplantation on cardiore-
spiratory reflexes, nerve conduction, and mortality in 
diabetes mellitus. Diabetes. 1990;39(7):802–6.

 43. Scheider A, Meyer-Schwickerath E, Nusser J, Land 
W, Landgraf R.  Diabetic retinopathy and pancreas 
transplantation: a 3-year follow-up. Diabetologia. 
1991;34(Suppl 1):S95–9.

 44. La Rocca E, Fiorina P, di Carlo V, Astorri E, Rossetti 
C, Lucignani G, et al. Cardiovascular outcomes after 
kidney-pancreas and kidney-alone transplantation. 
Kidney Int. 2001;60(5):1964–71.

13 Pancreas and Islet Transplantation: Pancreas and Islet Transplantation in Diabetes Mellitus



219© Springer Nature Switzerland AG 2021 
N. Hakim et al. (eds.), Transplantation Surgery, Springer Specialist Surgery Series, 
https://doi.org/10.1007/978-3-030-55244-2_14

Small Bowel Transplantation: 
The New Frontier in Organ 
Transplantation

Ruy J. Cruz, Robert M. Esterl, and Abhinav Humar

14.1  Background

The first experimental intestinal transplant was 
performed by Alexis Carrel in 1901, when he 
implanted a segment of bowel into the neck of a 
dog. The first human intestinal transplants 
occurred in the 1960s, but these transplants were 
suspended at that time because of dismal graft 
and patient survival due to lack of effective 
immunosuppressive protocols. The widespread 
introduction of calcineurin inhibitors 
(Cyclosporine in the 1980s and Tacrolimus in the 
1990s) renewed interest in intestinal transplanta-
tion as a viable surgical option for patients with 
intestinal failure requiring total parenteral nutri-
tion (TPN). Newer immunosuppressive regi-
mens, advances in organ preservation, better 
donor and recipient selection, refinement in sur-
gical techniques, earlier detection and treatment 
of infections and improved postoperative critical 

care management have all played significant 
roles in the success of intestinal transplants since 
the mid-1990s. Although intestinal transplants 
remain the least frequent of all transplants, one 
year graft survival rates have significantly 
improved and now approach those of other extra-
renal transplants. As graft losses due to technical 
reasons have diminished greatly, immunologic 
and infectious issues remain primary challenges 
facing the field today. As the largest lymphoid 
organ in the human body and a host for potential 
infectious pathogens, the small bowel continues 
to be the most difficult solid organ to transplant 
[1–10].

14.2  Pretransplant Evaluation

Intestinal failure is defined as the inability of the 
intestine to maintain nutrition or fluid and elec-
trolyte balance without long term TPN [2, 4, 6–
8]. Causes of intestinal failure can be divided into 
2 broad groups: (1) SBS (insufficient bowel 
length) and (2) functional disorders (impaired 
intestinal motility or absorption with an other-
wise sufficient intestinal length and surface area). 
Currently an intestinal transplant is indicated for 
patients suffering from irreversible SBS who 
present with life-threatening complications sec-
ondary to TPN or underlying medical disease [6]. 
Centers for Medicare and Medicaid Services 
have approved coverage for intestinal transplants 
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in patients with SBS on TPN with these compli-
cations: (1) thrombosis of major venous access 
sites, (2) frequent central line infections and sep-
sis requiring hospitalization (more than two epi-
sodes per year), (3) impending or overt liver 
failure related to TPN, and (4) severe and fre-
quent electrolyte imbalance and/or dehydration 
despite intravenous fluid supplementation in 
addition to TPN [3, 8, 11]. Many feel that patients 
who are stable on TPN without such complica-
tions are usually not considered intestinal trans-
plant candidates, because their estimated annual 
survival rate may be higher with TPN.

The most common cause of SBS requiring an 
intestinal transplant includes extensive surgical 
resection of the small intestine. Uncommon indi-
cations for intestinal transplant in patients with 
intestinal failure but without SBS are (1) severe 
gastrointestinal myopathy or neuropathy (hollow 
visceral myopathy, total intestinal aganglionosis, 
pseudo-obstruction syndrome), (2) gut malab-
sorption syndromes (microvillous inclusion dis-
ease, radiation enteritis, selective autoimmune 
enteropathy), (3) neoplastic syndromes involving 
the root of the mesentery (neuroendocrine and 
desmoid tumors, often associated with familial 
adenomatous polyposis or Gardener’s syndrome), 
and (4) diffuse portomesenteric thrombosis with 
high risk of gastrointestinal hemorrhage [2, 4, 
7–9].

The causes of intestinal failure are different in 
adult versus pediatric populations. Gastroschisis, 
necrotizing enterocolitis, malrotation with mid- 
gut volvulus, and atresias are the most common 
causes in pediatric patients; mesenteric arterial 
thrombosis/embolism, trauma, Crohn’s disease, 
and adhesions are the most frequent causes in 
adult patients [10]. Most patients (53%) who wait 
for an intestinal transplant have an underlying 
diagnosis of SBS [9]. The development of SBS 
depends not only on the resected length of bowel, 
but also on the location of the resection, and on 
the retainment (or not) of the ileocecal valve and/
or the colon. As a rough guideline, most patients 
can tolerate up to 50% resection of their intestine 

with subsequent adaptation, avoiding the need 
for long-term TPN. Loss of greater than 70% of 
intestine, however, usually necessitates some 
type of parenteral nutritional support. The devel-
opment of TPN-induced liver failure is much 
more rapid in children when compared to adults. 
For these reasons pediatric patients with SBS 
should be referred for isolated intestinal trans-
plant evaluation before the development of irre-
versible TPN-induced liver injury [2, 5, 7, 12].

The pretransplant evaluation is not too differ-
ent from that for other transplants. The typical 
laboratory evaluation includes ABO type, HLA 
type, panel reactive antibody, complete blood 
count, comprehensive basic metabolic profile and 
coagulation profile. Serology studies should be 
performed for HIV, hepatitis B and C, CMV and 
EBV.  A clear picture of the anatomy of the 
patient’s gastrointestinal tract is essential [2]. An 
upper gastrointestinal tract contrast series and 
abdominal and pelvic CT scan are always neces-
sary in order to plan gastrointestinal tract recon-
struction during the transplant. It is important to 
estimate actual bowel length and function (transit 
time with upper gastrointestinal series). Hepatic 
function should be evaluated carefully and a tran-
sjugular or percutaneous liver biopsy is often 
required. If there is evidence of significant liver 
dysfunction, a combined liver-intestine or multi-
visceral transplant may be indicated [5, 12]. 
Duplex sonography of the liver and intraabdomi-
nal vascular system can be useful. Patients with 
thrombotic disorders need specific hematologic 
tests to define hypercoagulable states (such as 
protein C and S deficiency, prothrombin G20210 
A and factor V Leiden mutation, and hyperhomo-
cysteinemia) [2]. Conventional abdominal vis-
ceral angiography and a comprehensive 
evaluation of the upper and lower central venous 
system are mandatory in high-risk patients and 
those with thrombotic disorders. Absolute con-
traindications such as advanced malignancy, 
severe systemic disease, active infection, and 
marked cardiopulmonary insufficiency must be 
ruled out [2, 6].
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14.3  Surgical Procedure

Unfortunately the nomenclature to describe the 
technical aspects of intestinal transplantation has 
not been consistent in the literature, particularly 
when other organs are transplanted with the 
intestinal graft [8]. The three most common types 
of intestinal transplants include: (1) isolated 
intestinal transplant, (2) combined liver–intestine 
transplant, and (3) multivisceral transplants 
(Fig.  14.1) [1–8]. The most common intestinal 

transplant is the isolated intestinal graft which 
includes the entire deceased donor jejunum and 
ileum, and is used in patients with intestinal fail-
ure that is limited to the small bowel. The arterial 
anastomosis is based on the recipient superior 
mesenteric artery or using a jump graft from the 
infrarenal aorta. Venous outflow is usually 
achieved with the anastomosis of the superior 
mesenteric vein to the native superior mesenteric 
vein or splenic vein; however, in some cases sys-
temic venous drainage to inferior vena cava is 

Fig. 14.1 Types of visceral transplant. Native organs are 
coloured dark reddish brown and donor organs are light 
brown. (a) Isolated intestinal transplantation. Vascular 
inflow from native infrarenal aorta through an interposi-
tion graft and outflow into native portal vein through an 
interposition graft. Inset images show alternate options 
for vascular anastomoses: Chimney ileostomy allows easy 
endoscopic access to obtain periodic biopsies and jejunos-
tomy tube for decompression and early enteral feeding. 
(b). Liver-intestine transplantation. Arterial anastomoses 

of the Carrel patch (segment of donor aorta with its 
branches including SMA and Celiac axis) to native infra-
renal abdominal aorta and venous outflow of segment of 
donor IVC anastomosed in a piggy back fashion to native 
IVC. (c) Full multivisceral transplantation. Vascular anas-
tomoses are similar to the liver-intestinal allograft. 
Gastrointestinal continuity is achieved by proximal end- 
to- end anastomosis between native stomach and donor 
stomach; distal end-to-side anastomosis between donor 
ileum and native sigmoid colon

Native
a

Donor

Jon coulter
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required. Gastrointestinal continuity occurs with 
a primary anastomosis between the recipient and 
donor proximal jejunum and the creation of a dis-
tal Bishop-Koop or loop ileostomy with or with-
out anastomosis to the recipient colon. In living 
donation or in a case of severe donor-to-recipient 
size mismatch (deceased donor adult to pediatric 
recipient), a 200-cm length of distal small bowel 
is used; inflow to the graft is via the ileocolic 
artery, and outflow is via the ileocolic vein. In 
patients with combined pancreatic dysfunction 
(i.e., cystic fibrosis, type I diabetes and chronic 
pancreatitis) the inclusion of the pancreas should 
be considered with the intestinal transplant.

The second most common technique com-
bines the liver and pancreas organs with the intes-
tinal transplant [1–8]. The liver, pancreas and 
intestine (including the duodenum) are procured 
en bloc from the donor and are transplanted on 
bloc in the recipient. In the en bloc donor allograft 

the arterial inflow is based an aortic conduit that 
includes the celiac trunk and the superior mesen-
teric artery and the venous outflow is based on 
the hepatic veins or inferior vena cava. In the 
recipient operation an arterial anastomosis occurs 
between the donor aortic conduit and the recipi-
ent suprarenal or infrarenal aorta; a vena caval 
anastomosis occurs via standard caval replace-
ment or piggyback technique. Gastrointestinal 
continuity is re-established with a primary anas-
tomosis between the proximal donor and recipi-
ent jejunum or duodenum and distal creation of 
the Bishop-Koop or loop ileostomy with or with-
out connection to the recipient colon. In this type 
of transplant there is a need of portocaval shunt 
for venous outflow of the remaining native organs 
(i.e. stomach, pancreas, duodenum and spleen).

The third type of transplant including the 
intestine is the multivisceral transplant. In the 
multivisceral transplant additional  gastrointestinal 
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Fig. 14.1 (continued)
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organs can be transplanted in continuity with the 
intestine including the donor stomach, duode-
num, pancreas, colon with or without the liver. 
The common indications for multivisceral trans-
plant include, but are not limited to, hollow vis-
ceral myopathy or neuropathy, pseudo-obstruction 
syndrome, extensive GI polyposis, neuroendo-
crine tumors, and symptomatic total splanchnic 
vascular thrombosis. The operation involves 
complete splanchnic evisceration and en bloc 
transplantation of stomach, duodenum, pancreas, 
liver, and small bowel, and on occasion, the right 
and transverse colon (full multivisceral trans-
plant). If the stomach is involved in the upper 
abdominal evisceration, gastrointestinal continu-
ity is achieved by connecting the donor stomach 
to the recipient distal esophagus or small gastric 
remnant. In patients with preserved liver func-
tion, the native liver is left intact (modified multi-
visceral transplant). In patients with chronic or 
impending renal failure, a renal graft (usually 
right kidney) can also be included in the multiv-
isceral transplant.

Early series suggested that inclusion of the 
colon increases the risk of infectious complica-
tions, but recent reports describe that inclusion of 
the colon is not only safe, but may lead to better 
absorption of water from stool, resulting in fewer 
episodes of dehydration and hospital readmis-
sions [8]. The inclusion of the stomach is also a 
controversial topic, in that some centers univer-
sally apply this technique and other centers rarely 
or never do. Evidence regarding the benefit or 
risk to include the stomach in the multivisceral 
transplant is limited [8].

The recipient operation can be a challenging 
procedure due to the presence of abdominal 
adhesions from multiple previous operations, sto-
mas, gastrojejunostomies, reduced abdominal 
space, and, in some cases, considerable portal 
hypertension (if the patient requires a liver trans-
plant). The loss of abdominal domain is a unique 
problem with intestinal transplants unless the 
patient has significant ascites from liver failure or 
hollow visceral myopathy or neuropathy (i.e. 
pseudo-obstruction syndrome). Loss of domain 

has been addressed with several innovative tech-
niques including transplantation of the abdomi-
nal wall, placement of tissue expanders, staged 
closure of the abdominal wall and musculocuta-
neous free flaps [8].

Gastrojejunostomy tubes are almost always 
placed intraoperatively, permitting gastric 
decompression and enteral nutrition in the early 
postoperative period [2, 6, 13]. A Bishop–Koop 
or loop ileostomy is used to decompress the ter-
minal ileum and to facilitate enteroscopy/biopsy, 
which is the only reliable method to monitor the 
allograft and diagnose acute rejection. These ile-
ostomies are usually taken down within one year 
after transplantation if there is little need to con-
tinue monitoring of the intestine for rejection. Of 
note, a prophylactic (donor or native) appendec-
tomy and (donor or native) cholecystectomy are 
performed in all cases to avoid postoperative 
infectious complications. Finally, in multivis-
ceral transplants a donor pyloroplasty should be 
performed to facilitate gastric emptying.

Several factors should be considered in appro-
priate matching of the donor and the recipient for 
an intestine transplant. Usually ABO-identical 
grafts are used; ABO nonidentical but compatible 
grafts are usually avoided because of a higher 
risk of graft-versus-host disease. Donors are typi-
cally young, hemodynamically stable, brain-dead 
but heart-beating donors. Donors should usually 
be of similar or smaller size than the recipients, 
as the latter usually have contracted peritoneal 
cavities, so that a smaller graft may be more 
appropriate because of space constraints. 
Selective bacterial and fungal decontamination 
of the gut (amphotericin B, polymyxin B, and 
gentamicin) through a nasogastric tube should be 
attempted in all donors. Cytomegalovirus (CMV) 
enteritis can be a devastating problem in intesti-
nal transplant recipients, and so, if possible, 
CMV seronegative recipients should receive 
CMV seronegative intestinal grafts. If possible, 
similar viral matching should be performed for 
Epstein Barr virus, if possible, because of the risk 
for post transplant lymphoproliferative disorder 
(PTLD) [2].
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14.4  Postoperative Care

The early post transplant care is, in many ways, 
similar to that of other transplant recipients. The 
postoperative care in intestinal transplant recipi-
ents can be difficult and complicated, especially 
in those recipients who present with deteriora-
tion/malnutrition and various organ system fail-
ures, when sequellae can persist postoperatively 
even with improving allograft function. 
Postoperative management often requires an 
aggressive, interprofessional approach by medi-
cal, nursing and ancillary health care providers 
[2]. Initial care is usually in a critical care setting, 
so that vital signs, urine output, fluid and electro-
lytes, and blood product replacement can be care-
fully monitored. Serial hemoglobin measurements 
are performed to monitor for any evidence of 
hemorrhage. Serum pH and lactate should also be 
followed for evidence of intestinal ischemia or 
injury. In patients who received liver-intestine, or 
multivisceral allografts, pancreatic enzymes and 
liver function tests should be assessed daily to 
track organ functional status. Selective bacterial 
and fungal gut decontamination through a naso-
gastric tube or gastrojejunostomy tube postopera-
tively until enteral nutrition begins. 
Broad-spectrum antibiotics against bacteria and 
fungi are routinely administered given the high 
risk for infectious complications. Routine pro-
phylaxis should also be administered against 
CMV, EBV and Pneumocystis carinii infection 
[2]. In Pneumocystis carinii prophylaxis, patients 
with allergies/intolerance to sulfa medication 
should receive monthly inhaled pentamidine.

Postoperative nutritional support initially 
occurs by resumption of standard TPN solutions. 
When the gastrointestinal function begins to 
recover and upper gastrointestinal contrast stud-
ies confirm the integrity of gastrointestinal anas-
tomoses, enteral nutrition is initiated via the 
gastrojejunostomy tube. Most tube feedings are 
polymeric formulas containing whole complex 
components instead of a pre-digested product 
which can be switched to fiber-containing formu-
las if significant diarrhea develops [13]. This 
switch from parenteral to enteral nutrition is 
gradual and usually occurs in the first 2  weeks 

after transplant. Tube feeding is slowly decreased 
and removed, while oral intake is increased pro-
portionately to an unrestricted diet except in 
patients with a chylous leak who should receive a 
low fat diet. All patients receive antiulcer prophy-
laxis with proton pump inhibitors, and some 
patients require anti-diarrheal (loperamide, 
diphenoxylate hydrochloride and atropine sul-
fate, opiates, or soluble fiber supplements) or 
prokinetic agents (metoclopramide or erythro-
mycin) to modulate stool or stoma output, once 
rejection or enteritis is ruled out [2].

Most patients can be weaned from TPN and 
remain TPN free after an intestinal transplant [8]. 
Matarese reported that enteral nutrition began 
through a jejunostomy tube at a mean 10.3 days 
after transplant, that TPN was discontinued at a 
mean 30.8  days after transplant and that most 
patients achieved a regular oral diet at a mean 
57 days after transplant [13]. In the early postop-
erative period some patients who receive multiv-
isceral transplants do not take appropriate oral 
nutrition. This eating disorder, usually seen in the 
pediatric population, is caused by many etiolo-
gies, including: (1) some patients never had the 
opportunity to eat food before the transplant and 
never learned the mechanics of food consump-
tion, (2) some patients have associated the act of 
food consumption with disagreeable and distaste-
ful sentiments with accompanying nausea, vom-
iting, diarrhea, and abdominal distension and 
pain, and (3) some patients develop a hypergag 
reflex evoked by food consumption [2]. Many of 
these are learned behaviors, and these patients 
require cognitive redirection of their beliefs and 
perceptions around food consumption. They need 
regular emotional support and nutritional guid-
ance after the intestinal transplant. They often 
require very slow introduction of new foods. The 
use of small frequent meals, prokinetic and antid-
iarrheal agents and use appetite stimulants aid in 
the transition to regular diets for patients with 
early satiety, diarrhea or anorexia [13].

Some intestinal recipients exhibit renal dys-
function in the postoperative period due to inad-
equate intraoperative resuscitation, dehydration 
from diarrhea/increased stomal output and high 
dose tacrolimus immunotherapy. All patients in 
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the immediate postoperative period have a uri-
nary catheter to monitor the adequacy of resusci-
tation and appropriate urine output. The increased 
use of induction immunotherapy for intestinal 
transplants has led to delayed introduction/
decreased target levels for tacrolimus which 
hopefully translates to recovery of renal function 
in the immediate postoperative period and pre-
served long term renal function [8].

Immunosuppression should be initiated in the 
immediate postoperative period [2]. A number of 
different immunosuppressive protocols have 
been described. The OPTN/SRTR 2013 Annual 
Data Report noted that 54% of intestinal recipi-
ents received T cell depleting agents and 11% 
received interleukin-2 receptor antagonists for 
induction therapy, yet 38% received no induction 
therapy. In this report the most common initial 
maintenance immunosuppressive medications 
were tacrolimus (95%), steroids (73%), myco-
phenolate (35%) and mTOR inhibitors (15%). 
Seventy percent of recipients were still main-
tained on oral steroids one year after the intesti-
nal transplant. Target trough levels for tacrolimus 
in the whole blood are typically 12–15 ng/ml in 
the first postoperative month, followed by levels 
of 8–12 ng/ml in the next three months.

Regardless of the immunosuppressive regi-
men, intestinal transplants clearly have a high 
risk of rejection. The ORPN/SRTR 2013 Annual 
Data Report indicates that the incidence of a first 
rejection episode increases over time. In adult 
recipients of isolated intestinal transplants 45% 
experience an episode of acute rejection within 
the first year and 53% within the second year. 
Although the use of induction agents and 
tacrolimus- based maintenance therapy have 
reduced episodes of acute rejection in intestinal 
transplants, the consequences of steroid resistant 
rejection carry a 50% mortality in adult intestinal 
transplant recipients mainly due to sepsis [8, 14].

Although traditional treatment for acute rejec-
tion aims to control the T-cell mediated response 
in the intestinal graft with steroid bolus or anti- 
lymphocyte therapy, recent attention has been 
paid to the role of antibody-mediated mecha-
nisms in intestinal graft rejection [8]. Antibody 
mediated rejection continues to be a problem in 

intestinal transplant, because it is relatively resis-
tant to corticosteroid therapy, but donor specific 
antibodies in particular are becoming recognized 
as causes of chronic rejection and late graft loss 
[15]. This recognition has followed the wide-
spread introduction and implementation of new 
immunological technologies, namely single anti-
gen fluorescent bead assays to detect donor spe-
cific antibodies. The presence of preformed 
donor specific antibody and/or increased panel 
reactive antibody correlate with rejection and 
graft loss [8, 15]. Both preformed and de novo 
donor specific antibodies have been associated 
with antibody mediated rejection and decreased 
graft survival; patients with donor specific anti-
bodies before and after the intestinal transplant 
appear to have the lowest long term graft sur-
vival, due not only to episodes of acute rejection 
but also chronic allograft enteropathy. Important 
features of chronic allograft enteropathy are 
mucosal atrophy and ulceration, mesenteric lym-
phoid depletion, and mesenteric fibrosis and scle-
rosis, caused by mesenteric vasculopathy which 
is highly dependent of donor specific antibodies 
[15]. The presence of CD4 and direct evidence of 
other antibody and complement activity in mes-
enteric vasculopathy associated with chronic 
allograft enteropathy may be lacking in the litera-
ture, largely because they are best seen on full 
thickness intestinal biopsies and not the typical 
mucosal biopsies. Finally complement activation 
appears to play a significant role in the develop-
ment of late dysfunction and chronic allograft 
enteropathy [15]. Donor specific antibodies can 
bind to the C1q component of complement, acti-
vating the full complement cascade. Of note, 
inclusion of the liver along with the intestine 
seems to protect the recipient from intestinal 
rejection, either by inducing a tolerogenic state in 
the antigen presenting cells in the liver, or provid-
ing a reservoir to sequester sensitized T cells and/
or antibodies against the intestine. Large studies 
are necessary to define the use of immunosup-
pressive medications/therapies to target these 
various mediators of rejection: preformed donor 
specific antibodies (plasmapheresis and immuno-
globulin), cytokines (infliximab), B cells (ritux-
imab), plasma cells (bortezomab) and early 
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activation of the complement cascade (ecli-
zumab) [8, 15].

In a patient with intestinal dysfunction, it is 
very important to differentiate enteritis (mostly 
caused by Clostridium difficile, adenovirus, cyto-
megalovirus and calicivirus) from rejection, since 
both conditions may be characterized by low 
grade fever, abdominal distension and pain, and 
diarrhea (or increased stoma output). The stoma 
if present should be carefully examined for color, 
texture and friability; in the face of rejection the 
stoma may appear edematous, erythematous, 
pale, congested, dusky or friable. Endoscopy 
should be performed for inspection of the mucosa 
and for purposes of biopsy of the most suspicious 
areas. Endoscopy with biopsy is the primary 
method to diagnose allograft rejection. Careful 
evaluation of an intestinal biopsy by an experi-
enced pathologist is always necessary [2].

Because surveillance and diagnostic endos-
copy and biopsy are costly and invasive proce-
dures, there is increased interest to identify 
potential biomarkers of intestinal rejection [8]. 
Recent studies have shown that several mole-
cules, namely calprotectin and citrulline, mea-
sured in the stool/ileostomy effluent and blood 
respectively, are reliable markers of moderate 
and severe intestinal rejection. Calprotectin is an 
S100 protein released by infiltrating neutrophils 
and macrophages into the gut lumen; increased 
calprotectin levels have been noted prior to the 
onset of histological changes of acute rejection 
and normal levels are consistently seen with nor-
mal intestine graft biopsies [8, 16]. Citrulline is 
an amino acid found almost exclusively in entero-
cytes, so decreased levels in the blood reflect 
decreased functional mass of enterocytes [16]. 
Hibi et  al. noted that citrulline levels were 
inversely proportional to the severity of acute cel-
lular rejection [17]. Negative predictive values 
for any type of acute cellular rejection (cut off 
was 20 lmol/L) and moderate/severe acute cellu-
lar rejection (cut off, 10 lmol/L) were 95% and 
99%, respectively. Subgroup analysis showed a 
strong correlation between citrullene levels 
(obtained up to one week prior to biopsy) and 
severity of acute rejection on intestinal biopsy; as 
the citrulline level decreased, the grade of rejec-

tion on biopsy worsened. Other potential markers 
of intestinal graft dysfunction could include adip-
sin, C-reactive protein (an inflammatory marker 
used clinically in Crohn’s Disease) and lathos-
terol (fecal marker of bile malabsorption when 
intestinal mucosa is dysfunctional) [16]. Larger 
studies are needed on all of these potential bio-
markers in order to be widely used in clinical 
practice. Girlanda et al. used liquid chromatogra-
phy to examine the metabolomic profile of ileos-
tomy effluent in patients who had intestinal graft 
rejection vs. no rejection [18]. These investiga-
tors noted the highest fold change in the proin-
flammatory mediator leukotriene E4  in patients 
with rejection, and high fold changes in tauro-
cholate and water soluble vitamins B2, B5 and 
B6 in patients with rejection. Metabolomic anal-
ysis could be a promising tool to characterize the 
pathophysiological mechanisms of intestinal 
graft rejection and to identify some potential 
early noninvasive biomarkers of graft 
dysfunction.

Short-term results have improved dramati-
cally, mainly due to improvements in surgical 
techniques and in immunosuppression regimens. 
Nonetheless, intestinal transplants are still asso-
ciated with fairly high surgical complication 
rates. Potential complications include enteric 
leaks with generalized peritonitis, localized intra- 
abdominal abscesses, chylous ascites, biliary 
leakage and/or stricture (in liver-intestine aod full 
multivisceral allografts), vascular thrombosis/
stenosis, and life-threatening intraoperative and 
postoperative hemorrhage [2].

Infectious complications are, unfortunately, 
very common in intestinal transplant recipients 
and are a frequent cause of morbidity/mortality 
and hospital readmissions [2, 8]. There are sev-
eral factors that contribute to this issue. The 
intestinal graft itself is a significant source of 
bacteria, and any process which compromises 
containment of these bacteria (intraoperative 
spillage of gastrointestinal contents or postopera-
tive anastomotic leak) can lead to a localized 
abscess or systemic infection. Because of the 
higher risk of rejection, intestinal transplant 
recipients generally receive higher levels of 
immunosuppression compared with other organ 
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recipients and they are at greater risk for severe 
infections including transplant associated infec-
tions (CMV, EBV) and community-acquired 
pathogens (RSV or influenza). The presence of 
uncorrected surgical/technical/mechanical prob-
lems (e.g., biliary leak or stricture in liver trans-
plant, gastrointestinal anastomotic leak, 
vesicoureteral reflux in kidney transplant) may 
predispose intestinal recipients to recurrent infec-
tions [19]. If rejection causes disruption of the 
intestinal mucosal barrier, bacteria and fungi can 
translocate across the graft directly into the peri-
toneal cavity, leading to spontaneous bacterial 
peritonitis. Bacteria can also spread directly into 
the portal circulation, and subsequently dissemi-
nate to distant sites. Patients with indwelling 
catheters (central catheters for TPN, gastrojeju-
nostomy tubes for enteral nutrition) are at 
increased risk for infectious complications until 
the need for the catheter is no longer necessary 
[19]. Finally, immunosuppression attenuates the 
native immune response to vaccines in the post-
operative period; when higher levels of immuno-
suppression are required for intestinal transplants 
(i.e., rejection treatment), it puts pediatric patients 
at significantly higher risk for vaccine-associated 
diseases. Live viral vaccines remain a contraindi-
cation in intestinal recipients in the postoperative 
period, placing pediatric patients at risk for vari-
cella in addition to measles, mumps and rubella if 
they have exposure to such viruses [19].

Bacterial infections are extremely common in 
the immediate postoperative period after an intes-
tinal transplant. In a study of 40 adult intestinal 
recipients Premeggia et  al. reported a 30  day 
postoperative infection rate of 58% with a mean 
time to first infection of 11  days [20]. In this 
study twenty three patients developed 36 bacte-
rial infections; of patients with infections, 57% 
developed one infection, 30% developed two 
infections, and 13% developed three infections. 
The most common site of infection was the abdo-
men, followed by infections in the blood, urine, 
lung and surgical site. Of the microbial isolates 
49% were gram-negative bacteria, 39% were 
gram-positive bacteria and 11% were fungi. The 
most common bacterial isolates included 
Pseudomonas (19%), Enterococcus (15%) and 

Escherichia coli (13%). Of note 47% of these 
infections were caused by multidrug resistant 
pathogens. Postoperative bacterial infections 
remain important complications in intestinal 
recipients, and multidrug resistant pathogens 
have emerged as significant clinical challenges in 
intestinal transplants.

Fungal infections remain important infectious 
complications after intestinal transplants, but 
data particularly in pediatric recipients are lack-
ing in the literature. In a series of 98 pediatric 
intestinal recipients Florescu et al. reported that 
25 patients developed 59 episodes of Candida 
infections and four episodes of invasive 
Aspergillus infections [21]. Of the Candidal spe-
cies, 37% were C. albicans and 63% were non- 
albicans. Of all fungal infections 66% were in the 
blood, 28.8% were in the intra-abdominal space, 
3% were in the urinary tract and 2% were in the 
pleural space. Of the Candida intra-abdominal 
infections, 41% developed in the first postopera-
tive month, while 80% of fungemia developed 
after more than six months. Median time from 
intestinal transplant to fungal infection was nine 
days for intra-abdominal infections versus 
163  days for fungemia. Fungal infections 
occurred in approximately 25% of pediatric 
intestinal recipients and Candida albicans was 
the most common species. Intra-abdominal fun-
gal infections occurred much earlier than funge-
mia after pediatric intestinal transplants.

In addition to bacterial infections, viral infec-
tions are also common in intestinal transplant 
recipients, of which CMV and EBV receive the 
most attention in the literature [2, 8, 22]. CMV is 
the most important viral infection in intestinal 
recipients. Not only does CMV cause tissue- 
invasive disease, it is also an independent risk 
factor for secondary bacterial and fungal infec-
tions and post-transplant lymphoproliferative 
disorder. It can also induce intestinal graft injury 
and rejection through indirect immunomodula-
tory causes. The patients who are at highest risk 
for CMV infection are CMV-negative recipients 
who receive CMV-positive intestinal organs. 
CMV-positive recipients are also at risk of CMV 
infections due to reactivation of latent virus. 
Anti-lymphocyte induction therapy only further 
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enhances the risk of CMV infections. In patients 
who receive no prophylaxis, CMV occurs most 
often within the first three months after intestinal 
transplant, and can present as an asymptomatic 
infection or as a syndrome including fever, leuko-
penia, encephalitis, retinitis, pneumonitis, hepati-
tis or enteritis/graft involvement. Antiviral 
therapy is effective in the prevention and treat-
ment of CMV. For prevention of CMV patients 
can receive either universal prophylactic therapy 
or preemptive therapy. Most experts recommend 
universal prophylaxis for CMV-negative recipi-
ents who receive CMV-positive intestinal organs, 
and universal prophylaxis or preemptive therapy 
for CMV-positive recipients for 3 to 6  months 
postoperatively or during intensified immuno-
suppressive treatments for rejection. CMV- 
negative recipients who receive CMV-negative 
intestinal organs are at the lowest risk of CMV 
infection and many experts recommend no CMV- 
specific antiviral prophylaxis [22]. Historical 
reports noted CMV to occur in 24% of intestinal 
recipients, but in a recent study of pediatric intes-
tinal transplants Florescu et  al. reported an11% 
incidence of CMV viremia and a 7% incidence of 
CMV disease; in those patients with CMV dis-
ease, there was a high rate of CMV disease 
relapse and 11 fold increased risk of postopera-
tive mortality [23]..

EBV is also an important viral infection espe-
cially in pediatric patients who receive intestinal 
transplants [2, 8, 22]. Like CMV patients with 
the highest risk for EBV infections are EBV- 
negative recipients who receive EBV-positive 
intestinal organs. EBV-positive recipients are at 
increased risk for reactivation of the latent virus 
which occurs 2 to 3 months postoperatively. EBV 
typically causes a syndrome which can include 
fever, leukopenia, thrombocytopenia, hepatitis, 
pneumonitis or PTLD.  PTLD can present as a 
spectrum of diseases ranging from infectious 
mononucleosis to frank lymphoma that can be 
nodal or extranodal, localized or disseminated. A 
positive PCR for EBV in a patient with signs/
symptoms of PTLD suggests the diagnosis, but 
tissue biopsy is confirmatory. Decreasing the 
immunosuppression by approximately 50% is the 
primary treatment which can result in lesion 

regression. Other treatment options can include 
surgical resection and radiation therapy for local 
disease, in addition to rituximab (if CD20 posi-
tive) and chemotherapy for disseminated disease. 
Some centers use antiviral prophylaxis for EBV- 
negative recipients who received EBV-positive 
intestinal organs [22].

There is some evidence that intestinal trans-
plantation improves quality of life compared to 
chronic TPN. In a study of 33 patients on chronic 
TPN vs. 22 patients with intestinal transplants, 
Pironi et  al. noted that the intestinal recipients 
had better scores on treatment-specific quality of 
life questionnaires in the following categories: 
ability to vacation/travel, fatigue, gastrointestinal 
symptoms, stoma management/bowel move-
ments, and global health status/quality of life. 
Subgroup analysis of patients who were employed 
showed that intestinal recipients had better scores 
in the ability to secure and maintain employment 
and emotional function. These data would sug-
gest that a successful intestinal transplant was 
associated with less uncertainty about an employ-
ment situation and consequently less anxiety and/
or depression [24].

14.5  Number of Transplants 
and Outcomes

The UNOS Database reported that approximately 
2500 intestinal transplants have been performed 
in the United States over the last 25 years [10]. 
The OPTN/SRTR 2013 Annual Data Report indi-
cated that only 23 centers performed pediatric 
intestinal transplants, and only 24 centers per-
formed adult intestinal transplants in the United 
States [9]. According to this report the most com-
mon cause for intestinal failure was short gut 
syndrome (53%), caused by a host of etiologies. 
In this report approximately 170 new candidates 
were added to the waitlist for an intestinal trans-
plant in 2013; of these candidates 49% waited for 
a liver-intestinal transplant and 51% waited for 
an intestinal transplant. Since 2008 candidates 
listed for an intestinal transplant outnumbered 
candidates listed for a liver-intestinal transplant. 
In the last decade the age distribution of listed 
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candidates shifted from a pediatric to an adult 
population, but the race or cause of disease distri-
butions did not change over that time period.

Despite advances in the field, a significant 
reduction of the number of visceral transplants in 
the US since 2007 has been observed (Fig. 14.2). 
Some of the factors which have contributed to 
this decrease over the last decade include: inad-
equate reimbursement, the improved ability of 
intestinal failure units to avoid or resolve intes-
tinal failure-associated liver disease, frequent 
social and/or psychiatric problems of this spe-
cific population, narrow risk-benefit ratio for 
small bowel transplantation in an era of improv-
ing outcomes with long-term TPN, and develop-
ment of new drugs for treatment of patients with 
short gut syndrome (i.e. GLP-2 analog), among 
others [25].

According to the 2013 OPTN/SRTR Annual 
Report mortality on the waitlist decreased signifi-
cantly for all age groups over the last decade [9]. 
Pretransplant mortality was higher for adult can-
didates than for pediatric candidates, and was 

higher for candidates who waited for a liver- 
intestinal transplant than for an intestinal trans-
plant. This decrease in mortality was likely due to 
a greater proportion of candidates listed for an 
intestinal transplant than a liver-intestinal trans-
plant (sicker liver failure patients), improved 
medical therapies for intestinal failure and 
improved organ allocation policies. Regarding 
three-year outcomes of intestinal candidates, 
69% received an intestinal transplant, 8% were 
removed from the waitlist, 5% died on the list 
and 19% continued to wait on the list. Regarding 
three-year outcomes of liver-intestinal candi-
dates, 66% received a liver-intestinal transplant, 
11% were removed from the waitlist, 11% died 
on the list, and 12% still continued to wait on the 
list. Among candidates listed in 2012–2013, the 
median time to adult liver-intestinal transplant, 
adult intestinal transplant, and pediatric liver- 
intestinal transplant was 11 months, four months 
and seven months respectively. Among pediatric 
candidates listed in 2008–2009, the median wait 
time to intestinal transplant was 19 months.
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In the 2013 OPTN/SRTR Annual Report the 
overall number of liver-intestinal transplants 
and intestinal transplants decreased steadily 
since 2009 [9]. It was noteworthy that in 2013 
the overall of number of adult intestinal trans-
plants was more than double the number of 
pediatric intestinal recipients. Moreover liver-
intestinal transplant recipients were younger 
than intestinal transplant recipients, were more 
likely to have a diagnosis of necrotizing entero-
colitis or congenital short gut syndrome and 
were likely to be hospitalized at the time of the 
transplant. In 2013, 52% recipients received an 
intestinal graft with another organ, and 19% of 
liver-intestinal recipients received a previous 
intestinal transplant compared to only 2% of 
intestinal recipients.

According to the 2013 OPTN/SRTR Annual 
Report intestinal graft survival has steadily 
improved over the last decade [9]. Graft failure 
within the first three months occurred in 14% of 
intestinal transplants and 11% of liver-intestinal 
transplants. For all intestinal transplants in 
2008, the one and five-year graft survival rates 
were 73% and 62% respectively for pediatric 
recipients and 76% and 38% for adult recipi-
ents. One and five-year graft survival rates were 
79% and 48% respectively for all intestinal 
recipients and 71% and 49% for all liver-intesti-
nal recipients. The number of recipients who 
were alive with a functional intestinal graft 
steadily increased over the last decade. The inci-
dence of acute rejection increased in the postop-
erative period approaching 53% at 2 years. For 
transplants which occurred from 2001 to 2011, 
10% of intestinal recipients and 7% liver-intes-
tinal recipients developed PTLD with 5  years 
postoperatively; and the incidence was highest 
in EBV-negative intestinal recipients. Regardless 
of recipient age, patient survival was better in 
intestinal recipients than in liver-intestinal 
recipients. Pediatric intestinal recipients had the 
highest one and five-year patient survival rates 
at 89% and 81% respectively, whereas adult 
liver-intestinal recipients had the lowest one and 
five year patient survival rates at 69% and 46% 
respectively.

14.6  Conclusion

Intestinal transplantation is a viable option for 
patients who suffer irreversible, life-threatening 
intestinal failure. The causes of intestinal failure 
vary greatly in the pediatric compared to the adult 
population. Evaluation of a patient who requires 
an intestinal transplant is similar to other solid 
organs, but a very clear picture of the patient’s 
gastrointestinal tract and vascular system is 
essential. It is important to rule out whether the 
patient also has hepatic, pancreatic or renal dys-
function that warrants deeper investigation. There 
are several surgical options available to patients, 
including the isolated intestinal transplant, the 
liver-intestinal transplant and the multivisceral 
transplant. These operations can be complex and 
challenging with potential for significant medical 
and surgical postoperative complications. A sys-
tematic interprofessional approach is mandatory 
to manage these patients in the preoperative, 
intraoperative and postoperative settings. Despite 
significant improvements in immunosuppressive 
therapy, acute rejection in the intestinal graft 
remains a significant complication. Greater atten-
tion has been given to the role of donor specific 
antibodies and complement in causes of chronic 
allograft enteropathy and graft loss, and in poten-
tial noninvasive biomarkers to diagnose acute 
allograft rejection. Because intestinal recipients 
require increased immunosuppression to prevent 
rejection, they are at increased risk for bacterial, 
fungal and viral infections. Multidrug resistant 
bacteria, Candida, CMV and EVB can particu-
larly problematic in the postoperative period. The 
demographics of the intestinal transplants have 
changed significantly over the last decade with an 
increased age of recipient and frequency of iso-
lated intestinal transplants. With improved graft 
and patient survival after intestinal transplanta-
tion it does seem counterintuitive that the num-
bers of intestinal transplants have decreased over 
the last few years. With so few US centers per-
forming pediatric or adult intestinal transplants, 
there could be issues of access to care and finan-
cial coverage of medical care/surgical proce-
dures. In conclusion intestinal transplants will 
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become an attractive alternative option to 
 long- term maintenance therapy with TPN.  The 
future for intestinal transplants will likely see 
improvements in surgical techniques and newer 
medications to treat rejection and infections, 
which translate into better graft and patient sur-
vival. Care of these patients in the critical periop-
erative period remains a crucial aspect of ensuring 
a successful outcome.
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Living Donor Liver Transplantation

Rauf Shahbazov and Daniel Maluf

15.1  Introduction

Liver transplantation is the most effective therapy 
for patients with end-stage liver disease [1]. 
However, for nearly half of patients on the wait-
ing list, transplantation will not be an option as a 
result of the perennial shortage of available grafts 
from deceased donors [2, 3]. In recent years, a 
coordinated effort has been made to expand the 
donor pool including, living donor liver trans-
plantation (LDLT), extended criteria donors 
(ECDs), including aged donor (>70  years old) 
[4], obese donors [5], and donation after cardiac 
death (DCD) [6]. Furthermore, recent advances 
in organ preservation with normothermic and 
hypothermic machine perfusion techniques have 
added new tools to the transplant field [7].

In recent decades, LDLT has emerged as a 
safe lifesaving alternative to deceased donor liver 
transplantation (DDLT). LDLT is the predomi-
nant form of liver transplantation in Asia, where 
cultural and religious beliefs do not allow 
deceased donation. LDLT accounts for 60–90% 
of all liver transplants in Asian countries [8]. In 

the US, where deceased donor liver grafts are 
more widely available and the main source of 
grafts for transplantation, LDLT accounts for less 
than 5% of liver transplants, mainly due to risks 
on the healthy donor [9, 10]. Historical events are 
described in Table 15.1.

15.2  Indications and Patient 
Selection

Nowadays, indications to LDLT patients are the 
same or similar to DDLT patients with cirrhosis, 
with few exceptions [21]. Deceased donor livers 
are prioritized to patients with the highest Model 
for End-Stage Liver Disease (MELD) scores 
[22]. Since 2002, when MELD scores were 
adopted by the United Network for Organ Sharing 
(UNOS), there has been a significant reduction in 
waiting list mortality [22]. For patients at the 
high end of the MELD scale, risks of liver trans-
plantation are outweighed by the mortality of 
remaining on the waiting list. In contrast, the 
benefits of transplantation are not evenly distrib-
uted across all MELD scores [23]. LDLT is most 
beneficial for transplant candidates with low pri-
ority for a deceased graft but high risk of death 
while waiting for one. In the current liver alloca-
tion system, these patients include those with low 
to mid MELD scores [22–38] and those who do 
not meet UNOS approved MELD exception 
points (e.g., primary sclerosing cholangitis and 
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recurrent biliary sepsis). Especially, patients with 
hyponatremia, refractory ascites or recurrent var-
iceal bleeding when trans jugular intrahepatic 
portosystemic shunt (TIPS) is contraindicated. 
Despite that, for patients with high MELD scores 
(>30) and acute fulminant liver failure (UNOS 
Status 1 or 1A) who have a higher chance of 
receiving a graft from a deceased donor, the use 
of LDLT is controversial as it may be associated 
with poor survival [24].

The use of LDLT in patients with acute liver 
failure (ALF), is controverted due to the short 
time between evaluation and transplant and may 
compromise donor altruism [25]. However, 
many studies in the US and other parts of the 
world have reported LDLT as a safe option in 
selected patients with ALF [26]. Since the first 
LDLT, various innovation and techniques have 
expanded the application of LDLT with contrast-
ing impact in Eastern and Western countries 
(Table 15.2) [27].

Hepatitis C Virus In recent years, well- 
tolerated, 12-week interferon-free oral protease 
inhibitor hepatitis C virus (HCV) treatment regi-
mens have revolutionized sustained virologic 
response rates—viral cures—to patients infected 
with HCV both pre-transplantation and post- 
transplantation [6]. Early concerns of more rapid 
HCV recurrence and graft failure in recipients 
infected with HCV undergoing LDLT were dis-
pelled by a prospective single-center study exam-
ining liver biopsy tissue histology in patients 
infected with HCV [28, 29]. The study revealed 
no difference in recurrent HCV between recipi-
ents of LLDT and DDLT. More recent data by the 
multi-center Adult-to-Adult Living Liver 
Transplantation (A2ALL) cohort reported similar 
results, especially when LDLT was performed at 
high-volume centers [30]. Therefore, patients 
infected with HCV and in need of transplanta-
tion, should not be denied LDLT if a suitable liv-
ing donor is available. Diabetes mellitus, older 

Table 15.2 Indication for living donor liver transplantation [39]

Type of transplant Country Common indications
Other common 
indications Less common indications

Elective USA NASH Alcoholic liver disease
HCC

Cholestasis liver diseases 
(PBC, PSC)

Europe Alcoholic liver HCC HCV, other cholestatic 
liver diseases

Asia HCC Hepatitis B
Emergency USA Drug induced ALF Viral hepatitis Autoimmune hepatitis or 

Wilson disease
Europe Drug induced ALF Viral hepatitis

Seronegative hepatitis
Asia Hepatitis B Autoimmune hepatitis, 

Viral hepatitis

Table 15.1 Milestones of living donor liver transplantation

Thomas Starzl (1967) First successful liver transplantation [11]
Henri Bistmuth (1984) First reduced-size graft liver transplantation [12]
Rudolf Pichmayr (1984) First ex situ reduced-size graft liver transplantation [13]
Raia et al. (1988) First adult left lateral liver graft into a 4-year-old child with a 6-day 

survival
[14]

Strong et al. (1989) Successfully transplanted an adult left lateral liver graft into a 
17-month-old child

[15]

Hashikura et al. (1993) Successful living-related partial liver transplantation to an adult patient [16]
Yoshio Yamaoka (1994) First right lobe living donor liver transplantation [17]
Lo et al. (1996) Adult-to-adult living donor liver transplantation using extended right 

lobe grafts
[18]

Lee et al. (2001) Adult-to-adult living donor liver transplantations using dual grafts [19]
Cherqui et al. (2002) First fully laparoscopic left lateral liver graft for pediatric LDLT [20]
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age (≥55 years of age) and cirrhosis at the time of 
sustained virologic response are associated with 
a hepatocellular cancer risk and warrants manda-
tory surveillance.

Hepatocellular Carcinoma Liver transplanta-
tion is an established option for patients with 
unresectable hepatocellular carcinoma (HCC). In 
the US, MELD exception points are limited to 
patients with HCC that are within the Milan cri-
teria [31]. The Milan criteria allows transplanta-
tion in patients who have one tumor up to 5 cm in 
diameter or no more than three tumors, each 
measuring up to 3  cm [32]. For patients with 
HCC outside the Milan criteria, LDLT can be the 
only option [33]. Findings from the A2ALL study 
reported an association between LDLT recipients 
and increased HCC recurrence compared to 
DDLT recipients, even after adjusting for tumor 
characteristics for the entire cohort [34]. In the 
LDLT patients with early recurrence, the tumor 
characteristics were consistent with an aggres-
sive phenotype. One hypothesis suggests that the 
rapidity of liver regeneration after partial hepa-
tectomy promotes growth of residual tumor cells, 
leading to higher HCC recurrence. In contrast, 
studies reported from other institutions showed 
no difference between HCC recurrence rates after 
LDLT and DDLT [35–37]. In recent years, LDLT 
has expanded its indication for some other tumors 
such as cholangiocarcinoma (CCA) [38] and 
nonresectable colorectal cancer [40], that if 
proven successful may significantly impact the 
need for living donors [41].

Frailty When patients are being considered for 
liver transplantation, it is important to assess their 
frailty [42]. Frailty associated with sarcopenia 
can be objectively measured with a CT scan of 
intramuscular adipose tissue content (IMAC) and 
psoas muscle mass index (PMI). Studies have 
reported low skeletal muscle quality and mass as 
strong predictors for post-LDLT mortality [43–
46]. Findings from a pilot study measuring cross- 
sectional areas of psoas muscle via CT revealed 
with Cox regression models a strong association 
between psoas area and post-transplant mortality 
[43]. Another study from a Japanese transplant 

center revealed high IMAC and low PMI were 
independent risk factors for death after LDLT 
[47]. Despite these findings, the current MELD 
scoring system does not factor sarcopenia into 
the score. A recent report by Kim YR et  al. 
reported the risk of tumor recurrence after LDLT 
in patients with advanced HCC was significantly 
higher in patients with psoas muscle wasting 
[48]. In this context, preoperative nutritional and 
exercise therapy should be required of transplant 
candidates to improve sarcopenic status and post- 
transplant outcomes.

15.3  Donor Evaluation 
and Selection

Potential adult liver donor evaluation is not sig-
nificantly different between North America and 
Asia, but some specifications exist due to avail-
ability of living donors as well as cultural differ-
ences [39, 49]. Strict adult liver donor evaluation 
and selection are important to ensure both donor 
safety and recipient outcome. One of the primary 
goals of the living donor evaluation is to make 
sure the potential donor can make a decision that 
is informed, voluntary and without coercion. In 
2015, the UNOS/OPTN implemented policy 
requirements to specify a minimum set of tests 
and procedures for the medical and psychologi-
cal evaluation of potential liver donors in the US 
[10]. Beyond OPTN guidelines, which define 
absolute contraindications, transplant centers 
rely on their judgement and experience to evalu-
ate potential donors on a case by case basis. A 
step-wise donor evaluation protocol is presented 
in Table 15.3.

Donor evaluation starts with a candidate con-
tacting a liver transplant center through a dedi-
cated live donor coordinator. This initiation 
reduces the element of coercion. In the first stage, 
all potential donors undergo routine physical tests 
and psychosocial evaluation. Potential donors can 
be excluded in the preclinical screen based on 
ABO incompatibility, obesity (BMI >35 kg/m2), 
age (>60), substantial medical comorbidities or 
upper abdominal surgical histories [50]. However, 
these are relative  contraindications and donor 
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elimination is ultimately left up to the selection 
criteria of a given center. In Asia, experienced 
centers have developed innovative protocols to 
overcome the barrier of ABO- incompatible dona-
tion [51]. Those centers have adopted low-mor-
bidity, highly effective ABO- incompatible LDLT 
protocols centered on rituximab, plasma exchange 
and intravenous immunoglobulin administration 
[52]. Similar protocols have been developed for 
kidney recipient desensitization [53]. Donor age 
is another important factor in determining trans-
plant success. Although age cutoffs vary among 
centers, most avoid donors older than 55–60 years 
[54]. Transplant centers in Asia have pushed this 
limit, with some studies reporting equivalent out-
comes after LDLT between carefully selected 
donors older than 55 when compared with 
younger donors [55, 56].

Medical Evaluation The medical evaluation 
includes donor history, physical exam, general 
laboratory and imaging tests, transmissible dis-
ease screening, cancer screening, liver-specific 
tests and liver anatomic assessment. Laboratory 
tests, such as liver function test, genetic disor-
der tests and thrombophilia workup, screen for 
undiagnosed liver disease and other extrahepatic 
conditions. Chest radiography, EKG, echocar-
diography are performed routinely. Additional 
tests such as pulmonary function and cardiac 
assessment are administered based on donor 
medical condition and age. In addition, centers 

are performing thrombophilia and genetic tests 
for donors and recipients, as it lowers the risk of 
thrombotic vascular morbidity [57–59].

Psychosocial Evaluation The goal of the psy-
chosocial evaluation is to assess mental health and 
provide donors with the appropriate preoperative 
psychological support. Although donors under-
stand that surgery will likely save the recipient’s 
life, the prospect of a long recovery can cause 
anxiety, stress and depressive symptoms prior to or 
after surgery [60]. Therefore, psychological 
assessments are conducted to ensure the potential 
donor understands the donation process, is free of 
coercion, and identifies candidates who are emo-
tionally vulnerable. Reluctant donors can be 
turned down at this point. Initially, living donors 
were most often genetically related to their recipi-
ent. But over time this relationship has evolved 
due to an increase in biologically unrelated donors, 
often referred to as nondirected or altruistic donors 
[61]. These donors typically require more consid-
eration during the psychosocial evaluation to iden-
tify motivating factors for donation and to assess 
for signs of coercion or financial gain. Once poten-
tial donors have completed the preclinical screen 
and medical evaluation, a thorough informed con-
sent is obtained as mandated in the US by UNOS.

The Independent Living Donor Advocate Any 
center performing LDLT is required to have an 
independent living donor advocate (ILDA), a 
person with no conflict of interest with the recipi-
ent’s medical care and decision-making. The 
position was established in response to concerns 
that donor evaluation and recruitment were con-
ducted by the same transplant team, which might 
be influenced by the recipient’s needs. It is the 
responsibility of the ILDA to advocate on the 
donor’s behalf and to supply unbiased informa-
tion for the patient’s informed consent. They also 
serve as a resource throughout the donation pro-
cess and are responsible for assessing the donors’ 
understanding of the potential risks [62].

The surgical evaluation includes detailed 
explanation of the transplant procedure, evalua-
tion by the transplant surgeon and surgeon- 

Table 15.3 The step by step evaluation of donors before 
transplantation

Step 1 Living donor candidate contacts transplant 
center. Assessments of ABO compatibility, 
full information to potential donor, schedules 
blood work, evaluates donor history and 
performs routine physical tests, evaluation and 
social work interview with potential donor.

Step 2 Schedules lab work, radiological tests, 
angiography and biopsy of liver if necessary.

Step 3 Evaluation and social work interview with 
potential donor. First surgeon informed 
consent from donor obtained.

Step 4 Schedule operation date. Potential donor 
reviewed and reinforced. Second surgeon 
informed consent from donor is obtained. 
Statement of unsuitability offered to donor.
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informed consent. The transplant surgeon must 
discuss possible morbidity and mortality [10]. A 
multidisciplinary selection committee, composed 
of the complete evaluating team and the ILDA, 
meets to discuss all components of the donor 
evaluation for final approval.

Preoperative imaging is a critical step in donor 
evaluation to identify any intraparenchymal 
abnormalities, visualize vascular and biliary 
anatomy and determine the size of the whole 
liver. Evaluation by magnetic resonance imaging 
(MRI), MR angiography, MR cholongiography 
or triple phase computed tomography (CT) scans 
(based on center preference or software’s used) 
provides important information about liver anat-
omy, presence of steatosis and volumetric assess-
ments that are key to safe LDLT [63]. Use of 
MRI during liver volume assessment, combined 
with coeliac angiography and portal phase assess-
ment, is typically enough to identify important 
hepatic vascular variants. MRCP is a specialized 
MRI scan used routinely to evaluate biliary anat-
omy, including multiple ducts, trifurcation, 
accessory right hepatic duct or dorsocaudal 
branch of the right hepatic duct coming off the 
left hepatic duct, that can lead to donor exclusion. 
Graft-to-recipient body weight ratio (GRWR) 
and future donor liver remnant are calculated 
based on liver volume. Donor remnant volume 
>35% is thought to be safe [28], but some centers 
will consider less remnant volume in certain situ-
ations [29]. On the recipient, a liver graft with 
≥0.8% GRWR and graft weight >40 of standard 
liver mass is widely accepted for optimal out-
comes [64]. Some experienced LDLT centers 
have expanded this criteria by using liver grafts 
from two donors [19, 65]. Once a donor is 
accepted for right or left lobe donation, some 
LDLT centers continue to rely on intraoperative 
cholangiography to mark and delineate the bili-
ary tract division in the operative room. Liver 
biopsies may be required for potential donors 
with abnormal liver function tests, BMI >28–
30 kg/m2 or steatosis on imaging [21]. Donor ste-
atosis increases the risk of post-transplant graft 
dysfunction and increases donor risk of compli-
cations. The degree of acceptable macrosteatosis 
depends on the transplant center, with some 

Asian centers accepting donors with steatosis up 
to 30% [66, 67].

Donor evaluation continues in the operative 
room when the surgeon performing the operation 
judges the anatomy in situ. In some circum-
stances, donor surgery is aborted intraoperatively 
due to unexpected findings [68]. Medical contra-
indication rates are quite high in LDLT and vary 
from center to center. The high donor rejection 
rate is likely due, in part, to low tolerance for 
donor risk [69].

15.4  Donor Operation

Donor hepatectomy techniques have evolved 
over the past 20 years [24]. A better understand-
ing of liver anatomy and physiology, coupled 
with improved anesthesia techniques and wide-
spread use of intraoperative ultrasound or liver 
surgery mapping, have led to virtually “blood-
less” donor surgery [70]. Technological innova-
tions have expanded the list of liver parenchymal 
transection devices and hemostatic agents. Use of 
each device or agent has a learning curve, and 
undoubtedly every experienced liver surgeon 
has his or her personal preferences. In addition, 
the development of sophisticated liver surgery 
planning software (Fig. 15.1) and improvements 
in 3D printing have demonstrated the ability to 
print synthetic exact replicas of patient livers. 
Having accurate anatomical reproductions of 
donor livers allows better preoperative surgical 
planning, thereby improving donor safety [71]. 
Furthermore, increased use of computer-assisted, 
or GPS, techniques are gaining interest and may 
became a vital tool for future liver surgery [72].

15.5  Steps in Standard Donor 
Hepatectomies

A fundamental understanding of liver anatomy is 
vital for any surgeon performing donor surgery. 
Each hepatic resection can be broken down into a 
series of steps. The key to being a proficient 
hepatic surgeon is not to operate swiftly but 
rather to accomplish the operation by completing 
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the steps in an orchestrated fashion. Mastery of 
operative steps, coupled with knowledge of liver 
anatomy and common anatomic variants, pro-
vides the foundation for safe donor surgery. 
Although there are many different techniques and 
sequences for accomplishing each of the donor 
operations, we present the most standardized and 
our preferred approach for right hepatic lobec-
tomy, left hepatic lobectomy, and left lateral seg-
mentectomy (left lateral sectionectomy).

15.6  Steps Common to All Open 
Donor Hepatectomy

 1. Make the skin incision—midline or right sub-
costal with or without a partial or complete 
left subcostal extension across the midline, 
depending on the patient’s habitus and sur-
geon’s experience.

 2. Open and explore the abdomen. Position a 
self-sustaining retractor (e.g., Thompson or 
OMNI).

 3. Examine the liver with bimanual palpation. 
Access the liver for suitability for donation. 
Perform a liver ultrasound and confirm the 
operation can be performed. Perform a biopsy 
if there are concerns of graft steatosis or liver 
disease.

 4. Take down the round and falciform ligament 
and expose the anterior surface of the hepatic 
veins.
• For left hepatectomy. Divide the left trian-

gular ligament.
• For right hepatectomy. Mobilize the right 

lobe from the right coronary and divide tri-
angular ligaments.

 5. Open the gastrohepatic ligament, palpate the 
porta hepatis, and assess for accessory or 
replaced hepatic arteries.

 6. Perform a cholecystectomy. Leave the gall-
bladder with the cystic duct intact to perform 
intraoperative cholangiogram.

15.7  Right Hepatic Lobectomy 
(Right Hepatectomy or 
 Hemihepatectomy)

 1. Mobilize the liver from the anterior aspect of 
the IVC in “piggyback” fashion. Ligate the 
short hepatic veins up to the right hepatic vein 
(RHV). Dissect and identify the RHV. Preserve 
any vein larger than 5 mm for recipient reim-
plantation to achieve optimal outflow.

 2. Perform a right hilar dissection—gently 
lower the hilar plate, then isolate the right 
hepatic artery (RHA) with the vessel loop, 

Fig. 15.1 Software’s 
are useful for anatomy 
assessments and liver 
surgery planning
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superior to the right side of the common bile 
duct.

 3. Dissect and isolate a replaced or accessory 
RHA with the vessel loop, if present.

 4. Expose the portal vein and identify the right 
and left branches. Often times a small lateral 
portal vein branch off the right portal vein 
(RPV) to the caudate lobe is present and 
needs to be controlled and ligated to allow 
exposure of additional length on the 
RPV. Dissect and isolate the RPV with a ves-
sel loop.

 5. Dissect the avascular tissue along the supra-
hepatic vena cava between the middle 
hepatic vein (MHV) and RHVs. Pass a silas-
tic tube of a Jackson-Pratt drain through the 
RHV-MHV gap.

 6. Notch or divide the caudate process crossing 
to the right hepatic lobe, and bring the drain 
up and through this notch behind the isolated 
RHA and RPV (in preparation for the 
“Hanging Maneuver”).

 7. Hang the liver over the drain by pulling up as 
you divide through the liver parenchyma.

 8. Repeat the ultrasound and confirm the tran-
section plane, staying to the right of the 
MHV.

 9. Cauterize approximately 1 cm into the liver 
parenchyma, then switch to a hydro-jet dis-
section device or CUSA in combination with 
Bovie electrocautery and suture ligation.

 10. Continue parenchymal division until the 
RHV is encountered. During this time, iden-
tification, careful control, and transection of 
the right hepatic duct (RHD) according to 
preoperative MRCP and intraoperative chol-
angiogram are obtained late in the parenchy-
mal transection process to reduce bile duct 
injury.

 11. The right hepatic lobectomy is completed 
with vascular clamping and transection of 
the right portal vein, right hepatic artery, fol-
lowing right bile duct. The RHV is then 
divided between vascular clamps. The graft 
is delivered and subjected to further flushing 
in the back bench with HTK or UW and pos-
sible reconstruction according to any 
findings.

 12. Suture stamp the RHA, RPV, RHV with 
appropriate size monofilament Proline suture 
material and right bile duct with 6/0 PDS.

 13. Examine the transected liver edge for bleed-
ing. If bleeding is encountered, place a 
figure- of-eight ligating vascular suture.

 14. Ensure hemostasis of the transected liver 
edge with an argon beam coagulator and 
suture ligation.

 15. Inspect the transection surface for bile leaks 
or bleeding. These should be clipped or 
suture ligated. Apply a dilute solution of pro-
pofol or methylene blue to facilitate visual-
ization of bile leaks.

 16. Inspect the IVC and right retroperitoneal 
space for -hemostasis.

 17. Fix the proximal falciform ligament back to 
the diaphragm side with figure-of-eight 
sutures to avoid donor hemi-graft torsions.

 18. Apply tissue sealant to the cut surface of the 
liver, and place a Jackson-Pratt drain in the 
right subphrenic space. Close the abdomen 
in standard fashion.

Although some liver surgeons advocate a one- 
step division of the right bile duct with ligation 
and transection, the key is to perform intraopera-
tive cholangiogram with different angles and 
compare to the preoperative MRCP for proper 
mapping and transection. Centers use different 
approaches to identify the proper area of transec-
tion of bile duct which may include metallic 
clips, radiopaque wires, rubber band or metallic 
instruments per surgeon preference (Fig. 15.2).

It is also important to get accurate ultra-
sound visualization and mapping of the MHV 
and to stay just to the right of it. Weaving in and 
out or bisecting the MHV can lead to major 
complications.

15.8  Left Hepatic Lobectomy  
(Left Hepatectomy or 
 Hemihepatectomy)

 1. Widely open the gastrohepatic ligament 
flush with the undersurface of the left lateral 
section and the caudate lobe.
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 2. Check for a replaced or accessory left hepatic 
artery (LHA). If present, dissect and isolate 
with a vessel loop.

 3. Clamp the round ligament (ligament teres) 
and pull it anteriorly, like a handle, to expose 
the left hilum.

 4. Divide any existing parenchymal bridge 
between the RHV and MHV.

 5. Dissect the left hilum at the base of the 
umbilical fissure and lower the hilar plate 
anterior to the left portal pedicle.

 6. Incise the peritoneum overlying the hilum 
from the left side, to dissect and isolate the 
LHA (after test clamping and confirming a 
palpable pulse in the RHA).

 7. Dissect and isolate the portal vein with a ves-
sel loop at the base of the umbilical fissure.

 8. Expose the portal vein and identify the right 
and left branches. Identify and control the 
small portal vein branch off the LPV to the 
caudate lobe to allow exposure of additional 
length.

 9. Ligate and divide the ligamentum venosum 
caudally.

 10. Identify the long extrahepatic course of the 
left hepatic duct (LHD) behind the portal 
vein. Perform intraoperative cholangiogram 
to map extra and intra hepatic tree of bile 
ducts.

 11. Fold the left lateral segment up and back to 
the right, exposing the window at the base of 
the MHV as it enters the IVC. This is facili-

tated by dividing any loose areolar tissue 
overlying the ligamentum venosum, which is 
divided proximally.

 12. Carefully dissect until you pass a large, blunt 
right-angle clamp in the window between the 
RHV and the MHV.  Hug the back of the 
MHV, aiming for the deep edge of the 
LHV. Do not force or perforate the IVC or 
MHV.

 13. Once the venous branches (short veins) of 
segment one are dissected off and the left 
liver is separated from the IVC, pass the 
silastic tube of a Jackson-Pratt drain through 
this window.

 14. Notch or divide the caudate process crossing 
to the left hepatic lobe and bring the drain up 
and through the notch.

 15. Hang the liver over the drain by pulling up as 
you divide through the liver parenchyma.

 16. Repeat the ultrasound and confirm the tran-
section plane on the anterior surface, staying 
close to the demarcated line. Do not bisect 
the MHV as it passes tangentially from the 
left to the right lobe.

 17. Cauterize down approximately 1  cm in the 
liver parenchyma, then switch to a CUSA or 
hydro-jet dissection device in combination 
with Bovie electrocautery and suture 
ligation.

 18. Continue parenchymal division until the left/
middle hepatic veins are encountered.

 19. When the recipient side is ready to accept the 
liver graft, the left hepatic lobectomy is com-
pleted with clamping and transection of the 
left portal vein, left hepatic artery, following 
left bile duct. The left hepatic vein is then 
divided between vascular clamps. The graft 
is delivered and subjected to further flushing 
with HTK or UW at the back bench and 
reconstruction when needed. Carefully 
 oversaw the stumps of the LHV, -MHV, on 
IVC, left postal vein, LHA with Prolene 
sutures and the stump of the left bile duct 
with PDS sutures. End of surgery colangio-
gram is performed in some centers or if con-
cern exist.

 20. Check the transected edge of the liver for 
surgical bleeding; ensure hemostasis of the 

Large Clip in
Dissection Area

Projected transection 

Fig. 15.2 Intraoperative Cholangiogram: Shows main, 
right and left bile ducts. Large Clip place to demarcate 
right CBD planned area of transection
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transected edge with an argon beam coagula-
tor and suture ligation.

 21. Inspect the transection surface for bile leaks. 
These should be clipped or suture ligated. 
Apply a dilute solution of propofol or methy-
lene blue to facilitate visualization of bile 
leaks.

 22. Apply tissue sealant to the transected surface 
of the liver. Place a Jackson-Pratt drain in the 
left subphrenic space and close the 
abdomen.

Because the right posterior duct arises from 
the left hepatic duct (LHD) in approximately 
20% of cases and the right anterior duct arises 
from the LHD in approximately 5% of cases, it is 
vital to divide the LHD according to an exact pre-
vious mapping plan. The left lobe of the liver will 
be well demarcated after the left vascular inflow 
has been temporarily clamped, which guides the 
transection plane on the anterior surface. In gen-
eral, the transection plane should be close to the 
demarcation line to minimize the amount of 
devascularized liver remaining. When dividing 
the LHV and MHV, the surgeon should keep in 
mind they have a common trunk approximately 
90% of the time. If it is not easy to open the win-
dow deep to the MHV and LHV, then division of 
the MHV and LHV can be accomplished after the 
parenchymal transection.

15.9  Left Lateral Segmentectomy 
(Left Lateral Sectionectomy)

 1. Widely open the gastrohepatic ligament flush 
with the undersurface of the left lateral section 
and the caudate lobe.

 2. Identity, and isolate the replaced or accessory 
LHA, if present.

 3. Clamp the round ligament and pull it anteri-
orly like a handle to expose the left hilum.

 4. Divide any existing parenchymal bridge 
between segments III and IVB.

 5. Carry the dissection down from the end of the 
round ligament, and the segment III pedicle 
will be encountered.

 6. Incise the peritoneal reflection on the left side 
of the round ligament as it inserts into the 
umbilical fissure. When encircling the seg-
ment II pedicle, take care to avoid injury to the 
caudate inflow vessels coming off the LPV.

 7. Divide the liver parenchyma, staying on the 
right side of the falciform ligament using 
Bovie electrocautery.

 8. The LHV can be isolated before the liver tran-
section or as the parenchymal transection is 
complete.

 9. When the recipient side is ready to accept the 
liver graft, the left lateral sectionectomy is 
completed by transecting the left portal vein, 
left hepatic artery, following left bile duct. 
The left hepatic vein is then divided between 
vascular clamps. The delivered graft is sub-
jected to additional flushing with HTK or UW 
at the bench back and possible reconstruction 
according to any findings.

15.10  Minimal Invasive Donor 
Hepatectomies

Minimally invasive surgery has the advantage of 
reducing operative morbidity, post-operative 
pain, and recovery time. Groups in Europe and 
Asia have described such approaches in the form 
of pure laparoscopic, hybrid hand-assisted and 
robotic-assisted techniques [73–76]. The first 
fully laparoscopic left lateral liver graft for pedi-
atric LDLT was reported by Cherqui and col-
leagues in 2002 [77]. Since then, the procedure 
has been slow to be accepted, most likely due to 
the technical complexities of the procedure and 
the surgical expertise required. Early studies 
comparing minimally invasive living donor hepa-
tectomy (MILDH) to open living donor hepatec-
tomy (OLDH), have found donor morbidity rates, 
wound-related complications, hospital stays and 
analgesia use were reduced in MILDH [78, 79]. 
Blood loss and operative times were comparable 
between patients undergoing MILDH and 
OLDH. Despite current challenges, MILDH has 
the potential to replace open hepatectomy in the 
future [80], however continued progress will ulti-
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mately depend on accumulation of experiences, 
outcomes, center volumes to secure ultimately 
donor safety.

15.11  Donor Outcomes

Donor hepatectomy is a major operation with 
potential risks for serious complications [50]. 
The A2ALL consortium analyzed 760 living liver 
donors and reported a 40% complication rate for 
right lobe donors, with multiple complications 
occurring in 19% of patients [50]. In studies that 
included both right and left liver lobe donors, the 
overall complication rates were on the order of 
21% [81]. Reported complication rates and type 
of complications in donors of hepatic lobes vary 
widely among centers [82, 83]. Common compli-
cations include bile leaks, bacterial infections, 
incisional hernia, pleural effusion and donor 
depression. Liver failure requiring rescue trans-
plantation is extremely rare but frequently fatal 
[84]. The risk of death is estimated at 0.2% in 
western countries [85–87]. Using the Clavien 
system to classify severity of complications, 
approximately 50% are minor, defined as Clavien 
grade 1. Serious complications, defined as 
Clavien grade 3 or 4, are rare (1.1%), but include 
death or permanent disability [24, 50]. Most 
complications occur within 3 months of surgery, 
but psychological difficulties and hernias tend to 
develop later but within the first 3  years [88]. 
Despite some complications, over 95% of liver 
donors report satisfaction with the donation expe-
rience and say they would make the decision to 
donate again [89].

15.12  Recipient Operation

Due to shorter vessels and bile duct obtained in a 
living donor liver graft, hepatectomy is different 
from that for a DDLT [90, 91]. Usually bilateral 
subcostal incision, with if necessary upward mid-
line extension, is adequate for good exposure. 
Meticulous hilar dissection is necessary to pre-
serve the portal triads in preparation for the 

reconstruction. Dissection and isolation of the 
right, middle, and left hepatic arteries is carried 
out till liver parenchymal level. Dissection of the 
common hepatic duct should start at the hilum to 
avoid excessive skeletinization and to preserve its 
blood supply [92]. Right and left hepatic ducts 
are severed by sharp dissection, and bleeding 
from feeding arteries on the distal stumps are 
controlled by using fine PDS sutures. The main, 
right and left portal veins are dissected and iso-
lated. After controlling the main portal vein with 
a vascular clamp, the right and left portal veins 
are divided close to the liver hilum. Unlike a 
DDLT, the recipient’s inferior vena cava needs to 
be preserved in a LDLT. Therefore, it is neces-
sary to mobilize the caudate lobe from the infe-
rior vena cava (IVC) by dissecting and dividing 
all the short hepatic veins. The hepatic veins 
(RHV, MHV, and LHV) are individually isolated 
and divided with a vascular stapler. In order to 
have optimal hepatic vein anastomosis, circum-
ferential isolation and cross-clamping of the IVC 
is preferable, if tolerated, but not necessary. Once 
hemostasis is achieved, the IVC is partially 
occluded with a Satinsky clamp. The RHV stump 
is reopened (in the case of a Right lobe graft), and 
the lumen of the retrohepatic IVC is flushed with 
heparinized normal saline. The longitudinal ori-
fice of the RHV is enlarged by transversely incis-
ing across the anterior wall of the IVC to fashion 
a triangular (or V) venotomy opening that 
matches the size and shape of the hepatic vein 
venoplasty cuff in the graft.

The implantation of the graft starts with anas-
tomosis of the hepatic vein cuff with the recipi-
ent IVC opening, performed in a triangular 
fashion using 4–0 polypropylene. Several veno-
plasty techniques have been described [93] with 
the goal of achieving optimal graft outflow. 
Running sutures are applied, starting with the 
base of the triangle and continuing forward 
along the two sides and joined at the apex. After 
completion of the hepatic vein anastomosis, the 
portal vein stump is inspected for correct orien-
tation. Portal anastomosis is performed with 6–0 
polypropylene running sutures with a growth 
factor of about two thirds the diameter of the 
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portal vein. The clamp on the IVC is released, 
and the systemic venous return is restored. The 
selection of the appropriate recipient hepatic 
artery for arterial reconstruction is based on 
length, caliber, and orientation. Most centers 
perform hepatic artery anastomosis under high 
magnification loupes. The use of microscopes 
has gained popularity and when performed by a 
dedicated microvascular surgeon, the complica-
tion rate drops below 2% [94]. Before using mul-
tiple interrupted stitches with 9–0 nylon 
monofilament sutures for anastomosis, it is 
important to check that both recipient and graft 
hepatic arteries have adequate size and length to 
allow rotating the vessels for placement of 
sutures on the posterior wall. After completion 
of arterial anastomosis, it is important to per-
form Doppler ultrasonography to ensure patency 
of all vascular anastomoses and correct doppler 
signal of the hepatic artery [95].

Reconstruction of the biliary ducts are per-
formed either duct-to-duct or hepaticojejunos-
tomy. Duct-to-duct anastomosis is the preferred 
technique except in cases where the recipient 
bile duct is not healthy, such as patients with 
primary sclerosing cholangitis. Duct-to-duct 
anastomosis is performed between the graft 
hepatic duct and the recipient common hepatic 
duct. One pitfall to avoid in biliary reconstruc-
tion is preserving a common hepatic duct in the 
recipient that is too long, with an ischemic end 
that may end up developing ischemic anasto-
motic stricture or bile leakage. The anastomosis 
is performed using 6–0 absorbable sutures, with 
continuous sutures for the posterior wall and 
interrupted ones for the anterior wall [96]. If 
more than one hepatic duct in the graft are close 
together, the adjacent ductal orifices are approx-
imated to form a single cuff, and a single duct-
to-duct anastomosis is performed incorporating 
the hilar plate. In some cases, ductoplasty is 
associated with a higher incidence of stricture 
and is not advisable. Some centers use an inter-
nal or external stents, but there is not agreement 
in the benefit of either approaches. Abdominal 
drains are placed in sub hepatic and supra 
hepatic areas.

15.13  Results of Living Donor Liver 
Transplantation

The care of a recipient after LDLT is similar to 
that after DDLT [97]. However, some differences 
are expected and require expertise and careful 
attention since the living donor liver graft is a par-
tial graft and may develop early dysfunction, 
defined as small-for size syndrome (SFSS) [98]. 
SFSS represents a common complication in 
LDLT [99]. Accurate management of intravenous 
fluid replacement is necessary to avoid venous 
congestion, or systemic hypotension. Ultrasound/
Doppler studies are performed daily to verify sat-
isfactory vessel patency [100]. Due to the techni-
cal complexity of LDLT, the overall complication 
rates are higher in LDLT recipients compared 
with DDLT. Common early post-operative com-
plications include bleeding and hepatic artery 
thrombosis (HAT) [101]. In LDLT, the risk of 
HAT remains high due to the smaller caliber of 
the vessels [102]. Significant post-operative intra-
abdominal bleeding requires operative interven-
tion. Reoperation for thrombectomy and revision 
of arterial anastomosis may be successful in early 
HAT, if diagnosed early by screening ultrasound. 
Primary nonfunction (PNF) is not commonly 
reported in LDLT compared to DDLT, presum-
ably due to the quality of the graft and relatively 
short cold ischemia time [103]. Rejection rates 
are lower in related donor LDLT [24] and can be 
treated using similar immunosuppression proto-
cols. Billiary complications, including bile leaks, 
bilomas, early and late bile duct strictures, are 
higher in LDLT [104, 105]. Infection rates are 
also higher after LDLT, likely due to higher rates 
of biliary complications leading to biloma and 
intra-abdominal abscess [104]. Biliary leak rates 
track closely with center experience. Management 
of a biliary leak includes biliary track drainage via 
ERCP, PTC or  operative revision. Late biliary 
strictures are more common in LDLT than in 
DDLT and are more complex to treat due to mul-
tiple donor bile ducts and shorter length.

Recurrent disease also can impact long term 
outcomes of both DDLT and LDLT Hepato-
cellular carcinoma (HCC) is one of the most 

15 Living Donor Liver Transplantation



244

common indications for LDLT.  Early studies 
show HCC recurrence after LDLT is higher than 
DDLT [34], but more recent series have demon-
strated similar outcomes [35]. Primary scleros-
ing cholangitis, primary biliary cirrhosis, 
autoimmune hepatitis, alcohol, and nonalcoholic 
steatohepatitis recurrence rates are similar 
between LDLT and DDLT. LDLT is a complex 
and demanding procedure, to achieve the best 
recipient outcome all steps in the donor and 
recipient operation must be perfect.

15.14  Conclusion

LDLT is an available and safe alternative to 
DDLT and provides the same, or better short and 
long term allograft and patient survival [90]. To 
maximize safety and increase efficacy for both 
donors and recipients, requires the experience of 
a multidisciplinary team, careful selection and 
evaluation of donors, acceptable donor BMI, safe 
donor remnant liver mass of no less than 30–35% 
of native normal liver total mass and excellent 
peri-operative medical management. However, 
LDLT patients have more biliary complications, 
higher initial hospital costs and a longer hospital 
length of stay (LOS). Furthermore, center con-
cerns on donor safety and potential psychosocial, 
surgical and medical complications have stag-
nated its further development in the US and 
Europe [106]. On the other hand, LDLT has 
flourished in the east [9, 39]. Reasons are multi-
factorial and include availability of deceased 
donors, cultural and religious reasons [9, 39].

The National Institutes of Health funded the 
Adult-to-Adult Living Donor Liver Transplantation 
Cohort Study (A2ALL) in 2004 to study the impact 
of liver donation on the health of the donor in the 
US [107]. These efforts demonstrated that LDLT 
outcomes are similar to DDLT, waitlist mortality is 
reduced, and complication rates improve with cen-
ter experience [107–109]. The continued progress 
in surgical approaches and innovative techniques 
will enable better care and utilization of living liver 
donor and optimal LDLT practice.
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16.1  Introduction

Hepatocellular carcinoma (HCC) is a common 
cancer with a dismal prognosis. It is the sixth most 
common cancer worldwide and the third highest 
cause of death related to malignancy. Because of 
its typically late diagnosis, the median survival 
following HCC diagnosis is approximately 
6–20 months, and 5-year survival rate is less than 
12%. Hepatocellular carcinoma typically arises in 
the background of cirrhosis. Liver transplant is 
regarded as an optimal radical therapy for selected 
patients with HCC [1, 2]. This treatment modality 

can be offered to patients with unresectable HCC 
regardless of the patient’s liver function. It can also 
treat the underlying liver disease and consequently 
decrease the risk of de novo HCC [3].

The Milan criteria are often used to determine 
which patients will benefit from liver transplant. 
However, Milan criteria are normally applied to 
those with early-stage tumors, with many centers 
having center-based criteria for transplant for 
advanced-stage patients. In this study, we 
describe our expanded criteria for patients with 
unresectable HCC and evaluate the long-term 
results of liver transplant in these patients.

16.2  Materials and Methods

Between December 8, 1988, and January 1, 2017, 
we performed 552 liver transplants at our center. 
For this study, we retrospectively reviewed our 
liver transplant results in patients with HCC. At 
our center, our expanded criteria for liver trans-
plant in HCC candidates includes patients regard-
less of tumor size and number, those without 
major vascular invasion and without distant 
metastasis, and those with negative cytology (if 
the patient has ascites) (Table  16.1). We found 
that 61 liver transplant procedures were per-
formed for HCC (52 male and 9 female patients), 
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and 36 patients were transplanted according to 
the Baskent University expanded criteria.

Before transplant, all patients were evaluated 
radiologically (computed tomography, magnetic 
resonance imaging, or positron emission 
tomography- computed tomography) for tumor 
metastasis. Biopsies of suspicious lesions were 
performed. In addition to liver transplant, patients 
also received interventional radiology for down- 
staging. Liver transplant was considered for 
patients with HCC if the tumor was determined 
unresectable because of its location or concomi-
tant liver disease. Tumor staging was determined 
according to the American Liver Tumor Study 
Group Modified tumor-node-metastasis staging 
system for HCC. During follow-up, in addition to 
routine laboratory tests, patients had alpha- 
fetoprotein tests and ultrasonography examina-

tions every 3 months and computed tomography 
or magnetic resonance scans done every 6 months.

16.3  Results

Sixty-one patients had liver transplants for HCC 
(52 male and 9 female patients). Of these patients, 
11 were children and 50 were adults. Forty-one 
patients had living-donor liver transplants(10 
pediatric and 31 adult patients), and 20 patients 
had deceased-donor liver transplants (1 pediatric 
and 19 adult patients). Eighteen patients received 
down-staging therapy before liver transplant. We 
diagnosed HCC incidentally at pathologic exami-
nation in 6 patients (10.1%; 4 children and 2 
adults). All 6 patients with incidental HCC diag-
nosis were still alive without HCC recurrence at 
75–140 months.

Thirty-six patients received transplants 
according to the Baskent University expanded 
criteria, which included 11 children (30.5%) and 
25 adults (69.5%). In the adult group, the most 
common cause of the liver disease was hepatitis 
B virus (HBV) infection (n  =  16; 64%) 
(Table  16.2); in the pediatric group, the most 
common cause of liver disease was tyrosinemia 
type 1 (n = 5; 45.4%) (Table 16.3).

Table 16.1 Baskent University expanded criteria for 
liver transplant for hepatocellular carcinoma

Independent of tumor size and number of nodules
No extrahepatic invasion
No major vascular invasion
No ascites containing tumor cells
Exploratory laparotomy and histopathologic 
examination as factors important in the final decision 
for transplant

Table 16.2 Adult patients

Patient
Transplant 
date

Age at 
trans-
plant, y

Cause of 
Liver 
Failure

Tumor 
properties

Source 
of liver

Neoadjuvant 
treatment

Follow-up, 
mo Recurrence Status

1 01/14/2004 52 HBV Stage IVA, 
multifocal

DD TACE 156 No Alive

2 03/31/2004 64 HCV Stage IVA, 
multifocal

LD 153 No Alive

3 08/18/2004 55 HCV Stage IVA, 
multifocal

LD TACE 45 Yes Died

4 09/29/2004 55 HCV Stage IVA, 
multifocal

LD TACE 73 No Deceased

5 10/20/2004 58 HCV Stage IVA, 
multifocal

LD 70 No Deceased

6 02/23/2005 49 HBV Stage III, 
6 cm

LD TACE+AI 23 No Deceased

7 05/05/2005 56 HBV Stage IVA, 
multifocal

DD AI 64 Yes Deceased

8 05/30/2005 59 Alcoholic 
hepatitis

Stage IVA, 
multifocal

DD AI 64 No Deceased

9 03/21/2006 50 HBV Stage IVA, 
multifocal

DD TACE+AI 14 Yes Deceased
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Table 16.3 Pediatric patients

Patient
Transplant 
date

Age at 
trans-
plant, 
y

Cause of liver 
failure

Tumor 
properties

Source 
of 
liver

Neoadjuvant 
treatment

Follow-up, 
mo Recurrence Status

1 07/21/2004 1 PFIC-2 
(Byler)

Stage III, 
6 cm, 2 cm

LD 152 No Alive

2 09/03/2004 12 Tyrosinemia 
type 1

Stage IVA, 
multifocal

LD Chemo-
therapy

150 No Alive

3 11/03/2004 14 Tyrosinemia 
type 1

Stage IVA, 
multifocal

LD Chemo-
therapy

148 No Alive

4 01/12/2005 10 Tyrosinemia 
type 1

Stage III, 
multifocal

LD Chemo-
therapy

146 No Alive

5 02/09/2005 1 PFIC-2 
(Byler)

Stage III, 
multifocal

LD 145 No Alive

Table 16.2 (continued)

Patient
Transplant 
date

Age at 
trans-
plant, y

Cause of 
Liver 
Failure

Tumor 
properties

Source 
of liver

Neoadjuvant 
treatment

Follow-up, 
mo Recurrence Status

10 01/30/2007 56 HBV Stage IVA, 
multifocal

LD 121 Yes Alive

11 03/05/2007 64 HBV Stage IVA, 
multifocal

DD TACE+AI 7 No Deceased

12 04/17/2007 54 HBV Stage IVA, 
multifocal

DD TACE 4 Yes Deceased

13 06/20/2007 65 HCV Stage IVA, 
multifocal

DD 116 Yes Alive

14 10/30/2007 56 HBV Stage IVA, 
multifocal

LD RFA + AI 112 No Alive

15 02/20/2008 40 HBV Stage IVA, 
multifocal

LD 1 No Deceased

16 03/04/2008 62 HBV Stage IVA, 
multifocal

LD 108 No Alive

17 03/14/2008 57 HBV Stage IVA, 
multifocal

LD 2 No Deceased

18 05/14/2008 42 HBV Stage III, 
multifocal

LD 105 No Alive

19 10/02/2008 53 Alcoholic 
hepatitis

Stage III, 
7 cm

DD TACE 101 No Alive

20 12/02/2008 52 HBV Stage III, 
6 cm

LD RFA 15 No Deceased

21 02/10/2009 56 HBV Stage IVA, 
multifocal

LD 96 Yes Alive

22 03/10/2009 49 HCV Stage IVA, 
multifocal

LD TACE+RFA 95 No Alive

23 10/15/2009 54 HCV Stage IVA, 
multifocal

DD 88 No Alive

24 03/12/2013 64 HBV Stage IVA, 
multifocal

LD RFA 47 No Alive

25 01/16/2015 61 HBV Stage IVA, 
multifocal

LD RFA 24 No Alive

Abbreviations: AI alcohol injection, DD deceased donor, HBV hepatitis B virus, HCV hepatitis C virus, LD living donor, 
RFA radiofrequency ablation, TACE transcatheter arterial chemoembolization

(continued)
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We found that 16 patients (4 pediatric and 12 
adult patients) were within the Baskent 
University expanded criteria both radiologically 
and pathologically before transplant. The other 
20 patients (7 pediatric and 13 adult patients) 
were within Milan criteria radiologically before 
transplant; however, after liver transplant, when 
pathologic specimens were evaluated, they were 
found to be within the Baskent University 
expanded criteria.

During follow-up, 9/36 patients (25%) had 
HCC recurrence (7 adult and 2 pediatric patients) 
(Tables 16.2 and 16.3). In 2 patients, we per-
formed surgical resection for recurrence; the 
other patients were treated with interventional 
radiologic techniques.

In the pediatric group, 1 patient died due to 
HCC recurrence and liver failure (Table 16.3).In 
the adult group, 12 patients died, with 4 because 
of HCC recurrence and liver failure. The causes 
of death in the other patients included sepsis in 5 
patient, cranial hemorrhage in 1 patient, and 
acute myocardial infarction in 2 patients 
(Table 16.2).

In the pediatric group, 5-year and 10-year sur-
vival rates of patients were 90%; in the adult 
group, the 5-year survival rate was 58.7% and the 
10-year survival rate was 49.7% (Fig. 16.1). The 
overall 5-year survival was 71.7%, and the over-
all 10-year survival rate was 62.7% (Fig. 16.2).

16.4  Discussion

The first surgical treatment choice for HCC is 
resection. Because of the underlying liver dis-
ease, only 10–30% of patients have curative liver 
resection, although their 5-year survival rates 
range from 25 to 30% [1]. Liver transplant, which 
is a treatment option for cirrhosis and HCC, is 
now an established surgical treatment for patients 
with HCC [4].

Liver transplant for HCC according to the 
Milan criteria has been performed for many 
recipients with adjustments according to center- 
based selection methods. Since the landmark 
report of the Milan criteria by Mazzaferro and 
associates, which demonstrated comparable 
outcomes of patients with HCC having a single 
tumor smaller than 5 cm in diameter or up to 3 
tumors smaller than 3  cm in diameter with no 
vascular invasion or extrahepatic disease deter-
mined by preoperative imaging studies, 
deceased- donor liver transplant has become an 
established treatment for cirrhotic patients with 
HCC [5]. We published our early report about 
expanded criteria in 2006 [6]. In that study, we 
showed that expanded-criteria liver transplant in 
patients with HCC, especially when donation 
from a living related donor is possible, appears 
to inhibit disease recurrence and improve 
outcomes.

Patient
Transplant 
date

Age at 
trans-
plant, 
y

Cause of liver 
failure

Tumor 
properties

Source 
of 
liver

Neoadjuvant 
treatment

Follow-up, 
mo Recurrence Status

6 11/15/2005 13 Wilson 
disease

Stage III, 
5 cm, 4 cm

LD 136 No Alive

7 05/12/2006 13 Cryptogenic 
Cirrhosis

Stage IVA, 
multifocal

LD 87 Yes Deceased

8 05/24/2006 14 PFIC-3 Stage IVA, 
multifocal

LD 129 No Alive

9 01/08/2007 16 HBV Stage III, 
7 cm

LD 122 No Alive

10 11/07/2007 9 Tyrosinemia 
type 1

Stage IVA, 
multifocal

LD 112 Yes Alive

11 08/21/2009 7 Tyrosinemia 
type 1

Stage IVA, 
multifocal

DD 90 No Alive

Abbreviations: DD deceased donor, HBV hepatitis B virus, LD living donor, PFIC-2 progressive familial intrahepatic 
cholestasis type 2, PFIC-3 progressive familial intrahepatic cholestasis type 3

Table 16.3 (continued)
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The annual incidence of HCC in the United 
States is 0.8 per one million children between the 
ages of 0 and 14 years and 1.5 per one million 
adolescents from 15 to 19  years old [7]. The 
5-year overall survival rate is 42% for children 
and adolescents with HCC [8]. In pediatric 
patients, the most common cause of HCC is con-
genital or metabolic liver disease [9]. Similar to 
the literature, in our pediatric patients, only 1 had 

HBV and the others had metabolic disease. In our 
series, pediatric patients had 5-year and 10-year 
survival rates of 90%, which were better than 
those shown in adults (5-year survival rate of 
58.7% and 10-year survival rate of 49.7%).

In Turkey, most HCC develops in patients 
with cirrhosis. Turkey also has high rates of HBV 
and HCV seropositivity (HBV, 10%–40%; HCV, 
7–10%) [10]. In our adult group, the most com-
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mon cause of liver failure was HBV. Patients with 
HBV infection received antiviral prophylaxis 
with 6 doses of anti-HBs antibody (Hepatect, 
Biotest AG, Dreieich, Germany) and lamivudine 
(100 mg/d). Anti-HBs antibody levels were main-
tained at greater than 100 IU by means of peri-
odic antibody bolus infusions.

In Turkey, as in many other countries, family 
members of patients with HCC are often willing 
to serve as donors for liver transplant. The avail-
ability of living donors allows surgeons to per-
form liver transplant with more liberal criteria for 
tumor staging. Whenever possible, living related 
donors who can provide a segmental liver graft, 
freely and without social pressure or obligation, 
are preferred for recipient with large and/or 
numerous tumors of the liver, poor hepatic func-
tion, and no other chance for treatment.

In conclusion, careful evaluation of recipients 
before transplant plays a critical step in curative 
treatment. We carefully expanded the Milan cri-
teria in our center. We believe that patients with 
HCC and a cirrhotic liver but without extrahe-
patic disease should be candidates for liver trans-
plant whenever possible and that living-donor 
liver transplant must be considered an alternative 
rescue therapy for many of these individuals.
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Allogeneic Haemopoietic Stem 
Cell Transplantation

Eduardo Olavarria

17.1  Introduction

The field of allogeneic haemopoietic stem cell 
transplantation (HSCT) and, increasingly the use 
of cellular therapy, have continued to evolve 
since its origins in the early 1900’s. Results are 
improving constantly mainly due to a combina-
tion of better understanding of the underlying 
biological background and major advances in 
supportive care. New diseases and indications 
have been developed and with the advent of 
reduced toxicity conditioning, this treatment 
modality has been extended to older patients and 
to patients who in previous times would have 
been considered ineligible for transplantation.

With increasing knowledge of the immunobi-
ology of allogeneic transplantation and the devel-
opment of more precise techniques for tissue 
typing and characterisation of the human histo-
compatibility genes, the use of alternative donors 
such as mismatched family members, matched or 
mismatched unrelated volunteers or cord blood 
stem cells has become widely accepted.

17.2  Historical Background

In the first half of the twentieth century, there had 
been attempts to use bone marrow tissue for its 
therapeutics effects in anaemia and leukaemia by 
oral, intramuscular or intravenous routes [1, 2]. 
In 1922, a Danish investigator, Fabriciuos 
Moeller, noted that guinea pigs, whose legs were 
protected from total body lethal irradiation, were 
able to survive this procedure and did not devel-
oped thrombocytopenia a haemorrhagic diathesis 
[3]. Although this findings were ignored for some 
years, until the mid 1950’s when Jacobson 
showed that lethally irradiated mice could be pro-
tected by intraperitoneal injection of spleen cells 
(a haematopoietic organ in the mouse) or intrave-
nous infusion of bone marrow [4].

Although initial consideration was given to a 
humoral factor, by the end of the decade, several 
reports had shown that the protection was due to 
the presence of donor cells in the bone marrow 
of the irradiated mice [1, 5, 6]. Ford et al. desig-
nated an animal that carried a mixture of own 
and foreign haematopoietic cells as a radiation 
chimera [7].

During the first years of experimental marrow 
transplantation, the emphasis was on radiation 
protection. However, subsequent studies focus-
ing on the ultimate fate of the transplanted ani-
mals showed that many animals initially survived 
but later died of severe diarrhoea, weight loss and 
skin lesions [1, 8]. These observations rapidly led 
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to the description of a “secondary disease” ini-
tially term as runting syndrome [9]. This runt dis-
ease was in fact graft versus host disease and by 
the late 1960’s it was clear that this was caused 
by the lymphocytes in the infused graft and that it 
was mediated by alloantigents present in the host 
but absent in the donor [8, 9].

The following step was the discovery of toler-
ance induced by marrow transplantation. Main 
and Prehn reported that mice surviving alloge-
neic marrow transplantation following TBI were 
able to permanently accept skin grafts from the 
original donor strain [10]. This was also demon-
strated for xenografts using mice and rats [11]. 
Later on animal models of malignant disease 
were produced and studies showed that TBI fol-
lowed by infusion of bone marrow cells was able 
to produce long-term cure although most animals 
still perished following the development of 
GVHD. Some studies suggested that lymphohae-
mopoietic tumours were more susceptible to the 
antitumour effect than sarcomas and carcinomas, 
perhaps due to the relative richness of transplan-
tation alloantigens in these malignancies.

Although the Major Histocompatibility 
Complex (MHC) had been known since the late 
1930’s, it was not until the late 1960’s and early 
1970’s that the concept of histocompatibility was 
fully established in allogeneic haemopoietic cell 
transplantation. However, in 1957 Thomas 
reported that large amounts of human marrow 
cells could be infused safely and described the 
first (albeit transient) marrow graft in patients 
affected of acute leukaemia [12]. In 1959, Mathé 
and co- workers attempted to treat six patients 
who had been exposed to high doses of radiation 
during an accident in Vinca, Serbia [13]. Several 
groups in USA and Europe started bone marrow 
transplant programmes with disappointing 
results. Most of these patients had end-stage 
acute leukaemia, were frequently severely 
infected at the time of transplant and died before 
proper assessment could be done. The following 
decade was fraught with frustration and when 
patients survived the initial phase of the trans-
plant with apparently successful engraftment of 
the donor marrow cells, they often died of severe 
GVHD or late infections. It is worth mentioning 

that many of these transplants were performed 
without any tissue typing or using techniques that 
were found later to be unreliable.

In 1977 the Seattle group reported the results 
of HLA identical sibling bone marrow trans-
plants in 100 patients with end-stage acute leu-
kaemia [14]. This classical study confirmed the 
curative potential of marrow transplantation in 
acute leukaemia with 13 very long-term disease- 
free survivors. However, the initial enthusiasm 
about these remarkable results was tempered by 
the actuarial relapse rate of nearly 70% and the 
high incidence of transplant-related deaths [14]. 
The authors hypothesised that transplants per-
formed in early remission stages would fare bet-
ter and in 1979 they reported that of 19 patients 
transplanted from HLA identical siblings in first 
complete remission of their acute leukaemia, 10 
of them were alive and leukaemia free [15]. It is 
generally accepted that the modern era of bone 
marrow transplantation began in the 1970’s when 
reliable HLA typing was available and when 
patient with acute leukaemia were transplanted in 
early remission.

Only 30–40% of patients who are candidates 
for bone marrow transplantation, will have an 
HLA identical sibling. There are now well over 26 
Million bone marrow volunteer donors in the dif-
ferent international registries. As always, the use 
of alternative donors was marked by advances in 
molecular typing of the different HLA genes and 
the improvement in the management of post trans-
plant complications. Currently, more than 15,000 
allogeneic stem cell transplants are carried out 
each year worldwide demonstrating the important 
role that this treatment modality plays in the man-
agements of haematological malignancies.

17.3  The Role of HLA in HSCT

Tissue compatibility is determined by genes of 
the major histocompatibility complex (MHC), 
known as the HLA system in man, which are clus-
tered on the short arm of chromosome 6. The 
HLA region is a multigenic system that encodes 
structurally homologous cell surface  glycoproteins 
characterized by a high degree of allelic polymor-
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phism within human populations. Immune 
responses against incompatible HLA Ag repre-
sent a major barrier to HSCT.  The accuracy of 
histocompatibility testing and matching criteria 
will therefore have important consequences on 
graft outcome. This is particularly true in the case 
of transplantation with HSC from unrelated 
donors (UD), where serologically hidden incom-
patibilities may account for the increased rate of 
post-transplant complications.

The homologous HLA class I (HLA-A, -B, 
-C) and class II (HLA-DR, -DQ, -DP) antigens 
are codominantly expressed and differ in their 
structure, tissue distribution and characteristics 
in peptide presentation to T cells [16]. The bio-
logical function of HLA molecules is to present 
peptide Ag to T cells, thereby playing a key role 
in T cell-mediated adaptive immunity.

HLA class I molecules are expressed on most 
nucleated cells. They are composed of an alpha- 
chain (encoded in the MHC) non covalently asso-
ciated with Beta-2-microglobulin (encoded on 
chromosome 15). Peptides (usually of 8–10 ami-
noacids.) presented by class I molecules are 
derived from proteolytic degradation of cytoplas-
mic proteins by the proteasome, transported 
across the endoplasmic reticulum where they 
bind to class I Ag. Pathogen-derived peptides 
presented to class I Ag are usually recognized by 
CD8+ CTL [16]. HLA class II Ag are expressed 
on a subset of cells of the immune system com-
prising dendritic cells, B-cells, activated T cells, 
macrophages, collectively referred to as Ag pre-
senting cells (APC). They are heterodimers com-
posed of two membrane-bound chains that are 
encoded by two genes that co-localize in the 
MHC. The peptide-binding pocket is formed by 
the most distal domains of the two chains. 
Extracellular Ag internalised by endocytosis/
phagocytosis are degraded in an endocytic com-
partment into peptides of 10–30 aminoacids that 
bind class II molecules. HLA class II-peptide 
complexes expressed on the membrane are usu-
ally recognised by CD4+ T-helper cells [16].

The HLA system comprises 12 genes located 
on a 3.6 Mb segment of the short arm of chromo-
some 6. Three HLA class I genes (A,B,C) encode 
respectively for the heavy chains of HLA-A, -B 

and -C antigens. HLA class II Ag (DR, DQ, DP) 
are heterodimers encoded by an alpha-chain and 
a beta-chain gene (e.g. DRA/DRB1 or DQA1/
DQB1) that co-localize at the centromeric part of 
the MHC [16, 17]. The HLA-DR subregion pres-
ents an additional complexity level since a sec-
ond DRB gene may be present, i.e. DRB3  in 
DR11/DR12/DR13/DR14/DR17/DR18 haplo-
types, DRB4 in DR4/DR7/DR9 haplotypes, and 
DRB5 in DR15/DR16 haplotype. Because of the 
codominant expression of HLA genes, a hetero-
zygous individual may express up to 12 different 
HLA Ag.

In the early 1990’s the role of HLA matching 
was hampered by the poor resolution achieved by 
HLA typing, particularly for HLA class I alleles. 
Based on high resolution typing methods more 
recent studies [18–22] reached the almost general 
consensus that allele-level matching does 
improve transplant outcome. However the rela-
tive importance of individual loci still remains 
under investigation.

Graft failure: The role of HLA-A/B/C/DR 
mismatches has been shown by several studies. 
The total number of disparities influences the risk 
of graft failure [18–20]. A comparison of sero-
logical versus allele class I mismatches in CML 
patients suggested that qualitative differences 
may influence the risk of graft failure, with a 
higher risk in serotype-mismatched patients [19].

GVHD: Multiple class I, or class II, or com-
bined class I and II mismatches correlated with 
an increased risk of GVHD [19]. In the Japanese 
Marrow Donor Program (JMDP) study [20], 
HLA-A/B/C/DRB1 mismatches were found to be 
significant risk factors for grades III-IV acute 
GVHD, whereas the American NMDP data 
revealed a DRB1 effect with no contribution of 
HLA-DQ/DP [21], or HLA-B/C [22] mis-
matches. A few studies reported an association of 
HLA-DP disparities with an increased rate of 
acute GVHD.

Survival: HLA-A/B/C/DRB1, but not DQ/DP 
mismatches decreased survival in the NMDP 
study [21, 22], whereas in the JMDP study only 
A/B/DRB1 disparities were associated with mor-
tality [20]. In CML patients from the Seattle 
study a single class II mismatch was well toler-
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ated whereas single class I or multiple mis-
matches were associated with lower survival [18, 
19]. Differences between studies may involve 
selection criteria of each transplant centre, 
patients age or other pre-transplant risk factors, 
experience in treating GVHD, as well as the rel-
evance of the GvL effect in CML patients. In the 
largest cohort of CML patients studied so far 
[23], HLA-AB-serology/DRB1-allele “matched” 
unrelated HSCT were compared to matched sib-
ling donor HSCT patients. Multivariate analysis 
revealed lower 5-years SRV rates after “matched” 
unrelated vs. matched sibling donor HSCT. Such 
decreased survival possibly results, at least in 
part, to the presence of undisclosed HLA-A/B/C 
allele mismatches in the so-called “matched” 
unrelated donors.

17.4  Sources and Procurement 
of Allogeneic 
Haematopoietic Stem Cells

The preferred source of progenitor cells for 
HSCT has changed over the years. Traditionally, 
cells were harvested from the iliac crests under 
general anaesthesia, but recently G-CSF mobil-
ised peripheral blood (PBSC) have been increas-
ingly used. Unmanipulated cord blood (CB) cells 
collected and cryopreserved at birth have been 
used both in related and unrelated HLA matched 
and mismatched allogeneic transplants in chil-
dren and more recently in adults. It has become 
evident that there are many quantitative and qual-
itative differences between these cell sources 
(Table 17.1).

In 1995, 3 pivotal studies demonstrated the 
safety and feasibility of using G-CSF mobilized 
PB allografts [24]. Patients experienced prompt 
engraftment with an incidence of GVHD similar 
to that of BM recipients. In addition, no serious 
short-term complications of G-CSF mobilised 
PB harvesting were observed in the donors [24–
26]. Direct comparison of PB and BM in alloge-
neic sibling donor transplantation has been 
reported in at least 8 randomised trials [25–32]. 
Most of them did not show a survival benefit 
(Table 17.2). The incidence of acute GVHD was 

similar in all but one of the studies, but an increase 
(statistically significant or a trend) in the inci-
dence of overall and extensive chronic GVHD 
was demonstrated in recipients of PBSC 
allografts. The magnitude of this observation and 
its effect on relapse, survival and recipient qual-
ity of life is less clear. In unrelated transplant 
recipients, matched cohort comparisons of UD 
BMT and PBSCT reported faster haematological 
recovery among PB recipients with no difference 
in either acute GVHD or chronic GVHD.

While results of randomised studies are pend-
ing, the use of PB allografts in UD HSCT has 
varied among transplant centres and countries. 
Some registries of unrelated marrow donors have 
permitted the collection of allografts from the PB 
whereas others have not. Transplant centres may 
request a PB or a BM graft but the collection cen-
tre and wishes of the donor also determine which 
product is ultimately collected. Because of the 
absence of definitive data comparing both sources 
of cells, there is no indication to prefer either 
source of cells except perhaps in patients with 
advanced disease where chronic GVHD and sub-
sequent GvL might decrease relapse and improve 
survival or, in a situation where a high number of 

Table 17.1 Advantages and disadvantages in the search 
and identification Process of BM and CB unrelated donor

Bone 
Marrow Cord blood

Information on 
A + B + DRB1(DNA) 
type

16–56% 50–80%

Median search time 3–6 months <1 month
Donors identified but not 
available

30% < 1%

Rare haplotypes 
represented (a)

2% 29%

Major limiting factors to 
graft acquisition

HLA match Cell Dose

Ease of rearranging date 
of cell infusion

Difficult Easy

Potential for second HSC 
graft or DLI

Yes No from 
the same 
donor

Potential—for viral 
transmission

Yes No

    —for congenital 
diseases

No Yes

Risk to donor Yes No
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cells is necessary for engraftment, for example 
after non-myeloablative conditioning or if TCD 
is planned for a HLA mismatched transplant.

17.5  Principles of Conditioning 
Regimens

The diversity of today’s conditioning regimens is 
based on its historical development (Table 17.3). 
The effects of TBI on BM provided a concept for 
BMT experiments in animals and man. It became 
possible to eliminate a diseased haematopoietic 
system without causing irreversible, other organ 
damage. TBI was intended to be an equivalent to 
surgical removal in solid organ transplantation. 
Therefore the term to “condition” meant the prep-
aration of the recipient to accept a new organ in 
place of the diseased haematopoietic system [33].

There are three main objectives: space- 
making, immunosuppression and disease eradi-
cation. The first of these is a somewhat 
controversial concept which originated from the 
belief that immature progenitor cells occupy 
defined niches within the marrow stroma in order 
to obtain the necessary support for proliferation 
and differentiation. To allow access to these 
niches, existing host stem cell cells must be erad-
icated in order for donor engraftment to occur. 
Immunosuppression is required to prevent rejec-
tion of the incoming donor cells by residual host 
haematopoiesis. The probability of rejection is 

increased in situations of increasing HLA- 
disparity, e.g. volunteer UD and family mis-
matched transplants or in situations where the 
recipient has been “pre-sensitised” by the admin-
istration of multiple blood products prior to 
HSCT.  It is also increased in T-cell depleted 
(TCD) HSCT. On the other hand, rejection (and 
relapse) is decreased by reduced GVHD prophy-
laxis, high stem cell dose and high T-cell dose. 
The ultimate role of the conditioning regimen is 
long-term disease control. This is a clear objec-
tive in the haematological malignancies, but it is 
also of vital importance in diseases characterised 
by hyperplastic bone marrows, e.g. thalassaemia. 
Partial engraftment may be sufficient in situa-
tions where only a “specific product” is required, 
e.g. B-cells in some immunodeficiency states.

Until recently, it was thought that the mecha-
nism of cure of the malignancy was entirely due 
to the conditioning therapy, and that the HSCT 
itself was merely a supportive measure designed 
to allow the patient to receive so-called supra- 
lethal treatment without experiencing permanent 
bone marrow aplasia. However, the observation 
that disease recurrence was more frequent after 
TCD HSCT identified the “graft versus leukae-
mia” effect (GVL). Although GVL is important 
in the maintenance of remission, this effect can-
not be solely responsible for the durable disease 
free remission seen in recipients of syngeneic 
and autologous HSCT. Reduced intensity condi-
tioning (RIC) HSCT have been recently devel-

Table 17.2 Relapse incidence (RI) and survival after allo-PBSCT compared to allo-BMT in different randomised 
studies

Reference Source n RI Survival
Bensinger BM 91 25% 54% – Early status: 72 vs. 75% p = ns

– Advanced: 33 vs. 57%, p = .04PBSC 81 14%
p = 0.04

66%
p = .06

Blaise BM 52 65%
PBSC 48 ns 67% p = ns

Heldal BM 30
PBSC 28 ns p = ns

Powles BM 19 0% 63%
PBSC 18 37% 70% p = ns

Schmitz BM 166
PBSC 163 ns ns

Vigoritto BM 19
PBSC 18 ns ns
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Table 17.3 Common conditioning regimens

Regimen Total Dose Daily Dose Administration Days

Conventional “old” regimens

Cy/TBI

Cyclosphosphamide 120 mg/kg 60 mg/kg IV in 1 hour −6, −5

Total Body Irradiation 12–14.4 Gy 2–2.4 Gy (2x/day) −3,−2,−1

Bu/Cy

Busulfan 16 mg/kg 4 mg/kg* p.o. q 6 hour −9,−8,−7,−6

Cyclophosphamide 200 mg/kg 50 mg/kg IV in 1 hour −5,−4,−3,−2

BACT

BCNU 200 mg/m2 200 mg/m2 IV in 2 hours −6

ARA-C 800 mg/m2 200 mg/m2 IV in 2 hours −5,−4,−3,−2

Cyclophosphamide 200 mg/kg 50 mg/kg IV in 1 hour −5,−4,−3,−2

6-Tioguanina 800 mg/m2 200 mg/m2 p.o −5,−4,−3,−2

Alternative “standard” regimens

TBI/VP

Total Body irradiation 12–13.2 Gy 2–2.5 Gy −7,−6,−5,−4

Etoposide 60 mg/kg (2x/day)
60 mg/kg

IV in 2 hours −3

AC/TBI

Ara-C 36 g/m2 3 g/m2 IV q 12 hours in 2 h −9,−8,−7,−6-

Total Body irradiation 12 Gy 2 Gy (2x/day) 5,−4
−3,−2,−1

MEL/TBI

Melphalan 110 110–140 mg/m2 IV in 1 hour −3

Total Body Irradiation 140 mg/m2

10–14.85 Gy
2 Gy (2x day) −2,−1,0

Bu/Cy (Tuschka)

Busulfan 16 mg/kg 4 mg/kg* p.o. q 6 hours −7,−6,−5,−4,

Cyclophosphamide 120 mg/kg 60 mg/kg IV in 1 hour −3,−2

Bu/MEL

Busulfan 16 mg/kg 4 mg/kg* p.o. q 6 hours −5,−4,−3,−2

Melphalan 140 mg/ m2 140 mg/m2 IV in 1 hour −1

Intensified regimens

Cy/VP/TBI

Cyclophosphamide 120 mg/kg 60 mg/kg IV in 1 hour −6,−5

Etoposide 30–60 mg/kg 30–60 mg/kg IV in 2 hours −4

Total Body Irradiation 12–13.75 Gy 2–2.25 Gy (2/day) −3,−2,−1

TBI/TT/Cy/ATG

Total Body Irradiation 13.75 Gy 1.25 Gy (3x/day) −9,−8,−7,−6

Thiotepa 10 mg/kg 5 mg/kg IV in 1–2 hours −5,−4

Cyclophosphamide 120 mg/kg 60 mg/kg IV in 1 hour −3,−2

ATG 120 mg/kg 30 mg/kg IV in 5–6 hours −5,−4,−3,−2

Bu/Cy/MEL

Busulfan 16 mg/kg 4 mg/kg* p.o. q 6 hours −7,−6,−5,−4

Cyclophosphamide 120 mg/kg 60 mg/kg IV in 1 hour −3,-2

Melphalan 140 mg/m2 140 mg/m2 IV in 1 hour −1

Reduced Intensity regimens

TBI/Fluda

Total Body 2 Gy 2 Gy 0

Irradiation
Fludarabine

90 mg/m2 30 mg/m2 IV in 30 min −4,−3,−2

Fluda/Bu/ATG

Fludarabine 180 mg/m2 30 mg/ m2 IV in 30 min −10 to −5

Busulfan 8 mg/kg 4 mg/kg* p.o. q 6 hours −6,−5

± ATG 40 mg/kg 10 mg/kg IV in 8–10 hours −4,−3,−2,−1

E. Olavarria



261

oped in the hope of reducing toxicity and 
mortality. Its goal is not tumour eradication or 
destruction of host haematopoiesis by cytotoxic 
therapy but via immune mediated effects. The 
immunosuppressive potential of the approach is 
based on several components; initial condition-
ing, graft composition, post transplant rejection 
prevention and use of donor lymphocyte infu-
sions (DLI) in case of incomplete chimerism at 
specified time points. Many of these regimens 
require double immunosuppression with both 
CsA and MMF post transplant.

17.6  Early Complications 
After HSCT

The high dose chemo-radiotherapy included in 
conditioning regimens (see above) affects all 
organs and tissues, producing early and late sec-
ondary effects of variable intensity.

Haemorrhagic cystitis (HC): HC after HSCT 
can be produced by direct toxicity of the condi-
tioning regimen on the urothelium or by viral 
infections affecting the urinary tract. Usually, HC 
due to conditioning appears early after HSCT 
(several days after receiving CT agents) while 
viral CH appears later (usually after day +30) [1]. 
The most frequent viruses involved are Human 
Polyomavirus type BK or JC, Adenovirus type 11 
(less frequent) and CMV (exceptional). The inci-
dence of HC related to conditioning without pre-
vention is up to 70% but with prevention with 
mesna, hyperhydration and sometimes bladder 
irrigation, it can be reduced to 1% to 25%. The 
treatment of HC includes forced hydration and 
aggressive platelet support. In case of clots or 
vesical pain, then continuous irrigation, IVIG, 
cystoscopy and removal of clots, selective arte-
rial embolisation, suprapubic cystostomy and 
cystectomy [34, 35].

Early complications of vascular origin: the 
injury of the vascular endothelium seems to be 
the most important initial event of several com-
plications with imprecise diagnostic criteria and 
overlapping clinical features, which are observed 
within the first 30–60 days after HSCT. The best 
defined syndromes resulting from this endothe-

lial injury are: sinusoidal obstruction syndrome 
of the liver, capillary leak syndrome, engraftment 
syndrome, diffuse alveolar haemorrhage, throm-
botic microangiopathy and idiopathic pneumonia 
syndrome.

Sinusoidal obstruction syndrome (SOS) of the 
liver is the term used to designate the symptoms 
and signs that appear early after HSCT as a con-
sequence of the direct hepatic toxicity of the con-
ditioning regimen. This syndrome, formerly 
termed veno-occlusive disease of the liver 
(VOD), is characterized by the development of: 
jaundice, fluid retention, weight gain, and hepa-
tomegaly, usually painful [36–43]. The patho-
genesis is not well-known, but the probable 
succession of events is as follows [36, 37]: In the 
first phase there is hepatic accumulation of toxic 
metabolites (e.g. acrolein) produced by the 
metabolism of certain drugs by the cytochrome 
P-450 enzymatic system and decreased transfor-
mation of these toxic metabolites to stable metab-
olites by an inadequate glutathione enzymatic 
system (due to previous liver disease or the action 
of agents as Busulfan, BCNU or TBI). Toxic 
metabolites are predominantly located in area 3 
of the acinus (around centrilobular veins) because 
this area is rich in P-450 and poor in glutathione, 
producing damage of hepatocytes and sinusoidal 
endothelium. After endothelial damage and the 
procoagulant events there is a reduction of the 
hepatic venous outflow causing painful hepato-
megaly, postsinusoidal intrahepatic portal hyper-
tension and ascites. Due to unclear mechanisms, 
this is followed by a reduction of renal excretion 
of sodium and fluid retention, causing oedema, 
weigh gain and worsening ascites.

The diagnosis is mainly based on clinical cri-
teria [36–38]. The Seattle criteria include two or 
more of the following in the first 20 days after 
HSCT: bilirubin >2  mg/dL; hepatomegaly or 
pain in the right-upper quadrant and weight gain 
(>2% basal weight). The Baltimore criteria 
requires a bilirubin >2 mg/dL + ≥ 2 of the fol-
lowing: painful hepatomegaly, ascites or weight 
gain (>5% basal weight). Other complementary 
studies include abdominal ultrasound, haemody-
namic supra hepatic studies with a HVGP of 
10 mmHg or greater and liver biopsy showing the 
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classical changes of VOD such as concentric 
non-thrombotic narrowing of the lumen of small 
intrahepatic veins; eccentric narrowing of the 
venular lumen; phlebosclerosis; sinusoidal fibro-
sis and hepatocyte necrosis. The treatment is 
mainly symptomatic with restriction of salt and 
water intake, diuretics and support of the intra-
vascular volume and renal perfusion by means of 
albumin, plasma expanders and transfusions (to 
maintain an haematocrit >30%). Direct measures 
include defibrotide, low dose dopamine, TIPS 
(transvenous intrahepatic portosystemic shunt), 
surgical shunt and, if indicated, liver transplanta-
tion [39, 42, 43].

The clinical manifestations of the thrombotic 
microangiopathy associated with HSCT include 
microangiopathic haemolytic anaemia (MHA) 
(anaemia, fragmented red cells >5%, increased 
LDH and other markers of haemolysis), throm-
bocytopenia or increase in requirement for plate-
let transfusions, fever of non-infectious origin 
and renal insufficiency or neurological changes 
[44]. The incidence is around 10–15% depending 
on the series and risk factors include use of cyclo-
sporine or tacrolimus, GVHD, infections (CMV, 
fungal) or prior TBI. Several clinical forms are 
described:

• Nephrotoxicity due to CsA with MHA: occurs 
early after HSCT and is reversible after stop-
ping CsA

• Neurotoxicity due to CsA with MHA: similar 
to the previous one but with CNS disturbances 
(cortical blindness, seizures, typical images in 
CNS scan). Good evolution if it improves 
quickly when stopping CsA

• Haemolytic uraemic syndrome: characterised 
by renal impairment, MHA, hypertension and 
thrombocytopenia. Occurs mainly in children 
and has no relation with high CsA levels. Low 
mortality and good response to 
plasmapheresis

• Fulminating multifactorial: Very early after 
HSCT and characterised by progressive renal 
failure, CNS disturbances, hypertension, 
MHA, and thrombocytopenia. Quickly fatal, 
usually no response to treatment

17.7  Graft vs. Host Disease

The principal complication of allo-HSCT is 
GVHD, which can occur despite aggressive 
immunosuppressive prophylaxis even when the 
donor is a “perfectly” matched (HLA-identical) 
sibling. It is a consequence of interactions 
between Ag-presenting cells of the recipient and 
mature T-cells of the donor. There is convincing 
evidence that T-cells contained in the donor graft 
or subsequently derived from donor stem cells 
react to host APC, causing target organ damage 
that is recognised as clinical manifestations of 
GVHD [45, 46]. Donor T-cells are infused into a 
host that has been profoundly damaged by under-
lying disease, infections and particularly by the 
conditioning regimen, all of which result in acti-
vation of host cells with secretion of proinflam-
matory cytokines such as TNF-α and IL-1 [46]. 
As a consequence, expression of MHC Ag and 
adhesion molecules is increased, thus enhancing 
the recognition of host alloantigens. The second 
step of the afferent phase of GVHD is character-
ised by donor T-cell interaction with host APCs 
and subsequent proliferation, differentiation and 
secretion of cytokines. Cytokines such as IL-2 
and IFN-γ enhance T-cell expansion, induce CTL 
and NK cell responses, and prime additional 
mononuclear phagocytes to produce TNF-α [45]. 
These inflammatory cytokines in turn stimulate 
production of inflammatory chemokines, thus 
recruiting effector cells into target organs. The 
efferent phase of GVHD is a complex cascade of 
multiple effectors such as CTLs and NK cells, 
and inflammatory effectors such as TNF-α, IL-1 
and nitric oxide (NO). The effector functions of 
mononuclear phagocytes are triggered via a sec-
ondary signal provided by lipopolysaccharide 
(LPS) that leaks through the intestinal mucosa 
damaged during the initial phase. This mecha-
nism may result in the amplification of local tis-
sue injury. Finally, the inflammatory response, 
together with the CTL and NK components, 
leads to target tissue destruction, via target cell 
apoptosis, in the transplanted host [46].

The median incidence of clinically significant 
(grade II-IV) acute GVHD (AGVHD) is about 
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40% but ranges from 10% to 80% according to 
risk factors [47]. By convention, AGVHD devel-
ops within the first 100 days of transplant [48]. A 
maculo-papular rash, often involving the palms 
and soles usually marks the onset of 
AGVHD. Lesions may be pruritic and/or painful. 
The rash then spreads and can involve the entire 
body surface. As the rash intensifies, it is often 
associated with papules. In more severe cases, 
bullae can form and surface areas can desqua-
mate, leading to extremely painful denudation 
associated with protein loss and risk of super- 
infection. Liver involvement results in cholestatic 
hepatopathy, with or without jaundice, in which 
the cholestatic enzymes are substantially raised 
whilst the transaminases show only non-specific 
changes. The clinical diagnosis of AGVHD of the 
liver is difficult since distinguishing liver impair-
ment due to therapy-associated hepatotoxicity, 
infection, VOD (SOS) or GVHD is not always 
possible. Involvement of the GI tract primarily 
manifests as nausea and green watery diarrhoea. 
The enteral fluid loss is used as a measure of gut 
involvement. Severe abdominal pain, bloody 
diarrhoea and massive enteral fluid losses accom-
pany advanced disease. A variant of mild enteric 
GVHD involving only upper GI tract has been 
described. Symptoms include anorexia and nau-
sea without diarrhoea and this usually responds 
very well to immunosuppressive therapy.

The overall grade of AGVHD usually predicts 
the clinical course [48, 49]. In general, grade I 
AGVHD has a favourable prognosis. Grade II is 
a moderately severe disease. Grade III is a severe, 
multi organ GVHD and grade IV is life threaten-
ing or fatal (Table 17.4).

Chronic GVHD (CGVHD) is defined by symp-
toms occurring afterwards, either de novo, or fol-
lowing AGVHD. It is a result of a later phase of 
alloreactivity. It is well recognised that CGVHD is 
the main determinant of long-term outcome after 
allo-HSCT. Similarities in the clinical features of 
CGVHD and several autoimmune diseases have 
been observed. The skin is the most frequently 
involved organ (80%). The clinical manifestations 
include depigmentation, lichenoid papules, and 
dermal and subcutaneous fibrosis with alopecia. 
Oral involvement (70%) includes lichen planus, 

ulcerations, atrophy and dryness. The commonest 
ocular symptom is also dryness (50%), which may 
evolve into kerato- conjunctivitis sicca. Other clini-
cal manifestations are less frequent, including 
chronic sinusitis, obliterans bronchiolitis, and 
weight loss with or without anorexia and chronic 
diarrhoea, myositis, tendinitis and fasciitis. 
Immune deficiency due to CGVHD itself and/or to 
its treatment is associated with an increased sus-
ceptibility to late infections and an increased risk 
of late morbidity and mortality.

CGVHD was classified in 1980 by Schulman 
[50] according to the extent of the disease in 20 
long term Seattle patients. With time, the spec-
trum of abnormalities observed in CGVH has 
changed, as a result of earlier diagnosis and 
greater efficacy of immunosuppressive treat-
ments and of the limitations of this classification 
system has become apparent [51]. Although it is 
highly reproducible among transplant centres, 
the traditional grading system is of limited utility 
because it does not stratify patients for outcome 
(Table 17.5).

Table 17.4 Acute GVHD grading

Stage
Skin/Maculo- 
papular rash

Liver/
Bilirubin

GI/
Diarrhoea

(a) Grading system: stage for each organ
+ <25%of body 

surface
34–50 
μmol/lL

> 500 mL

++ 25–50% of 
body surface

51–102 
μmol/L

>1000 mL

+++ Generalised 
erythroderma

103–255 
μmol/L

> 1500 mL

++++ Generalised 
erythroderma 
with bullous 
formation and 
desquamation

> 255 
μmol/L

Severe 
abdominal 
pain with 
or without 
ileus

(b) Overall grading system (Glucksberg)
Grade of 
AGVHD

Degree of organ involvement

I Skin: + to ++
II Skin: + to +++

Gut and/or liver: +
Mild decrease in clinical performance

III Skin: ++ to +++
Gut and/or liver: ++ to +++
Marked decrease in clinical performance

IV Skin: ++ to ++++
Gut and/or liver: ++ to ++++
Extreme decrease in clinical performance
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Prevention of GVHD involves immunosup-
pressive therapy and T-cell depletion (TCD). 
Cyclosporine A (CsA) appeared in the early 80s 
[52]. In contrast to the non-specific cytotoxic 
effect of MTX, CsA was the first molecule that 
specifically inhibits T-cell proliferation and IL2 
production. The limitation of the therapy is 
mainly due to its nephrotoxicity. Other frequent 
adverse effects include hypertension, liver cho-
lestasis, tremors, hirsutism and CNS distur-
bances. The “gold standard” regimen for the 
prevention of GVHD was established in 1986, 
based on a randomised study performed in Seattle 
[52]. MTX given at a dose of 15 mg/m2 on day +1 
and 10 mg/m2 on days +3, +6 and +11 (referred 
to as short course MTX) was combined with IV 
CsA 3 mg/kg/d from D−1 to D+30 followed by 
oral treatment until D+180. This combination led 
to a significant decrease in the incidence and 
severity of AGVHD and to a significant improve-
ment in the survival, compared to either CsA or 
MTX alone. This regimen is largely used in 

patients with “standard risk” leukaemia and a 
genoidentical donor. More recently, particularly 
for patients with high risk factors for GVHD, i.e. 
in MUD transplants, new immunosuppressive 
drugs have been tested. Tacrolimus (Prograf) is 
an immunosuppressive macrolide lactone which 
blocks the earliest steps of T-cell activation by 
inhibiting the calcium-dependent signal trans-
duction pathway. Although the mechanism of 
action, pharmacokinetics and side effects profile 
of Tacrolimus are similar to those of CsA, its 
immunosuppressive potency in  vitro is greater. 
Phase II and phase III studies have shown that 
Tacrolimus in combination with a short course of 
MTX appears active in preventing AGVHD after 
MUD transplantation [53]. Mycophenolate 
Mofetil (Cellcept) is a derivative of mycopheno-
lic acid. It blocks T- and B cell proliferation and 
down regulates expression of adhesion mole-
cules. The efficacy of MMF associated with CsA 
has been studied mainly after RIC regimen. The 
major toxicities are neutropenia and gut 
ulcerations.

T-cell depletion of grafts is an effective 
method for prevention of GVHD [54]. However, 
the limitations associated with this method are 
the occurrence of graft failure and/or relapse. In 
MUD transplants, several randomised or com-
parative studies have been performed comparing 
in vitro TCD to CsA + MTX, but so far, it has not 
been conclusively established whether TCD can 
improve survival [15]. In vitro positive selection 
of CD34(+) stem cells is the preferred technique 
for TCD.  The CD34(−) fraction that contains 
T-cells can be frozen, making possible a delayed 
T cell add back if indicated. Several studies 
showed effectiveness of in vivo TCD, using ATG 
or MoAb (Campath, Alemtuzumab), as prophy-
laxis of GVHD after MUD transplantation. 
Unfortunately the strong immunosuppressive 
effect of this treatment is associated with an 
increased risk of severe infections and a higher 
TRM. Randomised studies are needed in order to 
evaluate long term DFS in large cohorts of 
patients.

The treatment of GVHD is based on Methyl- 
Prednisolone, at a dose of 2 mg/kg/d. This treat-
ment, associated with CsA, is given for two 

Table 17.5 Chronic GVHD Grading

(a) Limited
1.  Abnormality of buccal cavity with a (+) lip or skin 

biopsy without other signs of CGVHD
2.  Moderate modification of liver function tests with a 

(+) lip or skin biopsy without other signs of 
CGVHD

3.  Less than 6 papulo-squamous plaques or a limited 
skin rash or depigmentation <20% of body surface 
with a (+) skin biopsy without other signs of 
CGVHD.

4.  Ocular dryness (Schirmer ≤5 mm), with a (+) lip or 
skin biopsy without other signs of CGVHD

5.  Vulvar or vaginal lesions with a (+) skin biopsy 
without other signs of CGVH

(b) Extensive

1.  Manifestations on ≥2 organs with symptoms of 
CGVHD with a (+) biopsy

2.  Weight loss <15% with a contribute biopsy on any 
organ.

3.  Skin more than defined in limited CGVHD with a 
(+) biopsy

4. Scleroderma or morphea.
5.  Onycholysis or onychodystrophia with a (+) biopsy 

on any organ
6. Fasciitis.
7. Contractures due to CGVH.
8. Bronchiolitis obliterans.
9. (+) liver biopsy and abnormal liver function tests
10. Gut (+) biopsy.
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weeks, and then tapered slowly if there is a com-
plete response to therapy. The response of acute 
GVHD to initial therapy is of particular impor-
tance for the prognosis. Failure of therapy is usu-
ally defined as progression after 3  days, or no 
change after 7 days, or incomplete response after 
14  days. Patients in whom initial therapy has 
failed will receive a second-line treatment. The 
rate of partial and complete response to second 
line therapy varies from 35 to 70%, but the 
6–12  months survival is low because of infec-
tious complications or recurrence of 
GVHD. Corticosteroid refractory AGVHD have 
received a variety of salvage regimens, including 
an association of Tacrolimus and MMF; high 
dose Methyl-Prednisolone: 5 to 20 mg/kg; vari-
ous MoAb, such as OKT3, anti IL2-receptor 
(Dacluzumab), anti-TNF-α (Infliximab), ATG 
and Campath. Unfortunately, none of these thera-
pies has been consistently successful in salvaging 
patients, pointing to the need for new approaches 
to improve outcome. The possible efficacy of 
Sirolimus (Rapamycin) has still to be evaluated.

Various approaches have been developed for 
patients with CGVHD not responsive to first line 
therapy with corticosteroids, including low dose 
total lymphoid irradiation, PUVA therapy, extra-
corporeal photochemotherapy, MMF, Tacrolimus 
and Thalidomide. All these treatments have been 
reported to improve clinical manifestations [55]. 
Long-term treatment with high-dose predniso-
lone is associated with a high risk for morbidity. 
Complications prominently include avascular 
necrosis, glucose intolerance requiring adminis-
tration of insulin, infections, hypertension, 
changes in body habitus, cutaneous atrophy, cata-
racts, osteoporosis, emotional lability, interfer-
ence with sleep, and growth retardation in 
children.

17.8  Immune Reconstitution 
After HSCT

Assessment of the host immune status is becom-
ing a key issue in allo-HSCT, especially in the 
long-term follow-up of these patients, because 
severe post-transplant infections, relapse or sec-

ondary malignancies may be directly related to 
persistent immune defects. Immune deficiency 
leading to an increased susceptibility to infec-
tions lasts for more than a year. In relation to the 
occurrence of infections, the post-transplant 
period is subdivided in different phases. Although 
infections that occur in the first month mostly 
result from a deficiency in both granulocytes and 
mononuclear cells (MNC), later post- engraftment 
infections are due to a deficiency in MNC sub-
sets, primarily CD4 T cells and B cells. T-cell 
reconstitution has been extensively studied 
because of the central role of T-cells in mediating 
both GVHD, evidenced by the reduced incidence 
of this complication following TCD, and a GvL 
effect as shown by donor lymphocyte infusions 
(DLI). DLI may cure 20–80% of patients with 
post-transplant relapsed leukaemia and lym-
phoma depending on the type and extent of the 
disease. This is one of the most important break-
throughs in HSCT in the last years illustrating the 
powerful anti-leukaemia effect mediated by allo-
geneic lymphocytes and the potential of immu-
notherapy in the treatment of malignant 
diseases.

In transplants performed following myeloab-
lative conditioning regimens, immune reconstitu-
tion (IR) will depend upon the ability of the 
haematopoietic graft to generate de novo lym-
phoid and myeloid lineage cells and on the func-
tion of mature cells contained in the graft [56]. 
Post-transplantation, the different MNC popula-
tions reconstitute at different tempos. The first 
cells to reconstitute (within first 100  days) are 
those of the innate immune response, granulo-
cytes, monocytes, macrophages and NK cells. In 
contrast, T and B lymphocytes remain severely 
reduced and their function is impaired for several 
months or years after HSCT [56].

B-lymphocytes (CD19+ B-cells) normalize by 
one year after transplant. B-cell regeneration may 
be associated with transient appearance of mono-
clonal or oligoclonal B-cell expansions [57]. 
After a decline in the first several months after 
HSCT, levels of specific antibodies to protein Ag 
frequently encountered after transplantation 
(e.g., CMV) return to pretransplantation levels 
within 1 year. In contrast, antibodies to proteins 
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Ag unlikely to be encountered after HSCT (e.g. 
tetanus, measles, polio) continue to decline. This 
supports the recommendation of post-HSCT vac-
cination. Antibody levels in the first year are 
affected primarily by pre-HSCT antibody levels 
in the recipient [57]. A persistent defect in IgA, 
especially in patients with CGVHD explains 
mucosal infections of the respiratory and diges-
tive tracts. IgG2 and IgG4 subclasses are also 
deficient in the case of GVHD, accounting for the 
increased susceptibility to infections, primarily 
those due to encapsulated bacteria (e.g. 
Streptococcus pneumoniae or Haemophilus influ-
enzae). PBSC recipients do not have higher anti-
body levels than BM recipients. Vaccinations 
with inactivated or conjugated vaccines should 
be initiated when CD4 and B lymphocyte counts 
are sufficient to expect efficacy, usually from 
6 months post-transplant onwards.

NK cells are lymphocytes that act early in the 
immune response against infection and tumour- 
transformed cells. Based on phenotyping (CD16 
and CD56), they are the first lymphocyte subpop-
ulation to be reconstituted in all graft settings, 
usually within 3 months [58]. Memory T cells are 
the first to expand after HSCT; they may be either 
of donor origin in the case of a non-TCD BM or, 
in the case of a TCD, originate from host T cells 
that have survived the conditioning regimen [59]. 
They respond quickly to previously encountered 
pathogens, are easier to trigger, faster to respond 
and enter tissues more readily than naive T cells. 
They are frequently directed towards periodically 
reactivated herpes viruses, CMV or EBV, which 
they keep under control. They constitute the 
majority of oligoclonal T cell expansions found 
in healthy adults, especially in the CD8+ popula-
tion. They are also less dependent than naive T 
cells upon recognition of self MHC-peptide com-
plexes in their survival and expansion in the 
periphery. Finally, some of these probably 
account for recognition of host MHC-peptide 
complexes during GVHD as cross-reactive 
allorecognition and viral-specific immune 
responses have been evidenced, at least in vitro. 
In the long term, broad immune responses need 
the reconstitution of a naive T cell repertoire able 
to respond to a broad range of pathogens encoun-

tered by the host and to tumour antigens. 
Reconstitution of this compartment is an ongoing 
process which requires a functional thymus for 
the recovery of a complete T cell ontogeny [60]. 
As stated above, naive T cells also seem more 
dependent than memory T cells upon recognition 
of self MHC-peptide complexes for their survival 
in the periphery. Therefore, MHC mismatches 
may be considered detrimental for immune 
reconstitution in many respects, including impair-
ment in thymic selection but also in the homeo-
stasis of the naive T cell compartment.

17.9  Infections After HSCT

Despite considerable progress in the manage-
ment of HSCT complications, infection remains 
an important cause of morbidity and mortality 
after HSCT. Major advances in the management 
of infectious complications have come from the 
understanding of the mechanisms of the complex 
immunosuppression observed during the first 
months after transplant, their role in the predispo-
sition to given infections, and also from well- 
designed therapeutic trials.

After allo-HSCT following a conventional 
(myeloablative) conditioning regimen, the pat-
tern of infections can be divided into three peri-
ods: (a) aplastic phase following the conditioning 
regimen until neutrophil recovery, (b) a second 
period from initial marrow engraftment to at least 
the third or fourth month, which is characterized 
by cell-mediated immune deficiency with 
decreased number and function of specific and 
non-specific cytotoxic cells, and (c) a late post- 
transplantation period from the fourth month 
onwards where immune reconstitution is mainly 
influenced by the presence and severity of 
CGVHD. Most patients have Ig deficiency, par-
ticularly of IgG2, which is responsible for a 
decrease in the response to polysaccharide Ag.

17.9.1  Bacterial Infections

Because of the hospital environment and its resis-
tant bacteria, the physical environment of trans-
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plant patients is specifically designed to decrease 
the risk of nosocomial infection. Different mea-
sures can be implemented. The easiest is simple 
reverse nurse barrier isolation including mask, 
gloves, and gowns, and strict hand washing to 
prevent cross-transmission. The control of room 
air quality through filtration (HEPA) is the main 
measure used to decrease the risk of 
aspergillosis.

The second measure is the prevention of bac-
terial infection by gut decontamination with oral 
quinolones and/or non-absorbable antibiotics 
(neomycin, colistin) and a low microbial diet.

The third measure is the management of cen-
tral IV lines. Catheters may be the source of bac-
teraemia with significant morbidity, and potential 
mortality. During the neutropenic phase, it is con-
troversial whether a catheter should be left in situ 
if blood cultures have documented a pathogen, 
except in the case of methicillin resistant S. 
aureus, Candida sp., Bacillus sp. and corynebac-
terium JK, and any hospital-acquired resistant 
pathogen, such as P. aeruginosa or Acinetobacter 
sp., where the catheter should definitely be 
removed [61].

17.9.2  Fungal Infections

Aspergillus is the most worrisome fungal infec-
tion after HSCT [62], and also the most common 
cause of infectious death after allo-HSCT [63]. 
Reported incidences vary from 5% to 20% of 
transplants; the most common site is the lung and 
GVHD is the main risk factor. A first peak of 
incidence occurs during the neutropenic period, 
particularly in leukaemic patients who had been 
previously colonised. A second peak in incidence 
is seen between the second and third months, in 
patients with severe GVHD.  Aspergillus infec-
tion may also occur at any time after transplant, 
particularly when corticosteroids have been used 
for prolonged periods. Recurrence may also 
occur in one third of the patients with previous 
Aspergillus infection [8]. New effective antifun-
gal agents decrease mortality. Voriconazole has 
been shown to improve the survival for patients 
with aspergillosis when compared to a control 

group treated with conventional amphotericin B 
[64]. Echinocandins have been studied in refrac-
tory aspergillosis with encouraging results. 
Despite these improvements, the mortality of 
aspergillus in allo-HSCT patients remains over 
50% in recent series. PCR and galactomannan 
antigenemia may early detect aspergillus infec-
tions. Candida infection is rare since the advent 
of azole prophylaxis and has a similar presenta-
tion in transplant patients when compared to 
other haematology patients, including candi-
demia, hepato-splenic candidiasis and 
pneumonia.

17.9.3  Viral Infections

Viral infections are frequent after HSCT.  They 
may be life threatening, especially when affect-
ing lung, liver, or CNS. The availability of new 
antiviral agents and results of comparative trials, 
has allowed a better control of herpes virus infec-
tions. However, due to the subsequent decrease in 
CMV infections and diseases, new viral infec-
tions have emerged, especially due to respiratory 
viruses and adenovirus.

HSV infections are extremely common, due to 
reactivation in sero(+) patients. The main early 
manifestation is mucosal lesions, difficult to dis-
tinguish from chemotherapy-induced mucositis 
in the absence of viral documentation. These 
lesions are painful and may be the portal of entry 
of bacteria from the gut. Treatment with IV acy-
clovir is usually effective. Acyclovir resistance is 
rare in HSCT patients, but this possibility must 
be considered in case of HSV disease docu-
mented during prophylaxis.

CMV disease has historically been a main 
cause of death in allo-HSCT patients other than 
in cases with both donor and recipient are 
sero(−). Since the demonstration that CMV 
infection usually precedes CMV disease, and 
considering the poor prognosis of CMV disease, 
a pre-emptive strategy has been adopted by most 
units. The quantification of viral load by PCR 
seems to be important since high levels of CMV 
DNA are indicators for a higher risk of CMV dis-
ease. Although first line pre-emptive strategies 
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have been mainly studied with ganciclovir, fos-
carnet has been shown, in an EBMT comparative 
trial, as effective and no more toxic than ganci-
clovir [65]. Both can be used as first-line treat-
ment of CMV infection, for an initial duration of 
2 weeks. If CMV is still detected after 2 weeks of 
therapy, an additional course of 2 weeks should 
be given. Cidofovir has been studied only in 
uncontrolled trials and because of its toxicity 
profile; its use should be reserved for second line 
pre-emptive therapy. CMV prophylaxis includes 
transfusion policies to avoid acquisition of CMV 
through blood products, especially for CMV 
sero(−) recipients of sero(−) donors. These 
patients must receive blood products either from 
CMV sero(−) donors exclusively, or leukocyte- 
depleted products.

VZV infections occur frequently after alloge-
neic HSCT.  Primary varicella may be severe. 
High dose intravenous acyclovir is the therapy of 
choice.

HHV6 infections after allo-HSCT has been 
associated with pneumonia, delayed marrow 
engraftment, and particularly with prolonged 
thrombocytopenia and encephalitis. HHV6-DNA 
is frequently detected in the blood during the first 
months after transplant, so that its implication in 
clinical symptoms is difficult to establish, except 
in encephalitis when HHV6-DNA is detected in 
cerebro-spinal fluid.

EBV associated lymphoproliferative disease 
(EBV-LPD) is a life-threatening complication 
occurring after allo-HSCT. The monitoring of the 
EBV viral load by quantitative PCR permits the 
early detection of EBV reactivation that may lead 
to EBV-LPD.  Recipients of a TCD SCT are at 
higher risk of EBV-LPD. Preemptive therapy of 
EBV reactivation with Rituximab has been 
shown to improve the outcome. The infusion of 
EBV-specific cytotoxic T cells has also been 
studied in high-risk patients with elevated EBV- 
DNA levels. In the absence of prospective trials, 
the exact indication for pre-emptive therapy 
based on EBV-viral load for preventing EBV- 
LPD is not clearly established; and very much 
depends on the transplant population.

Respiratory viruses, including respiratory 
syncytial virus (RSV), parainfluenza virus, rhi-

novirus, and influenza virus, appear to be more 
frequent than CMV in causing pneumonitis. A 
prospective study from the EBMT in 1998 
showed an incidence of respiratory virus pneu-
monia of 2.1% [66]. Most cases in this series 
were due to RSV or influenza A. The mortality 
of these infections also varies among series, 
and with the time after transplant and the degree 
of immunosuppression, but it may be as high as 
80% in RSV pneumonia. Few data are available 
in the literature on the efficacy of antiviral 
drugs in RSV pneumonia. Due to the risk of 
spread in the transplant unit, it is important to 
diagnose these patients very early, and to pro-
vide adequate prevention of transmission in the 
ward.

Adenovirus can be a cause of severe dissemi-
nated infections in allo-HSCT recipients. Patients 
receiving mismatched or UD HSCT, or with 
severe AGVHD, or with viral isolation from mul-
tiple sites, and from blood, are at high risk of 
developing adenovirus organ involvement. There 
are currently no established regimens for prophy-
laxis or treatment of adenovirus disease. A recent 
retrospective study by the IDWP has showed that 
cidofovir was effective in 10/16 patients with 
invasive adenovirus disease [67].

17.9.4  Other Infections

Toxoplasmosis occurring after HSCT has been 
mainly investigated in Europe, due to a higher 
seroprevalence of the disease when compared to 
US [68]. Patients at risk are those who are sero(+) 
for toxoplasmosis before transplant, irrespec-
tively of donor serology. Blood PCR allows an 
early detection of toxoplasma reactivation. A 
recent prospective study from the EBMT on 
toxoplasma reactivation documented by blood 
PCR shows a frequency of reactivation of 8%. 
Most reactivations occur in patients with GVHD, 
when trimethoprim-sulfamethoxazole has been 
stopped for side effects, and replaced by aero-
solised pentamidine for prophylaxis of P. jiroveci 
(previously P. carinii). It is not yet clear whether 
asymptomatic toxoplasma infection documented 
by blood PCR should be treated. Pneumocystis 
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jiroveci pneumonia must be prevented in allo- 
HSCT recipients from engraftment to at least 
6 months post-transplant, even longer in case of 
prolonged immunosuppression. The best option 
is trimethoprim-sulfamethoxazole. In case of 
intolerance, alternatives are dapsone or aero-
solised pentamidine.

17.9.5  Post Transplant Immunisation

Active immunisation to tetanus, poliovirus, 
and diphtheria is highly recommended in all 
transplant populations, due to the usual loss 
of specific immunity after both auto- and allo-
HSCT.  This is the only way to allow trans-
planted patients to have relatively normal 
immunity to these pathogens Immunisation 
with live vaccines is classically prohibited in 
immunocompromised patients. However, trans-
plant patients may require active immunisation 
with vaccines that only exist in a live form, i.e. 
measles, mumps, or yellow fever. The current 
recommendations form the EBMT are sum-
marised in Table 17.6.

17.10  Indications and Results

Allogeneic HSCT remains the best therapy for 
the control of many malignant and non-malignant 
diseases. Table  17.7 shows the current indica-
tions from the EBMT.

17.10.1  Results in Children

HSCT represents an attractive option for children 
with high-risk (HR) acute leukaemia, defined as 
children who have a low cure rate expectancy 
with conventional therapies. The first treatment 
of choice is HLA identical sibling HSCT. Because 
80% of children lack this kind of donor, the pros 
and cons of alternative approaches must be care-
fully weighed on a case-by-case basis: auto- 
HSCT can be used in selected cohorts of children 
with ALL or AML; in another 30–40% of cases, 
a matched unrelated donor (MUD) may be avail-
able in a short period of time; finally, the last few 
years have seen rise in the use of alternative 
options, such as unrelated cord blood stem cell 
donors or HLA-mismatched relatives.

The prognosis of AML in children has signifi-
cantly improved over the past two decades: with 
intensive chemotherapy 80–90% of children 
achieve CR and 30–70% are cured if they receive 
post induction chemotherapy [68, 69]. HLA 
identical sibling HSCT in CR1 results in 45–64% 
long-term survival and is an attractive strategy 
for children who have an HLA-matched donor. 
Berlin-Frankfurt-Munster Group (BFM) trials 83 
and 87 defined a HR group comprising 68% of 
patients with a 5-years EFS of 30–32% [70]. 
More recently, the Italian Association for 
Paediatric Haematology and Oncology (AIEOP) 
identified, on the basis of cytogenetic findings 
and poor early response, a HR group with similar 
results. In these patients there is an absolute indi-
cation for HSCT [71]. HSCT in CR1 has proven 
to be more efficient than chemotherapy alone in 
most comparative studies, with an EFS ranging 
from 55% to 72% in children given a sibling 
HSCT in CR1 [68].

Indications for HSCT for children with acute 
lymphoblastic leukaemia in CR1 are limited to 

Table 17.6 EBMT recommendations for immunisations 
after allogeneic HSCT

Vaccine

Allo- 
HSCT 
recipients

Auto- 
HSCT 
recipients

Time for 
immunisation 
(months)

Tetanus toxoid ++ ++ 6–12
Diphtheria 
toxoid

++ ++ 6–12

Inactivated 
polio

++ ++ 6–12

Pneumococci 
(23 valent)

+/− (S) +/− (S) 6–12

H Influenzae ++ + (S) 4–6
Measles, 
Rubella 
(attenuated)

+/− (S, 
R)

+/− (S, 
R)

Individual*

Influenza + + (S) 6 #

++: Strongly recommended for all patients (benefit 
>  >  risk). +: Recommended (benefit > risk). +/−: 
Individual recommendation (benefit and risk must be 
weighed in individual cases). S: Might have particular 
benefit in subgroups of patients. R: regional variations 
depending on the epidemiological situation * Not earlier 
than 24 months after allo-HSCT # Season dependent
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only 8–10% of children, who constitute a sub-
population of very HR ALL [72]. Most study 
groups define these patients as having an esti-
mated EFS of less than 50%. SCT from a sibling 
cures more than 50% of patients who failed first 

line chemotherapy. Studies by the AIEOP show 
that the EFS of patients after sibling HSCT fol-
lowing an early BM relapse is significantly better 
compared to patients receiving chemotherapy (33 
vs. 16%), whereas the difference does not reach 

Table 17.7 Indications for allogenic HSCT: EBMT guidelines

Disease Disease status
Sibling 
donor

Well-matched 
unrelated/1 ag related

Mm unrelated/>1 
ag related

AML CR1 (low riska) CO D GNR
CR1 (intermediate or high riska) S CO D
CR2/CR3/Relapse S CO D
M3 Molecular persistence-CR2 S CO GNR

ALL CR1 (low riska) D GNR GNR
CR1 (high riska) S S CO
CR2, incipient relapse S S CO
Relapse or refractory CO GNR GNR

CML First chronic phase (CP) S S GNR
Accelerated phase or > first CP S S CO
Blast crisis GNR GNR GNR

Myeloproliferatie 
disorders

CO CO D

Myelodysplastic 
syndrome

RA, RAEB S S CO
RAEBt, sAML in CR1 or CR2 S CO CO

CLL Poor risk disease S S D
Diffuse large cell NHL CR1 (intermediate/high IPI at 

dx)
GNR GNR GNR

Chemosensitive relapse; CR2 D D GNR
Refractory D D GNR

Mantle cell lymphoma CR1/CR2/Relapse D D GNR
Refractory D D GNR

Lymphoblastic
and Burkitt’s lymphoma

CR1 D GNR GNR
Chemosensitive relapse; CR2 CO D GNR
Refractory D D GNR

Follicular B-cell NHL CR1 (intermediate/high IPI at 
dx)

GNR GNR GNR

Chemosensitive relapse; CR2 CO CO GNR
Refractory D D GNR

T-cell NHL CR1 D GNR GNR
Chemosensitive relapse; CR2 D D GNR

Hodgkin lymphoma CR1 GNR GNR GNR
relapse; CR2 D D D
Refractory D D GNR

Myeloma All stages CO D GNR
Amyloidosis CO D GNR
SAA Newly diagnosed S GNR GNR

Relapsed/Refractory S S CO

S = standard of care, generally indicated in suitable patients; CO = clinical option, can be carried after careful assess-
ment of risks and benefits; D = developmental, further trials are needed; GNR = Generally not recommended; CR1, 2, 
3 = first, second, third complete remission; RA = refractory anaemia; RAEB = refractory anaemia with excess blasts; 
sAML = secondary acute myeloid leukaemia
aCategories are based mainly on number of white blood cells, cytogenetics at diagnosis, and time to achieve remission 
according to international trials
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statistical significance in patients undergoing 
HSCT following a late relapse (55 vs. 40%) [73].

SCID consists of a group of genetic disorders 
characterised by profoundly defective T-cell dif-
ferentiation, with or without abnormal B cell 
differentiation, which lead to early death in the 
absence of HSCT.  The overall frequency has 
been estimated at between 1:50,000 to 1:100,000 
live births [74–76]. SCID is a paediatric emer-
gency that needs to be treated as soon as possi-
ble once diagnosis is confirmed. The treatment 
of choice is an allo-HSCT which provides the 
missing progenitor of T cells and allows a sur-
vival rate of more than 90% when carried out 
shortly after birth [77–79]. In the presence of an 
HLA identical sibling donor, HSCT can be per-
formed without any conditioning regimen and 
its course is characterised by the absence of 
GVHD and by the rapid development of the T 
cell function post transplant. In the European 
experience (1968–1999) for the EBMT/ESID 
group, the 3-year survival with evidence of sus-
tained engraftment and improvement of the 
immunodeficiency disorder was 77% with a sig-
nificant improvement over time from 62% in 
1968–1985 up to 82% in 1999 [77].

Bone marrow failure (BMF) syndromes in 
children group several distinct entities including 
idiopathic and post hepatitis SAA that are not 
very different from the syndrome found in adults 
and several hereditary disorders which must be 
excluded before any attempt of treatment. 
Fanconi anaemia (FA) is a rare autosomal reces-
sive disease characterized by congenital abnor-
malities, progressive BMF, chromosome 
breakage, and cancer susceptibility. At least 9 
genes have been involved in the disease, which 
products functionally interact within the FA/
BRCA biochemical pathway. HSCT is currently 
the only treatment that definitively restores nor-
mal haematopoiesis. FA anaemia cells are hyper-
sensitive to DNA cross-linking agents. Cellular 
exposure to toxic agents including Cy, Bu or 
irradiation increases chromosome breaks and 
tissue damage. GVHD induces severe tissue 
damage and absence of repair. Therefore, stan-
dard conditioning must not be used. In a recent 
series of FA patients, conditioned with low dose 

Cy and TLI, 5-years survival was 85% but the 
probability of head and neck carcinoma increased 
with time. The absence of irradiation in the con-
ditioning regimen did not abolish the risk of sec-
ondary tumours, which are likely also to be 
related to the specific genetic defect present and 
to the environment, as shown by different pheno-
typic expression of the disease in homozygous 
twins [80].

β-Thalassemia and sickle cell disease (SCD) 
represent the most frequent haemoglobinopathies 
worldwide. Although supportive therapies can 
ameliorate their symptoms, HSCT represents the 
only cure for these diseases. In the last few years 
the outcome of HSCT for haemoglobinopathies 
has progressively improved thanks to the devel-
opment of better conditioning regimens and sup-
portive therapies. While the role of HSCT for 
β-thalassemia has been increasingly better 
defined, the use of this therapeutic strategy for 
SCD is still controversial and requires further 
investigation [81].

17.10.2  Results in Adults

For adult patients with acute leukaemia (AL), 
HSCT is the treatment associated with the lowest 
relapse incidence. AL is classified in two groups: 
Acute Myeloid Leukaemia (AML) and Acute 
Lymphoblastic Leukaemia (ALL). Both are 
treated with chemotherapy at the beginning of the 
disease to induce remission. The treatment plan 
involves a remission induction phase aimed at 
establishing a CR and a post-induction phase 
aimed at eradicating/reducing residual disease. 
Combination chemotherapy induces CR in an 
average of 60% to 80% of adults aged less than 
60 years. In general, HSCT is performed after 2 
or 3 courses of CT.

AML patients can be stratified according to 
three risk groups [82–84]:

 1. For good risk patients in first CR, chemother-
apy seems not inferior to transplant strategies. 
These patients include those with favourable 
cytogenetics such as t(8;21) and Inv16 and 
patients with acute promyelocytic leukaemia 
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(APL, AML-M3), which is characterised by 
the PML-RARA fusion gene arising from the 
t(15;17).

 2. For poor risk patients and for all other patients 
who relapse, the chance of surviving without a 
transplant is very low. Poor risk includes 
patients not achieving CR after 1–2 courses of 
chemotherapy or patients with unfavourable 
cytogenetics such as abnormalities of chro-
mosome 3, 5 or 7, 11q23 rearrangements 
(MLL gene), t(9;22) or complex karyotype. 
For those patients an early transplant strategy 
should be organised.

 3. The remaining patients, including those with 
normal cytogenetics are considered interme-
diate risk. For intermediate risk patients with 
an HLA compatible sibling, allo-HSCT 
remains the best option. However, 30% of 
patients with no cytogenetic abnormality have 
an abnormality of the FLT3 gene, either an 
internal tandem duplication (ITD) or a point 
mutation. These patients may benefit from 
early transplantation from the best available 
donor.

In all studies which have tried to compare che-
motherapy vs. allo-HSCT, allogeneic HSCT has 
never been shown to be inferior and was often 
superior [85–87]. However such studies have not 
so far completely clarified the situation. Patients 
under 55  years. in the UK MRC AML 10 trial 
who entered CR were tissue typed (n  =  1063). 
419 had a matched sibling donor and 644 had no 
match. When compared on a donor vs. no donor 
basis the relapse incidence (RI) was reduced in 
the donor arm (36% vs. 52%; p = 0.001) and the 
DFS improved (50% vs. 42%; p = 0.01), but OS 
was not different (55% vs. 50%). Sixty-one per 
cent of patients with a donor underwent HSCT. A 
significant benefit in DFS was seen in the 
intermediate- risk cytogenetic group (50 vs. 39%; 
p = 0.004). Allo-HSCT given after intensive che-
motherapy was able to reduce RI in all risk and 
age groups. However, due to the competing 
effects of procedural mortality and an inferior 
response to CT if relapse does occur, there was a 
survival advantage only in patients of intermedi-
ate risk [84].

Results with unrelated donors show for 
patients in first CR, second CR and advanced 
phase a TRM of 20%, 42% and 48%, a relapse 
rate of 33%, 29% and 60% and a leukaemia-free 
survival of 50%, 42% and 28% respectively [88]. 
Using Eurocord registry data a matched pair 
analysis was performed in order to compare the 
results of UD-CBT versus UD-BMT in adults 
with AL [89]. The incidence of AGVHD was 
32% after UD-CBT compared to 41% after 
UD-BMT (p  =  0.05) and the incidence of 
CGVHD at 2 years was not statistically different 
(p = 0.53). Kaplan-Meier estimates of transplant 
related mortality (TRM) at day 100 and 2-years 
were respectively 37% and 66% after UD-CBT 
compared to 27% (p = 0.08) and 46% (p = 0.12) 
after UD-BMT 2 year. RI and survival were simi-
lar in both groups of patients. These data suggest 
that despite increased HLA disparities, the prob-
abilities of relapse, OS and LFS after UD-CBT 
are comparable to those observed after 
UD-BMT. Therefore UD-CBT with a high num-
ber of infused cells (>1.0 × 107/kg) and no more 
than 2 HLA disparities should be considered an 
acceptable alternative for adults with AL [89].

Haplo-identical transplant has been pioneered 
by the Perugia group [90–93]. Their most recent 
publications report the results in 33 AML patients 
transplanted with a median age of 38 (9–62) 
years. All were at high risk because of relapse at 
transplant, or second or later CR, or CR1 but with 
unfavourable prognostic features. Positively 
selected CD34+ cells were used and no post- 
transplant immunosuppressive therapy was 
given. Leukaemia relapse was largely controlled 
in AML recipients whose donor was NK allore-
active, with only 2 out of 16 relapsing. To date, 
13 of 18 AML (72%) who were in any CR at 
transplant survive disease-free while 4 of the 15 
patients (27%) in relapse at transplant survive.

There are only a few comparative prospective 
trials evaluating the best post-remission therapy 
for adult ALL patients. In the French LALA87 
study, patients aged 15 to 40 who achieved a CR 
and had a matched related donor were assigned to 
allo-HSCT [94, 95]. The intention-to-treat analy-
sis found an advantage for allografting vs chemo-
therapy (10 years OS = 46 vs. 31%). High-risk 
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patients (Ph(+), age  >  35, WBC >30,000/μL at 
diagnosis, or time to achieve CR > 4 weeks) ben-
efited more from allo-HSCT (10 years OS = 44 
vs. 11%) [95]. The MRC UKALL XII / EGOG 
2993 study [96], which is the largest prospective 
randomised trial designed to evaluate post- 
remission therapy in adult ALL, has currently 
accrued 1500 patients, including over 1000 
patients with Ph(−) ALL. Ninety-three percent of 
Ph(−) ALL patients achieved CR. Interim analy-
sis of this study shows a significantly reduced RI 
in Ph(−) patients assigned to allograft (n = 190), 
compared with those assigned to chemotherapy 
(n = 253) (5 years RI = 23 vs. 61%, p = 0.001). 
There was a tendency for improved EFS in all 
patients assigned allograft, (5 years EFS = 54 vs. 
34% p = 0.04), most noticeably in standard risk 
patients (5 years EFS =64 vs., 46%, p = 0.05). A 
retrospective comparative analysis by Horowitz 
et al. (on behalf of the IBMTR) reported the out-
come of adult ALL patients (aged 15–45 years) 
treated with chemotherapy vs. allo-HSCT in CR1 
[97]. The RI was significantly reduced after 
allograft compared to chemotherapy (26 vs. 
59%). However, DFS was not different (44 vs. 
38%), reflecting the higher mortality rate after 
allo-HSCT.  However, a re-examination of this 
issue using more recently treated patients demon-
strated superior DFS with allo-HSCT for patients 
<30 years [98].

The Philadelphia chromosome occurs in 
20–30% of adult ALL patients. Although more 
then 60% of these patients succeed in achieving 
CR, most of them will relapse, and less then 10% 
will remain alive 5  years. after diagnosis. The 
poor outcome with conventional chemotherapy 
makes allogeneic HSCT an attractive option for 
patients with Ph(+) ALL.  Dombret et  al. [99], 
have recently reported the outcome of 154 
patients with Ph(+) ALL who were entered into 
the prospective multicentre LALA-94 trial 
between 1994–2000. All patients who entered 
remission and had a matched related/unrelated 
donor were assigned to allo-HSCT, whereas 
those without a donor had an autologous 
HSCT. The existence of a donor and absence of 
MRD pre-transplantation were both associated 
with a longer DFS and OS. The ongoing MRC 

UKALL XII /ECOG 2993 has recently reported 
the outcome in 167 Ph(+) ALL patients who were 
treated between 1993–2000 [92]. As expected, 
the 5 years. EFS and OS were higher in the allo-
geneic recipients, and approached 36% and 42% 
respectively, compared with 17% and 19% in 
non-allogeneic transplanted patients.

17.11  Final Considerations

Allogeneic haemopoietic stem cell transplanta-
tion is a well established treatment modality in 
malignant and non-malignant haematological 
disorders. Years of experience and prospective 
randomised clinical trials have shown that it can 
result in cure in a significant proportion of cases. 
Until a few years ago, this was the main focus of 
stem cell therapy. However, cellular therapy has 
experience a remarkable transformation with 
the discovery of the functional plasticity of 
human stem cells. These include haemopoietic 
stem cells but also stem cells from different ori-
gins: embryonic and somatic. Following a phase 
of excitement and rapid accumulation of results 
demonstrating the regenerative potential, 
research in this field is currently undergoing 
verification studies and prospective phase III tri-
als. This has opened a new era in regenerative 
medicine.
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Xenotransplantation 1.0 to 2.0

Omar Haque, Daniel Cloonan, Erin E. McIntosh, 
and Christiane Ferran

18.1  Introduction and Historic 
Perspective

The  shortage  of organs for transplantation is 
the single most important impediment to broad 
implementation of these life-saving proce-
dures. Numerous efforts to expand the donor 
pool, including the use of living donors where 
possible, of extended criteria donor organs, 
and most recently of machine perfusion to 
improve organ quality of suboptimal allografts, 
have somewhat improved the numbers, yet the 
need is far from being met. In the United States 
alone, over 113,000 patients were listed for 
organ transplantation in 2019, with sadly 20 of 
them dying each day while awaiting transplan-
tation [1].

Utilizing nonhuman tissue to replace a failing 
organ is not novel, with the first trials dating back 
to the 1600s [2–4]. In the absence of advanced 
surgical techniques and of any knowledge of the 
immunologic response to xenotransplantation, 
these initial attempts promptly failed. It took over 
3 centuries for xenotransplantation to resurface in 
the 1960s, around the time allotransplantation 
was also taking off thanks to the recognition of 
the immunosuppressive properties of steroids 
and of drugs such as Azathioprine [5]. Several 
pioneering attempts using kidney xenografts in 
1963 [6], heart xenografts in 1964 [7], and liver 
xenografts  in 1969 [8] failed within minutes to 
days due to hyperacute (HAR) and acute vascular 
rejection, AKA delayed xenograft rejection 
(AVR/DXR).

The advent of cyclosporine A (CsA) in 1976 
marked a significant turning point for allotrans-
plantation, but also xenotransplantation [9]. 
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Armed with effective and targeted immunosup-
pression, hope for the successful clinical utiliza-
tion of xenografts gained national attention in the 
case of the famed Baby Fae. Born with a hypo-
plastic left heart, Baby Fae was operated on in 
1984 by Dr. Leonard Bailey and received an ideal 
size matched baboon cardiac xenograft [10, 11]. 
Treated with CsA, the baboon heart xenograft 
functioned for 11 days prior to developing acute 
rejection that resulted in the patient’s death at 
postoperative day 20 [12].

While no official moratorium was issued in 
the wake of Baby Fae’s death, clinical use of 
xenografts still came to a halt that was further 
prompted by the growing success of allografts 
under CsA-based immunosuppression. The con-
cept of clinical xenotransplantation was revisited 
in 1992 by Dr. Thomas Starzl, as he was develop-
ing tacrolimus as a novel immunosuppressive 
therapy [13]. Dr. Starzl attempted two baboon 
liver xenografts. His attempt was met with very 
limited success, as the first recipient, a 26-year 
old woman with fulminant liver failure, survived 
70  days, while the second, a 62-year old man 
with hepatitis B cirrhosis, only survived 26 days 
[14, 15].

Other attempts at xenotransplantation in the 
following decade, including in Sweden [16], 
Poland [17], and India [18] faced the same bar-

riers of HAR, AVR, and acute rejection (AR) as 
well as primary nonfunction [19]. At the molec-
ular level, HAR, which plagued recipients of 
non- human primate (NHP)—mostly porcine—
vascularized xenografts, was linked to pre-
formed antibodies in humans that were directed 
against galactose alpha1,3-galactoyls (α1,3 
Gal) epitopes oligosaccharide motifs expressed 
on porcine endothelium. Selected for their rela-
tively similar visceral size, short age to matu-
rity, relatively short generational turn over, as 
well as for obvious ethical and financial consid-
erations, pigs were deemed the ideal species as 
xenograft donors. Using transgenic technolo-
gies, which were revolutionary at the time, a 
number of groups, including the one led by Dr. 
David Ayares in 2003, developed a line of 
alpha1,3-galactose transferase (α1,3GT) knock-
out pigs [20]. Unable to express α1,3 Gal, these 
pigs provided xenografts that were markedly 
less susceptible to HAR, as evidenced in exper-
imental pig to NHP xenotransplantation models 
and clinically in pig to human xenotransplanta-
tion [21].

Unfortunately, with each hurdle crossed, a 
new barrier presented itself (Fig.  18.1). In the 
absence of alpha1,3-galactose-mediated HAR, 
incidence of early AVR/DXR became preeminent 
[22–24]. Named for its histopathologic similari-
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ties to acute allograft rejection (AR), AVR is an 
apparent activation of the xenograft endothelium 
resulting in vascular inflammation, complement 
activation, coagulopathy, and inflammatory cyto-
kine release [25–27]. The ability to create a trans-
genic line of pigs encompassing the genetic 
modifications (overexpression or KO) required to 
target all these pathogenic pathways was a titanic, 
if not impossible, endeavor, considering the limi-
tations of the technology at hand.

The challenges posed by the molecular barri-
ers to successful xenotransplantation were com-
pounded by growing biological concern, namely 
relating to endogenous retroviruses. Endogenous 
clinical retroviruses are viruses which have inte-
grated into their host germline DNA, and through 
a series of mutations ultimately became nonviru-
lent to their host species [28–30]. Discovery of 
these viruses in the pig, so called porcine endog-
enous retroviruses (or PERVs) raised significant 
concern for a possible trans-species reactivation 
and infection [31, 32]. In the setting of the poten-
tially devastating infectious consequences that 
PERVs can cause if xenotransplantation were to 
proceed, Dr. Fritz Bach and Dr. Harvey Fineberg 
called for a temporary moratorium until further 
studies are performed to assess infectious risks to 
the recipient, and potentially to the general popu-
lation [33, 34]. As a result, clinical and also much 
of experimental xenotransplantation was put on 
hold. Although host PERV infection was demon-
strated in initial experimental models of porcine 
islet cell xenotransplantation [35], ultimately 
these results could not be repeated or verified 
with solid organ xenotransplants [36–38]. To 
date, available data seem to suggest that risks of 
zoonoses in the setting of xenotransplantation are 
minimal and manageable [39].

This optimistic view is comforted by the 
development of revolutionary gene-modifying 
technologies that have redefined, at the turn of 
the millennium, modern progress in 
xenotransplantation.

In the last decade, genetic technologies like 
CRISPR-Cas9 have opened the doors to multiple 
gene and gene cassette modifications, allowing 
the insertion and/or selective deletion of factors 
to tame xenograft rejection and dysfunction [40]. 

Targets have not only included alpha1,3- 
galactose, swine major histocompatibility com-
plexes (MHCs), but also regulators of complement 
activation, inflammation and coagulation, and 
ultimately culminated in the inactivation and 
knockout of PERVs [41–44]. This represents an 
unprecedented leap forward for xenotransplanta-
tion with many potential benefits to come from 
these advancements. This rebirth  of  xenotrans-
plantation has not only galvanized the medical 
and scientific communities, but also led to the 
burgeoning of at least four major biotechnology 
companies in Europe, North America, South 
America, and Asia, whose focus is on genetically 
modified porcine organs for human xenotrans-
plantation [45–50].

This chapter will review the barriers to xeno-
transplantation from biochemical to immuno-
logic, emerging technologies for the treatment 
and modification of xenografts, future directions 
in xenotransplantation, and, ultimately, provide a 
realistic assessment of the consequences and cost 
of this approach on a field of health care unbound 
by the need for human organ donation.

18.2  Immunological Barriers to 
Xenotransplantation

Immunological barriers to successful pig-to- 
primate xenografts result from robust responses 
of the innate and adaptive immune systems to the 
xenograft. These responses are characterized by 
unfettered inflammation predominating at the 
level of the endothelium of the vascularized 
xenograft, and by  major dysregulation of the 
coagulation system, leading to a cataclysmic 
form of thrombotic microangiopathy. It is classi-
cally accepted that a porcine xenograft needs to 
sequentially survive xeno-specific and non- 
specific immunologic hurdles, which have made 
success quite elusive. Immunological hurdles to 
successful xenotransplantation range from very 
early HAR, to AVR/DXR, followed by classical 
T-cell-mediated AR, and ultimately chronic 
rejection (CR), permitted all other barriers are 
successfully surpassed (Fig.  18.1). We discuss 
below the molecular culprits driving these events, 
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and describe the genetic and other interventions 
that may help overcome them.

18.2.1  Hyperacute Rejection: 
A Vanquished Obstacle

HAR is the first obstacle to successful xenotrans-
plantation. Vascularized organs transplanted 
from pigs to primates are rejected within minutes 
to hours after reperfusion as a result of the pre- 
existing anti-porcine xenoreactive natural anti-
bodies (XNA) present in humans and NHP. XNA 
recognize and bind specific surface antigens on 
porcine endothelial cells (EC). Subsequently, 
EC-bound XNA fix and activate the complement 
(C) cascade into forming the membrane-attack 
complex (MAC), which results in EC injury with 
associated thrombosis, edema, and subsequent 
consumptive coagulopathy, culminating in rapid, 
if not immediate, graft failure [51, 52].

The identification over 3 decades ago of a 
number of oligosaccharide moieties as the prime 
antigenic epitopes targeted by XNA was a major 
advance in the field of xenotransplantation [53]. 
The sugar moiety Gal α1,3-galactose (α1,3 Gal) 
is the most prominent of these xenoantigens [54]. 
α1,3Gal is present in most mammals, including 
New World monkeys, but not in humans or Old 
World monkeys and apes [54]. This relates to 
evolutionary genetic events, which occurred 
20–30 million years ago in humans and Old 
World NHP to protect their survival against 
pathogens [55]. These genetic modifications led 
to the suppression of the activity of the 
α1,3Galactosyl transferase (α1,3GT), the key 
enzyme that catalyzes the formation of α1,3Gal 
epitopes (Galα1,3Galβ1,4GlcNAc-R) [56]. 
Consequently, the α1,3Gal structure became 
highly immunogenic, and triggered a robust 
humoral immune response in humans [57]. 
Natural preformed anti-α1,3Gal antibodies are 
the most abundant natural antibodies, accounting 
for 1% of immunoglobulins. Generated during 
neonatal life as a response to α1,3Gal-expressing 
viruses and microorganisms that colonize the pri-
mate’s gastrointestinal tract, the vast majority of 
anti-α1,3Gal XNA are IgM and IgG, with IgA 

less frequently [58]. However, anti-α1,3Gal IgE 
can also be detected in certain individuals aller-
gic to meat, or to the therapeutic antibody 
Cituximab [58]. Anti-α1,3Gal IgM and IgG anti-
bodies are the dominant isotypes that bind to the 
α1,3Gal moieties expressed on the pig vascula-
ture [20]. Other non-α1,3Gal oligosaccharides, 
absent in humans, can also elicit XNA.  These 
include N-Glycolylneuraminic acid (Neu5Gc), 
synthesized by the cytidine monophospho-N- 
acetylneuraminic acid hydroxylase (CMAH) 
gene, which is inactive in humans [59]; and also 
the human SDa blood antigens, synthesized by 
the beta-1,4-N-acetyl-galactosaminyltransferase 
2 (B4GALNT2) [60]. Whether all three enzymes 
(α1,3GT, CMAH, B4GALNT2), or only the 
dominant α1,3GT, need to be knocked out in pigs 
produced for xenotransplantation remains to be 
seen, especially in light of the other simultane-
ously targeted pathways to block complement, 
maintain a healthy, anti-inflammatory and anti- 
thrombotic endothelium, and resist innate and 
adaptive immune responses [61–64].
With improved understanding of the molecular 
basis of HAR, it became evident that elimination 
of XNA and inhibition of complement activation 
was the obligate path to overcome this hurdle 
[65, 66]. For long, the solution remained elusive 
as a number of therapeutic modalities to deplete 
XNA in the recipient by plasmapheresis or by 
immunoaffinity columns, and/or to inhibit com-
plement with cobra venom factor (CVF) or vari-
ous other inhibitors, remained unsuccessful [52, 
67–69]. Inhibition of complement-mediated 
injury in this context was further confounded by 
interspecies molecular incompatibilities. Indeed, 
cell surface-anchored porcine complement- 
regulatory proteins (CRP) equivalent to human 
decay accelerating factor (DAF, CD55), mem-
brane cofactor protein (MCP, CD46), comple-
ment receptor 1 (CR1) and CD59, whose function 
is to contain complement-mediated cell damage 
efficiently protected pig cells against porcine 
complement, but were ineffective against human 
complement [66, 70]. In pioneering work, 
Dalmasso and Bach were the first to introduce 
human CD55 into porcine EC and show its effec-
tiveness in inhibiting complement-mediated lysis 
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in the presence of human serum [71, 72]. This 
provided strong proof-of-concept validating this 
approach to overcome HAR.  Technological 
breakthroughs in the late 80’s and early 90’s, 
 specifically the advent of transgenesis offered the 
ideal platform to do that [72, 73]. The first trans-
genic pigs expressing the human CD55 were gen-
erated by White et al. in the mid-1990s [74–76]. 
Their use in pig to primate xenotransplantation 
models improved HAR, but also obviated the 
need to express additional human CRP to achieve 
full benefit. In their current iteration, genetically 
modified pigs prepped for clinical xenotransplan-
tation express two (CD55/CD46) or three human 
CRP (CD55/CD46/CD59) [63, 77, 78]. Knockout 
of the different enzymes catalyzing the produc-
tion of the xenogeneic oligosaccharides was the 
obvious second intervention required to block 
HAR.  The generation of KO pigs proved more 
tedious than transgenic gene overexpression with 
often random integration. However, with major 
advancement in cloning and gene-targeting strat-
egies based on homologous recombination, the 
first α1,3-galactosyltransferase gene-knockout 
(GTKO) pig was produced in 2003, with initial 
studies showing prevention of HAR [20]. Again, 
with the discovery of additional oligosaccharide 
moieties driving XNA, the current iteration of the 
donor pig includes additional KO of CMAH 
(Neu5Gc), and to less extent of B4GALNT2 
(SDa) [64, 79]. Importantly, both pigs genetically 
modified to express human  CD55/CD46/CD59 
or knocked out for GT/CMAH/B4GALNT2 had 
normal viability and were fertile.

18.2.2  Acute Vascular 
Rejection/Delayed Xenograft 
Rejection: An Endothelial- 
Centric Tale

Following the successful prevention of HAR, the 
field was faced with another form of rejection 
that did not involve T cells or resembled any clas-
sical form of allograft rejection, but shared many 
of the pathologic features of HAR. This form of 
rejection occurs within days or weeks after trans-
plantation and is referred to as delayed xenograft 

rejection (DXR) or acute vascular rejection 
(AVR) [24]. The key pathogenic events driving 
DXR include the deposition on the graft endothe-
lium of xenoreactive (mostly elicited) antibodies 
(EXA) and associated binding/activation of com-
plement. This results in an explosive activation of 
the vascularized graft endothelium. In turn, the 
acquisition by activated EC of a pro- inflammatory 
and pro-thrombotic phenotype promotes graft 
infiltration by activated macrophages and NK 
cells, which by releasing pro-inflammatory cyto-
kines further amplifies the inflammatory and pro- 
coagulant environment. These events culminate 
in a catastrophic form of thrombotic microangi-
opathy that ultimately causes graft loss [23, 24, 
80]. Unfettered activation of the endothelium and 
associated change in EC phenotype is the pre-
sumed proximal cause of AVR/DXR [23, 24, 81].

Physiologically, a healthy endothelium is par-
amount to maintaining blood flow and actively 
preventing thrombosis, detoxifying the organism 
from reactive oxygen species, and maintaining an 
appropriate barrier between the blood and the 
parenchyma of organs [81–83]. These functions 
are ensured by a number of surface molecules 
expressed on healthy, non-activated EC.  These 
include: thrombomodulin that binds and activates 
protein C (aPC), which then binds to protein S 
(PS) to form one of the most potent anti- coagulant 
systems of the body [84]; heparan sulfate, which 
binds antithrombin III to also provide anti- 
coagulation, the anti-oxidant enzyme superoxide 
dismutase, and ecto-ATPDase (CD39) that 
metabolizes ATP into ADP and AMP to inhibit 
platelet activation and aggregation [85, 86]. 
Expression and/or activity of these key anti- 
coagulant and anti-inflammatory molecules is 
lost or decreased following EC activation—a sit-
uation exacerbated by other xeno-specific con-
straints, notably porcine-human molecular 
compatibilities of some of these molecules, 
namely thrombomodulin.

In addition to the loss of built-in protection, 
the drastic phenotypic change of activated EC is 
the result of a well-orchestrated transcriptional 
program that results in the de novo expression of 
a number of molecules (more than 40) that initi-
ate and intensify inflammation and thrombosis 
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[87]. These proteins include adhesion molecules, 
such as E-selectin, ICAM-1, VCAM-1 and 
P-selectin, that facilitate the binding of host 
mononuclear cells (MNC) to the endothelium 
and promote bidirectional signaling to further 
activate EC; pro-thrombotic genes such as tissue 
factor (the most potent stimulus for coagulation) 
and plasminogen activator inhibitor 1 (PAl−1), 
which prevents the dissolution of fibrin clots, and 
a number of cytokines, including interleukin-1 
(IL-1), IL-6, IL-8, MCP-1 and others, that attract 
host immune cells to the site of the graft [82, 83].

It was evident that the only path to overcome 
AVR/DXR required inhibiting EC activation, and 
taming coagulation and thrombosis. By the early 
1990s, the field of xenotransplantation moved to 
achieve this  task. This was facilitated by an 
improved understanding of EC biology that shed 
light on a few proximal players the targeting of 
which could influence many of the distal patho-
genic effectors of AVR/DXR.  The transcription 
factor nuclear factor kappa B (NF-κB), whose 
activation results in early gene activation, topped 
the list of candidates [88–91]. Indeed, most of the 
genes induced upon EC activation (E-selectin, 
VCAM-1, ICAM-1, IL-1, IL-6, IL-8, MCP-1, 
TF, PAI-1) have at least one binding site for 
NF-κB in their promoters [87, 92–94]. Inhibiting 
NF-κB, a potent regulator of EC activation, 
would hinder all aspects of EC activation, inde-
pendently of the stimulus, including in the con-
text of AVR/DXR.

Briefly, the active DNA binding form of 
NF-κB is a heterodimer, consisting of members 
of the NF-κB/Rel family of transcription factors, 
most prominently canonical NF-κB1 (p50) and 
RelA (p65) subunits [95, 96]. NF-κB is retained 
in the cytoplasm of quiescent endothelial cells by 
association with its inhibitory protein, IκBα. 
Upon activation of the cell, IκBα is phosphory-
lated, ubiquitinated, and becomes susceptible to 
proteolysis, which leads to dissociation from the 
NF-κB dimer [90]. The release of NF-κB from 
IκBα in turn allows the active p50-p65 dimer to 
transmigrate into the nucleus, bind to its target 
DNA sequence element and activate transcription 
[97]. In absence of specific small molecule inhib-

itors, the obvious choice was to overexpress 
IκBα, the physiologic inhibitor of NF-κB, or bet-
ter a phosphorylation-resistant mutant of IκBα. 
However, data from our laboratory in EC, and 
from others, showed that inhibition of NF-κB by 
overexpression of IκBα or knocking down p65/
RelA, even if it did inhibit activation, sensitized 
cells to TNF-mediated apoptosis [98–100]. These 
data were in keeping with novel evidence that we 
and others posited, i.e. NF-κB signaling does not 
only set in motion a pro-inflammatory program, 
but also an anti-apoptotic program whose func-
tion is to promote cell survival in the face of 
injury [101].

In earlier work, our group made the seminal 
discovery that a number of NF-κB dependent 
genes in EC, namely the 7-Zn finger and 
ubiquitin- editing protein, A20, and the anti- 
apoptotic Bcl family member, A1/Bfl1, did not 
only protect EC from apoptotic cell death, but 
were also as potent as IκBα at inhibiting NF-κB 
activation [102–105]. These genes immediately 
became the prime candidates to inhibit NF-κB 
activation. We demonstrated that their overex-
pression in EC fully inhibited NF-κB activation 
in response to a whole gamut of activators, 
including those relevant to DXR.  This was 
accomplished without sensitizing these cells to 
TNF-mediated apoptosis, all the while actively 
protecting EC from apoptosis, and other forms of 
necrotic cell death, including complement- and 
NK-mediated cell death [102, 103, 105, 106]. 
That cytoprotective A20 and A1 require NF-κB 
for their expression aligns with their intended 
function as part of a negative feedback loop 
aimed at preventing inflammation from reaching 
a certain intensity that would otherwise lead to 
the demise of the cells. Accordingly, they not 
only downregulate the expression of proinflam-
matory proteins, but also their own expression to 
bring cells back to their basal phenotype [107].

The dual anti-inflammatory and anti-apoptotic 
functions of A20 and A1 in EC is shared by other 
anti-apoptotic proteins, namely the prototypic 
anti-apoptotic Bcl family members, Bcl-2 and 
Bcl-xL [108]. However, in contrast to A20, Bcl-2 
and Bcl-xL are different in that they are constitu-
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tively expressed in EC, are not induced by proin-
flammatory cytokines, and do not depend on 
NF-κB for their expression. This places them in a 
different category of regulatory molecules from 
A20 in that they are expressed independently of 
NF-κB, but can modulate its activation [107]. 
Exploitation of these genes for the genetic engi-
neering of porcine endothelium to prevent DXR is 
indirectly supported by some of our earlier work. 
Long-term survival, despite the return of anti-
graft antibodies and complement, in a model of 
hamster-to-rat heart xenotransplantation treated 
with cobra venom factor and cyclosporine A asso-
ciated with  increased expression of A20, A20, 
Bcl-2, Bcl-xL, and hemoxygenase-1 (HO-1) in the 
xenograft vasculature, specifically EC [101]. 
Hearts that were rejected either did not express 
(A20, Bcl) or expressed lower levels (HO-1) of 
these genes. Bach et al. termed this phenomenon 
of graft survival despite the return of the offend-
ers, “accomodation” [109, 110]. Remarkably, 
“accommodated” vessels of long- term surviving 
heart xenografts were also protected from trans-
plant arteriosclerosis (TA), the pathognomonic 
feature of chronic allograft rejection, that in con-
trast was florid in rejecting xenografts whose vas-
culature did not express the aforementioned 
genes. This data agrees with related observations 
in models of vascular allografts, whereby overex-
pression of A20 and HO1 (or one of its down-
stream metabolites) also protected from TA 
[111–116].

Either A20 or any of the Bcl genes could even-
tually fulfill our aim of protecting the xenograft 
endothelium and maintaining its barrier and anti- 
inflammatory, anti-coagulant functions. However, 
many of A20’s attributes, including its cellular 
distribution—lysosomal as opposed to mitochon-
drial for Bcl genes—and additional functions 
qualifying its atheroprotective, renoprotective, 
β-cell protective, and hepato-regenerative poten-
tial, made it one the most attractive candidates for 
genetic engineering of pigs destined for xeno-
transplantation [111, 117–132].

For review, A20, discovered as a TNF response 
gene in human umbilical vein EC [133], is a well- 
described negative regulator of many inflamma-

tory pathways that culminate in NF-κB activation, 
as we first reported in EC [102, 134]. A20 also 
modulates cell survival in a cell type-dependent 
manner via caspase-dependent and independent 
mechanisms [106, 133, 135]. The molecular 
basis for A20-mediated inhibition of NF-κB is 
not totally resolved, but highly depends on both 
enzymatic and non-enzymatic ubiquitin editing 
functions of this versatile molecule [136]. A20 
alters ubiquitination and therefore function or 
level of expression of a number of signaling mol-
ecules within the NF-κB pathway, including 
receptor interacting protein (RIP) kinase, and 
IKKγ [137, 138]. The latter would capture all 
NF-κB pathways converging into the signalo-
some, therefore accounting for the broad NF-κB 
inhibitory effect of A20, including a wide spec-
trum of EC activators such as TNF, ROS, the 
CD40/CD40L dyad, and likely xeno-related 
offenders [102, 103, 105]. As an increasing num-
ber of proteins and biologic processes regulated 
by ubiquitination is unfolding, we are just start-
ing to grasp the complexity and broad implica-
tions of cell- and tissue-specific functions of A20 
based on the respective ubiquitome of each cell/
tissue [106, 137].

Basal A20 levels are low to undetectable in 
most cell types. However, its expression is rap-
idly induced, in a NF-κB dependent manner, in 
response to a number of danger signals, whether 
infectious, auto-immune or mechanical [101]. As 
mentioned earlier, A20 is part of a negative feed-
back loop aimed at secondarily interrupting 
inflammation. Regardless of the mechanisms by 
which A20 terminates inflammatory signals, its 
dominant role in maintaining homeostasis is 
emphasized in A20-null mice that develop 
cachexia and die pre-maturely from uncontrolled 
severe multi-organ inflammation [135]. This out-
come confirms the physiological role A20 plays 
in modulating inflammation, a central component 
to many disease processes, including xenograft 
rejection.

Our laboratory has extensively investigated 
the functions of A20  in multiple cell types, 
including EC and vascular smooth muscle cell 
(SMC). We demonstrated that A20 combines 
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anti-inflammatory and anti-apoptotic functions in 
EC [102, 103, 106, 139]. In SMC, A20 is anti- 
inflammatory, but also inhibits SMC proliferation 
and unexpectedly promotes apoptosis of only the 
SMC that undergo a phenotypic change from 
contractile (media) to secretory (neointima) 
[124]. These functions qualify A20 as an optimal 
candidate to contain pathologic vascular remod-
eling, including in atherosclerosis, transplant 
arteriosclerosis, and, as we previously postulated, 
xenograft-associated AVR/DXR [132]. In recent 
years, we uncovered that the atheroprotective 
effect of A20 goes beyond inhibition of NF-κB 
inflammatory signals, as A20 also interrupts ath-
erogenic IFNγ signaling by decreasing expres-
sion levels of its key intracellular transducer, 
STAT1, in both EC and SMC [111, 140, 141]. 
These vascular functions of A20 translate into 
strong in vivo therapeutic benefits. Overexpression 
of A20 using gene therapy tools resulted in pre-
vention and regression of intimal hyperplasia in a 
rat carotid model of post-balloon angioplasty 
[124, 126]. Similarly, A20 overexpression in the 
aortic arch of diabetic ApoE-KO mice that 
develop accelerated atherosclerosis significantly 
reduced atherosclerotic lesions in this bona fide 
model of diabetic vasculopathy [127]. Relevant 
to the transplantation field, overexpression of 
A20  in fully mismatched C57BL/6 (H2b) to 
BALB/c (H2d) aorta to carotid artery allografts 
reduced transplant arteriosclerosis by modulating 
inflammatory and apoptotic signals, and by 
remarkably boosting regulatory over pathogenic 
immune responses, in part  through altering the 
IL-6/TGFβ ratio in the graft [111]. This latter 
effect of graft-expressed A20 on the alloimmune 
response agrees with the importance of dampen-
ing inflammation as a means to prevent rejection 
and possibly drive tolerance [112, 142–144].

As mentioned earlier, the promise of A20 as 
a gene candidate to overcome DXR is rein-
forced by its many pleiotropic functions in 
other cell types, including hepatocytes and β 
cells. Extensive data from our laboratory and 
others have established the unique hepatopro-
tective function of A20. Overexpression of 
A20 in mouse livers protects from chemically-

induced acute fulminant hepatitis [120], lethal 
and sublethal radical hepatectomy [122, 128], 
and severe ischemia reperfusion injury [125], 
all of which captures its “Promethean” quali-
ties that could benefit liver allo and xenografts 
[131]. Additionally, overexpression of A20  in 
murine islet grafts improves function and sur-
vival of a suboptimal β cell mass and cures dia-
betes [121]. Akin to vascular allografts, 
overexpression of A20  in a mouse model of 
allogeneic islet transplantation transforms the 
alloimmune response from pathogenic to regu-
latory, fueling long-term acceptance of these 
grafts [145]. The first A20 transgenic pig was 
created in 2009. Even though transgene expres-
sion remained moderate, and was limited to 
skeletal muscle, heart and aortic EC, the 
authors were still able to validate A20’s anti- 
inflammatory and anti-apoptotic functions 
[146]. Current iterations of the ideal donor pig 
consistently include A20.

Besides classical anti-apoptotic genes, other 
genes that meet the criteria of protecting the 
endothelium and maintaining its function include 
two heme-induced molecules, ferritin and HO-1, 
that function to reduce oxidative damage in an 
iron-rich environment [147, 148]. In EC, ferritin 
is induced by heme to protect these cells from the 
damage incurred by activated neutrophils, and 
also to inhibit NF-κB activation, although not as 
effectively as the aforementioned anti-apoptotic 
genes [149, 150]. Perhaps more potent than fer-
ritin were the many discoveries that showed that 
HO-1, the rate-limiting enzyme in heme metabo-
lism and whose expression is induced in EC and 
monocytes in response to stress [151, 152], is a 
potent “protective” gene whose expression in the 
vasculature of hamster to heart xenografts is key 
to the “accommodation” and long-term survival 
of these grafts [101, 110, 153]. The anti- 
inflammatory properties of HO-1 depend on the 
ability of this enzyme to degrade heme to gener-
ate bilirubin, free iron, and carbon monoxide 
(CO). Bilirubin is a potent antioxidant, free iron 
results in expression of the cytoprotective gene 
ferritin, and carbon monoxide (CO) at low con-
centrations inhibits macrophage activation, 
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and  NF-κB pro-inflammatory signaling as well 
as apoptotic responses in EC [154–157]. In addi-
tion to HO-1, both bilirubin and CO have been 
exploited therapeutically to prevent and improve 
ischemia-reperfusion injury, acute rejection, and 
transplant arteriosclerosis in animal models of 
vascularized kidney, heart and lung  allografts 
[114, 115, 152, 158–163]. They have also been 
highly beneficial experimentally in improving 
islet graft survival and liver regeneration and 
repair [129, 164–166]. As for A20, HO-1 tops the 
list of transgenes that have been overexpressed in 
the current iteration of the desirable donor pig for 
xenotransplantation. This will be reviewed in 
more details under the wish list section.
Disordered coagulation and thrombosis, causing 
generalized microangiopathy, associated with 
explosive platelet activation and aggregation is 
another key pathognomonic feature of 
DXR. Severe thrombotic microangiopathy still 
occurrs in swine-to-baboon kidney xenografts 
despite knock down of α1,3GT or overexpres-
sion of human DAF [167]. As stated earlier, the 
molecular basis of this consumptive coagulopa-
thy, that is particularly severe in liver xeno-
grafts, relates to loss of EC-expressed negative 
regulators of coagulation (thrombomodulin, 
heparan sulfate and the ectoNTPdase, CD39) 
[86, 168–170], gain by the activated vasculature 
of pro- thrombotic attributes (TF), and molecu-
lar incompatibilities between the human and the 
pig coagulation system (thrombomodulin) 
[171]. Numerous non-genetic based approaches 
tackling different pathogenic effectors of this 
cascade, such as infusion of  thrombomodulin, 
administration of apyrase, inhibition of platelet 
GPIIbIIIa, TF  knock down using silencing 
RNA  or development of a PSGL1-targeted 
CD39 molecule that homes to the endothelial-
platelet microenvironment, have shown 
some beneficial effect in support of their choice 
as valid targets for the genetic engineering of 
the desired pig donor for xenotransplantation 
[172–176]. Transgenic pigs expressing human 
thrombomodulin were among the first animals 
to be generated. Other targets including CD39, 
or Tissue factor Pathway Inhibitor (TFPI) are 
also being considered [62].

18.2.3  Beyond DXR: The Adaptive 
Immune Response

As the hurdles of HAR and DXR are surmounted, 
the xenograft has to face the wrath of the adaptive 
immune response. Mounting evidence suggests 
that a number of patients on transplant waitlists 
can still have circulating xenoreactive antibodies 
that bind to antigens on porcine cells even from 
donors where α1,3GT, CMAH, B4GALNT2 
have been knocked out (triple KO). On further 
analysis, these antibodies were anti-HLA anti-
bodies from pre-sensitized patients cross- reacting 
with class I swine leukocyte antigen (SLA) class 
I [177]. Accordingly, SLA class I was deemed an 
obvious target for genome editing in xenotrans-
plantation. A number of SLA class I knock-
out  donor pigs were created for future use in 
xenotransplantation [61, 177, 178]. Pre-sensitized 
patients with humoral immunity toward HLA 
class II molecules may also show cross-reactivity 
with SLA class II molecules of the xenograft 
[179]. In that case, site-specific epitope mutagen-
esis may be attempted in order to decrease bind-
ing of these antibodies to pig cells [180]. Based 
on the above, screening patients for xenoreactive 
antibody is extremely important when evaluating 
their individual risk benefit. In the absence of any 
detectable xenoreactive antibody, one can expect 
that the only next hurdle that needs to be con-
trolled is that of a classic T-cell-mediated acute 
cellular rejection [181–184].

Human T-cell responses to porcine xenografts 
is well documented. This xenograft counterpart 
of the T-cell-mediated rejection response seen in 
allografts is reportedly more robust than the one 
encountered in allografts [185]. Both the direct 
and indirect pathway of antigen presentation 
appear to be involved in these anti-pig xenograft 
responses. However, accumulating in vivo evi-
dence from pig-to-primate models suggests that 
this T-cell response can be overcome by immu-
nosuppressive agents applicable to allotrans-
plantation. However, and in order to achieve 
reasonable survival, the immunosuppressive 
regimen that needs to be implemented is often 
much heavier. Prolonged survival of  porcine 
heart, kidney, or islet xenografts, derived from 
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donors genetically modified to subdue XNA and 
complement attack, received  a combinatorial 
immunosuppressive protocol that included anti-
CD4 and anti-CD8 T-cell depletion, co-stimula-
tion blockade with anti-CD154 or CTLA4-Ig, 
mycophenolic acid, cyclosporine A, tacrolimus, 
and steroids [186, 187]. Experience-based learn-
ing as the field cautiously progresses demon-
strates that the need to efficiently target CD4 
T-cells and provide strong co-stimulation block-
ade is critical in xenotransplantation [187–190]. 
Obviously, high  infectious and oncogenic 
risks  that associate with such potent immuno-
suppressive regimens are not compatible with 
acceptable clinical risks. A significant effort has 
been devoted to the pursuit of tolerance of xeno-
grafts  through genetic manipulations of  the 
immune system or other means to achieve mixed 
hematopoietic chimerism [182, 183, 191, 192]. 
Here again, tolerance has proven to be much 
more difficult to achieve in xeno than in  allo-
transplantation. As the field keeps learning, the 
issue of molecular incompatibilities between 
pigs and primates was  identified as a  potential 
route cause  for the difficulty to tolerize. In a 
recent paper, Tena et  al. showed that the  diffi-
culty to achieve mixed hematopoietic chimerism 
in a pig-to-NHP  xenograft combination related 
to the rapid clearance of porcine hematopoietic 
stem cells by primate macrophages as a result of 
the ineffectiveness of porcine CD47, which usu-
ally blocks phagocytosis, to  transduce the 
required inhibitory signals through the primate 
regulatory protein alpha [193]. Accordingly, 
genetic engineering of porcine cells to express 
human CD47 prolonged transient chimerism, 
and survival in a pig-to-baboon skin xenograft 
model [193].
Which genetic modifications will be required to 
mitigate the T-cell xeno response and prevent 
acute rejection (AR), and possibly chronic rejec-
tion (CR), or even achieve tolerance is still being 
resolved. However, thanks to a better understand-
ing of the molecular basis for the formidable 
immunological barriers to xenotransplantation, 
including through greater appreciation of the role 
of molecular incompatibilities, and to  the ever-
growing  technical revolutions in gene editing, 

one can be cautiously optimistic that clinical 
translation will soon be looming,  if not already 
happening, at least for skin and islets [194, 195].

18.3  Revolutionary Technologies 
Breaking the Barriers

Interest for xenotransplantation over the last 
decades progressed in phases which paralleled 
technological breakthroughs that reignited the 
hopes of the medical and the scientific communi-
ties in its success. These ranged from major dis-
coveries enabling modifications of the pig 
genome to derail rejection and improve compati-
bility, to engineering prowess that led to the 
development of a number of devices for ex vivo 
perfusion of organs to improve viability and per-
mit delivery of drugs and gene therapies. In this 
section, we will briefly review some of these 
technologies, chief of which being the medical 
revolution brought upon by the CRISPR/Cas9 
based technique that enabled, for the first time, 
simultaneous multiplex genome editing, the 
engine that reignited the field of xenotransplanta-
tion [196, 197].

18.3.1  Genetic Modifications: 
Transgenesis and Targeted 
Disruption

A transgenic animal is an animal whose genome 
has been deliberately modified by input from 
another organism with the intended consequence 
of altering the phenotype of the recipient organ-
ism [74]. The term “transgenesis” was first coined 
by J.W. Gordon and F.H. Ruddle in 1981, as they 
successfully demonstrated integration, even if 
random, and stable germ line transmission of 
genes injected into the mouse pronuclei of fertil-
ized eggs [198]. Transmitted through the germ 
line, every cell, including germ cells, contain the 
same modified genetic material that becomes an 
inheritable trait. In addition to microinjection of 
DNA material into fertilized eggs, two other 
methodologies based on retrovirus-mediated 
gene transfer [199], and embryonic stem cell- 
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mediated gene transfer [200] were also success-
ful in achieving the same outcome. The possibility 
to insert the foreign DNA under a given cell-type 
specific promoter and in cassettes with built-in 
regulatory systems, such as tetracycline or 
tamoxifen, further empowered this technology by 
enabling the restriction of transgene expression 
to certain cell types and by switching it on or off 
on-demand [201–203].

First successful in mice, these techniques 
were later adapted to large animals, including 
pigs for xenotransplantation. The world’s first 
transgenic pig was produced in 1995 at 
Cambridge University to express human DAF/
CD55. CD55 expression favorably compared to 
normal controls and was able to overcome HAR 
[74–76]. A 6.5 kilobase minigene for human 
DAF was microinjected into porcine fertilized 
ova. Over 2/3 of the pigs transcribed the DAF 
message, but the amount of protein expressed 
in  different tissues varied from pig to pig and 
from tissue to tissue in a given pig. DAF trans-
genic pigs developed normally and had no major 
side-effects, including as related to reproductive 
ability. With the success of DAF, pigs were gen-
erated to express the 2 other key CRP i.e. human 
CD46 (membrane cofactor protein) and CD59 
(membrane inhibitor of reactive lysis, MIRL), 
and were equally as  effective in reducing HAR 
and prolonging the survival of pig-to-NHP xeno-
transplants [204–206]. However, triple transgenic 
pigs expressing all 3 human CRP (CD46, CD55, 
and CD59) more effectively resisted the comple-
ment attack than double transgenic (CD55 and 
CD59) or mono-transgenic animals [207, 208].

Transgenic pigs were also created to improve 
the disordered coagulation, consumptive coagu-
lopathy, and EC dysfunction that associate with 
DXR.  These included key human regulators of 
coagulation and thrombosis, including  human 
thrombomodulin (TM), TFPI, and CD39 whose 
function does not transcend species [209–212]. A 
transgenic pig expressing human TM, together 
with CD46, achieved long xenograft survival 
(945 days) in a heterotopic pig-to-NHP cardiac 
xenotransplantation model [209, 210]. Beyond 
gain of function, transgenic expression of siRNA 
against pro-coagulant molecules has also been 

implemented to inhibit consumptive coagulopa-
thy of DXR. Niemann et al. used siRNA to knock 
down the porcine tissue factor (TF) gene, which 
decreased its  expression by 94.1%, increased 
coagulation time, and decreased clotting com-
pared with matched control animals [175]. On 
the EC front, transgenic pigs expressing A20, 
HO-1, as well as an inhibitor of TNF, have also 
been generated and shown to protect cells against 
inflammation and apoptosis [146, 213, 214]. In 
vivo, transgene expression was limited to some 
cells and organs, hence optimization may be 
required before we can gauge the full impact of 
these protective genes on DXR and beyond 
on xenograft survival and function.

In contrast to gain of function, knockout of 
pig genes deleterious to the  success of xeno-
transplantation, namely the different enzymes 
required to produce glycans or SLA Class I mol-
ecules, has initially  proven more difficult to 
achieve. While Capecchi et  al. developed the 
methodology for creating targeted alterations in 
the mouse genome in the late 80’s [215], the cre-
ation of KO pigs has been much more challeng-
ing. Difficulty came from the lack of identifiable 
embryonic stem cells (ES) in the pig, which 
would preclude using homologous recombina-
tion to create targeted gene deletion. Hence, the 
first attempts to reduce expression of α1,3Gal in 
pigs used an indirect strategy whereby pigs were 
rather  made transgenic for H-transferase in 
order to reduce cell surface carbohydrates [216]. 
However, after many failures, a first success 
came in 2003 when the first pigs with a KO in 
α1,3GT (GTKO) were created using homolo-
gous recombination to delete a single copy of 
α1,3GT, followed by back breeding to homozy-
gosity [20]. This process took almost three years 
to complete. As molecular biology techniques 
evolved, including through the discovery of zinc 
finger nucleases (ZFN), and transcription activa-
tor-like effector nucleases (TALEN), it became 
easier  to produce homozygous KO cells in a 
single reaction and to generate KO pigs within 
5–6 months [196, 217]. These techniques 
enabled the creation of biallelic KO pigs to elim-
inate more xenoantigens by knocking down 2 of 
the enzymes involved in the production of cell 
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surface xenogeneic glycans [64, 79]. Finally, the 
true medical revolution came from the introduc-
tion in 2013 of the Clustered Regularly 
Interspaced Short Palindromic Repeats/CRISPR-
associated protein 9 (CRISPR/Cas9) gene edit-
ing technology. This technology fueled a medical 
revolution in the field of xenotransplantation, but 
also in medicine in general. CRISPR/Cas9 not 
only facilitated the timely creation of multiple 
concurrent homozygous gene deletions, but also 
the introduction of many other genes stacked 
together in one expression cassette. KO pigs 
were created with simultaneous KO of the 3 
enzymes that produce cell surface xenogeneic 
glycans in addition to SLA class I KO.

18.3.2  Gene Editing: The CRISPR/Cas 
9 Medical Revolution

The CRISPR/Cas9 system is a breakthrough 
gene editing technology that allows targeted and 
precise modification of the genome of a living 
organism through DNA insertion, deletion, 
replacement, or modification (Fig. 18.2).

The CRISPR/Cas9 system was originally 
identified in bacteria and archaea as a form of 
adaptive immunity [218]. CRISPRs are a fam-
ily of specialized regions of DNA with two dis-

tinct qualities: repeated nucleotide sequences 
and spaces. They are the result of bacteria cap-
turing snippets of DNA from invading viruses 
and utilizing this genetic material to create 
CRISPR arrays. These enable the bacteria to 
better respond and target the viral DNA if faced 
with a second insult [219–223]. These 
sequences are recognized by Cas9, a dual RNA-
guided DNA endonuclease enzyme that func-
tions as a pair of molecular scissors, cutting 
DNA at specific locations in a genome. From 
studies that deciphered how these immune sys-
tems function in bacteria, scientists realized the 
technological potential of the RNA-guided 
DNA cleaving enzyme, Cas9, for genome engi-
neering. The guide RNA binds to DNA at a pre-
designed sequence and directs the Cas9 protein 
to the desired segment that needs to be cut. 
Once the DNA is cut, the cell’s natural repair 
mechanisms are initiated and can change the 
genome in two ways. One is a simple repair 
mechanism that brings the two ends together 
(non-homologous end joining, NHED). The 
second repair mechanism utilizes a short strand 
of DNA as a template to fill the gap with a 
sequence of nucleotides [224]. Scientists can 
modify this strand of DNA to their choosing, 
and as a result, introduce any gene or correct 
any genetic mutation [225].
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Fig. 18.2 A Schematic Representation of the CRISPR/Cas9 Gene Editing Tool
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Relevant to xenotransplantation, CRISPR/
Cas9 offers several advantages over previous 
site-specific nucleases. The Cas9 endonuclease 
has the ability to associate with multiple guide 
RNAs and, hence, permits simultaneous targeting 
of several loci within a single transfection. This is 
ideal in the setting of xenotransplantation as 
it  allowed for the efficient combination of 
 multiple genetic KO on a single cell, and also 
overexpression of several protective genes 
stacked in a single expression cassette. This has 
been highly instrumental in creating pigs, where 
all 3 enzymes GGTA1/CMAH/B4GalNT2, and 
SLA Class I have been knocked out, and  all 3 
CRP (CD46, CD55, CD59) have been overex-
pressed together with human thrombomodulin 
and anti- inflammatory/cytoprotective A20 and 
HO-1 [61, 63, 223, 226].

While widely approved in xenotransplanta-
tion, CRISPR/Cas9 gene editing faces many ethi-
cal concerns when it comes to its application to 
modify the human genome. Currently, most of its 
use for therapeutic purposes is limited to somatic 
cells (cells that are not egg or sperm cells) for 
fear of opening the door to unethical applications 
such as selective breeding aimed at enhancing 
some human traits, or introducing genetic muta-
tions [227].

18.3.3  Cloning: Worth Revisiting?

Cloning is the process of creating genetically 
identical organisms, either naturally or artifi-
cially. Over 2 decades ago, the idea of therapeutic 
cloning was deemed pertinent to xenotransplan-
tation, as it could generate organs on a large scale 
[228]. In 1996, Dolly the sheep became the 
world’s most famous clone. She was the first 
mammal to be cloned from an adult cell instead 
of an embryo—a major scientific breakthrough 
[229]. Soon after, the first pig was cloned in 2000 
with the hope that this technology will help 
advance xenotransplantation [230]. This was 
soon followed by the cloning of Xena, a pig cre-
ated by scientists in Japan, as a platform that can 
be exploited to provide organs for human trans-

plantation [231]. In contrast to Dolly, Xena was 
cloned by microinjecting genetic material from 
fetal-pig skin cells into eggs devoid of their own 
genetic material. This method increases selec-
tively and, hence, has the potential to yield pre-
cise genetic modifications, a plus over 
transgenesis. However, all these efforts came to a 
stall as concerns over PERV infections increased. 
With the advent of CRISPR/Cas9, the field of 
xenotransplantation has shied away from clon-
ing. However, new advances in this field, particu-
larly related to decreasing the risk of telomere 
shortening and aging [232, 233], may eventually 
bring back this technology that could offer the 
advantage of accelerating and scaling up produc-
tion of the optimally engineered pig donor for 
xenotransplantation.

18.3.4  Ex vivo Perfusion Systems 
to Deliver Gene Therapies

Ex-vivo perfusion (EVP) is an alternative to the 
current standard of static cold storage (SCS) and 
aims to address the current organ shortage by 
improving the function of marginal grafts, and 
extending the preservation time of procured 
grafts [234–238]. The underlying principle 
behind EVP is elegant in its simplicity. The graft 
vascular inflow and outflow are cannulated and a 
specific perfusate consisting of oxygen, nutrients, 
and metabolic substrates is circulated through the 
organ, washing out metabolic waste and support-
ing cellular function. When placed on the pump 
at 35–38  °C, known as normothermic machine 
perfusion (NMP), the graft has an opportunity to 
undergo normal physiologic function and recover 
from injury incurred before (donor after cardiac 
death) and during procurement—all prior to 
transplantation [239].

In addition to resuscitating marginal organs, 
preventing cold ischemia-related injury, assessing 
allograft viability pre-transplant and extending the 
preservation time of procured grafts, EVP is also 
ideal as a platform for targeted interventions in the 
field of xenotransplantation, specifically the deliv-
ery of gene therapies. Recent work in ex vivo liver 
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perfusion provides the unique opportunity for both 
analysis and therapeutic intervention on donor 
organs. Perfusing porcine xenografts with human 
or nonhuman primate blood provides an efficient, 
high fidelity model to study initial interspecies cel-
lular interactions after xenotransplantation, includ-
ing post- transplant thrombocytopenia and 
ischemia- reperfusion injury [240, 241]. Beyond its 
use as a tool to evaluate whether any given genetic 
 manipulation of pigs delivered the anticipated out-
come, ex vivo perfusion of xenografts could be 
ideal for ex vivo genetic manipulation of the organ. 
This approach could broaden the choice or level of 
expression of the transgene to candidates that 
would be beneficial for the recipient, but are not 
compatible with porcine physiology, and there-
fore, would hamper viability of the donor pig. 
EVP could be the new route for expanding our 
“wish list” of genes to create the perfect donor pig 
for xenotransplantation.

18.4  The Wish List: A Recipe 
to Build the Pyramid 2.0

In the current era of genetic technologies which 
empower us to selectively modify donor xenografts 
with relative ease, the focus has changed from sin-
gular gene targets to minimize HAR to complex 
multigene cassettes that maximize graft compati-
bility, resistance to immune attacks, and function. 
This begs the obvious question: what will it take to 
make the “optimal” pig? The ideal xenograft will 
not only need to overcome the immediate immuno-
logical hurdles, as outlined above, but also to sup-
port the physiological function of both the recipient 
and the donor. In this section, we review what 
major changes have been made, and also what 
additional alterations will serve as vital steps in 
transforming the quest for the perfect pig from fic-
tion to reality (Fig. 18.3).

Fig. 18.3 A Minimalist List for the Genetic Engineering 
of the Optimal Pig for Xenotransplantation. Incremental 
building of the Pyramid: a balancing act between offend-

ers and genetic solutions, based on combining overexpres-
sion of protective genes and knockout of deleterious ones
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Elimination of zoonotic infectious agents is of 
critical importance, given the risk they pose not 
only to the xenograft recipient, but to society at 
large. Given the recipient’s immunosuppressed 
state to tolerate the xenograft, prevention of 
infection by porcine pathogens took high priority 
at the turn of the twenty-first century [39, 242]. 
The sterile conditions and selective treatment of 
donor pigs in addition to a number of porcine 
pathogens not being transmittable to NHP and 
humans have resulted in zoonoses being a less 
significant barrier than originally thought, 
 including PERV [243, 244]. Neither burn patients 
who had received porcine skin grafts as a tempo-
rary bridge, nor patients who received porcine 
corneal implants or more  recently recipients of 
islet xenografts in New Zealand had any evidence 
of PERV transmission [244, 245]. However, as 
concern and controversy about PERV transmis-
sion remained, scientists reverted to CRISPR/
Cas9 gene editing to successfully inactivate 
PERV in pigs, burying (as depicted in our 
scheme) this issue as an impediment to clinical 
xenotransplantation [246]. PERV KO pigs are 
healthy and breed well.

Along with eliminating or reducing the threat 
of zoonoses, one of the foremost modifications for 
the ideal pig xenograft donor are ones that would 
overcome HAR.  As discussed earlier, this issue 
has already been resolved thanks to the generation 
of pigs with targeted deletion of 
α1,3galactosyltransferase (α1,3GT), the enzyme 
responsible for the expression of the dominant 
xenoantigenic surface glycan, α1,3galactose, that 
is recognized by preformed XNA (GTKO pigs), 
and of CMAH and B4GALNT2, the enzymes that 
synthesize the non-Gal glycans that are recognized 
by XNA. Pigs with KO of two or all three of these 
enzymes have been created. However, we still do 
not know whether these triple KO animals are nec-
essary, or if the KO of dominant α1,3GT would be 
sufficient, especially when combined with SLA 
class I KO, and the overexpression of human 
CRPs, regulators of coagulation, and anti-inflam-
matory/anti- apoptotic genes [61–64].

Another key pathogenic effector of HAR and 
also of  AVR/DXR, is complement-dependent 
cytotoxicity (CDC). As discussed earlier, com-

plement binds XNA and gets activated, which 
results in the formation of the membrane-attack 
complex (MAC) and cytotoxicity. In the context 
of xenotransplantation, damage is aggravated by 
pig-NHP molecular incompatibilities, whereby 
porcine CRPs, whose function is to dampen 
complement activation and toxicity, are ineffec-
tive on NHP  and  human complement. 
Accordingly, the first pig that was genetically 
modified for xenotransplantation was made to 
express human CD55/DAF, a CRP that limits 
both the classical and alternative pathways of 
complement activation. Cardiac xenografts 
from GTKO and CD55 transgenic pigs pre-
vented HAR and improved survival of  pig-to-
NHP cardiac [247], kidney [248] and liver [249, 
250] xenografts. Pigs expressing two other 
CRPs, CD46 and CD59, were also created, so 
were  pigs expressing two or all three CRPs 
[204–206]. Triple transgenic porcine xenografts 
expressing all 3 human CRPs (CD46, CD55, 
and CD59) resisted better the complement 
attack than double transgenic (CD55 and CD59) 
or mono-transgenic animals [207, 208]. These 
modifications do not only benefit HAR, but also 
DXR, which is associated with elicited post-
transplant xenoreactive antibodies.

With HAR in the rearview mirror, a major 
obstacle impeding successful xenotransplanta-
tion became post-transplant thrombocytopenia 
and consumptive coagulopathy. Most severe in 
liver xenografts, consumptive coagulopathy and 
thrombocytopenia often result in a diffuse hem-
orrhagic microangiopathy that ultimately causes 
xenograft failure and recipient death [251]. As 
detailed earlier, the molecular basis of this disas-
trous situation is multi-factorial and combines 
activation-induced loss of EC-associated anti- 
coagulant and anti-thrombotic molecules (throm-
bomodulin, CD39), which is further aggravated 
by molecular incompatibilities between pig and 
human/NHP (thrombomodulin and TFPI), in 
addition to a net gain by the activated and injured 
EC of pro-thrombotic and pro-coagulant mole-
cules in part through de novo transcription of TF, 
and exposure/release of multimeric von 
Willebrand Factor. This improved knowledge of 
the sequence of events and the molecular players 
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involved in xenograft-associated coagulopathy 
greatly informed which genes would best inhibit 
this process. Pigs genetically engineered to 
express human thrombomodulin were created 
first and showed great success in terms of nor-
malizing the human/NHP coagulation system, 
and therefore, minimizing the severity of post- 
transplantation consumptive coagulopathy and 
micoangiopathy [210]. Additional choices 
include pigs genetically engineered to express in 
their vasculature human TFPI or CD39, a bona 
fide inhibitor of platelet activation and  aggregation 
[209–212, 252]. To day, all pigs that have shown 
some success in xenotransplantation have been 
modified to genetically express one of these 3 
molecules, and we still do not know whether 
combining two or all three of them would show 
greater benefit. This could certainly be checked 
thanks to the CRISPR/Cas9 technology that has 
facilitated our ability to implement multiple 
genetic modifications at once. With porcine 
xenografts overcoming these early hurdles, the 
complex issue of AVR/DXR became next to 
tackle.

One of the pathological features of AVR/DXR 
that was recognized early on relates to the infil-
tration of the xenograft by recipient natural killer 
(NK) cells and monocytes, the first line of cellu-
lar response of the innate immune system. 
Monocytes can differentiate into macrophages 
and dendritic cells, which serve three functions, 
all of which are injurious to the graft: phagocyto-
sis, cytokine production, and antigen presenta-
tion [253]. Activated NK cells equally unleash 
their cytokine storm and their MHC Class 
I-independent cytotoxicity to further aggravate 
injury [254, 255]. Importantly, heightened in situ 
production of TNF by activated monocytes and 
of IFNγ by activated NK cells, greatly amplifies 
EC activation and the associated thrombogenic 
phenotype. One of the suggested solutions to this 
problem is to create a transgenic pig expressing 
an inhibitor of TNF—for example, a truncated 
form of the human p55 TNF-receptor (TNF-R1) 
or a human soluble TNF-R1-Fc chimeric mole-
cule that capture TNF and block its signaling in 
EC [256, 257]. A transgenic pig expressing solu-
ble TNF-R1-Fc has been created, but failed to 

pass the test of time as pigs expressing central 
inhibitors of inflammation such as A20 or HO-1 
took precedent. The same can be said for the pur-
suit of inhibitors of IFNγ signaling. Other options 
included expressing human HLA-E or β2 micro-
globulin, two known negative regulators of NK 
cytotoxicity [258].

Another salient pathological feature of DXR, 
but also of HAR, is centered around functional 
and/or physical loss of the anti-inflammatory and 
anti-coagulant endothelial barrier. As discussed 
earlier, all immunologic and inflammatory insults 
associated with early xenograft rejection coalesce 
around injury to the integrity of the endothelium. 
We had posited over 20 years ago, that blockade 
of EC activation and prevention of apoptosis will 
have the most wide-ranging beneficial effects on 
xenograft survival. As knowledge in vascular 
biology progressed, so has the recognition that 
this could be achieved by tackling the two domi-
nant signaling pathways that fuel the majority of 
EC’s phenotypic switch: i.e. NF-κB and IFNγ 
signaling pathways [81, 93, 259, 260]. Our labo-
ratory and others accumulated significant evi-
dence showing that these tasks can be safely 
achieved by tapping into the vessel’s built-in 
physiologic response to injury, i.e. the so-called 
“protective” genes whose upregulation in 
response to injury, whether immune, inflamma-
tory, metabolic, or mechanical, serves to protect 
the integrity of the endothelium and restore its 
physiologic functions as an anti- coagulant 
and anti-inflammatory barrier [107]. Two of these 
“protective” molecules top this list, A20 and 
HO-1, followed by A1, Bcl2 and BclxL, whose 
functions were detailed earlier. Remarkably, 
when expressed at sufficient levels, these multi-
functional genes not only inhibit NF-κB activa-
tion and (at least for A20) atherogenic IFNγ 
signaling, but also protect EC from apoptosis and 
other forms of cell death, including complement-
mediated and NK-induced cytotoxicity, and also 
potentially sway the immune response from 
pathogenic to regulatory [81, 107, 111, 261]. 
Building what we termed a “superprotected” 
endothelium that expresses sufficient levels of 
A20 and/or HO-1 preempt a phenotypic change 
of the EC and protect them from death. Based on 
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the biology, one can argue that if efficient, this 
kind of intervention can have far- reaching thera-
peutic effects in terms of permitting xenograft 
survival. It is our hypothesis that by intervening 
at the apex of the pyramid with “star” genes such 
as A20 or HO-1, one would necessarily impact 
other aspects of DXR and of the adaptive T-cell 
immune response. For instance, it is well-estab-
lished that systemic inflammation precedes disor-
dered coagulation in the setting of 
xenotransplantation [262]. Therefore, inhibition 
of inflammatory responses by A20 or HO-1 could 
by  reducing inflammation decrease the list of 
gene modifications required to limit the con-
sumptive coagulopathy and microangiopathy of 
DXR. In another optimistic perspective, one may 
postulate that expression of genes such as A20 or 
HO-1 in the graft would also positively influence 
the type of T-cell immune response and, there-
fore, facilitate other tolerogenic interventions, 
keeping the organ healthy and away from the 
shades of death (Fig. 18.3). The first A20 trans-
genic pig was created in 2009. Even though 
transgene expression remained moderate—lim-
ited to skeletal muscle, heart, and aortic EC— 
this study  was  still able to validate A20’s 
anti-inflammatory and anti-apoptotic functions 
[146]. Both A20 and HO-1 are consistently part 
of the list of genes modified in the current itera-
tions of pigs created for xenotransplantation [61, 
63, 213, 226].

Last, but not least, on the “wish list” are modi-
fications that could help achieve tolerance and 
inhibit T-cell-mediated rejection. Immune toler-
ance is the prevention of an immune response to 
a particular antigen or tissue. However, if T-cell- 
mediated rejection to a xenograft can be dimin-
ished by modification of the organ, and the need 
for immunosuppression  could be reduced. This 
would greatly decrease the oncogenic and infec-
tious risks associated with heavy immunosup-
pressive regimens [263], a highly desirable 
outcome  as we progress towards clinical xeno-
transplanation [31, 182, 184, 264].

Current tolerogenic protocols include com-
plex manipulations to achieve mixed chimerism 
and thymic transplantation strategies that were 
successful in pig-to-baboon models [31, 184, 

264]. However, with the appeal of modern tech-
nologies that enable multiplex genetic manipula-
tions, the field is exploring novel avenues to 
manipulate the donor organ as an easier way to 
drive tolerance. Creation of transgenic pigs 
expressing human CD47 to suppress elements of 
the macrophage and T-cell responses is one 
approach that has already been implemented 
with some degree of success [193]. Other manip-
ulations to modulate MHC class II expression 
and reduce inflammation by expressing genes 
such as A20 and/or HO-1 could also help achieve 
this very purpose [112].

As xenograft survival increases, it remains to 
be seen whether with all these genetic manipula-
tions if vascularized xenografts  will  still suffer 
chronic rejection, much like allografts. Here 
again, the hope is that an injury-resistant endo-
thelium would temper the incidence and severity 
of transplant arteriosclerosis, a pathognomonic 
feature of chronic rejection in vascularized 
allografts.

In summary, our optimal minimalistic view of 
the 2.0 winning recipe, as supported by solid in 
vitro and in vivo evidence to convince the regula-
tory authorities, for  the “safest” pig 
donor  includes (1) triple KO of the enzymes syn-
thesizing xenogeneic carbohydrates, and (2) KO 
of SLA class I, as well as expression of (3) two or 
three human  CRPs (CD46, CD55, CD59), (4) 
two or three human regulators of coagulation 
(thrombomodulin, TFPI, CD39), (5) two human 
anti-apoptotic and anti-inflammatory molecules 
(A20, HO-1), and (6) immunoregulatory mole-
cules such as human CD47 (Fig. 18.3). Although 
many alternative genetic modifications could be 
made to an organ-source pig, we believe that any 
given list should be as minimalistic as possible, at 
least for the initial trials in kidney, heart and islet 
transplantation, before moving to more challeng-
ing organs such as liver and lung.

As of today, thanks to the use of donor pigs 
with different sets of genetic modifications, 
treatment of the  recipient  with a  variety of 
immunosuppressive regimens, including co-
stimulation blockade molecules such as 
CTLA4Ig/anti-CD40 mAb,  and the many 
advantages of novel preservation and isolation   
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methods, the survival of a pig-to-NHP hetero-
topic heart reached 945 days [209, 265], 
of orthotopic life-sustaining hearts reached 195 
days [266], of  kidney xenografts reached 435 
days [186, 187, 267], and of  islet xenografts 
reached over 600 days [268]. This progress in 
islet xenotransplantation is quite commanding 
and likely to further improve thanks to the cur-
rent technological advances in  encapsulation 
methods that decrease the risks associated with 
the implantation of islet grafts in the liver [269]. 
Additional breakthroughs have also been 
reported in the difficult field of liver xenografts 
with a first-time survival rate of 29 days, a true 
milestone in the effort to bridge patients while 
they await for an allograft to become available 
[270]. Now, the field is getting ready for clini-
cal trials cautioned by regulatory agencies and 
an international consensus. The first clinical 
trial in New Zealand using encapsulated por-
cine islet xenografts to treat 14 diabetic patients 
suffering from hypoglycemia unawareness con-
firmed  the microbiological safety of these 
xenografts [36]. Following these safety studies, 
the field is eagerly awaiting the results of effi-
cacy trials for islet xenografts (https://clinical-
trials.gov/ct2/show/NCT03162237) [271], and 
also for next for kidney and heart xenografts.

18.5  The Road Ahead: Persistent 
Challenges and Cautionary 
Notes

Despite the optimism that is rightfully driven by 
current experimental data and initial clinical tri-
als, one needs to be mindful of the remaining 
challenges, both technical and fundamental. For 
all its transformative potential, CRISPR/Cas9 
gene editing still has a number of limitations. For 
instance, one unanswered question pertains to the 
expression level and tissue distribution of trans-
genes. As an example, A20 expression in most of 
the transgenic pigs remains limited to a few 
organs. Accordingly, a kidney xenograft may not 
have sufficient or any expression.

Another cloud that still hangs over the suc-
cess of many xenografts is that of molecular 

incompatibilities between pigs and humans. 
This issue needs to remain part of the conversa-
tion as we strive to create  the ideal pig 
(Fig.  18.3). Molecular incompatibilities are 
defined as fundamental physiologic differences 
in the biologic architecture between two differ-
ent organisms. In the context of xenotransplan-
tation, these incompatibilities have been mostly 
assessed in the context of immune regulation 
(complement regulatory proteins, CD47), and of 
coagulation (thrombomodulin, TFPI, CD39). 
However, as the field progresses, new molecular 
incompatibilities, specifically as related to pro-
teins that are key for organ function, are likely 
to emerge. While porcine insulin is totally func-
tional and has for the longest time been used for 
the treatment of diabetic patients, the number of 
proteins manufactured in the liver to support 
homeostasis of the whole organism might not be 
as interchangeable. Additionally, they may not 
be as amenable to genetic manipulations with-
out hampering the viability of the donor pig. We 
remain optimistic that technological advances to 
enable controlled and cell-type specific expres-
sion or KO of some genes will likelyovercome 
some of these potential limitations.

Final cautionary notes that cannot be ignored 
pertain to persistent ethical concerns with using 
animals for therapeutic purposes. This concern 
is somewhat tempered by the widespread prac-
tice of mass production of genetically modified 
animals for food. The other elephant in the 
room is that of cost, which should be reviewed 
in light of the current health care costs of 
chronic illnesses, and associated loss of 
productivity.
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19.1  Preoperative Assessment

Extensive preoperative assessment of the patient 
will have taken place by the transplant team, a 
multidisciplinary team dedicated to investigation 
and optimization of patients preoperatively. This 
chapter focuses on the preoperative assessment 
by the anesthetist prior to theatre, and describes 
important aspects of the history, examination and 
investigations that influence anesthetic technique 
and drug choice.

As with all patients undergoing surgery the 
anesthetist assesses them before the procedure 
and collates the evidence to plan perioperative 
care. They may also have been part of the work-
 up team. Past medical history is noted system-
atically, including associated complications, 
and any changes in symptoms or physiological 
state, for example a reduced exercise tolerance, 
which will instigate further investigations pre-
operatively. Airway assessment is important in 
any preoperative visit, particularly investigating 

for any indications for a rapid sequence induc-
tion (RSI).

Predictable comorbidities, such as diabetes 
and cardiovascular disease, are well known and 
these are likely to have been well investigated 
and treated before the patient reaches the trans-
plant list. Each patient will also have predictable 
morbidity associated with their underlying patho-
logical process, and for this reason they are cared 
for by specialist transplant teams. Generally, they 
are high risk patients undergoing major surgery 
and careful planning cannot be underestimated. 
Examination of the patient will likely reveal 
stigmata of the underlying process and/or their 
comorbid state.

Allergies are documented, particularly any 
issues with antibiotics and immunosuppressants 
that may affect the perioperative care or need to 
veer from protocol.

19.2  Investigations

Extensive investigation is important in patients 
presenting for transplantation. As part of the 
referral process and decision making on the 
patient’s appropriateness for transplant they will 
have had laboratory blood work, imaging, and 
cardiovascular and respiratory function work up. 
Depending on their medical history the patient 
will have had further input from the appropriate 
specialty, for example endocrinology.

A. Milligan · N. Pace · N. Logan (*) 
NHS Greater Glasgow and Clyde, Queen Elizabeth 
University Hospital, Glasgow, Scotland, UK
e-mail: amanda.milligan1@nhs.net;  
Neil.Logan@ggc.scot.nhs.uk 

A. Nath 
NHS Greater Glasgow and Clyde, Golden Jubilee 
National Hospital, Clydebank, Scotland, UK
e-mail: a.nath@nhs.net

19

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-55244-2_19&domain=pdf
https://doi.org/10.1007/978-3-030-55244-2_19#DOI
mailto:amanda.milligan1@nhs.net
mailto:Neil.Logan@ggc.scot.nhs.uk
mailto:Neil.Logan@ggc.scot.nhs.uk
mailto:a.nath@nhs.net


306

Optimization of abnormalities, such as ane-
mia, can be made preoperatively, but many 
patients will still need more up-to-date laboratory 
investigations and an updated electrocardiogram 
(ECG) on the day of admission, particularly since 
many medications can interfere with the patient’s 
biochemistry.

Some patients will be critically unwell, such 
as those for liver transplant, and may require 
concomitant resuscitation and life-saving sur-
gery, and investigations such as arterial blood 
gases will provide further information and point 
of care coagulation testing perioperatively is also 
required. Optimization in the critical care area 
preoperatively may focus on fluid balance and 
inotropic and/or vasopressor support as a bridge 
to transplant.

19.3  Preparation of the Patient

Immunosuppressant drugs are sometimes started 
preoperatively. Liaison between teams is vital to 
ensure protocols are followed. The surgical brief 
provides an opportunity to discuss the immu-
nosuppression in addition to ensuring theatre 
team introductions, the discussion of anticipated 
surgical and anesthetic events, and to address 
concerns.

Premedication for anxiolysis may be given in 
certain circumstances, such as heart transplant 
patients, but are not routine for other organ trans-
plants. Premedication to treat gastroesophageal 
reflux/prophylaxis of aspiration of gastric con-
tents is given in at risk patients, and a decision 
communicated with the preoperative staff regard-
ing which of the patient’s usual medications are 
to be given and fasting time.

Preoperative checks include appropriate con-
sent for the procedure, ensuring adequate blood 
products are available or have been requested 
ahead of surgery, and organizing the appropriate 
postoperative destination, i.e. has a critical care 
bed been booked for postoperative care.

The anesthetic team should explain the anes-
thetic risk, postoperative expectation to the 
patient, including destination and analgesia 
options, and insertion of invasive lines.

19.4  Intraoperative 
Considerations

The considerations for each type of transplant 
surgery are discussed in detail in the relevant 
section.

General measures include:

 – Monitoring; routine monitoring is applied 
regardless of procedure, invasive monitoring 
should be considered if indicated, though may 
be routine in some transplants

 – Immunosuppression; already mentioned but is 
common to all transplants and careful plan-
ning is necessary

 – Prophylactic antibiotics; local protocols exist 
for these and with immunosuppression and 
underlying comorbidities, such as diabetes, 
these are vital

 – Venous-thromboembolism prophylaxis; the 
stress response to surgery should not be under-
estimated and the risk of thrombosis in the 
perioperative period is significant therefore 
this is part of the perioperative care plan

 – Temperature control and pressure area care; 
hypothermia has significant implications peri-
operatively and normothermia must be main-
tained, except for thoracic organ 
transplantation where hypothermia is targeted. 
Pressure areas are vulnerable is these patients 
and long procedures mean careful positioning 
is paramount

Many centres will have their own protocol 
for the perioperative care of transplant patients, 
and a common-sense approach is also required to 
maintain a balance between adequate anesthesia, 
analgesia, and cardiovascular stability.

19.5  Postoperative 
Considerations

Postoperative care is vital to ensure the viability 
of the newly transplanted graft. Continued opti-
mization of hemodynamic stability and oxygen 
delivery means the patient must be cared for in 
the appropriate environment. Most patients will 
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return to the critical care unit postoperatively, 
either for level 3 or level 2 care depending on 
organ support requirement. The exception in our 
institute is renal transplant recipients, who return 
to the renal ward postoperatively for ongoing care 
from the medical and surgical teams, unless there 
is a clear indication for critical care admission.

The anesthetic management of each organ 
transplant procedure is described in the follow-
ing sections.

19.6  Heart Transplantation

The anesthetic management of heart transplant 
patients before, during and after transplantation 
presents some specific problems for the anesthe-
tist which may influence early and late results.

19.7  Preoperative Management

As increasing the time taken to implant the donor 
heart affects 1-year mortality, the procedure is 
carried out as an emergency [1]. However, the 
transplant program usually ensures that patients 
are in the “best possible shape”. Similarly, the 
potential “full stomach” rarely occurs because 
the transplant coordinator should make sure that 
suitable candidates are getting prepared and fast-
ing. The importance of a coordinated approach 
and excellent communication between “donor 
team” and “recipient team” to ensure the optimal 
timing of the various procedures should not be 
underestimated.

The patient should be assessed preoperatively 
by the anesthetist and note made of any previ-
ous anesthetic, medical and surgical histories. 
If the patient is undergoing ‘re-do’ sternotomy, 
then surgery is more technically challenging, 
increased time must be allowed for the initial 
stages of surgery and there is potential for major 
hemorrhage accessing the mediastinum. Most 
patients are receiving diuretics and may have low 
potassium levels whilst other drugs may influ-
ence anesthesia; e.g. ACE inhibitors occasionally 
result in a low systemic vascular resistance dur-

ing cardiopulmonary bypass. In addition to their 
cardiac disease many patients have reversible 
impairment of their respiratory, renal and hepatic 
function and where time allows these should be 
addressed.

It is necessary to ensure that information from 
all relevant investigations is available. These 
include ECG, urea and electrolytes (U + Es), liver 
function tests (LFTs), full blood count (FBC), 
coagulation, chest X-ray and tests of cardiac func-
tion. Any abnormality should be corrected preop-
eratively. The patient should be cross-matched 
for 4  units of concentrated red cells and there 
should be fresh frozen plasma (FFP) and plate-
lets available, particularly for those with preexist-
ing abnormalities of coagulation, which will be 
compounded by cardiopulmonary bypass. Most 
of these patients would have been assessed regu-
larly by cardiologists and there should be recent 
angiograms and echocardiograms to estimate the 
residual cardiac function. Patients are usually on 
optimum medical therapy and although “sick” 
there is rarely if ever any reason for cancellation 
to improve the preoperative status.

Increasing numbers of patents are in-
patients in critical care areas and are receiving 
inotrope infusions pre-operatively to support 
cardiac function whilst awaiting a donor heart. 
Internationally, 43% of patients receiving heart 
transplantation receive Mechanical Circulatory 
Support (MCS) at the time of transplant. The 
most commonly used method is Left Ventricular 
Assist Device (LVAD) support, but other devices 
that may be in situ are Right sided VADs, 
Intra-Aortic Balloon Pumps, Extra-Corporeal 
Membrane Oxygenation (ECMO) and total 
artificial heart devices [2]. The aim of LVAD 
support as a bridge to transplant is to improve 
end organ function, nutritional status and phys-
ical fitness to improve survival post- transplant. 
These patients are usually anti- coagulated, and 
this should be reversed appropriately prior to 
surgery. Risks of MCS include clotting factor 
deficiency, acquired VWD, risk of infections 
from the device, heparin induced thrombocyto-
penia, and hemorrhage secondary to anticoagu-
lation [2].
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19.8  Intraoperative Management

The principles of anesthesia for other types of 
cardiac surgery apply and many different anes-
thetic agents and techniques have been used. The 
technique of choice varies according to individual 
transplant centers. There is no evidence that any 
one technique leads to a better outcome than any 
other. There is much preparation to be done prior 
to the arrival of the patient in the anesthetic room 
(Table  19.1), and transfer to theatre of patients 
with MCS and inotropic infusions is a challenge 
requiring careful co-ordination. In order to ensure 
a timely implantation of the donor heart, effective 
communication between the organ retrieval and 
transplant team is vital.

As mentioned earlier, most patients should 
have been fasted for 6 h and it can be argued that 
a rapid sequence induction is not appropriate in 
a patient group with such poor cardiovascular 
reserve. In addition to standard monitoring, inva-
sive arterial blood pressure monitoring should be 
inserted prior to induction of anesthesia. Large 
bore IV access should be achieved. Some anes-
thetists insist on a central line being inserted prior 
to induction, in order to facilitate a timely start 
to surgery after induction of anesthesia, however 
others feel this is an unnecessary stress on the 
patient. The patients are preoxygenated. Indeed, 
most will come down to theater with oxygen. 
Once all monitoring is established the patient is 
induced with high dose opiate (in the author’s 
institution remifentanil target-controlled infusion 
is used), an IV induction agent ± midazolam. 
A muscle relaxant is administered, and the tra-
chea is then intubated. Anesthesia is maintained 
according to local habits with propofol by infu-
sion or with inhalational agents such as sevoflu-
rane. Nitrous oxide is best avoided in view of its 
cardio-depressant activity and the risk of increas-
ing the size of any air embolus.

The central line and urinary catheter may then 
be placed if not already in situ. There is varia-
tion between centers in the site of placement of 
the central line, some centers insisting on the left 
internal jugular vein so that endocardial biopsies 
may be carried out via the right side. Other cen-
ters use the femoral vein for endocardial biop-
sies. A Swan-Ganz catheter if used would need 
to be pulled back during the procedure and then 
re- advanced across a suture line. Therefore, it is 
not universally used initially. All invasive proce-
dures require strict aseptic techniques in view of 
the patient’s impending immunocompromise.

Blood gases, U + Es, activated clotting time 
(ACT) and thromboelastography (TEG) are done 
as a baseline. The cardiopulmonary bypass pump 
is primed with 1.5 1 of crystalloid or colloid and 
this has a significant dilutional effect when the 
patient is on bypass. Most anesthetists aim for a 
hematocrit (HCT) of no less than 20% whilst on 
bypass. If less than this, concentrated red cells are 
added to the pump. If the preoperative HCT is less 
than 30%, the requirement for red cells is almost 

Table 19.1 Set up prior to arrival of patient in anesthetic 
room

Equipment:
Infusion pumps—at least 4
Pressure transducers—at least 3
CVP line
Arterial line
Nasopharyngeal and peripheral temperature probes
Urinary catheter
Pulmonary artery catheter (used in some centers)
Drugs:
Resuscitation Atropine

Calcium chloride
Metaraminol
Epinephrine (adrenaline)

lnotropes Dobutamine
Norepinephrine (noradrenaline)
Epinephrine (adrenaline)
Milrinone (if increased pulmonary 
artery pressure and possible right 
ventricular failure)
Vasopressin

Anesthetic Remifentanil
Midazolam
Rocuronium
Propofol infusion

Others Methylprednisolone (500 mg at 
induction, then before removal of 
Aortic Cross Clamp)
Tranexamic acid
Heparin
Protamine
Antibiotics according to local 
protocol
Immunosuppressive agents 
according to local protocol
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certain. Tranexamic acid is infused according to 
local protocols to stabilize clot formation and 
reduce bleeding [3]. A transesophageal echocar-
diography probe is inserted, and a comprehensive 
examination is performed to assist fluid, inotrope 
and vasoconstrictor therapy, both in the native 
heart and the allograft post-implantation.

Once the heart and bypass cannulas insertion 
sites have been prepared, intravenous heparin is 
administered, and the patient put on cardiopul-
monary bypass. When the pump is at full flow, 
the ventilation from the anesthetic machine may 
be terminated, however there is some evidence 
that continuing positive pressure ventilation at 
low minute ventilation reduces perioperative 
inflammatory mediator release and improves 
oxygenation after weaning CPB [4]. It is cus-
tomary in UK practice to cool the patient dur-
ing bypass to around 28–32  °C.  A mean blood 
pressure of 40–80 mmHg is aimed for, although 
these figures are entirely arbitrary, and the blood 
pressure may be manipulated by altering the rate 
of the anesthetic agent, by use of an inotropic or 
pressor agent or, rarely, a vasodilator. The perfu-
sionist usually repeats blood gases and ACT half- 
hourly while on bypass. Before the removal of 
the aortic cross clamp in the donor heart it is nec-
essary to re-administer the dose of methylpred-
nisolone. Some centers administer magnesium 
slowly during bypass to decrease postoperative 
atrial arrhythmias.

With the anastomoses complete and the patient 
rewarmed, cardiopulmonary bypass is terminated 
by first reventilating the patient and then decreas-
ing the flow from the bypass pump while watch-
ing the patient’s response. Due to the ischemic 
period from explantation to implantation it is 
usually necessary to administer inotropes at this 
point. It is customary to start them or increase 
them prior to the end of bypass, and they are likely 
to continue for several days post- operatively. 
The choice of agent is centre dependent, with no 
evidence of one regime’s superiority [5]; in our 
institution the first-choice agents are dobutamine 
and norepinephrine. The new heart is denervated, 
and as such has an intrinsic rate of 100–120 beats 
per minute and responds to circulating catechol-
amines rather than direct autonomic stimulation. 

It is normally only able to increase its output by 
increasing its stroke volume. Conduction abnor-
malities including complete heart block are com-
mon and epicardial pacing wires are routinely 
placed in our institution, with some patients 
going on to require permanent pace makers later.

Once the surgeon is satisfied with the integrity 
of the anastomoses and the patient’s cardiovascu-
lar stability, systemic anticoagulation is reversed 
with protamine. Owing to the long period of CPB 
and inflammatory response to surgery, coagulop-
athy is common. Coagulation studies, TEG and 
ACT should be checked, and blood and blood 
products administered accordingly upon admin-
istration of protamine. Once surgery is complete 
the patient is admitted to the intensive therapy 
unit (ITU) postoperatively.

19.9  Postoperative Management

Care of this patient group is complex. The patient 
is intubated and ventilated, has multiple inva-
sive monitoring lines and inotropic infusions, 
and has potential for multiorgan dysfunction. 
Due to the large doses of immunosuppressant 
medication administered, the patient is nursed 
in isolation.

Bloods and blood gases are checked regularly, 
with any abnormality corrected. Mediastinal and 
intercostal drain outputs are monitored as the 
patient has potential for hemorrhage, coagulopa-
thy and cardiac tamponade. If the risk of bleeding 
is deemed high, then the chest may be left open to 
prevent tamponade and closed once the patient is 
more stable [6]. Echocardiography is performed 
regularly to monitor ventricular function, guide 
therapy and to identify signs of primary graft fail-
ure. Endocardial biopsy is the most sensitive and 
specific index of graft rejection and is performed 
every 5–7 days for the first 4–6 weeks.

Primary graft failure is defined as allograft dys-
function that occurs within the first 24 h following 
transplantation not attributable to other causes. It 
is the leading cause of early mortality and has 
a 2–36% incidence in the early post-op period. 
Treatment is initially with  pharmacotherapy, and 
then can be escalated to MCS if necessary [6].
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Disturbances of cardiac rhythm are common 
in the early postoperative phase. Supraventricular 
dysrhythmias are the most common post- 
operative arrhythmia. These abnormalities 
respond to treatment with standard antidysrhyth-
mic drugs and cardioversion if necessary, how-
ever may be a sign of primary graft failure, and 
thus should be investigated [6].

There is potential for acute kidney injury post- 
operatively, potentially making fluid manage-
ment problematic. Initially, in the face of oliguria, 
loop diuretics may be needed to prevent volume 
overloading of the right ventricle, but if this is 
unsuccessful then RRT should be instituted early 
to control fluid balance [7].

19.10  Right Ventricular Failure

The right ventricle’s (RV’s) thin walled structure 
makes it particularly at risk of failure from the 
ischemic time after harvest from the donor. In 
addition, the anterior position of the right coro-
nary ostia makes passage of air bubbles down 
the right coronary artery more likely, and the 
donor heart is naïve to the high pulmonary artery 
pressures of a chronic heart failure patient. The 
patient is invasively ventilated causing deleteri-
ous effects on pulmonary vascular resistance 
(PVR). The result is a particular vulnerability of 
the RV to failure post-transplant, and its manage-
ment is challenging.

Central venous pressure (CVP) can be used 
to guide RV filling pressure, and TOE can 
help to assess RV size and function. Flattened 
appearances of the interventricular septum, 
increased chamber size and increased tricuspid 
regurgitation are signs of a volume or pressure 
overloaded RV.

Initial management includes correcting 
hypoxia, hypercarbia and acidosis with the aim 
of lowering PVR and RV afterload. Volume 
overload can be treated with diuretics and renal 
replacement therapy if needed. Alongside other 
more commonly used inotropes to increase con-
tractility, milrinone can be used for its lower-
ing effect on PVR.  Nitric oxide can be added 
to inhaled gases, acting locally as a pulmonary 

vasodilator with minimal systemic absorption, 
it also lowers PVR.  If these measures fail, then 
VAD therapy can be considered [3].

19.11  Lung Transplantation

Lung transplantation is, in fact, a group of 
operative procedures comprising single-lung 
transplant, bilateral sequential lung trans-
plant, lobar transplant and en-block heart-lung 
transplantation.

COPD, interstitial lung disease, and bronchi-
ectasis (including cystic fibrosis) are the com-
monest reason for lung transplantation worldwide 
(36.5%, 29.7% and 18.5% respectively), with 
pulmonary hypertension and other less common 
diseases making up a minority of cases. Bilateral 
sequential lung transplants make up the major-
ity of transplants. The vast majority (85%) of 
single lung transplants are performed in patients 
with COPD or ILD, compared to a greater spread 
across varying pathologies for bilateral sequen-
tial transplants [7].

19.12  Preoperative Management

The patient should be seen preoperatively by the 
anesthetist and particular attention should be paid 
to past medical, surgical and anesthetic histories. 
These patients are often oxygen dependent and 
are unable to tolerate any exertion. It is neces-
sary to assess their cardiovascular and respiratory 
systems in some detail with regard to function 
of the right and left ventricles, the presence or 
indeed absence of pulmonary hypertension, their 
exercise tolerance, the degree of impairment they 
currently suffer, and the possible presence of any 
other system involvement.

The majority of these patients would have 
undergone a battery of tests. Pulmonary function 
tests, exercise tolerance tests, full blood count, 
urea and electrolytes will have been performed 
prior to listing. Imaging investigations under-
taken may include CT of chest which also allows 
identification of coronary artery calcification, 
coronary angiography, transthoracic echocar-
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diography to assess ventricular function and esti-
mation of pulmonary artery pressures, and lung 
perfusion scanning to assess suitability and site 
for single lung transplantation. Microbiology can 
be useful in identifying colonization with drug 
resistant bacteria [8]. It should always be remem-
bered that the clinical situation may have deterio-
rated since those assessments.

Caution is advised with premedication in 
patients with COPD, as one should aim to avoid 
respiratory compromise, but it may, in fact, be 
beneficial in patients with pulmonary hyperten-
sion. Some centers would advise the use of agents 
which decrease airway secretions. Virtually all 
patients should come down to theater with sup-
plemental oxygen.

19.13  Intraoperative Management

There is much preparation involved prior to the 
patient’s arrival in theater (Table 19.2).

The patient is identified in the anesthetic room 
and routine monitoring (ECG, pulse oximetry) 
established. An arterial line is placed under local 

anesthesia for sampling purposes and for direct 
measurement of blood pressure. Opinion varies 
as to whether the Swan-Ganz catheter should be 
inserted prior to induction. However, it is cer-
tainly recommended in view of the severe cardio-
vascular instability which may be associated with 
one lung ventilation. It will normally float to the 
side with preferential perfusion, but its position 
should be checked intraoperatively and prior to 
stapling of the pulmonary artery—if necessary it 
can be pulled back and refloated. If a Swan-Ganz 
catheter is not used a CVP line should be inserted 
to aid decisions on fluid replacement. An epidural 
catheter is frequently inserted prior to induction.

Particular attention should be paid to the possi-
bility of reactive airways and hemodynamic insta-
bility at induction of anesthesia due to the effect 
of anesthetic agents on coronary perfusion pres-
sure and myocardial contractility. Either a right- 
or left-sided double lumen tube may be employed 
but a left-sided tube is preferable since it avoids 
the risk of non-ventilation of the right upper lobe 
and is usually easier to place. The position of the 
tube should be checked by fiberoptic scope at this 
point and again later once the patient has been 
positioned on the operating table. In cystic fibro-
sis patients it may be beneficial to insert a single 
lumen tube initially to enable flexible bronchos-
copy and removal of tenacious secretions to air 
ventilation intra- operatively and reduce bacterial 
contamination of the new lungs. This can then be 
changed to a double lumen tube prior to the start 
of surgery [9, 10]. Where necessary in bilateral 
sequential lung transplant, the endobronchial 
lumen of the tube may be retracted at the time 
of bronchial transection of the second lung while 
ventilation is continued to the first transplanted 
lung. A nasogastric tube is usually placed prior to 
the start of surgery.

It is not uncommon to encounter hypotension 
following induction due to several factors, includ-
ing tamponade secondary to overdistension of the 
lungs and impaired venous return with positive 
pressure ventilation, decreased right ventricu-
lar output due to increased pulmonary vascular 
resistance, withdrawal of the preexisting circulat-
ing catecholamines associated with anxiety, and 
the effects of the anesthetic agents. The treatment 

Table 19.2 Preparation for lung transplantation

Equipment Double lumen tube
Transducers—at least 3
Infusion pumps—at least 2
CVP line + Swan-Ganz catheter
20-gauge arterial line
Urinary catheter
Core temperature probe
Transesophageal echo

Drugs:
Anesthetic Propofol

Rocuronium
Fentanyl/alfentanil/remifentanil
Midazolam

Resuscitation Ephedrine
Metaraminol
Epinephrine (adrenaline)

lnotropes Dobutamine
Norepinephrine (noradrenaline)
Epinephrine (adrenaline)
Milrinone
Nitric Oxide

Miscellaneous Antibiotics
Immunosuppressive agents according 
to local protocol
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of this hypotension should address its cause and 
usually includes optimization of volume status, 
inotropes and minimizing intrathoracic pressure.

Intra-operative transesophageal echocardiog-
raphy is of use for several reasons. It allows 
assessment of ventricular and valvular function, 
identification of cardiac defects that require sur-
gery (e.g. atrial septal defect), patency of vascular 
anastomoses, identification of the presence of air 
bubbles, and assessment of volume status [11].

Maintenance of anesthesia is with oxygen in 
air if tolerated and either inhalational anesthe-
sia or a propofol infusion. Theoretically volatile 
agents affect hypoxic pulmonary vasoconstric-
tion and may affect ventilation perfusion match-
ing, however long-term outcome has not been 
proved superior with either method and tech-
nique varies from centre to centre [11, 12].

19.14  Intraoperative Problems

Several problems may be predicted 
intraoperatively.

Following the start of one lung ventilation 
(OLV) several problems arise due to the signifi-
cant effects it has on airway pressure, oxygen-
ation and hemodynamic stability. Patients with 
restrictive disease may require a smaller tidal vol-
ume and increased rate while those with obstruc-
tive disease may require an increased expiratory 
phase to decrease air-trapping. It is not unusual to 
have to manipulate the ventilator settings to try to 
maintain the patient’s oxygenation with reason-
able airway pressures. On occasion it may be nec-
essary to institute some form of differential lung 
ventilation (continuous positive airway pressure 
or oxygen insufflation to the non- ventilated lung) 
to minimize intrapulmonary shunting.

Some patients develop cardiac or respiratory 
instability during the procedure. This may be due 
to inadequate oxygenation, especially during one 
lung ventilation, or right ventricular failure after 
clamping of the pulmonary artery. However, it 
may also be due to hyperinflation of the lungs and 
air trapping in COPD patients, this in turn lead-
ing to decreased venous return, decreased cardiac 
output and systemic hypotension. In patients with 

COPD it may be necessary to allow the carbon 
dioxide levels to rise (permissive hypercapnia) 
[12]. Respiratory acidosis may then become a 
problem, however.

Right ventricular failure and associated hypo-
tension may become a major problem after the 
pulmonary artery has been clamped and those 
with restrictive diseases may require pulmo-
nary vasodilators to reduce pulmonary vascular 
resistance, an infusion of prostaglandin El has 
the disadvantage that it also produces systemic 
vasodilation and arterial hypotension and may 
worsen oxygenation by increasing intrapulmo-
nary shunting. It may therefore be necessary to 
use pressor agents to maintain systemic blood 
pressure. Another option is addition of nitric 
oxide to inhalational gases. It causes vasodila-
tion of the pulmonary vasculature alone and has 
no effect on systemic pressure. Despite a lack of 
evidence on long-term mortality, in some insti-
tutions it is considered the drug of choice for 
the management of pulmonary hypertension. If 
medical management of cardiovascular insta-
bility fails, then mechanical circulatory support 
(MCS) may be instituted.

Traditionally, heparinization and institution 
of cardiopulmonary bypass (CPB) has been 
used for MCS during lung transplantation. Due 
to high anticoagulation dose and inflammatory 
response this has been associated with increased 
blood product administration, increased dura-
tion of ventilation and increased duration of 
ICU stay when compared to no mechanical sup-
port. Increasingly, Extra-corporeal Membrane 
Oxygenation (ECMO) is being used as a method 
of MCS in these cases. Advantages of its use are 
a reduction of pulmonary artery pressure aiding 
right ventricular function, improved gas exchange 
during one lung ventilation, and the facilitation 
of gentle reperfusion of the newly implanted 
lung. There is also evidence of reduced rates of 
primary graft dysfunction and reduced bleeding 
post-operatively when compared to CPB [12, 13].

After implantation, the pulmonary artery is 
slowly unclamped over 10 min, and the lung is 
recruited and ventilated. There is potential at 
this stage for cardiovascular instability as cold 
acidotic products of metabolism, and air emboli 
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are washed into the coronary circulation. TOE 
is useful at this stage for identification of prob-
lems listed previously. A positive end-expiratory 
pressure of approximately 5–10  cm of water 
is added to allow adequate oxygenation while 
keeping the inspired oxygen concentration low. 
It should also help to minimize alveolar transu-
date. Occasionally the transplanted lung may 
exhibit a “pulmonary reimplantation response” 
which manifests as a low pressure pulmonary 
edema, poor oxygenation and poor lung compli-
ance. This is now thought to be due to ischemia- 
reperfusion injury but may also be related to 
denervation and loss of lymphatic drainage of the 
transplanted lung. It is occasionally accompanied 
by pulmonary hypertension and the treatment for 
this has already been outlined.

19.15  Postoperative Management

Patients are admitted to a single room in the 
ITU postoperatively. It is customary to change 
the double lumen endobronchial tube to a sin-
gle lumen tube at the end of the procedure. 
Immunosuppressive therapy is continued as per 
local protocol.

There are several areas of importance in the 
management of these patients.

19.16  Ventilation

Primary graft dysfunction (PGD) is the common-
est cause of post-operative mortality and occurs 
in 10–57% of patients [10]. Its presentation is 
analogous to ARDS, and the principles of man-
agement are similar.

The aim in all patients is to achieve adequate 
oxygenation with the lowest inspired oxygen 
concentration possible and to minimize peak 
airway pressures, both intra and post-opera-
tively, as this has been shown to reduce rates 
of PGD.  Tidal volumes should be set to 7  ml/
kg ideal body weight of the donor if known to 
avoid over distention and volutrauma, and peak 
inspiratory pressure should be minimized to less 
than 30 cmH20 to minimize barotrauma to the 

newly implanted lungs. MCS is associated with 
greater incidence of PGD, so bronchoscopic toi-
let may be beneficial in optimizing ventilation in 
order to avoid this intervention. The International 
Society of Heart and Lung Transplant (ISHLT) 
also recommend cautious use of IV fluids in these 
patients to optimize gas exchange [8].

The postoperative ventilatory management 
is impacted upon by the specific procedure per-
formed and the underlying condition. In patients 
undergoing single-lung transplant for COPD the 
more compliant native lung will be ventilated 
preferentially. Long expiratory time to account 
for obstructive air flow and a lower respiratory 
rate would be beneficial in this patient group. In 
patients who have undergone a single-lung trans-
plant for restrictive lung disease, the majority of 
ventilation occurs in the more compliant newly 
implanted lung, risking over inflation and venti-
lator induced lung injury (VILI), and tidal vol-
umes may need to be reduced. Independent lung 
ventilation using a double lumen endobronchial 
tube may be employed in these instances, how-
ever this requires larger levels of sedations and 
ECMO or extra-corporeal CO2 removal strategies 
may be of benefit [10].

In patients receiving bilateral sequential lung 
transplantation, the same lung protective venti-
lation strategies are employed as above. If the 
allograft is undersized compared to the recipi-
ent, then using recipient IBW for TV setting 
may cause overdistention of the new lungs and 
so donor size should influence TV choice. If gas 
exchange is so poor that lung protective venti-
lation does not meet requirements, then ECMO 
can be employed to allow satisfactory ventila-
tor settings. Singe cannula VV ECMO tech-
niques allow reduced sedation rates and may be 
beneficial.

19.17  Hemodynamic Instability

It is essential that preload and afterload are 
Optimized in these patients. There is debate 
regarding how much crystalloid can safely be 
given to these patients without effect on the graft 
and it is not unusual to administer diuretics to 
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these patients rather than try to give them a fluid 
load to aid urine output.

Hemorrhage postoperatively is not uncom-
mon, more so in those patients who have required 
MCS for the procedure. MCS is associated with 
increased blood transfusion requirements (both 
concentrated red cells and blood products). 
Pulmonary hypertension and PGD can influ-
ence postoperative recovery and the management 
of pulmonary hypertension has been discussed. 
It is prudent to mention that prolonged treat-
ment with nitric oxide may lead to transient 
methemoglobinemia.

19.18  Analgesia

Thoracotomy pain is said to be one of the most 
severe types of pain and this in turn can lead to 
severe respiratory impairment in this group of 
patients. The provision of postoperative analge-
sia is complicated by pulmonary denervation, the 
size of surgical incision and any residual impair-
ment of pulmonary function. Analgesia can be 
provided by two routes—epidural analgesia and 
intravenous opiates—either by bolus, infusion or 
once the patient wakes up, by Patient Controlled 
Analgesia. Epidural analgesia where possible 
should be considered the standard form of anal-
gesia for these patients. A thoracic epidural cath-
eter may be sited with the patient awake prior to 
the start of the procedure assuming there are no 
contraindications (such as patient refusal, coagu-
lopathy, heparin treatment, sepsis) and may be 
used both intraoperatively and postoperatively. 
Each institution usually has its own cocktail of 
drugs for infusion, but a common regimen is 
0.1% L-bupivacaine plus 10 μg of fentanyl per 
ml infused at between 3 and 8  ml/h. Epidural 
analgesia decreases the time to extubation and 
reduces ITU length of stay, resulting in excellent 
postoperative analgesia when compared to intra-
venous opioids [14]. In those patients requir-
ing CPB and therefore the use of intraoperative 
heparin for systemic anticoagulation, epidurals 
are best avoided in view of the risk of epidural 
hematoma, although some institutions would 
dispute this.

19.19  Liver Transplantation

Liver transplantation is the sole definitive treat-
ment for end-stage liver disease [15]. Liver failure 
may be acute or chronic, with end-stage liver dis-
ease (ESLD) related to chronic liver disease the 
most common indication(s) for liver transplant 
[16]. The anesthetic considerations in managing 
such patients is complex and requires meticulous 
planning, with some nuances in the management 
between chronic and acute liver failure transplant 
patients.

Pre-operative assessment in chronic liver 
disease patients is extensive and involves a 
multi- disciplinary team approach (for example, 
hepatologist, transplant surgeon and anesthetist, 
intensive care physician, transplant coordinator, 
and other health care professionals, such as psy-
chologist or dietician) before being placed on the 
transplant list [16]. Acute or fulminant hepatic 
failure patients require a more truncated, but thor-
ough, work-up prior to potential transplantation.

There are many systemic changes associated 
with liver disease that make the management 
of patients with ESLD challenging peri-oper-
atively. Every opportunity should be taken to 
optimize hematological, biochemical, and physi-
ological parameters where able, and medical 
co- morbidities such as ischemic heart disease or 
associated cardiomyopathy. Cardiopulmonary 
events are the leading cause of non-graft related 
deaths in liver transplant [16] therefore detailed 
evaluation of function and physiological reserve 
of these systems is crucial.

Preoperative assessment includes the investi-
gation and treatment/optimization of:

• Jaundice, hyponatremia, ascites, and pleural 
effusions

• Diabetes
• Cardiac failure and systemic vasodilation with 

hypotension
• Renal impairment
• Porto-pulmonary and hepatopulmonary 

syndromes
• Varices
• Coagulopathy
• Nutritional state and muscle mass
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Routine investigations (Table 19.3) will vary 
depending on the nature of transplant, i.e. waiting 
list transplants or acute transplants in fulminant 
hepatic failure, and clinical picture of the patient.

Drug handling is altered in liver disease, 
including drugs of anesthesia and analgesia. The 
metabolism of drugs used during anesthesia may 
be altered due to:

• decreased serum albumin and abnormal pro-
tein binding

• altered volume of distribution
• decreased hepatic blood flow and extraction 

ratio
• decreased number of functioning hepatocytes
• altered hepatic biotransformation
• decreased hepatic clearance
• altered pharmacodynamics

The management of general anesthesia is dis-
cussed further below.

19.20  Preoperative Management

By nature of end stage liver disease (ESLD) the 
patient may be critically ill preoperatively, and 
perhaps encephalopathic. Consent should be 
sought prior to any cognitive impairment, but 

there may be a necessity to use appropriate con-
sent forms for patients who are incapacitated.

The case anesthetist will assess the patient pre-
operatively paying attention to comorbidities and 
up to date investigations. A full anesthetic his-
tory is also taken. If there are abnormalities fur-
ther intervention is guided by these findings, for 
example uncorrected coagulopathy. In the event 
of fulminant hepatic failure, intracranial pres-
sure monitoring may be used peri- operatively; 
this is routine in our local liver unit for such 
patients, occasionally jugular bulb oxygen satu-
ration monitoring is used. Critically ill patients 
may require renal replacement therapy preopera-
tively and decisions should be made regarding its 
potential continuation intraoperatively.

Premedication for anxiolysis is not routine 
but may be considered, for example temazepam 
orally 1–2 h preoperatively. Gastric acid reduc-
tion/prophylaxis of gastric acid aspiration is 
given: our local unit uses ranitidine orally, if the 
patient isn’t already on a proton pump inhibitor, 
the night before and morning of surgery.

19.20.1  Blood Products

Blood loss is very variable and cell salvage is 
used intraoperatively, with the severity of pre- 

Table 19.3 Investigation protocol examples [17]

Investigations in patients readmitted for elective liver 
transplant

Patients with fulminant hepatic failure for emergency 
liver transplant

FBC
PT
APTT
Fibrinogen

Na
K
Urea
Creatinine
Glucose
LFTs
GGT

FBC
PT
APTT
Fibrinogen

Na
K
Urea
Creatinine
Glucose
Lactate
LFTs
GGT

ABG:
H+
PaCO2

PaO2

HCO3
−

BE
FiO2

PA catheter data:
CVP
RAP
RVP
PAP
PAOP
CO
SvO2

PvO2

CXR (if new clinical signs or none in the  
last 3 months)
ECG

CXR
ECG

Height
Weight
ABO group
CMV status

Additional tests depending on individual patient: Neurological monitoring:
Max ICP preoperatively
Jugular bulb:
Higher O2 sats/lowest O2 sats
Higher lactate/lowest lactate
Intercurrent disease
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transplant liver disease, as calculated using 
the model for end-stage liver disease (MELD), 
strongly predictive of the need for peri-operative 
transfusion support [16]. The number of cross- 
matched packed red blood cell (PRBC) units 
requested pre-operatively has decreased with 
newer surgical techniques, the use of cell salvage, 
and maintenance of a low central venous pressure 
intraoperatively. Complex cases or re-transplants 
are likely to require more consideration regarding 
cross-match requirements. Preoperative PRBC 
cross-match is likely to be between 5–10  units 
with the use of other blood products guided by 
preoperative coagulation tests, including point of 
care (POC) coagulation testing, which is repeated 
perioperatively.

Treatment of coagulopathy is likely to include 
transfusions of fresh frozen plasma (FFP), plate-
lets, and perhaps cryoprecipitate. There is no 
consensus on the optimum regime or threshold 
for treatment, and practice is variable across the 
continent(s), for example coagulation factor con-
centrates are used widely in mainland Europe 
but the United Kingdom generally uses FFP. Our 
local transplant unit advocates considering pre- 
thawing of 4 units of FFP to treat intraoperative 
coagulopathy.

19.21  Intraoperative Management

19.21.1  Pre-induction Preparation

In addition to pre-operative patient assessment 
and blood product preparation, further planning 
of the intra-operative management is required 
before induction of anesthesia.

19.21.1.1  Monitoring and Equipment
Waiting list patients may be hemodynamically 
stable, and therefore the use of routine monitor-
ing requirements should be used before induc-
tion of anesthesia. Additional monitors include 
peripheral nerve monitoring when neuromuscu-
lar blocking drugs are used, and temperature in 
procedures longer than 30 min.

Invasive arterial blood pressure monitoring 
may be used pre-induction in unstable or criti-
cally unwell patients, the arterial line sited after 
local anesthetic infiltration. All other access lines 
will be inserted post induction.

The appropriate number of infusion pumps, 
a rapid infuser for intravenous fluids and blood 
products, and cell salvage equipment should be 
available for all cases. Transesophageal echocar-
diography (TEE) is used in some centres [15] but 
may be complicated in those with known esopha-
geal varices.

19.21.1.2  Lines
All large blood vessel access lines are performed 
aseptically with full surgical scrub by the anes-
thetist and using real-time ultrasound guided 
insertion. Below are the lines used in our local 
transplant unit

• Right internal jugular vein: quad lumen cen-
tral venous catheter (CVC); 7.5Fr pulmonary 
artery catheter (PAC); large bore venous 
access such as the Arrow MAC 2 lumen CVC.

• Left radial artery: 3Fr arterial line for blood 
sampling

• Right femoral artery: 4Fr arterial line for unin-
terrupted invasive blood pressure monitoring.

• Percutaneous access to the left internal jugular 
vein in the (rare) instances where veno-venous 
bypass is required, for venous return from the 
pump. The surgical ‘piggy-back’ technique 
+/− portal vein-inferior vena cava (IVC) shunt 
creation means this is usually not required.

19.21.1.3  Drugs
Infusions of vasopressor and inotropic drugs may 
be made in advance, but the aim of low central 
venous pressure to minimize surgical blood loss 
means this may not be routine in every centre. 
Emergency drugs, such as epinephrine 1:10,000 
and 1:100,000 concentrations, are drawn up pre-
operatively in 10 ml syringes. Other usual emer-
gency drugs include atropine, glycopyrrolate, 
and metaraminol.

Drugs for anesthesia are discussed below.
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19.21.2  Induction of Anesthesia

Induction of anesthesia is via large bore periph-
eral venous cannula (PVC). In time-critical trans-
plants the patient may not be adequately fasted, 
necessitating a rapid sequence induction (RSI) of 
anesthesia. This means the patient is preoxygen-
ated to denitrogenate the lungs and create an oxy-
gen reserve for consumption during apneic phase 
between induction and tracheal intubation, and 
cricoid pressure is used in the UK. Those who are 
fasted but with risk factors for regurgitation and 
aspiration of gastric contents, for example those 
with ascites and increased intra-abdominal pres-
sure, will also need a RSI.

Propofol is widely used. It undergoes extra- 
hepatic metabolism and can be used in those with 
ESLD. Due to the altered cardiovascular response 
to stress in those with liver cirrhosis [18] the 
hypotensive response may be exaggerated.

Muscle relaxant options include suxametho-
nium and rocuronium, in RSI, and atracurium. 
Atracurium does not depend on liver metabo-
lism and is used as a continuous infusion intra- 
operatively in our local unit. There are some 
reports that suggest using rocuronium during 
liver transplant appears to be a predictor of pri-
mary allograft function; in all patients whose 
neuromuscular recovery time was >150  min 
experiencing primary graft dysfunction [19].

The action of many opioids is prolonged in 
severe liver disease; however, fentanyl metabo-
lism is largely unaffected [15]. Remifentanil 
undergoes ester hydrolysis in tissue and plasma 
and its duration of action is unaffected by liver 
disease. Alfentanil has less cardiovascular side 
effects than fentanyl or remifentanil, but the dose 
should be reduced [20, 21].

The endotracheal tube should have a large vol-
ume low pressure cuff to avoid mucosal damage 
during the lengthy procedure.

19.21.3  Maintenance of Anesthesia

Volatile agents are predominantly used in the 
maintenance of anesthesia; isoflurane is the vapor 
of choice, with oxygen-air mix carrier gas, up to 

a minimum alveolar concentration (MAC) of 1.0, 
because it maintains splanchnic blood flow better 
than other volatiles [15] and may improve blood 
supply to the transplanted graft. Lower MAC 
may be used in encephalopathic patients and 
guided by intracranial pressure monitoring.

Our local unit also uses a continuous infu-
sion of alfentanil, with or without midazolam, 
after induction. Other centres may have different 
protocols.

Ventilation parameters aim to optimize oxy-
genation and control end tidal carbon dioxide 
concentrations to a partial pressure of 4–4.5 kPa 
for neuroprotection.

The patient is carefully positioned, and assess-
ment of pressure areas is essential to maintain 
skin integrity, which is at significant risk in the 
critically unwell.

A nasogastric tube is inserted in theatre.

19.21.4  Intra-operative Monitoring, 
Care, and Management 
of Complications

The table below summarizes the phases of liver 
transplant surgery (Table  19.4), and the anes-
thetic implications:

19.21.4.1  Cardiovascular System 
and Fluids

Continuous 5 lead ECG monitoring, including 
ST segment analysis [17], is used throughout as 
well as routine monitoring. Additionally, contin-
uous display of invasive blood pressure, pulmo-
nary artery pressure and mixed venous oxygen 
saturation is adopted by our local unit. Less inva-
sive cardiac output monitors may have replaced 
PACs in some centres, except where there is a 
significant concern of pulmonary hypertension, 
however patients with severe porto-pulmonary 
hypertension at preoperative assessment are 
unlikely to be transplant candidates [16].

As mentioned above, TEE is increasingly 
used. This allows ventricular size, function, 
and filling to be assessed, or detect any throm-
bus or air embolus in the event of hemodynamic 
instability.
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Hemodynamic instability may be caused by:

 – Hemorrhage
 – Cross clamping
 – Reperfusion
 – Co-existing cardiovascular disease

There is a significant decrease in venous 
return during cross clamping with sequestration 
of fluid to the lower limbs and gut, effectively 
reducing adequate circulating volume, however 
 overzealous administration of resuscitation fluid 
may cause volume overload and compromise 
graft function if engorged on reperfusion.

Hypotension in early reperfusion is common, 
and biochemical abnormalities should be sought 
and treated. Beyond this the management is small 
increments of vasoconstrictor or inotrope, such 
as epinephrine, with an infusion if required.

Due diligence in patients with concomitant 
cardiovascular disease is required and should 
be included in the differential diagnosis of 
hypotension.

The primed rapid transfusion device may be 
required.

19.21.4.2  Respiratory System
Continuous monitoring of airway pressure and 
inspired and expired gases is mandatory, with 
end tidal carbon dioxide targets as previously 
discussed.

Positive end expiratory pressure may be 
required if oxygenation is problematic, for 
example ascites causing diaphragmatic splinting. 
Positive pressure ventilation may contribute to 
hypotension secondary to increased intrathoracic 
pressure and reduced venous return.

Ventilation augmentation to increase min-
ute volume during reperfusion will improve the 
removal of the increased carbon dioxide produc-
tion secondary to liver metabolism and wash out 
of products of ischemia.

19.21.4.3  Renal/Biochemistry/
Metabolic/Hematology

There is no proven strategy for avoiding renal 
failure, other than optimizing fluid balance, 
maintaining adequate perfusion pressure, nor-
mothermia, and avoiding nephrotoxins [17, 22]. 
Preoperative jaundice also contributes to the risk 
of renal failure.

Table 19.4 Phases of liver transplant surgery

Phase Surgical component Anesthetic implications
Pre- 
anhepatic

Inverse T or extended subcostal 
incision.
Dissection and mobilization of liver 
and surrounding structures.
Identification of the porta hepatis.
Division of hepatic artery and bile 
duct.

Hemorrhage: dissection, varices, adhesions, pre- existing 
coagulopathy.
CVS instability: ascitic drainage and hypovolemia, low SVR, 
maldistribution of blood to splanchnic circulation
Over treatment with fluids and/or blood products may cause 
splanchnic congestion and exacerbate bleeding.

Anhepatic Cross clamp of supra- and infra- 
hepatic vena cava.
Portal and hepatic veins divided.
Explantation of native liver.
New liver transplanted, and caval 
and portal anastomosis.
Potential need for veno-venous 
shunt (VVS).

No production of clotting factors, worsening coagulopathy, 
fibrinogen deficiency/fibrinolysis.
Absent citrate/lactate metabolism, with increasing levels of 
both.
Progressive hypocalcemia.
Metabolic acidosis.
Reduced cardiac output; potential VVS to maintain venous 
return and maintain renal perfusion, reduce splanchnic 
congestion, and delay metabolic acidosis.
Reduced gluconeogenesis.
Hemorrhage; surgical cause.

Neo- 
hepatic

Graft reperfusion and vessel 
reconstruction.
Assessment of graft function: bile 
production, decreasing lactate, 
normalizing calcium, improved 
cardiovascular stability.

Abrupt increase in potassium and hydrogen ion concentration; 
monitor of dysrhythmias and treat with calcium infusion 
+/−sodium bicarbonate.
Increased preload and cardiac output.
Progressive hypotension and decrease in SVR.
Post reperfusion syndrome.
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Veno-venous bypass may be used to optimize 
renal perfusion and reduce venous congestion 
depending on surgical technique. Patients on 
RRT preoperatively may need this continued 
intra-operatively.

Biochemical and hematological derangements 
are common, particularly acid-base balance, 
potassium, calcium, hemoglobin, clotting, and 
platelets, which are monitored regularly.

Our local unit measures arterial blood gases, 
Na+, K+, ionized Ca++, lactate, and glucose:

 – Preoperatively
 – Every 30 min after induction
 – Immediately after clamping the major veins
 – The end of the anhepatic phase
 – Release of the venous clamps
 – Release of the hepatic artery clamp
 – Hourly until closure
 – Additional samples as clinically indicated

Hypocalcemia is common due to chelation 
with unmetabolized citrate. Intravenous infusion 
is given to avoid hypotension, protect against 
hyperkalemia, and aid coagulation. Local proto-
cols should be followed.

Metabolic acidosis may be due to poor tissue 
perfusion, optimized as above. Worsening in the 
anhepatic phase is common, and immediately 
post reperfusion, with resolution by a working 
graft over the next few hours postoperatively. 
Worsening acidosis with hyperlactatemia post-
operatively may indicate poor graft function. 
Medical management is initiated, and the surgi-
cal team consulted.

Hyperkalemia is usually transient on reper-
fusion and doesn’t require treatment. A normal 
ionized calcium will protect the myocardium 
after cross clamp release. Routine medical man-
agement of clinically significant hyperkale-
mia is standard. Potassium replacement should 
be avoided in hypokalemia before the graft is 
functioning.

Monitoring blood glucose levels will direct 
appropriate management and patients may rarely 
require a glucose infusion.

Point of care (POC) coagulation testing, full 
blood count (FBC), and laboratory coagulation 

testing is performed preoperatively. Our unit 
repeat the hemoglobin and POC testing:

 – At the end of hepatectomy
 – Ten minutes post reperfusion
 – Sixty minutes post reperfusion
 – End of surgery
 – Additional testing if clinically indicated, such 

as excessive surgical bleeding

Laboratory coagulation tests are sent intra- 
operatively if significant blood loss.

Hypercoagulability should be avoided, and 
platelet transfusion avoided unless necessary to 
reduce the risk of hepatic artery thrombosis.

Close monitoring of blood loss will guide 
appropriate fluid strategies, and patient identifi-
cation information should be easily seen for cross 
checking blood products.

After reperfusion hyperfibrinolysis may occur 
and variable heparin-like substances are released 
from the newly perfused graft. This makes the 
coagulopathy complex and relies on clinical 
judgement and timely performed coagulation 
testing, as well as close cooperation with labo-
ratory staff. Antifibrinolytics, such as tranexamic 
acid, are not routinely used, but may play a role 
and calcium replacement is also required.

Major hemorrhage treatment:

 – Correct hypothermia, acidosis and 
hypocalcemia

 – Cell salvage operative field
 – Targets hemoglobin >70 g/L or > 80 g/L if the 

patient has ischemic heart disease
 – Other blood products where indicated by POC 

test algorithm

Our local unit uses ROTEM:

 – Target FIBTEM >8 mm
 – FFP used first line for fibrin deficiency
 – Cryoprecipitate is second line where: 6 units 

FFP infused and ROTEM suggests persistent 
fibrin deficiency; CVP >10  cm H2O and 
ROTEM suggests persistent fibrin deficiency; 
FIBTEM A10 < 5 mm

 – Factor concentrates are rarely used
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19.21.4.4  Neurology
Continuous ICP monitoring +/− jugular bulb 
oxygen saturation is used locally in patients with 
fulminant hepatic failure.

19.21.4.5  Temperature and Pressure 
Areas

Temperature maintenance is paramount, from 
the moment the patient arrives in the anesthetic 
room. Under mattress warmers should be insti-
gated in the anesthetic room before induction and 
continued intraoperatively. Hot air top blankets 
are also used away from the surgical field. Fluid 
warmers, heat and moisture exchangers in the 
anesthetic circuit and continuous temperature 
monitoring is used.

Temperature management may differ in fulmi-
nant hepatic failure and should be discussed at 
the surgical brief.

Arms are wrapped in Gamgee and positioned 
as per team preference in a neutral position to 
avoid peripheral nerve or nerve plexus injury.

Eyes are taped closed, monitoring leads 
checked, and final pressure point check made 
before draping the patient.

19.21.4.6  Infection Prophylaxis
Local protocols exist for antibiotic prophylaxis. 
These may need re-dosed during the procedure 
depending on duration.

19.21.4.7  Veno-Venous Bypass
New surgical techniques mean that VVB is less 
frequently used. The piggyback technique no lon-
ger requires this. When it is indicated, the bypass 
cannulas are sited to decompress the splanchnic 
circulation, passing through a centrifugal pump 
before being returned to the patient.

19.21.4.8  Miscellaneous
Air embolism is a complication usually associ-
ated with VVB. Management is early recognition 
and communication to the team/VVB technician, 
and supportive care.

Citrate toxicity results from high volume 
blood transfusion with excess circulating citrate 
not metabolized by the liver. It may lead to hypo-

calcemia with associated electrophysiological 
changes and hypotension. Calcium replacement 
is the treatment, until the functioning graft is 
metabolically active.

Post Reperfusion Syndrome (PRS) is an exag-
gerated hemodynamic compromise post graft 
perfusion. The mean arterial blood pressure, 
SVR, and heart rate fall, with increased pulmo-
nary artery pressure and CVP suggesting myo-
cardial depression and vasodilation secondary 
to biochemical disturbances and hypothermia. 
Adequate flushing of the liver and VVB may 
reduce the risk, and active management during 
the anhepatic phase influences the severity.

Graft non-function is always a possibil-
ity, up to 5% of cases [22]. Persistent acidosis, 
hypoglycemia, worsening coagulopathy and 
thrombocytopenia, hypotension, renal failure 
and encephalopathy point to primary graft non- 
function, a post-transplant emergency. General 
Considerations can be found in Table below 
(Table 19.5).

19.22  Postoperative Management

Patients are transferred to the intensive care unit 
(ICU) postoperatively, with routine and invasive 
blood pressure monitoring. Postoperative care 
will follow local protocol and be guided by clini-
cal need. Early extubation is often achievable 
once all metabolic disturbances have normalized 
and may improve graft flow due to negative intra-
thoracic pressure in spontaneous ventilation.

Maintenance postoperative fluids should be 
via the naso-jejunal tube if able with continuous 
assessment of coagulopathy and fluid balance, 
avoiding high CVP to reduce hepatic congestion. 
An appropriate fluid regime is 1–2  ml/kg/h of 
crystalloid, and albumin or blood products used 
if indicated.

Postoperative pain relief is usually patient 
controlled analgesia since regional techniques 
are contraindicated in coagulopathy.

Immunosuppression is continued, and the 
patient is monitored closely to identify any com-
plications early.
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19.23  Renal Transplantation

Renal transplants are the treatment of choice for 
end stage renal failure (ESRF) [23]. The pro-
cedure is carried out in many centres and are 
predominantly cadaveric renal transplants. The 
authors will focus on cadaveric renal transplant, 
as organ procurement is beyond the scope of this 
chapter.

Patients receiving renal transplants show an 
almost immediate improvement in quality of life, 
morbidity, and mortality compared with dialysis 
[24]. It provides cheaper care for renal failure 
than ongoing dialysis but is a complex surgical 

procedure and the outcomes can be attributable to 
intraoperative physiological status, thus the anes-
thetic team contribute significantly to improved 
clinical outcomes.

The main cause of renal failure in the United 
Kingdom is diabetes mellitus. Many effects of 
renal failure impact on anesthetic care, in addi-
tion to the impact of the underlying cause.

These patients are high risk, particularly dia-
betic patients with ESRF [25]. Hypertension 
is very common, whether cause or effect of 
renal failure, and may be difficult to control. 
Accelerated atherosclerosis means that there is 
significant risk of ischemic heart disease that 
may be silent, again, particularly in diabetic 
patients. The incidence of valvular heart disease 
and left ventricular dysfunction is increased, and 
autonomic neuropathy is common. However, 
only irreversible ventricular dysfunction with 
low cardiac output should be considered a con-
traindication to transplant, because graft viability 
is endangered [26].

The sequelae of renal failure pose problems 
intraoperatively:

 – Hypovolemia
 – Abnormal electrolytes
 – Altered acid-base status
 – Reduced drug clearance
 – Anemia
 – Arterio-venous fistulae and difficult intrave-

nous access, central and peripheral
 – Delayed gastric emptying

Patients are usually dialyzed prior to theatre, 
causing hypovolemia which may be exaggerated 
by general anesthesia. Serum potassium may be 
high requiring treatment or monitoring, in addi-
tion to dictating neuromuscular blocking drugs. 
Altered acid-base status affects drug handling 
and clearance, and reduced doses of drugs may be 
necessary. Anemia is common but well tolerated, 
with increased cardiac output and low systemic 
vascular resistance (SVR) to compensate. The 
oxyhemoglobin dissociation curve is shifted to 
the right to facilitate oxygen supply at tissue level.

Blood loss intraoperatively is usually minor 
unless intraoperative complications arise and 

Table 19.5 Preoperative preparation for liver 
transplantation

Veno-venous bypass equipment
Blood warmer
Bair hugger
Cell saver
Rapid infusion device
Infusion pumps
Pressure transducer sets
Cardiac output module, cable and equipment
SvO2 monitor
Transesophageal echocardiogram
Point of care coagulation test machine
Drugs should be drawn up in advance and include:
Anesthetic Propofol

Suxamethonium/rocuronium/
atracurium
Fentanyl/alfentanil
Ranitidine
Vaporizer
Midazolam

Miscellaneous Prophylactic antibiotics: e.g. 
amoxicillin, gentamicin, 
metronidazole
Immunosuppression: e.g. 
methylprednisolone
Blood products

Resuscitation Atropine
Epinephrine (adrenaline)
Norepinephrine (noradrenaline)
Calcium chloride
Metaraminol
lignocaine 1%
Sodium bicarbonate

Infusions Atracurium
Fentanyl/alfentanil
Epinephrine (adrenaline)
Norepinephrine (noradrenaline)
Calcium chloride
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compromise the anastomosis. Blood transfusion 
perioperatively is rare.

19.24  Preoperative Management

A full anesthetic history is mandatory and should 
then be targeted to issues that are ESRF and 
patient specific. Particular attention is paid to car-
diovascular health, respiratory disease, and exer-
cise tolerance. Any recent changes in symptoms 
may warrant further investigation as deteriorating 
cardiac function may be an indication of silent 
myocardial ischemia.

Dialysis assessment is important. Type and 
frequency of dialysis and when last dialyzed 
contributes to clinical care. Anuric patients will 
be fluid restricted and if recently dialyzed will 
have significant fluid shifts. Arterio-venous fis-
tulae should be noted and must be protected 
intraoperatively.

The table documents preoperative investiga-
tions (Table 19.6).

Many drugs the patient is taking can alter their 
biochemistry, such as diuretics, or vasomotor 
tone, for example angiotensin converting enzyme 
inhibitors. They may also be on immunosup-
pression from previous transplants, and if this 
includes steroids then perioperative cover may be 
required.

Interrogation of diabetic patients’ regime and 
control, along with current blood sugar level, will 
guide the need for insulin therapy perioperatively.

Although renal transplantation is an urgent 
procedure it is seldom an emergency and there 
is usually time to obtain all the necessary preop-
erative information and results of investigations. 

This also means that abnormal biochemistry can 
be corrected, and patients can be adequately 
fasted for theatre. The decision to use a RSI is 
based on individual patient need.

Premedication is rare but can be given if 
necessary.

19.25  Intraoperative Management

19.25.1  Surgical Brief

Surgical and anesthetic issues are discussed 
and planned, including the immunosuppression 
regime, in our unit. Anti-thymocyte globulin 
(ATG) is increasingly used in our clinical prac-
tice and there have been some adverse reac-
tions secondary to the well-recognized cytokine 
release syndrome. Due to this we have developed 
protocols for the initiation of ATG that incorpo-
rates pre-infusion paracetamol, chlorphenamine 
and methylprednisolone, and the ATG is infused 
over 6 h through an infusion pump.

19.25.2  Monitoring and Equipment

Routine monitoring is initiated in the anesthetic 
room. Invasive blood pressure monitoring is rare 
and may impact on future fistula formation.

Intravenous access established, and our local 
unit advocate a 20 Gauge cannula is sufficient.

19.25.3  Lines

A central venous catheter is usually inserted 
asleep under aseptic conditions and real time 
ultrasound guided. The surgical team may request 
a dialysis central venous catheter as an alterna-
tive and this is discussed at the surgical brief. The 
target CVP is 12–14 cm H2O, which may require 
significant volumes of fluid to establish. This 
optimizes graft perfusion, minimizing the risk of 
pre-renal hypoperfusion on graft function.

A urinary catheter is inserted when the patient 
is asleep.

Table 19.6 Investigations for renal transplant

Laboratory investigations Non-invasive and imaging
FBC
Urea & electrolytes
Creatinine
eGFR
Blood glucose
HbA1c
Group & save serum 
sample

ECG
CXR
Echocardiogram
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19.25.4  Drugs and Fluids

Emergency drugs to be drawn up include meta-
raminol, ephedrine, glycopyrrolate, and atropine. 
Additional drugs, such as epinephrine and nor-
epinephrine should be readily available but sel-
dom need made in advance.

Induction of anesthesia is usually with propo-
fol, but thiopentone can also be used. A recent 
review of anesthetic practice in our local unit 
revealed no advantage in using atracurium over 
rocuronium as the neuromuscular blocker in our 
clinical practice. Many anesthetists are more 
familiar with rocuronium, therefore the use of 
this is supported by our department, and sugam-
madex is used to reverse the block if required. 
If a RSI is deemed necessary then caution is 
exerted using suxamethonium in view of poten-
tial increase in potassium concentration, with 
1.2 mg/kg of rocuronium an alternative.

Opioid use for induction and intraopera-
tive analgesia is usually fentanyl, but there is 
increasing use of remifentanil infusions. Post 
operatively we use fentanyl patient-controlled 
analgesia (PCA), some units may use morphine 
or oxycodone.

Prophylactic antibiotics are given as per local 
protocol and patient allergy status.

Local protocols may exist to direct the type of 
crystalloid used intraoperatively. In our unit there 
is mixed practice with variable use of Hartmann’s 
solution and 0.9% saline. The postoperative 
protocol uses 0.9% saline, some institutes use 
Plasmalyte [27].

19.25.5  Maintenance

Maintenance of anesthesia is usually by vapor, 
typically sevoflurane. Isoflurane/Desflurane are 
alternatives. Remifentanil infusions are replaced 
by fentanyl bolus at the end of the procedure for 
post op analgesia.

If ATG is not used, then basiliximab is our 
alternative. In this instance the timing of meth-

ylprednisolone is at the surgeon’s discretion but 
is usually around the time of anastomosis/before 
removal of cross clamps.

Before the patient is woken the surgical team 
ultrasound the newly transplanted graft and 
assess for adequate blood flow.

Once the procedure is complete the muscle 
relaxation is reversed, and the patient is extu-
bated. It is unusual for the patient to require ICU 
care postoperatively, and patients usually return 
to the specialist renal ward once recovered.

19.25.6  Temperature and Pressure 
Areas

Normothermia is important in the care of renal 
patients. Hypothermia may affect coagula-
tion and drug metabolism, and postoperative 
shivering increases oxygen consumption. This 
increased oxygen requirement may unmask myo-
cardial ischemia in vulnerable patients.

Hot air blankets are used intraoperatively to 
maintain temperature, and intermittent tympanic 
or continuous temperature probe monitoring 
used.

Pressure area care is of particular importance 
as the patients have fragile skin and may have 
fistula and dialysis grafts that need padding and 
protecting throughout the procedure.

19.25.7  Postoperative Analgesia

Regular paracetamol and fentanyl PCA are rou-
tine, and wound infiltration with local anesthetic 
by the surgeons is performed. Non-steroidal 
anti- inflammatory drugs are contra-indicated. 
Alternatives include regional anesthesia, for 
example transversus abdominis plane block, or 
wound infiltration catheters.

Opioids are metabolized by the liver and 
excreted by the kidney, therefore our PCA set-
tings are altered, with a longer lock-out time, to 
account for this.
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19.25.8  Complications

Surgical complications are infrequent, but sud-
den hemorrhage with significant blood loss may 
occur.

Patient complications are related to comorbid-
ities and biochemical abnormalities, and postop-
erative blood tests are taken in recovery.

19.26  Postoperative Management

In the postoperative period oxygen is adminis-
tered routinely. Fluid therapy should be guided 
by the CVP and urine output closely monitored. 
Postoperatively, potassium should be checked 
and appropriately treated.

Once the patient is stable they are returned 
to a specialist renal ward. Immunosuppressive 
therapy is continued according to local protocol.

19.27  Pancreatic Transplantation

Successful pancreatic transplant provides dura-
ble glycemic control and improves survival for 
patients with diabetes [28].

There are three types of pancreas transplants:

 – Simultaneous pancreas and kidney transplant 
(SPK), most common

 – Pancreas after kidney transplant (PAK), sec-
ond most common, usually after a living donor 
renal transplant

 – Pancreas transplant alone (PTA)

There are two main indications for pancreas 
transplants: type 1 diabetes with either severe 
metabolic complications and/or incapacitat-
ing problems with insulin therapy, or an eGFR 
<20  ml/min/1.73  m2; some type 2 diabetics, 
such as non-obese patients, are a minority. Most 
 commonly pancreas transplants are in type 1 dia-
betes, and the nature of the pancreas transplant 
depends on the underlying difficulty. Patients 
with difficulties in insulin therapy or metabolic 
complications alone but normal or near-normal 
renal function are considered for PTA, and those 
with renal failure with or without the option for 

living kidney donor are considered for PAK and 
SPK respectively [28, 29].

Diabetes is a major health problem with a 
high incidence of vascular and degenerative 
complications. Additionally, diabetic patients 
are more at risk of peri-operative complications 
including infection and poor wound healing. 
Patient selection is greatly important, and partic-
ularly regarding cardiovascular fitness: absolute 
contraindications to pancreas transplant includes 
excessive cardiovascular risk, documented by 
the organ donation and transplant advisory 
group [29].

In the USA there has been a decline in pan-
creas transplants over the last decade, which may 
be accounted for by improved medical care of 
patients, reduced quality of donors (increased 
obesity and older donors), and lack of consistent 
referral of transplant candidates from endocri-
nologists [28].

19.28  Preoperative Management

The patient will have been extensively reviewed 
and investigated by the referring and transplant 
teams when considered for the transplant list. 
Preoperative anesthetic assessment includes a 
thorough medical, surgical and anesthetic his-
tory, particularly focusing on diabetic control and 
associated complications.

Of importance to perioperative management:

 – ischemic heart disease; increased risk of peri-
operative cardiovascular event and surgery is 
contraindicated in those with myocardial 
infarction within the last 6 months

 – evidence of autonomic neuropathy; risk of 
labile and difficult to manage intra-operative 
blood pressure and potential dysrhythmias

 – dialysis history and biochemistry; causing 
hypovolemia or potassium abnormality

 – blood glucose level; may require variable rate 
insulin infusion preoperatively and local pro-
tocols should be followed

 – peripheral neuropathy; careful positioning in 
theatre to prevent pressure areas or peripheral 
nerve damage, and document existing deficits 
to exclude perioperative nerve damage
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Airway assessment should be thorough as 
the incidence of difficult intubation is higher 
in type 1 diabetics due to atlanto-occipital joint 
stiffness [30].

Preoperative investigations are detailed in the 
table below (Table 19.7).

Premedication is not always required and is 
decided on an individual patient basis.

19.29  Intraoperative Management

The principles outlined can be adopted for all 
types of pancreas transplantation. They can be 
adapted to individual patient need and many units 
will have their own guidelines.

19.29.1  Monitoring and Equipment/
Lines

Routine monitoring is attached in the anesthetic 
room. Consideration should be given to invasive 
blood pressure monitoring pre-induction in those 
with significant autonomic dysfunction but may 
be sited once anaesthetized. In particularly stable 
patients it may be considered unnecessary and 
could impact on future fistula formation, even if 
the patient is having a SPK or PAK transplant.

Intravenous access established for induction 
and further invasive lines, such as CVC, are 
sited asleep in accordance to local policy and 
clinical need. These are ultrasound guided and 
performed under aseptic conditions. During 
SPK it may be necessary to insert a dialysis 
catheter.

There should be separate venous access for 
the dextrose/potassium/insulin infusion.

A urinary catheter is inserted once the patient 
is anaesthetized. A naso-gastric tube is also 
placed.

19.29.2  Drugs and Fluids

Emergency drugs to be drawn up include meta-
raminol, ephedrine, glycopyrrolate, and atro-
pine, see Table  19.8. Additional drugs, such 
as epinephrine and norepinephrine should be 
readily available but seldom need made in 
advance.

Induction is usually with propofol, but thiopen-
tone can also be used. Patients post dialysis may 
need dose adjustment or warmed fluid bolus during 
induction due to potential hypovolemia and there-
fore hypotension. Muscle relaxation is achieved 
with the anesthetist’s preferred drug(s), and RSI 
may be required in those with gastroparesis sec-
ondary to autonomic neuropathy. Suxamethonium 
may be considered if potassium level is normal, 
and rocuronium 1.2 mg/kg is an alternative.

Opioid use for induction and intraoperative 
analgesia is usually fentanyl, but remifentanil 

Table 19.7 Investigations for pancreas transplants

Bloods

Non-invasive 
investigations and 
Imaging

FBC
Group and save/cross 
matched blood according to 
local guidelines
Coagulation screen
Urea and electrolytes
Creatinine and eGFR
Calcium
Phosphate
LFTs
Blood glucose and Hb A1c

ECG
Echocardiography if 
indicated, +/− stress 
testing

Additionally, preoperative 
testing should include blood 
borne virus screen and 
immunology screening, as 
per local protocols

CXR
Additional imaging 
such as CT or 
Ultrasound if required

Table 19.8 Drugs used in the anesthetic management of 
pancreas transplant

Anesthetic and 
analgesic drugs

Propofol/thiopental; anesthetic 
vapor; atracurium/rocuronium; 
Morphine/fentanyl; paracetamol

Resuscitation Ephedrine; metaraminol; atropine; 
glycopyrrolate; crystalloid fluids 
and cross matched blood

Miscellaneous Antibiotics
Immunosuppressive agents 
according to local protocol
Insulin/dextrose/potassium 
infusion(s)
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intraoperatively is an alternative. Post operatively 
the patient is usually given a PCA, which may be 
fentanyl or morphine depending on renal func-
tion and unit preference.

Prophylactic antibiotics are given as per local 
protocol and patient allergy status.

Crystalloid infusions perioperatively may be 
guided by unit preference, but a balanced solu-
tion is usual, for example Hartmann’s solution or 
Plasmalyte. Postoperative fluid management is 
in critical care and guided by biochemistry and 
clinical picture.

19.29.3  Maintenance

Maintenance of anesthesia is usually by vapor 
anesthetic agents, for example sevoflurane or 
desflurane. Isoflurane is an alternative, with mini-
mal effect on cerebral blood flow and beneficial 
effects on renal blood flow [31].

Fentanyl boluses are required throughout the 
procedure for analgesia or at the end of the pro-
cedure for postoperative analgesia if remifentanil 
infusion is used.

Muscle relaxation is maintained by boluses 
of neuromuscular blocker and monitored using 
a peripheral nerve stimulator. This is reversed 
on completion of the procedure, and the patient 
is usually extubated and taken to recovery, after 
which they will be transferred to a critical care 
area.

Regular blood sugar monitoring is required 
with adjustment/instigation of insulin infusion as 
guided by results.

19.29.4  Temperature and Pressure 
Areas

Normothermia is important in the maintenance 
of normal metabolism of drugs and maintaining 
hemostasis. Intermittent monitoring of tempera-
ture or temperature probe for continuous moni-
toring may be used. Hot air blankets are also 
used, with gaps for surgical access.

Patients may be high cardiovascular risk by 
nature of their diabetes, and increased oxygen 

consumption if shivery may cause deleterious 
cardiovascular effects.

Pressure area care is important due to periph-
eral neuropathy and compromised peripheral 
perfusion in abnormal microvascular circulation. 
Any fistulae or dialysis grafts need protected.

19.29.5  Postoperative Analgesia

Regular paracetamol, no non-steroidal anti- 
inflammatory drugs, and a PCA are routine. Some 
centres report the use of epidurals for postoperative 
analgesia but it is generally avoided/unnecessary. 
Wound infiltration with local anesthetic by the sur-
geons is performed; alternatives include regional 
anesthesia, for example transversus abdominis 
plane block or rectus sheath blocks depending on 
incision used, or wound infusion catheters.

Opioids are metabolized by the liver and 
excreted by the kidney, therefore those with 
renal impairment may need dose or lock-out time 
adjusted on their PCA. Acute pain services may 
be involved.

19.29.6  Complications

Immediate intraoperative surgical complications 
include hemorrhage, where significant blood loss 
may occur, for example at the anastomotic site 
after reperfusion.

Metabolic disturbance may occur with release 
of arterial cross-clamps after anastomosis is 
complete: metabolic acidosis from reperfusion 
is common and may contribute to poor clotting 
and therefore blood loss; hyperkalemia can con-
tribute to cardiac instability; hypotension is mul-
tifactorial with redistribution of blood volume 
and decreased SVR due to anaerobic metabolites 
and should be treated with fluid resuscitation and 
vasopressors and/or inotropic drugs.

After graft reperfusion the pancreatic beta cells 
begin secreting insulin with 5 min [30] and blood 
glucose monitoring is essential. The insulin infu-
sion may need stopped because profound hypo-
glycemia may occur. Blood glucose levels should 
be monitored every 15 min for the following hour 
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post reperfusion, then every 30 min thereafter for 
the remainder of the surgery. Good glucose con-
trol (between approximately 6–8 mmol/l or 120–
150  mg/dl [30, 31] is required to prevent islet 
cell dysfunction secondary to hyperglycemia and 
rest the beta cells until the metabolic disturbance 
from reperfusion has resolved [30].

Patient complications are related to their 
comorbidities as well as the predictable abnor-
malities above.

19.30  Postoperative Management

Patients are admitted to critical care postopera-
tively. This provides close monitoring of meta-
bolic status and glycemic control. Hypoglycemia 
is a common postoperative problem and may 
require dextrose infusion.

Postoperative critical care bundles are adopted 
as per the local unit protocol.

The patient’s own medications are reintro-
duced when able, but gut absorption may be 
impaired due to postoperative ileus.

19.31  Conclusion

The anesthetic management of patients present-
ing for organ transplantation is challenging yet 
rewarding. A thorough knowledge of the patho-
physiological and pharmacological derange-
ments associated with the various organ failures 
is essential. Careful pre-, intra- and postoperative 
management has a significant role to play in the 
successful outcome of such operations.
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Immunosuppressive 
Pharmacology

Ethan P. Marin and Oscar Colegio

20.1  Introduction

Allogeneic transplantation of solid organs and 
tissues is complicated by immunological rejec-
tion, the process by which the recipient immune 
system attacks and destroys the allogeneic 
graft. Understanding the mechanisms by which 
the rejection occurs, and the development of 
immunosuppressive therapies to prevent rejec-
tion, have been foundational advances critical 
to the practice of organ transplantation in 
humans.

In this chapter, we will briefly review the basic 
structure of the immune system, with a goal of 
describing the pharmacologic targets for immu-
nosuppression. Subsequently, we will review the 
major classes of immunosuppressive drugs and 
their pharmacology. Finally, we will discuss the 
clinical uses of the drugs in treating a patient with 
a solid organ transplant.

20.2  Overview 
of Immunosuppressive 
Drugs in Common Usage: 
Mechanism, 
Pharmacokinetics, 
and Adverse Effects

The T lymphocyte is the major cellular target of 
most immunosuppressive therapies used in trans-
plantation since it is the central actor in rejection 
pathways. Therapeutic agents may lead to the 
destruction of T cells, or to the specific inhibition 
of T cell activation pathways. Activation of the T 
cell is known to proceed through several steps, 
termed Signals 1, 2 and 3 (Fig. 20.1) [1]. Signal 1 
is the binding of a cell surface T cell receptor to the 
molecular complex of a major histocompatibility 
complex (MHC) protein bound to an antigenic 
peptide on the surface of an antigen presenting cell 
(APC). Signaling downstream of the activated T 
cell receptor involves activation of calcineurin, a 
phosphatase which de- phosphorylates the tran-
scription factor NFAT.  The dephosphorylated 
NFAT moves from the cytoplasm to the nucleus, 
where it triggers transcription of several down-
stream genes including the one encoding IL-2. 
Signal 2 involves a second set of costimulatory 
interactions between surface proteins of the APC 
and the T cell: B7–1 and B7–2 (also known as 
CD80 and CD86) of the APC and CD28 of the T 
cell. Signal 2 is necessary for the transmission of 
Signal 1. In the absence of Signal 2, Signal 1 leads 
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to anergy of the T cell. Signal 3 involves activation 
of the IL-2 receptor on the T cell by secreted 
IL-2  in an  autocrine and/or paracrine fashion. 
Downstream signaling from the IL-2 receptor pro-
ceeds via the mammalian target of rapamycin 
(mTOR) complex and culminates in activation of 
the cell cycle and cellular proliferation. Drugs that 
interfere with Signals 1, 2 and/or 3 are the back-
bone of immunosuppressive regimens that allow 
for successful allotransplantation.

Pharmacologic agents have been developed to 
inhibit T cell activation via disruption of each of 
the 3 signals described above. Other drugs work 
by triggering the destruction of T cells and other 
lymphocytes. This section will discuss drugs in 
common usage with a review of mechanisms, 
pharmacokinetics, and relevant adverse effects. 
The clinical use of these drugs, and the clinical 
studies that informs their use, will be described in 
a subsequent section.

Immunosuppressive medications in general 
entail several class-related risks attributable to 
inhibition of the immune system. These include 

primarily increased risk for infection from bacte-
rial, viral and fungal agents, as well as increased 
rates of malignancy. In particular, kerantinocyte 
carcinomas (nonmelanomatous skin cancers) are 
observed to occur at as much as 250-fold 
increased rates in transplant patients on immuno-
suppressive therapy relative to the general popu-
lation [2]. Further, lymphoproliferative disorders 
occur at significantly higher rates relative to non- 
transplant patients.

20.2.1  Signal 1 Blockers

Signal 1 is blocked by the calcineurin inhibitors 
(CNI), cyclosporine and tacrolimus. Each drug 
binds to a specific intracellular protein 
(cyclophilin in the case of cyclosporine, and 
FK506 binding protein in the case of tacrolimus) 
and then binds and inhibits the phosphatase, cal-
cineurin. Inhibition of calcineurin effectively 
blocks the transmission of Signal 1 and inhibits T 
cell activation.

Immunosuppressant Targets

Signal 1:

Antigen
Presenting
Cell

MHC + peptide

B7

TCR

Graft antigen triggers
T cell receptor

CD28
Belatacept

Costimulation
between ligands

Cytokines trigger
receptors
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Calcineurin NFAT
Cytokine
Induction
(eg, IL-2)

T cell
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Fig. 20.1 Mechanistic targets of immunosuppressive 
drugs. Signals 1, 2, and 3 lead to proliferation and activa-
tion of T cells. TAC tacrolimus, CSA cyclosporine, SRL 

sirolimus, EVE everolimus, AZA azathioprine, MMF 
mycophenolate mofetil

E. P. Marin and O. Colegio



331

Tacrolimus, first approved by the FDA in 
1994, is available as an immediate release oral 
formulation commonly dosed every 12  h 
(Prograf) or as an extended release formulation 
dosed once daily (Astagraf XL and Envarsus 
XR). Cyclosporine, first approved by the FDA in 
1983, is available in unmodified (Sandimmune) 
and emulsified versions (Neoral); the latter dem-
onstrates more consistent absorption. Both prod-
ucts are dosed every 12 h.

Both CNIs have relatively narrow therapeutic 
indices, characterized by toxicity at higher 
serum levels and ineffectiveness at lower serum 
levels. CNIs thus require routine therapeutic 
drug level monitoring and customized dosing to 
achieve target levels. Target levels vary accord-
ing to patient characteristics, type of organ 
transplant, immunological risk, institutional 
preference and other factors. Importantly, both 
CNIs are metabolized by cytochrome P450 
enzyme Cyp3A4/5 and are thus subject to sig-
nificant changes in rate of metabolism via the 
effects of other drugs or chemicals which induce 
or inhibit Cyp3A4/5.

CNIs also cause significant adverse effects. 
Both can cause vasoconstriction manifesting as 
elevations in serum creatine and hypertension. 
Prolonged exposure to CNI can lead to chronic 
renal injury characterized by fibrosis in a striped 
pattern, along with hyalinosis of small arterioles. 
CNIs may also cause neurotoxicity characterized 
both peripherally with tremors and centrally with 
short term memory loss and seizures. CNI are 
associated with metabolic effects such as elevated 
blood sugars, hyperlipidemia, and hypertension. 
CNI can rarely cause thrombotic microangiopa-
thy, which generally requires cessation of the 
drug. Both drugs may affect hair patterns: cyclo-
sporine causes hirsutism and hypertrichosis while 
tacrolimus may lead to hair loss. Cyclosporine 
also causes gingival enlargement [3].

20.2.2  Signal 2 Blockers

Inhibition of the co-stimulatory Signal 2 is the 
mechanism of action of a relatively newer class 
of biologic agents, including belatacept (Nulojix), 

which was approved by the FDA for use in kid-
ney transplant recipients in 2011. Belatacept is a 
recombinant fusion protein of the extracellular 
portion of cytotoxic T-lymphocyte associated 
antigen 4 (CTLA-4) fused to the Fc portion of 
human IgG1. It binds to B7 on antigen presenting 
cells and thus blocks the transmission of Signal 
2, which blocks activation of T cells. After initial 
loading doses, belatacept is given as a monthly 
IV infusion. Therapeutic drug level monitoring is 
not required.

Belatacept carries black box warning regard-
ing an increased risk of post-transplant lympho-
proliferative disorder (PTLD). Seronegativity 
for Epstein-Barr virus is a contraindication to 
belatacept therapy since in increases the risk of 
PTLD.  Additionally, belatacept carries a black 
box warning against use in liver transplant, due 
to an increased risk of graft loss and death. Of 
note, belatacept is associated with lower blood 
pressures and lipid levels as compared to cyclo-
sporine [4].

20.2.3  Signal 3 Blockers

Several drugs target Signal 3  in different ways. 
Most direct are the IL-2 receptor antagonists 
(IL-2RA), of which the only currently available 
agent is basiliximab (Simulect), a recombinant 
murine/human IgG antibody that specifically 
binds the IL-2 receptor alpha chain (also known 
as CD25) with high affinity. This interaction 
blocks the activation of the IL-2 receptor by IL-2 
and thus inhibits downstream events of IL-2R 
activation such as cellular proliferation. 
Basiliximab is typically administered as a 20 mg 
infusion 2 h prior to reperfusion of the graft at the 
time of implantation, with a second 20 mg dose 
given on the fourth day after transplant. The 
duration of action is 4–6  weeks. Daclizumab 
(Zenapax) has a similar mechanism of action to 
basiliximab and was approved by the FDA in 
1997. However, it was withdrawn from the mar-
ket for transplant use as of 2009.

Basiliximab has relatively few adverse 
effects, although severe acute hypersensitivity 
reactions have been reported. Rates of infection 
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and malignancy are not substantially higher in 
patients treated with basiliximab as compared to 
placebo.

Signaling downstream of IL-2 receptors are 
mediated by the mTOR complex of proteins. Two 
inhibitors of mTOR (mTORi) are used in clinical 
practice, including sirolimus (Rapamune) and 
everolimus (Zortress). Both inhibit mTOR sig-
naling after complexing first with the FK506- 
binding protein. Sirolimus is typically dosed 
once daily, whereas everolimus is dosed every 
12 h. Routine monitoring of trough drug levels is 
recommended, as they predict area under the 
curve and hence efficacy and toxicity. Both drugs 
are metabolized by Cyp3A4 enzymes and are 
susceptible to changes in levels associated with 
use of inducers and inhibitors of the CYP3A4 
system. Common adverse events include hyper-
lipidemia, and, specifically with sirolimus, hyper-
glycemia. Both drugs may impair wound healing 
and should be used with caution in patients with 
surgical or other wounds. Sirolimus has been 
associated with worsening proteinuria and may 
cause focal and segmental glomerulosclerosis. 
Sirolimus and everolimus have antiviral and anti- 
malignancy properties.

The cellular proliferation caused by activation 
of IL-2 receptors (Signal 3) can be reduced by the 
antimetabolite drugs mycophenolic acid (MPA) 
and azathioprine, which interfere with purine 
metabolism and thus impair DNA synthesis. 
Azathioprine (Imuran) is a prodrug which is 
metabolized to the active 6-mercaptopurine by 
glutathione. 6-mercaptopurine is further metabo-
lized by xanthine oxidase and thus cannot be 
taken with inhibitors of this enzyme, such as allo-
purinol. Azathioprine is typically dosed daily. It 
does not require routine therapeutic drug level 
monitoring, though the levels of metabolites 
6-MP and 6-MMP predict toxicity to the bone 
marrow and liver, respectively. Further, muta-
tions in the enzyme thiopurine S-methyltrans-
ferase (TMPT) associated with low enzyme 
activity predict toxicity; genetic testing before 
drug initiation may be effective in preventing 
toxicity [5]. MPA is available as a prodrug, 
mycophenolate mofetil (MMF; Cellcept), or as 
enteric coated mycophenolate sodium (Myfortic). 

The latter may reduce the upper gastrointestinal 
adverse effects commonly encountered with 
MPA, such as dyspepsia. Additional adverse 
effects include bone marrow suppression and 
teratogenicity.

MPA inhibits the enzyme inosine monophos-
phate, which is involved in the de novo purine 
synthesis, thereby inhibiting proliferation of T 
and B cells almost exclusively. MPA preparations 
are typically dosed every 12  h, though further 
divided doses may minimize toxicity in some. 
Therapeutic drug levels are not measured rou-
tinely, as they do not correlate well with area 
under the curve or efficacy and safety outcomes.

20.2.4  Lymphocyte-Depleting 
Agents

Several biologic agents have a primary mechanism 
of action that is independent of blocking Signals 1, 
2, and 3. Instead, they trigger the destruction of 
lymphocytes. These agents comprise antibody 
preparations which target antigens on immune 
cells, and lead to destruction of the cells. They are 
typically long-acting (6–18 months), as significant 
time is required for metabolism of the drug and 
reconstitution of the population of the destroyed 
cells. Repeat usage is often limited by accumu-
lated toxicity. Two of the agents in current use 
include alemtuzumab and rabbit anti-thymocyte 
globulin (ATG; Thymoglobulin).

Alemtuzumab (Campath) is a humanized 
monoclonal antibody produced against CD-52, 
which is present on T cells as well as some B 
cells, NK cells, and monocytes. It effectively 
causes depletion of T cells and other lympho-
cytes. Adverse effects of alemtuzumab include 
infusion reactions (which can be avoided via sub-
cutaneous administration) as well as bone mar-
row toxicity.

Rabbit ATG is a polyclonal antibody prepara-
tion prepared from sera of rabbits that have been 
injected with human thymocytes. It is more effec-
tive, and more widely used at present, than a 
similar product prepared in horses (equine ATG). 
Rabbit ATG comprises antibodies with reactivi-
ties against a variety of antigens found on T cells 
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and other immune cells, and effectively causes 
lymphodepletion. Rabbit ATG is typically given 
at a dose of 1.5  mg/kg body weight in 3–7 
repeated daily doses. Rabbit ATG has been asso-
ciated with infusion reactions, including cytokine 
release syndrome which in characterized by 
fever, headache, hypotension, and urticaria. 
Rabbit ATG may also cause hematological abnor-
malities such as leukopenia and thrombocytope-
nia, which may limit subsequent doses of 
thymoglobulin.

20.2.5  Corticosteroids

Corticosteroids (prednisone) are a class of agents 
that have broad immunosuppressive actions on 
cells of the immune system which do not fall 
neatly into a particular signal. When corticoste-
roids bind the glucocorticoid receptor in the cyto-
plasm of immune cells, the receptor-ligand 
complex is translocated to the nucleus where it 
inhibits the transcription of many genes, includ-
ing proinflammatory cytokines such as IL-2 
(Signal 3), thus limiting T cell proliferation. 
Further, corticosteroids can reduce the expres-
sion of antigen by APCs (Signal 1). Prednisone is 
typically dosed in a daily regimen and therapeu-
tic drug levels are not measured.

20.3  Clinical Usage 
of Immunosuppressive 
Drugs in Transplantation

Modern immunsuppressive therapies in solid 
organ transplants may be divided into three 
phases: induction therapies, maintenance thera-
pies, and rejection therapies. Induction treat-
ments are those given at the time of transplant 
and are intended to rapidly and potently inhibit 
the immune system at the time of the first expo-
sure to alloantigens. Maintenance regimens, in 
contrast, are designed for prolonged, routine use 
to stably suppress rejection and prolong graft sur-
vival. Rejection therapies are used specifically 
when rejections develop. The following section 
will consider the types of drugs used in each 

phase and review common clinical practices and 
available data from clinical trials. Most of the 
discussion will center on kidney transplantation, 
the most common solid organ transplant. Details 
of agent usage does vary with different organs.

20.3.1  Induction Agents

Induction therapy refers to the use of immuno-
suppressive drugs given at the time of organ 
transplantation to potently and rapidly achieve 
immunosuppression during the initial exposure 
to alloantigens, which is the time when the risk of 
acute rejection is greatest. The balance of evi-
dence shows that use of induction reduces the 
incidence of acute rejection and may prolong 
graft survival. The Kidney Disease Improving 
Global Outcomes (KDIGO) group gives the 
strongest available recommendation to the use of 
biologic induction agents based on a published 
base of high quality evidence [6]. Concordantly, 
data from the Scientific Registry of Transplant 
Recipients [7] show widespread and growing use 
of induction agents in the U.S.  As recently as 
2007, fewer than 80% of adult kidney transplant 
recipients received induction therapy. However, 
by 2016 nearly 90% of patients received induc-
tion therapy. Induction agents are comprised of 
either polyclonal or monoclonal antibody prepa-
rations which fall into two broad categories based 
on whether the drug leads to depletion of lym-
phocytes. Most of the growth in use has been in 
the lymphocyte depleting agents, which were 
given to >70% of patients in 2016. Use of non- 
depleting agents has fallen gradually since 2008.

The main non-depleting induction agent in 
use currently in the U.S. is basiliximab, which 
targets the alpha chain of the IL-2 receptor, 
known as CD25 (see above). Basiliximab was 
approved by the FDA in 1998 for prevention of 
rejection in kidney transplant rejection based on 
4 key studies. Two of the studies compared basil-
iximab to placebo, with a 2-drug maintenance 
regimen (cyclosporine plus corticosteroids) [8, 
9]. Both studies reported statistically significant 
reductions in a composite endpoint of death, graft 
loss or acute rejection at both 6 and 12 months in 
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patients treated with basiliximab. Both studies 
also showed significant reductions in biopsy 
 confirmed rejection at 6 and 12  months. Two 
additional studies compared basiliximab to pla-
cebo, with a 3-drug maintenance regimen (cyclo-
sporine, corticosteroids, and either azathioprine 
or MPA). One of the studies showed significant 
reductions in a composite of death, graft loss, or 
acute rejection at 6 months, as well as reductions 
in biopsy-confirmed rejection at 6 months [10]. 
The second trial showed similar trends which did 
not reach statistical significance [11].

An updated Cochrane Review which exam-
ined high-quality studies of basiliximab and other 
IL2R antagonists (IL2RA) was published in 2010 
[12]. In this analysis, 32 studies that included a 
total of 5854 patients showed that, compared 
with placebo, graft loss was reduced by 25% at 
6 months and 1 year. Biopsy proven acute rejec-
tion was reduced by 28% at 1 year. In addition, 
reductions were observed with IL-2RA in both 
CMV disease (19%) as well as early malignancy 
(64%) as compared to the used of T cell depleting 
agents.

The second category of induction agents are 
those that cause lymphocyte depletion. These 
agents are antibodies which bind to antigens on 
primary T cells and other lymphocytes and lead 
to their subsequent destruction. These agents 
have a longer duration of action as compared 
with IL-2RA, as reconstitution of T and B cell 
population typically requires 6 months or more. 
The most commonly used of these agents are cur-
rently rabbit ATG and alemtuzumab.

Thymoglobulin was approved by the FDA for 
prevention of acute rejection as induction therapy 
based on two studies which compared thymo-
globulin to IL2RA. Brennan et al., compared thy-
moglobulin to basiliximab in a randomized, 
blinded, multicenter study of high risk kidney 
transplant recipients [13]. The thymoglobulin 
group displayed reduced acute rejection (15.6% 
vs. 25.5%, P = 0.02), similar rates of graft loss 
and delayed graft function, and death. Overall 
rates of infection were greater with thymoglobu-
lin. A second study compared thymoglobulin to 
daclizumab, an IL2RA, in patients considered to 
be at higher risk for rejection. Thymoglobulin 

again showed lower rates of acute rejection (15 
vs. 27.2%, P = 0.016), however 1-year graft and 
patient survival were not different [14].

A Cochrane Library meta-analysis of the use 
of antibody therapies for induction therapy in 
kidney transplants showed that ATGs (different 
preparations) as compared to placebo or no 
induction reduces acute rejection by one third, 
but does not clearly affect graft or patient survival 
[15]. ATGs leads to higher rates of leukopenia, 
thrombocytopenia, and cytomegalovirus (CMV) 
infections.

Alemtuzumab, a humanized monoclonal anti-
 CD52 antibody has not been approved by the 
FDA for use in transplant but has nonetheless 
been widely used in the transplant community. A 
meta- analysis of studies comparing alemtu-
zumab to ATGs in kidney transplantation showed 
no clear differences in graft survival nor in acute 
rejection [15]. Interestingly, comparisons of 
alemtuzumab to no induction did not show clear 
reduction in acute rejection or all cause graft loss; 
however these studies generally included steroid 
withdrawal in the alemtuzumab arm but not the 
control group [15].

A meta-analysis comparing IL2RA to ATGs 
in induction (18 studies, >1800 patients) showed 
reduction in biopsy proven acute rejections in the 
ATG group, but no difference in graft loss [12]. 
ATG use lead to higher rates of malignancy and 
CMV disease.

Interpretation and application of the above 
studies varies significantly between transplant 
centers, leading to significant variations in the 
choice of induction therapy.

20.3.2  Maintenance 
Immunosuppression

Maintenance immunosuppression is generally 
started immediately after the transplant and 
maintained for the life of the graft. Given the 
variety of available drugs for immunosuppres-
sion, numerous different regimens have been 
devised and studied. Most kidney transplant 
recipients are maintained on a multidrug regimen 
that combines drugs of different classes to maxi-
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mize anti-rejection efficacy while minimizing 
adverse effects. Common regimens involve com-
bining CNI, antimetabolites, and prednisone. 
mTORi may be used in place of either CNI or 
antimetabolites. Belatacept, the Signal 2 co- 
receptor blocker, may be used in place of a 
CNI. There is no one clear optimal regimen for 
every patient and every situation; choice of main-
tenance immunosuppression is made based on a 
variety of factors including tolerability, side 
effect profile, immunologic risk, infectious risk, 
cost, and other considerations.

20.3.2.1  Calcineurin Inhibitor
Calcineurin inhibitors are generally considered 
the backbone of immunosuppression mainte-
nance regimens. CNIs are used by >90% of kid-
ney recipients in the U.S [7]. A large meta-analysis 
of 30 trials (4102 patients) comparing cyclospo-
rine to tacrolimus showed that all primary out-
comes favored tacrolimus use [16]. Graft loss and 
acute rejection were reduced with tacrolimus (by 
44 and 31% respectively), and serum creatinine 
was lower. In contrast, several adverse effects 
were found to be more pronounced with tacroli-
mus, including tremor, headache, gastrointestinal 
disturbances, and hypomagnesemia. The rate of 
new diabetes was higher with tacrolimus (relative 
risk of 2.56, 1.86, and 3.86 at 6, 12 and 36 months 
respectively). Cyclosporine use was associated 
with more hirsutism, hypertrichosis, and gingival 
enlargement. In sum, the results showed that for 
every 100 patients treated with tacrolimus instead 
of cyclosporine for the first year, 12 patients 
avoid rejection, 2 avoid graft loss, but 5 addi-
tional develop insulin dependent diabetes melli-
tus. As a result of the superior efficacy, tacrolimus 
has become by far the most commonly used CNI 
in the U.S. (>90%) and has largely supplanted 
cyclosporine, which had revolutionized trans-
plant immunosuppression when introduced a 
decade earlier.

20.3.2.2  Antimetabolite
A CNI is commonly paired with an antimetabo-
lite in maintenance immunosuppression regi-
mens. The two major antimetabolite drugs used 
in transplant are azathioprine and MPA. MPA is 

the newer of the two and was approved by the 
FDA for the prevention of rejection in kidney 
transplant in 1995. A meta-analysis of 23 studies 
which included a total of 3301 patients was 
recently published, 20 years after FDA approval 
was granted [17]. The studies all used CNI drugs, 
with cyclosporine the most common agent. Five 
of the studies used depleting antibody induction 
therapy; 5 used induction in only high-risk 
patients, and 13 did not use antibody induction 
therapy. The aggregate analyses showed that 
MPA was superior to azathioprine with regard to 
graft loss (RR 0.82), death-censored graft loss 
(RR 0.78), and acute rejection (RR 0.65). There 
was not a statistically significant difference in 
mortality nor kidney function. Tissue-invasive 
CMV disease and GI symptoms were higher with 
MPA. MPA has been by far the more commonly 
used antimetabolite in the U.S. for more than a 
decade; as of 2016, >95% of patients used MPA 
as compared to <5% using azathioprine [7]. 
Azathioprine is used commonly in patients who 
have intolerable adverse effects with MPA or 
want to become pregnant due to the teratogenic-
ity of MPA.

20.3.2.3  Steroids
Steroids are one of the oldest medications used in 
transplantation and remain a fundamental part of 
most immunosuppression regimens. They are 
commonly used as a high dose “pulse” at the time 
of transplant, and then chronically at low doses 
for the life of the allograft. Concern regarding 
metabolic and other adverse effects has led to 
evaluation of various strategies to avoid or with-
drawal steroid use without increasing rejection or 
graft loss.

A recent meta-analysis evaluated 48 studies 
which included a total of 7803 patients in which 
two different strategies for reducing steroid use 
were evaluated: discontinuation within 14  days 
of transplant, or discontinuation later [18]. 
Overall, acute rejection within 1 year was 
increased (relative risk 1.77; 95% CI 1.2–2.6) in 
early steroid withdrawal. However, diabetes mel-
litus, CMV infections, mortality and graft loss 
were not statistically different. Confidence in 
these data is tempered by the low to moderate 
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quality of the studies involved, which frequently 
were unblinded and/or observed relatively few 
numbers of events. As a result, steroid-free main-
tenance regimens remain controversial and are 
used at different rates at different centers. Overall, 
steroids are used in approximately 70% of adult 
kidney transplant recipient in the U.S. at 1 year 
following transplant [7]. The rate of usage has 
increased slightly over the past decade.

20.3.2.4  mTOR Inhibitors
The mTORi sirolimus and everolimus have been 
studied in a variety of contexts, including as sub-
stitutes for CNI, and substitutes for antimetabo-
lites at low and high doses of both CNI and 
mTORi. A large meta-analysis is available encom-
passing 33 trials of mTORi in different contexts 
involving 7114 patients [19]. In general, mTORi 
have been found to be equivalent to comparator 
drugs with regard to patient and graft survival. 
mTORi use is generally associated with higher 
GFR and lower rates of rejection. Evidence of 
anti-viral and anti-malignancy effects exist; 
mTORi are often used in patients with skin can-
cers [20]. However, mTORi use is associated with 
significant adverse effects including higher rates 
of dyslipidemia and of bone marrow suppression. 
Overall, use of mTORi in U.S. kidney transplant 
recipients is rare and becoming less common over 
time. Only 1.9% of recipients using them at time 
of transplant, and 4.9% at 1 year [7].

20.3.2.5  Belatacept
Belatacept, a Signal 2 co-stimulation blocker, 
was approved by the FDA in 2011 for use in kid-
ney transplant recipients to prevent rejection. 
Approval was based mainly on two studies which 
compared two doses of belatacept to cyclospo-
rine in recipients of standard criteria or living 
donor kidneys [4] or extended criteria kidneys 
[21]. In both studies, patients received basilix-
imab induction, and maintenance therapy with 
MMF and prednisone. Both studies reported that 
renal function was similar or better in patients 
receiving belatacept at 12 months. However, the 
rate of PTLD was also higher. Patients who are 
seronegative for EBV are contraindicated from 
receiving belatacept for this reason. The rate and 

severity of acute rejection was higher in the 
belatacept patients who received living or stan-
dard criteria donor kidneys. Nonetheless, at 
12 months, measured GFR was higher in patients 
on belatacept who experienced rejections as 
compared to patients on cyclosporine who did 
not have rejection. Subsequent meta-analyses of 
additional studies have reported better GFR, bet-
ter lipid profiles, lower blood pressure and less 
diabetes in patients on belatacept as compared to 
CNIs [22]. Death and graft loss rates were simi-
lar. Five year follow ups of the original study par-
ticipants have reported that the higher GFRs in 
patients on belatacept relative to cyclosporine are 
persistent [23, 24]. Belatacept use has been tem-
pered by greater expense, delays in production, 
and logistical issues related to the requirement 
for IV infusions.

20.3.3  Treatment of Rejection

Rejection of the allograft can occur due to T cell 
mediated rejection (TCMR) or by antibody medi-
ated rejection (ABMR), or by a combination of 
the two. Detailed criteria and classification of the 
different modes of rejection are defined by the 
Banff Classification system [25]. When clinically 
significant rejections occur, they are generally 
treated with specific immunosuppressive thera-
pies targeted to the mechanism of the rejection, 
and by modification of subsequent maintenance 
immunosuppression therapy to prevent future 
rejection recurrence. As a whole, the evidence 
supporting different approaches to treating acute 
rejection are at best, moderate quality [26], and 
there is a lack of standardized treatments.

20.3.3.1  TCMR
The specific treatment varies by the Banff classi-
fication. For TCMR, treatment generally involves 
pulse methylprednisolone treatment and/or a 
lymphocyte depleting antibody such as thymo-
globulin [26]. Data support the use of lympho-
cyte depleting antibodies for more severe forms 
of TCMR. Antibody preparations are also used in 
rejections that do not respond to initial treatment 
with pulse steroids.
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20.3.3.2  ABMR
For ABMR, therapies are directed toward removal 
of the donor specific antibody and include plas-
mapheresis to physically remove the offending 
antibody. Intravenous immunoglobulin, which 
has immunomodulatory effects, is commonly 
given with plasmapheresis and can replace anti-
bodies removed by plasmapheresis. Rituximab, a 
monoclonal antibody against CD20 which 
depletes B cells, has also been used in 
ABMR.  However, its effects are uncertain, per-
haps since it fails to target the antibody producing 
plasma cells. Newer therapies are in development 
for the treatment of ABMR and include protease 
inhibitors to target plasma cells and IdeS protease, 
a bacterial enzyme which rapidly and specifically 
cleaves human IgG [27].

20.4  Concluding Remarks

The development of immunosuppressive medica-
tions has been an extraordinary achievement over 
the past several decades and has paved the way 
for routine solid organ transplantation in humans. 
Multiple classes of drugs have been developed to 
target distinct steps in the activation of T lympho-
cytes. Synergistic use of this suite of drugs at dif-
ferent stages of the transplant process has made 
successful prolonged transplantation of solid 
organs in the absence of significant rejections a 
routine occurrence. Future challenges include the 
development of newer agents with equivalent 
efficacy but fewer adverse effects. Perhaps the 
most tantalizing goal in transplantation is the 
identification of methods to induce immune tol-
erance, a state in which the allograft is tolerated 
while the immune system retains full function 
with regards to all other alloantigens. Tolerance 
would allow for the withdrawal of all immuno-
suppressive medications. Although much work 
has been made toward this goal, for the time 
being the vast majority of transplant patients 
require chronic immunosuppression.
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Definitions

ATP Adenosine Triphosphate
ARP Abdominal Regional Perfusion
AST Aspartate Aminotransferase
COR Controlled Oxygenated Rewarming
DAMPs Danger Associated Molecular Patterns
DBD Donation after Brain Death
DCD Donation after Circulatory Death
DHOPE  Dual Hypothermic Oxygenated 

Machine Perfusion
EAD Early Allograft Dysfunction
ECD Extended Criteria Donor
HMP Hypothermic Machine Perfusion
HOPE  Hypothermic Oxygenated Machine 

Perfusion
IRI Ischemia and Reperfusion Injury
MMP Mid-thermic Machine Perfusion
NMP Normothermic Machine Perfusion
NRP Normothermic Regional Perfusion
PNF Primary Non-function
RCT Randomized Controlled Trial
ROS Radical Oxygen Species
SCS Static Cold Storage

SNMP Sub-normothermic Machine Perfusion
UW University of Wisconsin

21.1  Introduction

Machine perfusion technology has been revolu-
tionizing the field of liver transplantation and 
undergoes rapid clinical implementation. But 
what is machine perfusion? Why should we 
implement this? And how can machine perfusion 
be responsible for increases in the quality and 
quantity of liver transplants? This chapter will 
provide an overview of current ‘state of the art’ of 
machine perfusion of the liver.

21.2  The History of Machine 
Perfusion and Its Recent 
Revival

The concept of ex-situ machine perfusion of 
isolated organs is older than organ transplanta-
tion itself. Already in the 1930s Carrel and 
Lindberg developed a sterile perfusion pump, 
the ‘Lindberg Apparatus’, which enabled them 
to establish prolonged ex-vivo metabolic func-
tion of isolated organs [1]. In 1968, the first 
successful machine perfused organ transplan-
tation in humans took place, concerning a kid-
ney after 17  h of machine perfusion [2]. 
Subsequently, in 1968 Starzl et al. successfully 
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transplanted liver grafts which received interim 
preservation with hypothermic, oxygenated 
machine perfusion with diluted blood [3]. 
Nevertheless, in the 1980s the Belzers 
Wisconsin solution was invented as a suitable 
static preservation fluid [4]. With this revela-
tion, the golden age of static cold storage 
(SCS) organ preservation was initiated. 
Compared to machine perfusion, SCS was a 
simple, effective, cheap, and transportable 
alternative, and has been remarkably success-
ful ever since.

21.2.1  Shortage of Suitable Liver 
Grafts

Over the past decades, with this successful and 
accessible SCS preservation of liver grafts and 
the improving outcomes after liver transplanta-
tion, the demand for liver grafts has increased 
worldwide. One of the main limiting factors of 
liver transplantation nowadays is the severe 
shortage of suitable donor organs [5]. To over-
come this problem, several strategies have 
been implemented over time, such as domino 
liver transplantations, splitting of liver grafts 
and living donor liver transplantation. At pres-
ent an important and emerging strategy to 
expand the donor pool is transplanting livers of 
suboptimal quality derived from high risk 
donors, or so called extended criteria donors 
(ECD). ECD liver grafts include steatotic 
grafts, grafts derived from elderly donors or 
grafts from donors after circulatory death 
(DCD). Actually, in the past decade the num-
ber of DCD liver transplantations increased 
fourfold, concerning up to 18% of the liver 
transplantation in the USA [6] and 30% in 
some European countries [7]. The major draw-
back of transplanting these ECD organs is their 
increased susceptibility to ischemia and reper-
fusion injury (IRI), with subsequently an 
increased risk of primary non-function (PNF), 
early allograft dysfunction (EAD) and postop-
erative biliary complications. This will be 
explained in more detail in the continuation of 
this chapter.

21.2.2  The Mechanism of Ischemia 
and Reperfusion Injury

In liver transplantation, IRI incorporates the 
sequence of deleterious processes that appear 
after temporary deprivation of hepatic oxygen-
ation and nutrient supply during the donation 
procedure, the preservation period and transplan-
tation procedure [8, 9]. During SCS preservation 
hypothermia reduces the hepatocellular metabo-
lism. Although a significant reduction in the need 
for oxygen is established, still there is always 
some active cellular metabolism present in the 
liver graft resulting in an oxygen and nutrient 
debt. Subsequently cellular and mitochondrial 
disturbances occur, resulting in intracellular 
depletion of adenosine triphosphate (ATP) and 
cell swelling by cause of electrolyte shifts. 
During reperfusion of the liver, the re- oxygenation 
induces production of toxic radical oxygen spe-
cies (ROS) and danger associated molecular pat-
terns (DAMPs), which are released by the 
meanwhile apoptotic and necrotic liver cells. 
This whole process leads to a disproportionate 
immune response that is detrimental to organ 
function [8].

The standard criteria donor liver grafts retain 
sufficient physiologic reserve capacity to over-
come this preservation induced IRI, but ECD 
grafts appear to be highly susceptible to it. 
Therefore, especially for ECD grafts machine 
perfusion is a promising alternative to SCS, to 
preserve these vulnerable liver grafts under con-
ditions comparable to physiologic conditions to 
minimize the cascade of IRI and its disastrous 
effects.

21.3  Timing of Machine Perfusion

The standard procurement technique for livers 
involves in-situ arterial flush following aortic 
cross-clamping in donation after brain dead 
(DBD) or after circulatory arrest in DCD.  In 
DBD donors there is enough time for standard 
organ procurement. For DCD, the procurement 
of organs is executed with a super-rapid laparot-
omy and sternotomy with direct arterial cannula-
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tion [10], after which the organs are perfused 
with cold preservation fluid and removed as 
quickly as possible. After procurement, tradition-
ally the organs will be preserved SCS.

In the past years, for DCD donors there has 
been growing interest in so called in-situ machine 
perfusion; a technique to restore blood flow after 
determination of death and before organ procure-
ment, with abdominal regional perfusion using 
extracorporeal membranous oxygenation 
devices. Another alternative organ preservation 
strategy is ex-situ machine perfusion, in which 
the organ is perfused by a machine perfusion 
device outside of the body. Ex-situ as well as in- 
situ machine perfusion will be described in the 
following section.

21.3.1  In-Situ Machine Perfusion

In-situ machine perfusion occurs in the period 
between determination of death and organ pro-
curement. Nowadays the term abdominal regional 
perfusion (ARP) is applicable; a technique which 
restores the circulation to the abdominal organs 
following circulatory arrest for the purpose of 
transplantation.

Already in 1997, the concept of using normo-
thermic extracorporeal membranous oxygenation 
devices in organ donation procedures was first 
described [11]. In 2002, researchers in Spain 
clinically implemented this technique in DCD 
donors. With this new technique their donor pool 
significantly increased and low rates of PNF, 
hepatic artery thrombosis and ischemic cholangi-
opathy were reported [12].

Subsequently, abdominal normothermic 
regional perfusion (NRP) has also been intro-
duced in France and the United Kingdom. A 
recent series including 11 liver grafts reported a 
1-year graft survival rate of 90% without evi-
dence of post-transplant cholangiopathy. In 
addition to the liver, this technique may also 
improve outcomes for DCD kidneys, lungs, and 
pancreas [13].

In today’s NRP procedures, a localized 
abdominal perfusion circuit is established in the 
donor, perfusing the organs with oxygenated 

blood at 37 °C for 2–4 h. With this, essentially 
converting a DCD retrieval to a DBD type one, a 
less hasty retrieval is achieved. Using NRP, organ 
damage and loss due to surgical events may be 
reduced. NRP may restore cellular energy sub-
strates and improve the quality of ischemic dam-
aged organs. Furthermore, it may offer the ability 
to assess organ function before transplantation to 
allow better graft selection [13, 14]. It is envi-
sioned that NRP will increase the yield of 
retrieved organs per donor and provide better 
quality organs for the purpose of transplantation, 
but more experience and further organization is 
needed.

21.3.2  Ex-Situ Machine Perfusion

The concept of ex-situ machine perfusion is rela-
tively simple; it provides an environment for the 
liver graft outside of the body while closely mim-
icking the physiologic in-vivo situation. The liver 
is connected via its blood vessels to a sterile 
machine perfusion device and an adjustable con-
tinuous flow of perfusate through the liver is gen-
erated (Fig. 21.1).

In general, ex-situ machine perfusion can be 
performed at three time points, defined as pre- 
SCS, post-SCS and preservation machine perfu-
sion as demonstrated in Fig. 21.2 [16].

Pre-SCS incorporates machine perfusion con-
ducted within 3  h after organ procurement fol-
lowed by a period of SCS. In post-SCS machine 
perfusion, after a period of SCS the liver is 
machine perfused prior to organ implantation.

In case of preservation machine perfusion the 
organ is preserved with machine perfusion during 
the entire preservation period, from procurement 
to implantation [17]. However, a short period of 
SCS is inevitable. During organ procurement and 
preparation of the organ before connection to the 
machine the organ is SCS preserved as well as 
during implantation, to avoid more harmful warm 
ischemia during the anastomosis time. 
Preservation machine perfusion is defined as 
machine perfusion with a SCS duration of less 
than 3 h, either before or after machine perfusion 
(Fig. 21.2).
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Fig. 21.1 Dual hypothermic machine perfusion in liver 
transplantation [15]. Systemic drawing of the set-up of 
dual hypothermic oxygenated machine perfusion. The 
liver graft can be placed in the reservoir, which can be 
covered with a transparant lid to maintain a moist and 
sterile environment. The system is bot pressure and tem-

perature controlled. Two rotatory pumps separetely pro-
vide a pulsatile flow to the hepatic artery and a continious 
flow to the portal vein. The perfusate can be oxygenated 
by the membrane oxygenators, which also regulate the 
temperature. Real-time perfusion flow rates and tempera-
tures can be measured and displayed on both pump units
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Fig. 21.2 Charts illustrating classification of the timing 
of machine perfusion [16]. Machine perfusion (MP) con-
ducted within 3 h of organ procurement and followed by a 
period of static cold storage (SCS) is considered as pre- 
SCS MP. MP performed after a period of at least 3 h of 

SCS preservation prior to implantation is considered as 
post-SCS MP. MP with a SCS duration of less than 3 h, 
either before or after machine perfusion is defined as pres-
ervation machine perfusion
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21.4  Types of Machine Perfusion

21.4.1  Overview

As presented in Fig.  21.3, machine perfusion 
can be subdivided in four categories according 
to the temperature the perfusion is performed. 
Based on Van’t Hoff’s principle (expressed as 
Q10 = (K2 / K1)10/(t2−t1)), the rate of metabolism 
of the liver is depending on the temperature. At 
hypothermic conditions the liver has a signifi-
cant reduced metabolism. Machine perfusion 
therefore can be subdivided in hypothermic 
machine perfusion (HMP), mid-thermic 
machine perfusion (MMP), sub-normothermic 
machine perfusion (SNMP) and normothermic 
machine perfusion (NMP).

21.4.2  Hypothermic Machine 
Perfusion

HMP is defined as machine perfusion at tempera-
tures from 0–12 °C [16]. This is the least com-
plex form of machine perfusion and is facilitated 
by minimal metabolic demands of the liver in 
hypothermic circumstances. With temperatures 
of 12  °C and below, the rate of intracellular 
metabolism and enzymatic reactions decreases to 
20% or even less (Fig. 21.3).

HMP is a form of machine perfusion that is 
typically applied end-ischemic post-SCS.  After 
arrival at the recipient hospital and backtable pro-
curement, the liver graft is connected to the 
machine by cannulation of both the portal vein 
and hepatic artery (dual perfusion), or the portal 

40

100

90

80

70

60

50

40

30

20

10

0

35 30 25 20 15 10 5 0

HMPMMPSNMPNMP

Temperature [°C]

P
er

ce
n

ta
g

e 
o

f 
m

et
ab

o
lis

m
 [

%
]

Fig. 21.3 Graphic presentation of the change in rate of 
metabolism with decreasing temperature [16]. Based on 
Van’t Hoff’s principle (expressed as Q10 =  (K2/K1)10/(t2−

t1)), this graph demonstrates the significantly reduced 
metabolism of the liver at hypothermic temperatures. The 
vertical lines in the graph indicate the lower endpoint of 

temperature ranges of the different types of machine per-
fusion proposed. NMP; normothermic machine perfusion 
(35–38 °C); SMP, sub-normothermic machine perfusion 
(25–34 °C); MMP, mid-thermic machine perfusion (13–
24 °C); HMP, hypothermic machine perfusion (0–12 °C)
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vein alone. The liver is than perfused for about 2 
to 4  h with a perfusion fluid with or without 
active, supplemented oxygenation.

Experimental studies have demonstrated 
end- ischemic HMP as a safe and feasible tech-
nique, which restores the hepatocellular energy 
status and reduces IRI in liver grafts. In 2010 
Guarrera et  al. first reported successful trans-
plantation of ex-situ hypothermic (4–6  °C) 
machine perfused DBD liver grafts in humans 
[18]. Dual perfusion with Vasosol perfusion 
solution (see also  paragraph 10.2) with added 
antioxidants and metabolic substrates was per-
formed via both portal vein and hepatic artery 
for 3–7 h. Compared to SCS liver grafts, HMP 
treated livers had a better graft function and 
attenuated liver injury markers after 
transplantation.

With these promising results, Dutkowski 
et  al. pretreated DCD liver grafts with hypo-
thermic oxygenated machine perfusion (HOPE) 
in an attempt to improve graft quality before 
implantation [19]. Post-SCS, the liver grafts 
were perfused through the portal vein exclu-
sively for 1 to 2  h with oxygenated (pO2 
80–100 kPa) and cooled (10 °C) University of 
Wisconsin (UW) gluconate solution. HOPE 
treated livers had lower incidences of EAD, 
PNF and ischemic cholangiopathy compared to 
SCS-preserved DCD grafts without 
HOPE. Graft function and survival, as well as 
postoperative complications were comparable 
to DBD controls.

In the Netherlands, van Rijn et al. combined 
both of the above techniques in a clinical trial 
[15]. With dual hypothermic oxygenated 
machine perfusion (DHOPE), oxygenation as 
well as dual perfusion via both the portal vein 
and hepatic artery was realized. Although it 
adds another technical step opposed to portal 
vein only perfusion, dual perfusion might have 
additional advantages because bile ducts are 
mainly depending on arterial blood supply [20]. 
Additional information about single versus dual 
perfusion can be found in Sect. 21.6.3. This 
clinical study suggests that DHOPE is safe and 
feasible, restores hepatic ATP and reduces 
reperfusion injury [15].

21.4.3  Mid-thermic and Sub- 
normothermic Machine 
Perfusion

MMP is executed at temperatures from 13 to 
24  °C and SNMP embraces machine perfusion 
within a temperature range of 25–34  °C.  Both 
techniques, however, have not been used in 
human clinical studies thus far. In 2015, Bruinsma 
et  al. demonstrated SNMP in discarded human 
donor livers offers a viable alternative to conven-
tional SCS, HMP and NMP modalities. SNMP 
treated liver grafts showed improving function 
with restoration of tissue ATP levels. A major 
advance of SNMP is the ability of perfusion with 
an acellular fluid without an oxygen carrier, since 
metabolic oxygen demands at 21 °C are met by 
active oxygenation of the perfusate [21].

21.4.4  Normothermic Machine 
Perfusion

The overall goal of NMP (35–37 °C) is to pre-
serve human liver grafts ex-situ at body tempera-
ture simulating a near-physiologic environment 
by using machine perfusion. Active liver metabo-
lism at 37  °C allows for graft assessment and 
viability testing prior to transplantation. NMP, 
however, is a real technically challenge requiring 
oxygenated dual perfusion via both the hepatic 
artery and portal vein with perfusate incorporat-
ing an adequate oxygen carrier and nutritional 
supplements.

In 2013, Ravikumar et al. performed the first 
phase I trial, in which NMP preserved livers were 
matched to SCS preserved livers. The interven-
tion group comprising both DBD and DCD liver 
grafts underwent NMP with a red cell–based 
fluid, after which twenty liver transplantations 
were executed. NMP appeared to be safe and fea-
sible. Thirty-day graft survival was similar for 
NMP and SCS, while median peak aspartate ami-
notransferase (AST) levels and EAD incidence 
were significantly decreased in the NMP group 
[22]. Subsequently, the Toronto and Edmonton 
groups published comparable results from their 
phase I studies [17, 23, 24].
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Currently, several multicenter phase III ran-
domized controlled trials (RCT) comparing NMP 
with SCS-preservation only are ongoing [25]. 
The first RCT using NMP as preservation method 
instead of SCS was recently published by the 
Consortium for Organ Preservation in Europe, 
including 121 NMP and 101 SCS preserved liver 
grafts. For the NMP group, a significant reduc-
tion in peak serum AST and EAD incidence were 
seen [17].

Op den Dries et al. demonstrated the feasibil-
ity of end-ischemic NMP by using discarded 
human donor livers. Discarded liver grafts func-
tioned well during ex-situ machine perfusion, 
with a continuous bile production and normaliz-
ing biochemical liver related parameters. 
Histological examination afterwards confirmed 
adequate preservation of liver morphology [26]. 
Subsequently in 2015, the first human liver trans-
plantation using a marginal liver graft resusci-
tated with end-ischemic NMP was performed. 
This suboptimal liver graft was initially deemed 
too high risk and rejected for transplantation, but 
transplanted after SCS-preservation followed by 
NMP resuscitation [27]. With the feasibility dem-
onstration of ex-situ functional testing of liver 
grafts, initially discarded ECD liver grafts can be 
tested for their viability and transplanted if via-
ble, and with that potentially increase the donor 
pool.

In 2017, based on the presumed synergistic 
effect of end-ischemic DHOPE and NMP, we 
designed these two types of machine perfusion in 
a clinical trial protocol. Nationwide declined 
high risk donor livers are preserved and trans-
ported by SCS, followed by end-ischemic 
DHOPE (resuscitation phase), controlled oxy-
genated rewarming (COR; see also Sect. 21.6.4), 
and subsequent ex-situ viability testing during 
NMP.  When meeting the viability criteria at 
150  min of NMP (including bile production of 
≥10 grams, lactate concentration in perfusate 
between 0.5–1.7, pH in perfusate between 7.35–
7.45, and bile pH >7.45) the livers are trans-
planted (www.trialregister.nl; NTR5972).

Although until now no RCT has demonstrated 
an improvement in patient or graft survival or 
reduction in biliary complications yet, it is nota-

ble that trials with larger numbers and longer 
term follow-up are required to examine these 
outcomes.

21.5  Advances of Machine 
Perfusion

Based on previous experimental studies, machine 
perfusion has a great potential and offers many 
advantages and possibilities as compared to or as 
an adjunct to conventional SCS [12, 19, 25, 28–
30]. This technique offers the capability to pre-
serve donor organs while providing them with 
oxygen and nutrients at various temperatures; the 
ability to (p)recondition and optimize the func-
tion of donor organs, particularly ECD organs, 
and the possibility of function and viability test-
ing. These concepts will be discussed below in 
more detail.

21.5.1  Optimal and Prolonged 
Preservation

Machine perfusion generates a continuous flow 
with perfusion solution, or perfusate, through the 
liver graft. The continuous flow supports the 
endothelial cell function of the graft, while meta-
bolic waste products can be released. 
Supplementation of oxygen, nutrients, metabolic 
substrates and other products to the perfusate 
allow the liver to exert his physiologic metabolic 
function.

Besides that, like described in Sect. 22.4, tem-
peratures can be regulated during machine perfu-
sion. HMP enables to perfuse the liver graft in a 
low metabolic state in which the oxygen debt can 
be restored and graft can be upregulated without 
any further damage or loss of energy. In NMP a 
physiological situation is simulated in which the 
liver can practice its function, including produc-
tion of hemostatic proteins [31].

A side potential of machine perfusion is the 
ability for prolonged preservation of the liver. In 
a recent proof-of-concept study, NMP was used 
to preserve a human discarded liver graft for 86 h 
[32]. Another report recently described a suc-

21 Machine Perfusion of Human Donor Livers

http://www.trialregister.nl


346

cessful transplantation of an initially declined 
human liver after preservation for 26 h, of which 
8.5 h with NMP [33]. This raises potential for a 
more scheduled, or in daytime and prepared 
transplantation approach, which would be better 
for both recipient and the surgical team.

21.5.2  (P)reconditioning 
and Optimization of Liver 
Graft Function

One of the main advantages of machine perfusion 
is the opportunity to recondition and optimize 
liver grafts that have been damaged by warm and 
subsequently cold ischemia. As previously 
described, during warm and subsequent cold 
ischemia ATP stores are rapidly depleted [9, 34]. 
ATP can be restored during a period of oxygen-
ated HMP prior to implantation of the liver graft 
[21]. Moreover, the accumulated oxygen and 
nutrient debts can be restored, and normal repair 
and regenerative pathways can be re-activated 
[25]. The liver, with its energy stores and meta-
bolic state replenished, is preconditioned and bet-
ter prepared for the injurious effects of reperfusion 
injury after implantation in the recipient [15]. 
Besides this, in livers with restored ATP the IRI is 
less conspicuous, probably due to the resuscita-
tion of mitochondria with subsequently a reduc-
tion in succinate accumulation, which has been 
linked to ROS generation after reperfusion.

With new machine perfusion techniques ECD 
grafts can be (p)reconditioned to potentially alle-
viate the deleterious effects of IRI at 
reperfusion.

Notably, cholangiocytes are particularly sus-
ceptible to IRI. The most frequent complications 
after DCD liver transplantation are biliary com-
plications, also known as post-transplant cholan-
giopathy [9]. Post-transplant cholangiopathy 
comprises the spectrum of abnormalities of large 
donor bile ducts, including non-anastomotic bili-
ary strictures, intraductal casts and intrahepatic 
biloma formation, in the presence of a patent 
hepatic artery. Non-anastomotic biliary strictures 
have been reported in up to 30% after DCD liver 
transplantation, almost three times higher com-

pared to DBD liver transplantation [35]. Van Rijn 
et  al. recently demonstrated that end-ischemic 
DHOPE reduces histological signs of IRI of bile 
ducts after DCD liver transplantation [36].

With the increasing incidence of obesity, 
today 40–60% of donor livers have significant 
fatty changes (steatosis). The general limit of 
acceptable donor steatosis is around 30% because 
steatosis is a known risk factor for increased IRI 
and poor outcomes after liver transplantation, 
most importantly PNF [37, 38]. Liver steatosis 
exacerbates secondary IRI by increased ROS 
generation, pro-inflammatory immune system 
activation and impaired ATP production, result-
ing in hepatic cell necrosis and graft failure upon 
reperfusion [39]. Besides this, there are indica-
tions that steatosis results in endothelial dysfunc-
tion [40]. In addition, intracellular lipid droplets 
may cause ballooning of the hepatocyte leading 
to an impaired microcirculation, and thus subop-
timal flush and perfusion. Machine perfusion has 
the potential to mitigate the deleterious effects of 
steatosis [41]. Although clinical experience with 
defatting is scarce, experimental small-animal 
studies supplementing defatting cocktails during 
machine perfusion have shown promising results 
[42].

21.5.3  Function and Viability Testing

Another major advance of machine perfusion is 
the ability to test the liver graft for its function 
and viability. All the more with the usage of ECD 
liver grafts and their susceptibility to IRI, it 
remains uncertain which liver graft will develop 
complications and which one will function prop-
erly. The decision to accept or decline a donor 
liver for transplantation is usually depending on 
donor past history, laboratory values, ischemia 
times and intra-operative findings. Machine per-
fusion may offer a more objective method to dis-
tinguish potentially transplantable from 
‘non-viable’ livers, prior to transplantation [43].

During machine perfusion several parameters 
can be monitored; arterial and portal vascular 
flow and resistance, as well as bile production. 
Besides that, immediate analysis of perfusate lac-
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tate and glucose can be performed [15]. These 
data will provide the transplantation team valu-
able information about the state of the liver.

Like mentioned before, NMP mimics the 
physiological state of the liver at 37 °C in which 
the liver is metabolically active, allowing for ex- 
situ real-time assessment of viability prior to 
transplantation. Lactate concentrations and pH 
level in perfusate, bile production, and pH level 
in bile enables the perfusion team to test the liver 
during perfusion. This is a major advance, which 
may potentially increase the donor pool as previ-
ously discarded ECD liver grafts can be tested for 
viability and subsequently transplanted if viable.

21.6  Technical Aspects 
of Machine Perfusion

21.6.1  Machine Perfusion Devices

With the instantaneous development of machine 
perfusion, several devices for machine perfusion 
of the liver have been developed. This paragraph 
provides a brief description of the four most fre-
quently used devices (Table 21.1).

Firstly, the Liver Assist (Organ Assist, 
Groningen, the Netherlands) device enables 
pressure- controlled oxygenated perfusion. It con-
sists of two different pump units that provide a 
pulsatile perfusion of the hepatic artery and con-
tinuous flow through the portal vein. Temperature 
can be set from hypothermic to normothermic 
conditions using an integrated heater/cooler. It is 
a mobile device, although not designed for 
transportation.

Secondly, the OrganOx Metra (Organox, 
Oxford, UK) device is a fully automated perfu-
sion system, which maintains physiological tem-
perature, flows, pressures, oxygenation and 
records bile production. It has a robust design for 
ease of transport and safe storage and includes a 
self-regulating oxygen supply.

Thirdly, the LifePort Liver Transporter (Organ 
Recovery systems, Chicago, USA) device is 
designed to deliver precision controlled perfu-
sion of both the hepatic artery and portal vein. It 
enables hypothermic perfusion and is supported 

by redundant preservation systems for safety, 
dynamic perfusion plus SCS.  It’s a height- 
adjustable and mobile device.

Fourthly, the Organ Care System™ Liver 
(Transmedics, Andover, USA) device is a porta-
ble perfusion and monitoring system. The porta-
ble console houses all elements of the system, 
including oxygen supply and a pump that is used 
to maintain pulsatile flow of warm, nutrient-rich 
blood to the organ.

21.6.2  Flow Versus Pressure 
Controlled

Liver machine perfusion devices can be flow- or 
pressure-controlled and both alternatives have been 
applied in previously described studies. Pressure-
controlled perfusion is considered to be the safest 
method. During cold preservation, in both SCS and 
HMP, the sinusoidal endothelial cells are at high 
risk for injury. In rats, it was demonstrated that 
increased perfusion pressures resulted in a more 
complete perfusion, but also in increasing endothe-
lial damage [44]. Furthermore, Fondevila et  al. 
demonstrated in pig livers that high flow rates pro-
voke sinusoidal endothelial injury through overex-
pression of von Willebrand factor and tumor 
necrosis factor with subsequent activation of 
Kupffer- and endothelial cells [45]. Therefore, in 
HMP pressure-controlled perfusion is a key ele-
ment to minimize these risks of shear stress, media-
tor release and sinusoidal damage [30].

21.6.3  Single Versus Dual Perfusion

Machine perfusion of the liver is either performed 
by single or dual perfusion. With the single perfu-
sion technique, only the portal vein is cannulated 
whereas in dual perfusion, both hepatic artery 
and portal vein are cannulated. Single perfusion 
adds simplicity to the procedure, but can only be 
applied in hypothermic conditions. Dual perfu-
sion can be applied under hypothermia as well as 
normothermia.

Advocates of dual perfusion state that perfu-
sion through the hepatic artery emphasizes better 
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oxygen supply to the peribiliary vascular plexus, 
since it is well known that blood supply to the 
bile ducts is largely dependent on the hepatic 
artery. Preservation of the biliary tree is critical, 
and single portal perfusion may not be sufficient 
to protect the bile ducts, especially in DCD liver 
grafts [15, 36]. Moreover, pulsatile arterial 
 perfusion may induce upregulation of biomech-
nical induced cytoprotective endothelial genes 
[28]. However, no conclusive studies demonstrat-
ing the best hypothermic perfusion route are 
available yet. For now, both portal vein alone and 
dual perfusion appear to be equally effective and 
well tolerated [30].

21.6.4  Controlled Oxygenated 
Rewarming

A relative new concept in machine perfusion is 
COR. As previously described, abrupt tempera-
ture shifts from hypothermia to normothermia 
obtained on reperfusion of liver grafts might con-
tribute to reperfusion injury and graft dysfunc-
tion after transplantation. Hoyer et al. introduced 
the COR technique, in which after initial HMP, 
the temperature was gradually increased to 
12 °C, 16 °C, and 20 °C after 30, 45, and 60 min, 
respectively [46]. Six patients were transplanted 
with a COR treated liver graft in which, com-
pared to untreated controls, a 50% reduction in 
peak serum transaminases after transplantation 
was seen. Six-month graft and patient survival 
were 100% in the COR group compared to 81 
and 85% in the control group. Also Banan et al. 
suggested, based on a pig study, that a combina-
tion of COR and NMP treatment may greatly 
reduce damage associated with reperfusion by 
minimizing hepatocellular damage, Kupffer cell 
activation and sinusoidal endothelial cell dys-
function [47]. The implementation of controlled 
oxygenated graft rewarming before transplanta-
tion has been shown to be a promising measure in 
clinical routine that warrants further confirma-
tion in randomized controlled trials. As men-
tioned before, we recently initiated a clinical trial 
that combines DHOPE, COR and NMP (www.
trialregister.nl; NTR5972).

21.7  Machine Perfusion Solution

21.7.1  Oxygenation

Before the ‘golden age’ of SCS, ex-situ machine 
perfusion of isolated organs was initially per-
formed with diluted blood. Since the reintroduc-
tion of machine perfusion numerous perfusion 
fluids have been developed.

For perfusion solutions, it’s important to dis-
tinguish between HMP and NMP.  As noticed 
before, at hypothermic temperatures, the rate of 
metabolisms and enzymatic reactions of the liver 
grafts are as low as 20%, or even less. With this, 
the oxygen consumption and need of the liver 
remains low during machine perfusion. In nor-
mothermic conditions, the metabolism of the 
liver extent from 85% to 100%, with subse-
quently a serious need for oxygen which cannot 
be provided by diffusion only. Therefore in NMP, 
the perfusion fluid requires an adequate oxygen 
carrier [16].

21.7.2  Perfusion Fluids 
and Components

Currently, Belzer Machine Perfusion Solution 
UW (Bridge-to-Life, Northbrook, USA) is the 
preferred solution for HMP. This is a sterile, iso-
tonic non-pyrogenic solution with an osmolarity 
of 300 mOsm, sodium and potassium concentra-
tion of 100 and 25 mEq/L respectively, and a pH 
of 7.40.

Another commonly used perfusion solution in 
HMP is Vasosol (Lifeline Scientific, Chicago, 
USA), which consist of elements of conventional 
UW solution with additional vasodilatory and 
antioxidant components including prostaglan-
dins, nitroglycerin and acetylcysteine. Also mito-
chondrial stabilizers like alpha-ketoglutarate are 
constituted [48].

For NMP, a perfusion solution requires a 
physiological osmolarity and oncotic pressure 
and an adequate oxygen carrier to deliver oxygen 
throughout the organ. The golden standard perfu-
sion solution therefore consists of human red 
blood cells combined with a colloid solution, like 
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fresh frozen plasma [26], Steen solution (XVIVO, 
Göteborg, Sweden) [23] or gelofusine (B Braun, 
Melsungen, Germany) [22, 24].

Our group recently developed a NMP perfu-
sion solution that eliminates the need for human 
blood products. We demonstrated that NMP can 
effectively be performed by replacing red blood 
cells with HBOC-201 (Therapeutics LLC, 
Souderton, USA), a polymerized bovine hemo-
globin, and fresh frozen plasma by gelofusine. 
Perfusing livers with this customized perfusion 
fluid appeared at least similar to perfusion with 
red blood cells and fresh frozen plasma. Some of 
the biomarkers of liver function and injury even 
suggested a potential superiority of an HBOC- 
201- based perfusion solution. This opens a per-
spective for further optimization of NMP 
solutions [49].

21.7.3  Nutrient and Pharmalogical 
Supplementation

During the evolution of machine perfusion solu-
tions, several nutrients and pharmacologicals 
were added to perfusion fluids to (p)recondition 
and optimize the live grafts. To provide sufficient 
nutrients for the liver graft, vitamins, glucose, 
amino acids and trace elements were successfully 
added to perfusion solutions. To prevent the 
development of interstitial edema or intracellular 
contraction, the oncotic and osmotic pressure of 
perfusion solutions was adjusted by adding ster-
ile H2O, saline and human albumin. Also sodium 
bicarbonate can be added for buffering capacity. 
For NMP broad-spectrum antibiotics were added 
as prevention for bacterial growth and graft infec-
tion under normothermic conditions. Heparin can 
be added for anticoagulation during machine per-
fusion [26].

21.8  Machine Perfusion in 
Practice

Machine perfusion is a technically demanding 
procedure and requires excellent teamwork. 
Surgeons, assistants, theatre and scrub nurses, 

anesthesiologists, and organ perfusionists all 
need to collaborate closely. In the next para-
graphs, a global procedure for machine perfusion 
is described step by step [50].

21.8.1  Priming the Machine 
Perfusion Device

Built up the liver perfusion machine following its 
instructions and add the desired perfusion solu-
tion to the sterile machine’s tubing circuit. Switch 
on the perfusion pump(s) and remove all air bub-
bles from the closed system. Adjust the desired 
pressures, flows and temperatures and start oxy-
genation if applicable depending on the type of 
machine perfusion device that is used. Check the 
pH and electrolytes of the perfusion fluid and 
adjust if necessary. In case of NMP, a blood cul-
ture should be taken prior to liver perfusion [51].

21.8.2  Donor Liver Procurement 
and Preparation

The donor liver is procured in the donor hospital 
using the standard technique of in-situ cooling, 
and is flushed out with cold preservation fluid. In 
case of dual perfusion, to facilitate cannulation of 
the artery a segment of the supratruncal aorta 
should be left attached to the coeliac trunk. The 
portal vein should be kept as long as possible. 
The cystic duct should be ligated with a tie and 
the gall bladder should remain untouched. Also, 
the usual blood vessel toolkit should be harvested 
and kept together with the liver graft.

During the whole procedure, maintenance and 
assurance of sterile technique will be crucial to 
prevent infections. Therefore cannulation and 
perfusion must be performed in a location that 
meets current standards for performing sterile 
(aseptic) clinical procedures either at the donor 
hospital or at the transplant center. The liver pro-
curement including dissection of the hepatic 
artery and portal vein should be performed as 
usual. In case of dual perfusion, close the distal 
end of the supratruncal aorta segment and insert 
the arterial cannula into the proximal end, and 
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secure with a tie. Insert the venous cannula into 
the portal vein and secure. Depending on the per-
fusion device, the inferior vena cava should be 
cannulated or not. In case of NMP, also introduce 
a silicon catheter in the bile duct and secure to 
allow intermittent bile sampling. Lastly, flush out 
the liver via the portal vein cannula to remove the 
majority of the standard preservation fluid.

21.8.3  Machine Perfusion

Position the liver into the organ chamber accord-
ing to the manufacturer’s instructions. Connect 
the portal vein cannula to the portal inflow tube 
of the perfusion device and start portal perfusion. 
In case of dual perfusion, also connect the arterial 
cannula to the arterial inflow tube and start arte-
rial perfusion as well. During machine perfusion 
immediate analysis of blood gas parameters (pO2, 
pCO2, sO2, HCO2

− and pH) and biochemical 
parameters (glucose, calcium, lactate, potassium 
and sodium) should be performed and adjusted if 
necessary.

During machine perfusion, accidental decan-
nulation, vessel kinking, interruption of oxygen, 
power supply or perfusion outside of the target 
are just some examples of potential device mal-
functions that may result in irreversible organ 
injury. Therefore, the executive center must have 
a specially trained team which is able to operative 
the device during preservation and has the ability 
to safely convert machine preservation to SCS in 
case of unrecoverable device failure within 
10 min of cessation of perfusion.

21.8.4  Viability Testing

In case of NMP, viability testing of the liver dur-
ing can be assessed with a combination of param-
eters. First monitor the macroscopic homogeneity 
of the liver during perfusion to evaluate the qual-
ity of the liver. Secondly, monitor the flows dur-
ing machine perfusion; an initial increase, and 
subsequent stabilization of the arterial and portal 
flows indicate stable hemodynamics of the liver. 
With blood gas analysis of the perfusion fluid, 

oxygenation as well as the livers ability of CO2 
extraction can be analyzed. Another indicator for 
liver function is the quantitative bile production 
as well as the bile quality. A gradual darkening 
shade of the bile color should be observed over 
time. An increase of the total bilirubin and HCO3 
concentration represents and improvement of the 
produced bile.

Furthermore, stable concentration of hepatic 
injury markers in the perfusion fluid, such as ala-
nine aminotransferase, potassium and alkaline 
phosphatase reflects minimal injury of the liver 
graft.

21.9  Future Perspectives

21.9.1  Ischemia Free Liver 
Transplantation

The perfect manner to overcome IRI and its 
disastrous effects is when ischemia could be pre-
vented at all. However, up to now ischemia is an 
inevitable event of liver transplantation.

Reseachers in China recently developed a new 
technique of ischemia free organ transplantation 
[52]. He et al. reported the first case in which a 
severely steatotic (85–95% fat) liver graft was 
procured, preserved and implanted under contin-
uous NMP. No ischemia occurred during the pro-
cedure. The recipient did not suffer 
post-reperfusion syndrome or vasoplegia after 
revascularization of the liver graft and no key 
pathways of IRI were activated. Liver function 
tests and histological study revealed minimal 
injury of the liver and the recipient recovered rap-
idly after transplantation. Ischemia free organ 
transplantation seems to be a promising feature 
in organ transplantation, but more experience and 
clinical studies are desired.

21.9.2  Extended Machine Perfusion

Like mentioned in Sect. 21.5.1, preservation of a 
human liver graft extending to 26  h (of which 
8.5  h with NMP) with subsequent successful 
transplantation has been described [33]. Machine 
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perfusion may enable more scheduled liver trans-
plantations. This may provide additional time to 
further optimize the recipient’s condition prior to 
transplantation. Secondly, the transplantation can 
be scheduled in daytime, which may theoretically 
result in a physically better-prepared surgical 
team. Machine perfusion also offers opportuni-
ties for recipients with an expected extended 
hepatectomy time, including those patients with 
a history of previous surgery and/or transplanta-
tion. Furthermore, if longer machine perfusion 
remains to be safe and feasible with a portable 
machine perfusion device longer distances could 
be bridged between donor and recipient in the 
future.

21.9.3  Stem Cells 
and Pharmacologicals

With the emerging experiences of NMP, a new 
platform for treatment of the liver grafts has 
emerged. Several techniques were tested in both 
animal and clinical studies. For example, addi-
tional targets, like antiviral medication for viral 
hepatitis, immune modulation for tolerance 
induction and gene therapy are under explora-
tion [25].

Rigo et al. explored the feasibility of a phar-
macological intervention during NMP by apply-
ing human liver stem cells-derived extracellular 
vesicles on isolated rat livers. At the end of NMP, 
human liver stem cells-derived extracellular vesi-
cles were incorporated by hepatocytes and histo-
logical damage and apoptosis were significantly 
reduced. Treatment with human liver stem cells- 
derived extracellular vesicles appeared to be fea-
sible and effectively reduced liver injury during 
hypoxic NMP [53].

21.10  Conclusions

Machine perfusion is an emerging innovation in 
liver transplantation that has made the transition 
to clinical trials. Over the past decade, with sev-
eral research groups working on machine perfu-
sion various techniques have been explored and 

implemented. Machine perfusion offers the abil-
ity to better preserve donor liver grafts while pro-
viding oxygen and nutrients, for reconditioning 
and optimization of liver grafts, and provides the 
possibility of liver function and viability testing. 
Finally, it may extend the duration of ex-situ 
organ storage. With an increasing demand for 
liver grafts worldwide, machine perfusion prom-
ises to be a beneficial alternative preservation 
method for liver grafts, especially those consid-
ered to be of suboptimal quality.

References

 1. Carrel A, Lindbergh CA. The culture of whole organs. 
Science. 1935;81:621–3.

 2. Belzer FO, Ashby BS, Gulyassy PF, Powell 
M. Successful seventeen-hour preservation and trans-
plantation of human-cadaver kidney. N Engl J Med. 
1968;278:608–10.

 3. Starzl TE, Groth CG, Brettschneider L, Penn I, 
Fulginiti VA, Moon JB, et  al. Orthotopic homo-
transplantation of the human liver. Ann Surg. 
1968;168:392–415.

 4. Belzer FO, Glass NR, Sollinger HW, Hoffmann RM, 
Southard JH.  A new perfusate for kidney preserva-
tion. Transplantation. 1982;33:322–3.

 5. Wertheim JA, Petrowsky H, Saab S, Kupiec-Weglinski 
JW, Busuttil RW.  Major challenges limiting liver 
transplantation in the United States. Am J Transplant. 
2011;11:1773–84.

 6. Manyalich M, Nelson H, Delmonico FL. The need and 
opportunity for donation after circulatory death world-
wide. Curr Opin Organ Transplant. 2018;23:136–41.

 7. Jochmans I, van Rosmalen M, Pirenne J, Samuel 
U. Adult liver allocation in Eurotransplant transplan-
tation. 2017;101:1542–1550.

 8. van Golen RF, Reiniers MJ, Olthof PB, van Gulik 
TM, Heger M.  Sterile inflammation in hepatic 
ischemia/reperfusion injury: present concepts and 
potential therapeutics. J Gastroenterol Hepatol. 
2013;28:394–400.

 9. de Vries Y, von Meijenfeldt FA, Porte RJ.  Post- 
transplant cholangiopathy: classification, pathogene-
sis, and preventive strategies. Biochim Biophys Acta. 
1864;2018:1507–15.

 10. Dominguez-Gil B, Haase-Kromwijk B, Van Leiden 
H, Neuberger J, Coene L, Morel P, et al. Current situ-
ation of donation after circulatory death in European 
countries. Transpl Int. 2011;24:676–86.

 11. Bartlett RH, Gazzaniga AB, Fong SW, Jefferies MR, 
Roohk HV, Haiduc N.  Extracorporeal membrane 
oxygenator support for cardiopulmonary failure. 
Experience in 28 cases. J Thorac Cardiovasc Surg. 
1977;73:375–86.

M. J. M. Werner et al.



353

 12. Fondevila C, Hessheimer AJ, Ruiz A, Calatayud D, 
Ferrer J, Charco R, et al. Liver transplant using donors 
after unexpected cardiac death: novel preservation 
protocol and acceptance criteria. Am J Transplant. 
2007;7:1849–55.

 13. Minambres E, Suberviola B, Dominguez-Gil B, 
Rodrigo E, Ruiz-San Millan JC, Rodriguez-San Juan 
JC, et al. Improving the outcomes of organs obtained 
from controlled donation after circulatory death 
donors using abdominal normothermic regional per-
fusion. Am J Transplant. 2017;17:2165–72.

 14. Oniscu GC, Randle LV, Muiesan P, Butler AJ, 
Currie IS, Perera MT, et  al. In situ normothermic 
regional perfusion for controlled donation after cir-
culatory death-the United Kingdom experience. Am 
J Transplant. 2014;14:2846–54.

 15. van Rijn R, Karimian N, Matton APM, Burlage LC, 
Westerkamp AC, van den Berg AP, et al. Dual hypo-
thermic oxygenated machine perfusion in liver trans-
plants donated after circulatory death. Br J Surg. 
2017;104:907–17.

 16. Karangwa SA, Dutkowski P, Fontes P, Friend PJ, 
Guarrera JV, Markmann JF, et al. Machine perfusion 
of donor livers for transplantation: a proposal for stan-
dardized nomenclature and reporting guidelines. Am J 
Transplant. 2016;16:2932–42.

 17. Nasralla D, Coussios CC, Mergental H, Akhtar MZ, 
Butler AJ, Ceresa CDL, et al. A randomized trial of 
normothermic preservation in liver transplantation. 
Nature. 2018;557:50–6.

 18. Guarrera JV, Henry SD, Samstein B, Odeh-Ramadan 
R, Kinkhabwala M, Goldstein MJ, et al. Hypothermic 
machine preservation in human liver transplan-
tation: the first clinical series. Am J Transplant. 
2010;10:372–81.

 19. Dutkowski P, Polak WG, Muiesan P, Schlegel A, 
Verhoeven CJ, Scalera I, et  al. First comparison of 
hypothermic oxygenated perfusion versus static cold 
storage of human donation after cardiac death liver 
transplants: an international-matched case analysis. 
Ann Surg. 2015;262:764–70.

 20. Nishida S, Nakamura N, Kadono J, Komokata T, 
Sakata R, Madariaga JR, et  al. Intrahepatic biliary 
strictures after liver transplantation. J Hepato-Biliary- 
Pancreat Surg. 2006;13:511–6.

 21. Bruinsma BG, Avruch JH, Weeder PD, Sridharan GV, 
Uygun BE, Karimian NG, et  al. Functional human 
liver preservation and recovery by means of sub-
normothermic machine perfusion. J Vis Exp. 2015. 
https://doi.org/10.3791/52777

 22. Ravikumar R, Jassem W, Mergental H, Heaton N, 
Mirza D, Perera MT, et  al. Liver transplantation 
after ex vivo normothermic machine preservation: a 
phase 1 (first-in-man) clinical trial. Am J Transplant. 
2016;16:1779–87.

 23. Selzner M, Goldaracena N, Echeverri J, Kaths JM, 
Linares I, Selzner N, et al. Normothermic ex vivo liver 
perfusion using steen solution as perfusate for human 
liver transplantation: first North American results. 
Liver Transpl. 2016;22:1501–8.

 24. Bral M, Gala-Lopez B, Bigam D, Kneteman N, 
Malcolm A, Livingstone S, et al. Preliminary single- 
center Canadian experience of human normothermic 
ex vivo liver perfusion: results of a clinical trial. Am J 
Transplant. 2017;17:1071–80.

 25. Detelich D, Markmann JF.  The dawn of liver per-
fusion machines. Curr Opin Organ Transplant. 
2018;23:151–61.

 26. op den Dries S, Karimian N, Sutton ME, Westerkamp 
AC, Nijsten MW, Gouw AS, et  al. Ex vivo normo-
thermic machine perfusion and viability testing of 
discarded human donor livers. Am J Transplant. 
2013;13:1327–35.

 27. Perera T, Mergental H, Stephenson B, Roll GR, 
Cilliers H, Liang R, et  al. First human liver trans-
plantation using a marginal allograft resuscitated 
by normothermic machine perfusion. Liver Transpl. 
2016;22:120–4.

 28. Burlage LC, Karimian N, Westerkamp AC, Visser 
N, Matton APM, van Rijn R, et  al. Oxygenated 
hypothermic machine perfusion after static cold 
storage improves endothelial function of extended 
criteria donor livers. HPB (Oxford). 2017;19: 
538–46.

 29. Dutkowski P, Schlegel A, de Oliveira M, Mullhaupt 
B, Neff F, Clavien PA. HOPE for human liver grafts 
obtained from donors after cardiac death. J Hepatol. 
2014;60:765–72.

 30. Schlegel A, Dutkowski P.  Role of hypothermic 
machine perfusion in liver transplantation. Transpl 
Int. 2015;28:677–89.

 31. Karangwa SA, Aldemeijer J, Matton APM, Lisman 
JA, Porte RJ. Production of physiologically relevant 
quantities of hemostatic proteins during normo-
thermic machine perfusion of human livers. Liver 
Transplant. 2018.

 32. Liu Q, Nassar A, Buccini L, Grady P, Soliman B, 
Hassan A, et al. Ex situ 86-hour liver perfusion: push-
ing the boundary of organ preservation. Liver Transpl. 
2018;24:557–61.

 33. Watson CJ, Randle LV, Kosmoliaptsis V, Gibbs P, 
Allison M, Butler AJ. 26-hour storage of a declined 
liver before successful transplantation using ex vivo 
normothermic perfusion. Ann Surg. 2017;265:e1–2.

 34. van Golen RF, van Gulik TM, Heger M. The sterile 
immune response during hepatic ischemia/reperfu-
sion. Cytokine Growth Factor Rev. 2012;23:69–84.

 35. Dubbeld J, Hoekstra H, Farid W, Ringers J, Porte 
RJ, Metselaar HJ, et al. Similar liver transplantation 
survival with selected cardiac death donors and brain 
death donors. Br J Surg. 2010;97:744–53.

 36. van Rijn R, van Leeuwen OB, Matton APM, Burlage 
LC, Wiersema-Buist J, van den Heuvel MC, et  al. 
Hypothermic oxygenated machine perfusion reduces 
bile duct reperfusion injury after transplantation of 
donation after circulatory death livers. Liver Transpl. 
2018;24:655–64.

 37. Schlegel A, Muller X, Dutkowski P.  Hypothermic 
liver perfusion. Curr Opin Organ Transplant. 
2017;22:563–70.

21 Machine Perfusion of Human Donor Livers

https://doi.org/10.3791/52777


354

 38. Chu MJ, Dare AJ, Phillips AR, Bartlett AS.  Donor 
hepatic steatosis and outcome after liver transplan-
tation: a systematic review. J Gastrointest Surg. 
2015;19:1713–24.

 39. Gehrau RC, Mas VR, Dumur CI, Suh JL, Sharma 
AK, Cathro HP, et al. Donor hepatic steatosis induce 
 exacerbated ischemia-reperfusion injury through acti-
vation of innate immune response molecular path-
ways. Transplantation. 2015;99:2523–33.

 40. Beijert I, Mert S, Huang V, Karimian N, Geerts S, 
Hafiz EOA, et al. Endothelial dysfunction in steatotic 
human donor livers: a pilot study of the underlying 
mechanism during subnormothermic machine perfu-
sion. Transplant Direct. 2018;4:e345.

 41. Kron P, Schlegel A, Mancina L, Clavien PA, Dutkowski 
P.  Hypothermic oxygenated perfusion (HOPE) for 
fatty liver grafts in rats and humans. J Hepatol. 2017; 
https://doi.org/10.1016/j.jhep.2017.08.028.

 42. Nativ NI, Yarmush G, So A, Barminko J, Maguire TJ, 
Schloss R, et  al. Elevated sensitivity of macrostea-
totic hepatocytes to hypoxia/reoxygenation stress is 
reversed by a novel defatting protocol. Liver Transpl. 
2014;20:1000–11.

 43. Watson CJE, Jochmans I.  From “gut feeling” to 
objectivity: machine preservation of the liver as a 
tool to assess organ viability. Curr Transplant Rep. 
2018;5:72–81.

 44. ‘t Hart NA, der van Plaats A, Leuvenink HG, van 
Goor H, Wiersema-Buist J, Verkerke GJ, et  al. 
Determination of an adequate perfusion pressure for 
continuous dual vessel hypothermic machine perfu-
sion of the rat liver. Transpl Int. 2007;20:343–52.

 45. Fondevila C, Hessheimer AJ, Maathuis MH, Munoz 
J, Taura P, Calatayud D, et al. Hypothermic oxygen-
ated machine perfusion in porcine donation after 
circulatory determination of death liver transplant. 
Transplantation. 2012;94:22–9.

 46. Hoyer DP, Mathe Z, Gallinat A, Canbay AC, 
Treckmann JW, Rauen U, et  al. Controlled oxygen-

ated rewarming of cold stored livers prior to trans-
plantation: first clinical application of a new concept. 
Transplantation. 2016;100:147–52.

 47. Banan B, Xiao Z, Watson R, Xu M, Jia J, Upadhya 
GA, et al. Novel strategy to decrease reperfusion inju-
ries and improve function of cold-preserved livers 
using normothermic ex vivo liver perfusion machine. 
Liver Transpl. 2016;22:333–43.

 48. Bae C, Pichardo EM, Huang H, Henry SD, Guarrera 
JV.  The benefits of hypothermic machine perfusion 
are enhanced with Vasosol and alpha-tocopherol in 
rodent donation after cardiac death livers. Transplant 
Proc. 2014;46:1560–6.

 49. Matton APM, Burlage LC, van Rijn R, de Vries Y, 
Karangwa SA, Nijsten MW, et  al. Normothermic 
machine perfusion of donor livers without the 
need for human blood products. Liver Transpl. 
2018;24:528–38.

 50. Karimian N, Matton AP, Westerkamp AC, Burlage 
LC, Op den Dries S, Leuvenink HG, et al. Ex situ nor-
mothermic machine perfusion of donor livers. J Vis 
Exp. 2015. https://doi.org/10.3791/52688

 51. Quintini C, Martins P, Shah S, Killackey M, Reed A, 
Guarrera J, et al. Implementing an innovated preserva-
tion technology: The American Society of Transplant 
Surgeons’ (ASTS) standards committee white paper 
on ex-situ liver machine perfusion. Am J Transplant. 
2018; https://doi.org/10.1111/ajt.14945.

 52. He X, Guo Z, Zhao Q, Ju W, Wang D, Wu L, et al. 
The first case of ischemia-free organ transplanta-
tion in humans: a proof of concept. Am J Transplant. 
2018;18:737–44.

 53. Rigo F, De Stefano N, Navarro-Tableros V, David E, 
Rizza G, Catalano G, et al. Extracellular vesicles from 
human liver stem cells reduce injury in an ex  vivo 
normothermic hypoxic rat liver perfusion model. 
Transplantation. 2018;102:e205–10.

M. J. M. Werner et al.

https://doi.org/10.1016/j.jhep.2017.08.028
https://doi.org/10.3791/52688
https://doi.org/10.1111/ajt.14945


355© Springer Nature Switzerland AG 2021 
N. Hakim et al. (eds.), Transplantation Surgery, Springer Specialist Surgery Series, 
https://doi.org/10.1007/978-3-030-55244-2_22

Robotics in Transplantation

Kiara A. Tulla, Mario Spaggiari, 
and Ivo G. Tzvetanov

22.1  Introduction

Minimally invasive surgery has change the land-
scape of surgical interventions to decrease surgi-
cal trauma and improve patient outcomes. It has 
the known benefits of minimizing locations for 
surgical site infections, hastening recovery time 
and improved cosmesis with smaller surgical 
scars [1]. In transplantation, the incorporation of 
laparoscopy, first initiated in 1995 [2] improved 
live donor participation in kidney transplantation, 
which provided a needed boost in organ avail-
ability and concurrently optimal patient out-
comes [3]. However, complex procedures such as 
transplantation have been considered too techni-
cally demanding by conventional laparoscopy 
[4]. The turn of the century saw the introduction 
of robotics in transplantation with the first trans-
abdominal hand-assisted robotic donor nephrec-
tomy performed at the University of Illinois at 
Chicago in 2000 [5]. The da Vinci Surgical 
Robotics System (Intuitive Surgical, Sunnyvale, 
CA, USA) as the first, and currently only, 
U.S.  Food and Drug Administration (FDA) 
approved robotics system in practice for live sur-
gical interventions. It continues to provide a 
computer-assisted device to act as a surrogate 

manipulator for a surgeon to control small ports 
and instruments to perform surgical interven-
tions. Some of its advantages are proficient 
micro-suturing through laparoscopic ports, three- 
dimensional (3D) high-definition view, and 
instruments with wrist articulations [6]. Although, 
the high cost and lack of haptic feedback [7] cur-
rently serve as the greatest deterrents of the tech-
nology, its ability to provide care to transplant 
patients who may not receive transplantation 
because of the risk of surgery on ill obese patients. 
Thus, this platform can serve to provide equity in 
transplantation, for the every growing obese dia-
betic, end stage liver and kidney disease patients. 
Currently, the greatest application of robotics in 
transplantation has been in robotic donor 
nephrectomies and robotic kidney transplanta-
tion and to a lesser degree pancreas transplanta-
tion and donor hepatectomies for living donor 
liver transplantation. Here we shed light on the 
history and progress this technology has provided 
the transplant community.

22.2  Robotic Hand-Assisted 
Living Donor Nephrectomy

Living donor kidney transplantation has many 
known advantages and is the best available treat-
ment for patients with end-stage renal disease 
(ESRD) [8]. They present with higher quality 
renal grafts, shorter ischemia time, and the 
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 elective nature of the operation allow for 
improved patient outcomes. The possibility to 
provide pre- emptive transplantation before a 
patient is subject to dialysis has improvement on 
patient and graft survival [9, 10], but also on 
patient quality of life [11]. However, these advan-
tages must be balanced in concert with the proper 
management of patient safety. Donors are healthy 
individuals exposed to the inherent risk of a sur-
gical intervention without a direct personal 
benefit.

The introduction of minimally invasive sur-
gery for donor nephrectomies in the mid-1990s 
was key to boosting the living donation rates 
[12]. While the open approach with a mini- 
subcostal incision for live donor nephrectomy 
reduced morbidity compared to historic controls 
[13], laparoscopic technique grew as the standard 
procedure being of its associated improvements 
in patient recovery [14, 15]. At the same time, 
that centers with hundreds of laparoscopic donor 
nephrectomies have been performed since 2000 
(Table  22.1), the da Vinci Surgical System has 
been used in living donor nephrectomies as a 
logical extension of the widely adapted minimal 
invasive approach [16] at a more cautious pace. 
After acquiring experience with robotics in other 
surgical procedures, the first worldwide transab-
dominal, hand-assisted robotic donor nephrec-
tomy was performed successfully at the 
University of Illinois at Chicago in 2000 [5]. 
Since then, this institution has performed over 
1000 robotic donor nephrectomies with excellent 
outcomes [17].

22.2.1  Preoperative Donor 
Evaluation

The evaluation of potential kidney donors for 
robotic assisted live kidney donation, does not 
defer from the accepted guidelines [18]. A multi-
disciplinary transplant team performs this evalu-
ation of a patient undergoing medium-risk 
surgery with special attention to characteristics 
such as medical status, current renal function, co- 
morbidities that can increase the donor’s chances 
of developing renal failure themselves (i.e. diabe-

tes mellitus that is poorly controlled, kidney 
stones, etc.), and cardiopulmonary health is thor-
oughly evaluated. Since some individuals donate 
in their fifties and sixties, if there are points of 
concern a complete medical work is conducted 
prior to disallowing donation [19]. Of note, obese 
donors are not always accepted at many centers, 
however, out our center patients who are healthy 
regardless of body mass index (BMI) or prior sur-
gical procedures are considered adequate for 
donation for a technical perspective. Donors who 
are obese are encouraged to lose weight prior to 
date of donation (during evaluation process) as a 

Table 22.1 Review of current literature of studies con-
ducted in laparoscopic vs robotic donor nephrectomies

Author et al. Dates No. of cases
Laparoscopic donor nephrectomies (300+ patients)
Cooper et al. 1996–

2005
1000 Lap

Nogueira et al. 1996–
2005

946 Lap

Simforoosh et al. 1997–
2011

1510 Lap

Mjoen et al. 1997–
2008

244 Lap vs 778 
Open

Leventhal et al. 1997–
2008

1200 Lap

Carter et al. 1999–
2003

361 Lap

Hadijanastassiou 
et al.

2000–
2006

601 Lap vs 1800 
Open

Srivastata et al. 2001–
2006

380 Lap vs 1000 
Open

Kohei et al. 2001–
2009

425 Lap 
(retroperitoneal)

Su et al. 2004 381 Lap
Rajab et al. 1999–

2014
1500 Lap

Robotic donor nephrectomies
Renoult et al. 2002–

2004
13 Robotic vs 13 
Open

Hubert et al. 2007 38 Robotic
Liu et al. 2012 5 Robotic
Giacomoni et al. 2009–

2013
33 Robotic

Bhattu et al. 2014–
2015

16 Robotic vs 30 
Lap

Horgan (at UIC) 
et al.

2000–
2007

214 Robotic

UIC (unpublished 
data)

2000–
2017

>1000 Robotic

Lap laparoscopic, UIC University of Illinois at Chicago
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way to minimize the risks of donation and pro-
vided lifestyle education to help improve their 
health prior to and after donation.

The donor is admitted from home for this 
operation. Pre-operative instructions include 
optimization of fluid status the day prior to sur-
gery to maintain optimal renal function. Similarly, 
intravenous fluids are initiation as soon as the 
patient is admitted in the pre-procedure area.

22.2.2  Surgical Technique: Left 
Donor Nephrectomy

After patient is intubated, the donor is positioned 
either, in right lateral decubitus position for a left 
nephrectomy or left lateral decubitus position for 
a right nephrectomy cushioned on a beanbag with 
axillary roll prior to incision. The patient is ade-
quately fixed to the operative table to prevent 
instability of the robotic system upon docking and 
ensuring the donor’s safety during the procedure.

Robot-assisted donor nephrectomy is a trans-
abdominal procedure performed with four ports 
and one 7-cm Pfannenstiel incision for hand 
assistance and removal of the graft (Fig. 22.1).

A 12-mm laparoscopic port is placed above 
the umbilicus, close to the midline, at the level of 
renal hilum. This port is required for the 30-degree 
robotic camera system. The left mid-clavicular 
line is appropriate to place the two 8-mm robotic 

working ports to achieve good triangulations. 
They are located proximal and distal, 10–12 cm 
apart from the camera port. The left lower quad-
rant is the preferred location to place the last 
12-mm port, which is used by the assist to intro-
duce the stapler and provide suction assistance. 
The patient is placed in Trendelenburg with a 
minor jack-knife of the table. The robotic system 
is docked and integrated to the ports, and pneu-
moperitoneum is achieved with CO2 to 10 mmHg 
pressure. The operating surgeon, once the field is 
prepared, positions him or herself at the robotic 
console while the bedside surgeon assistant 
places a hand into the abdomen through the lower 
abdominal incision (Fig. 22.2).

Patient position: Right lateral decubitus

Fig. 22.1 Robotic-Assisted Donor Nephrectomy Port 
Placement for a Left Nephrectomy: Patient is positioned 
in the right lateral decubitus position with the head of the 
patient to the left of the image. Green ports depict robotic 
arms and camera port. Blue port is assistant port with blue 
incision depicting assistant hand port

Head of patient

Fig. 22.2 Robotic-
Assisted Donor 
Nephrectomy surgical 
positioning: At the head 
of the bed sit the 
anesthesiologist. The 
robot is docked on the 
left side of the bed and 
anchored to the patient 
at the appropriate port 
sites. The lead surgeon 
is controlling the robot 
from the console. The 
assistant surgeon is 
placed on the right side 
of the patient near the 
foot of the bed, with the 
scrub nurse and surgical 
table on the right side of 
the patient
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Intra-abdominal dissection begins with the 
mobilization of the descending and the sigmoid 
colon. The splenocolic ligament is also partially 
transected. Once the peritoneum is scored with 
the electrocautery, the fat plane between the mes-
entery of the left colon and Gerota’s fascia are 
separated in an atraumatic fashion. This allows 
bloodless exposure of the anterior surface of the 
left kidney even in cases with significant intra- 
abdominal adiposity. To facilitated exposure of 
the left kidney, occasionally the lower pole of the 
spleen is freed from its posterior attachments 
(transect the splenocolic ligament) and the spleen 
is further mobilized cranially. Furthermore, 
decreasing tidal volumes may be needed during 
this phase to restrict movements of the diaphragm 
to prevent organ injury.

The ureter is identified at the pelvic brim cir-
cumferentially dissected along with the gonadal 
vein using a combination of sharp instrument and 
finger dissection. As the most distal portion of the 
ureter is mobilized, care is taken to preserve a 
generous amount of fat and blood supply to the 
organ. Once complete, the ureter/gonadal com-
plex is followed superiorly. During this portion of 
the dissection, a lower polar artery originating 
from distal abdominal aorta should be identified 
to prevent unintentional injury of this vessel, 
which would deprive the ureter sufficient blood 
supply.

Following the gonadal vein in a proximal 
direction the operator identifies the renal vein 
between the retroperitoneal fat pad between the 
lower medial pole of the kidney and the ureter. 
The tissue in front of the renal vein is divided and 
the vein exposed medially to its junction with the 
inferior vena cava. The left adrenal vein is identi-
fied along the upper border of the renal vein. In 
most of the cases, at least one lumbar vein will 
join the left renal vein. Precision and care during 
the isolation and transaction of these veins is of 
most importance in order to prevent undo harm to 
the donor. The degrees of freedom the robotic 
system and instruments provide as well as the 3D 
vision provide the tools for improved dissection 
and care compared to conventional laparoscopic 
instruments. All the veins contributing to the left 

renal vein are clipped and transected to allow for 
further skeletonization of the renal vein.

Gerota’s fascia is incised superiorly and the 
adrenal gland is identified and left intact. If a siz-
able upper polar artery is present, extra care 
should be taken to preserve this vessel since it 
could supply 20–30% of the kidney mass. The 
upper pole of the kidney is then fully mobilized. 
The assisting surgeon’s hand helps to divide the 
posterior areolar attachments of the kidney 
bluntly. At this point, the ureter is clipped with 
two robotic hem-o-lock clips (as distal as possi-
ble) and sharply transected right proximal to the 
clips.

Left renal artery is circumferentially dissected 
to its origin from the aorta. If multiple arteries are 
present, every vessel has to be dissected free and 
followed to their take off from the aorta. When 
this step is finished, the kidney is only attached 
by the renal artery and vein.

Before vascular transection, 5000  units of 
heparin are given intravenously to prevents 
microcirculatory thrombosis of the graft after 
arterial transaction. Some surgeons also give a 
1 L of fluid bolus, followed by 40 mg of Lasix 
and 50 g of Mannitol prior to vascular separation, 
but this practice varies by center.

After 2–3 min, the assistant surgeon beings 
by advancing the Endo TA stapler through the 
12-mm left lower quadrant port with vascular 
staple load. The utilization of Endo TA stapler 
allows additional length of the artery that facili-
tates implantation of the graft. The renal artery 
is stapled at its origin from the aorta. Recently, 
the newer da Vinci Xi robot has integrated sta-
plers, which allows the operating surgeon to 
position and fire the staplers from the console 
(Fig. 22.3a). Once the staples are in place, the 
artery is sharply divided with robotic scissors at 
least 3–4  mm  distal from the stapler line 
(Fig.  22.3b). Subsequently, the renal vein is 
divided in a similar fashion by the assistant with 
an Endo GIA vascular stapler (Fig.  22.3c). 
Immediately after arterial transection, 50 mg of 
Protamine is given intravenously to reverse the 
systemic effect of heparin (1 mg Protamine per 
100 units of heparin).

K. A. Tulla et al.
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The cavity must be inspected for bleeding 
once the kidney graft is removed. The arterial and 
venous stumps are visualized, and the condition 
of the staple line verified. The renal bed should 
be inspected for the presence of chylous and lym-
phatic leak that is addressed with suture ligation 
if necessary with the robotic platform. At the end 
of the procedure, the 7 cm incision is closed in 
layers with fascial closed with 0 PDS and loose 
approximation of the muscle fibers with 0 Vicryl 
suture. The two 12-mm port sites are closed with 
an endo-closure device and 0 Vicryl suture. Skin 
is closed in the usual fashion.

If the right kidney is to be harvested, the pro-
cedure is efficiently performed with the robotic 
system in contralateral fashion from the one 
described.

22.3  Discussion

Minimally invasive donor nephrectomies have 
revolutionized the volume of live donors and 
allowed for more patients to obtain the survival 
benefit of transplantation and fewer years on dial-
ysis. Difficulty with anatomic variations have 
caused past difficulties with live donation. Over 
time, the hurdles that affected the utilization of 
live donation such as vascular compromise due to 
shorter arterial conduits, ureteral complications 
due to compromising blood supply and multiple 
arteries or veins increasing the complexity of the 
renal transplant and increasing warm ischemia 
time [20]. Different from laparoscopy, warm 

ischemia time with robotic procurement of the 
grafts is shorter and multiple arteries do not affect 
the patient outcomes as was once reported in lap-
aroscopy [21]. As a single center, the University 
of Illinois at Chicago has completed greater than 
1000 donor nephrectomies with comparable 
major complications (using Clavien-Dindo 
Classification of IIIb or greater [22]) rates to the 
published values noted in the laparoscopic litera-
ture (0.2–7.1%) [23–28]. The procedure has 
proved to be safe and efficacious even in complex 
cases of vascular anomalies or obese donors [21]. 
Although, the adoption of this technique had 
been limited, it equitable to laparoscopy and can 
serve as a way for a center to being robotic trans-
plantation and gain experience before performing 
robotic kidney transplantation.

22.4  Robotic-Assisted Kidney 
Transplantation

The first utilization of the robot in kidney trans-
plantation was performed in France in 2001 [29] 
however the technique did not use ports, but rather 
assessed the ability of the robot to perform the 
surgical sequence. In the late 2000s, after robotic 
surgery was routinely performed at the University 
of Illinois at Chicago, the first fully robotic trans-
abdominal kidney transplant was completed in 
2009; Giulianotti et al. published a total operative 
time was 223 min, with warm ischemia time of 
50 min [30]. Subsequently, Boggi et al. published 
their first successful European experience in 2011 

a b c

Fig. 22.3 Renal graft vasculature skeletonization. Both 
the renal arteries (a) and veins are exposed. The renal 
arteries are traversed with endo TA stapler loads and hem- 

o- lock clips. The renal are then sharply transected with the 
robotic scissors (b). The renal vein is then stapled and 
divided with an Endo GIA vascular stapler (c)
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[31]. Even if the approach slightly differed from 
ours, the operative time was 154 min, with 51 min 
of warm ischemia. Variations in technique were 
attempted by Doumerc et al. in 2015 [32] where 
the graft was introduced via a transvaginal 
approach with a mean operative time was 200 min 
and warm ischemia time was 55  min. Later, in 
2015, the same authors described the first pure 
robot-assisted approach to living donor kidney 
transplantation utilizing the transvaginal tech-
nique for both donor and recipient surgeries [33]. 
Despite the encouraging results and pioneering 
improvements, this technique continues to be cau-
tiously utilized [34].

With the cosmetic promise of the procedure, 
the technique was utilized in Europe due to 
increase in patient satisfaction. A collaboration 
with eight European institutions showed that the 
RKT could achieve minimal delayed graft func-
tion (DGF 4.2%) and wound infections (0.8%), 
with excellent graft outcomes among the patients 
selected [35]. However, the approach, at our 
institution, was initiated to address the detrimen-
tal effects wound infections had on graft out-
comes [36]. As a reflection of the growing 
incidence of obesity among the general popula-
tion, the prevalence of high BMI reached 30–40% 
among patients on renal replacement therapy 
[37]. The majority of transplant centers consider 
BMI ≥40 kg/m2 a contraindication for transplant, 
and very few centers transplant candidates with 
BMI above 35 kg/m2. Oberholzer et al. from our 
presented a cohort study comparing morbidly 
obese robotic kidney recipients to the open 
approach with results showing the advantages 
and feasibility of the robotic-assisted procedure 
[34]. This approach gave the opportunity for 
transplantation to candidates previously rejected 
due to obesity. Until now our group performed 
212 RKT for obese recipients. The robotic sys-
tem allows minimizing the incision and changing 
the anatomical location to the upper abdomen, 
away from contaminated groin area. Applying 
this technique, we were able to almost completely 
eradicate the surgical site infection in this high- 
risk patient population [38] while also providing 
them a needed survival benefit from restoration 
of kidney function [39].

All candidates for kidney transplantation 
undergo a standardized evaluation by multidisci-
plinary team. These guidelines are currently fol-
lowed by all transplant centers. Patients are 
considered for robotic kidney transplantation if 
they are adults (>18  years old) and have a 
BMI ≥ 30 kg/m2 at the time of listing (inclusion 
criteria at our center). We consider significant 
peripheral vascular disease as a contraindication 
for the minimally invasive approach.

22.4.1  Surgical Technique: Right- 
sided Robotic Kidney 
Transplant

Due to robotic surgery requiring extreme 
Trendelenburg positioning, with fluid volume 
redistribution toward the head, in combination 
with relatively high pneumoperitoneum, espe-
cially in obese recipients, ventilation can be seri-
ously affected. Thus, skilled collaboration with 
the anesthesia, medical and surgical team is of 
paramount importance to safely complete this 
high-profile procedure.

After successful intubation and routine peri-
operative procedures are conduction (immuno-
suppression administered as needed), the patient 
is secured in the supine position with both arms 
tucked. To achieve stable position of the patient 
to the table, shoulder blocks, large beanbags, and 
where necessary, silk tape over towels is utilized 
to provide security on the table with avoidance of 
pressure points.

After prepping and draping the abdomen, the 
initial 7-cm upper midline incision, approxi-
mately 3–4 cm below the xyphoid process with a 
GelPort (Applied Medical, Rancho Santa 
Margarita, CA) device insert. For implantation of 
the graft to the right external iliac vessels, laparo-
scopic ports are positioned in the following man-
ner: one 12-mm port for the 30-degree robotic 
scope is inserted to the right of the umbilicus; two 
7-mm robotic ports are inserted, one is placed in 
the right flank and the other one in the left lower 
quadrant; 12-mm assistant port is placed on the 
left side of the umbilicus between the camera and 
the left lower quadrant robotic port (Fig. 22.4).
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The patient is placed in 30-degree 
Trendelenburg position with the right-side table 
up to facilitated gravitational movement of the 
small bowel and colon away from the right iliac 
fossa (for implantation to the right external iliac 
vessels). The robot is docked at the patient’s right 
flank (over anterior superior iliac spine), parallel 
and slightly diagonal to the recipient body posi-
tioning pneumoperitoneum is achieved with CO2 
to 10–12 mmHg pressure. The assisting surgeon 
is seated on the left site of the operating table, 
and next to the patient’s head (which is covered 
entirely by the drape). Extra caution is taken to 
avoid interference with the robotic arms con-
trolled by the surgeon and the endotracheal tube. 
Vascular suturing can present technical difficul-
ties if appropriate triangulation of the arms and 
patient positioning is not achieved and main-
tained by the bedside surgeon (Fig. 22.5).

The cecum is mobilized off the iliac fossa to 
assist in exposing the right external iliac artery 
and vein. Importantly, if there is concern for 
patchy calcifications, manual assessment of the 
artery by the bedside surgeon is completed to 
avoid clamp injury and arterial dissection. Two 

robotic bulldog clamps are used to clamp the 
external iliac vein first.

At this point, the kidney graft is introduced 
into the abdominal cavity by the beside surgeon 
and oriented to allow for both vascular anastomo-
ses to be completed. We do not perform regional 
hypothermia as has been described in the past 
[40, 41], and have found that efficiency with the 
vascular anastomosis (average warm ischemia 
time of 40–50  min) maintains excellent patient 
outcomes.

To begin, the veno-venous anastomosis is per-
formed in an end-to-side fashion with a running a 
12-cm double-needle 6-0 Gore-Tex suture with a 
knot in the middle. Next, the external iliac artery 
is clamped between robotic bulldogs, and an 
oval-shaped window is made in the anterior wall 
of the artery with the use of robotic scissors. The 
arterial anastomosis is completed in an end-to- 
side fashion in a running fashion. The knots 
sutures are anchored avoid complications of the 
suture slipping, maintaining too much slack, or 
having the knot fall out. Of note, the needle on 
this suture is smaller and more malleable, so 
using fine robotic needled holders in both arms 
and visual feedback of vital to maintain the curve 
of the needle intact. The ease of fine vascular 
suturing allowed by the high-definition 3D vision 

Head of patient

Fig. 22.4 Robotic-Assisted Kidney Transplant Port 
Placement for a Right-sided Transplant: The patient is 
positioned supine with head of the patient above the 
GelPort depicted in the image. Green ports depict robotic 
arms and camera port. Blue port is assistant port with blue 
gel port for hand assistance as needed. The target is to 
triangulate the ports in such a way to have proper visual-
ization of the right iliac fossa, safely dissect, clamp and 
anastomose the renal artery and vein to the right external 
iliac vessels when possible. The anatomical location of 
the arterial and venous supply to the kidney once trans-
planted is depicted in the image

Head of patient

GelPort

Fig. 22.5 Robotic-Assisted Kidney Transplant surgical 
positioning: The assistant surgeon positions himself to left 
side of the patient near the head of the bed. The robot is 
docked on the right side of the bed. The lead surgeon is 
controlling the robot from the console. The scrub nurse 
and surgical table on the left side of the patient

22 Robotics in Transplantation



362

and wrist-like articulation of the robotic system 
instruments are the most important advantages 
for this procedure, which hasten and reduce 
warm ischemia time. Upon completion of arterial 
anastomosis, 100 mg of Lasix and 1 g/kg body 
weight of Mannitol is given intravenously. In 
some cases, fluid bolus may be required.

After the vascular anastomoses are complete, 
the clamps on the vein are removed first followed 
by removal of the arterial clamps. The reperfusion 
of the organ and hemostasis are visualized. 
Bleeding points are addressed with single-arm 6-0 
Prolene sutures. At this point, the pressure of the 
pneumoperitoneum is also reduced to ~8 mmHg to 
minimize possible negative effect of high intraab-
dominal pressure on graft perfusion and reduce the 
risk of delayed graft function. Good retraction by 
the assistant and tenting of the field by the camera 
port lifting the peritoneal cavity maintains a suffi-
cient visual field. This maneuver also allows for 
better evaluation to achieve hemostasis due to 
venous bleeding, which could be obscured by high 
intraabdominal pressure. Vascular reperfusion is 
the most critical part of robotic transplantation, 
since significant vascular and parenchymal bleed-
ing is difficult to control when compared to the 
open approach. Adequate resuscitation and atten-
tion by the anesthesiology team with appropriate 
resuscitation is of extreme importance.

Adequate reperfusion is verified by a Doppler 
exam. We routinely introduce 3 mL of systemic 
indocyanine green (ICG) solution (2.5  mg/mL) 

and after one minute utilize the robotic fluores-
cein camera to evaluated parenchymal perfusion. 
This gives the providers an excellent opportunity 
to observe and document the distribution of the 
dye into the graft as a surrogate for anastomotic 
patency.

Attention is now turned to the ureteral anasto-
mosis. Diluted methylene blue solution is intro-
duced into the bladder to facilitate localization. 
The ureter is anastomosed to the bladder with a 
running 5–0 Monocryl suture. The typical anti- 
reflux technique—suturing full thickness of the 
ureteral wall with the mucosal layer of the blad-
der—is used. The placement of ureteral stent is 
optional (surgeon discretion) (Fig. 22.6).

At the end of the procedure, the mini- 
laparotomy is closed with running 0 PDS, and the 
two 12-mm port sites are closed with an endo- 
closure device and 0 Vicryl suture. Skin is closed 
in the usual fashion.

If the kidney is placed in the left iliac fossa, 
the procedure is efficiently performed with the 
robotic system in contralateral fashion from the 
one described.

22.5  Discussion

The initial experiences shared by centers around 
the world, applying robotics to transplantation, 
have demonstrated lower surgical complication 
rates for when kidneys are implanted robotically 

a b

Graft Ureter

Bladder

Graft Ureter

Bladder

Fig. 22.6 Ureteral anastomosis: The bladder is identified 
after being filled with methylene blue. Once the bladder is 
opened with the use of robotic bipolar and robotic scissors 

the mucosa is identified and 5-0 Monocryl is used to 
suture (with two needle drivers) the heel of the donor ureter 
to the lateral opening of the bladder anastomosis (a and b)
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in comparison to similar open transplant cohorts 
[42, 43]. The technique is efficient and safe, and 
in our experience provides a way to improve 
access to transplantation for obese patients 
denied this life saving procedure at other 
centers.

Since 2009, the University of Illinois had 
completed more than 200 robotic-assisted kidney 
transplants in obese recipients. BMI >30 kg/m2 
has been our only selection criterion, without an 
upper limit. The mean BMI of the group of 
patients being 42 kg/m2, ranging from 28–61 kg/
m2. We reported our early experience in a case- 
control study [34], where the first 28 robot- 
assisted kidney transplants were compared to a 
frequency-matched retrospective cohort of obese 
recipients who underwent kidney transplantation 
in the traditional open technique. At 48 months of 
follow-up, the GFR was 51.5  ±  30.7  ml/
min/1.73  m2 in the robotic group and 
51.9 ± 21.8 ml/min/1.73 m2 in the control group 
(p  =  0.83). The rate of surgical site infections 
(SSI) was significantly higher in the control 
group compared with the robotic group (28.6 vs. 
0 percent, p = 0.004). At 4 years post-transplant, 
eight patients in the control group (28.6 percent) 
experienced graft loss compared with five 
patients in the robotic group (17.9 percent). Three 
(37.5 percent) of eight patients who lost the graft 
in the control group had concomitant SSI.  The 
patient survival at 48 months was 92.5 percent in 
the robotic group and 92.4 percent in the control 
group (p = 0.97). Patients transplanted with mini-
mally invasive approach achieved early mobiliza-
tion, high patient satisfaction, and an excellent 
long-term graft function were observed.

Our group conducted a study in which the 
UNOS registry [44] was reviewed for adult living 
donor kidney transplant recipients with BMI 
≥40  kg/m2 from September 2009 to December 
2014. We compared outcomes in RKT versus 
standard open kidney transplantation at all US 
centers. Similar patient and graft survival were 
reported. Renal function, determined by creati-
nine levels and GFR, was also similar in both 
groups.

The safety and effectiveness of RKT has only 
been achieved with the collaboration and experi-

ence of the different specialty teams during the 
entire process of transplantation. By providing 
excellent kidney graft function and minimizing 
surgical complications, this surgical technique 
gives the opportunity to a disadvantaged group of 
obese patients with ESRD to have improved 
access to transplantation. Surgeons attempting 
this procedure require the full armamentarium of 
robotic surgery skills, including advanced vascu-
lar suture techniques.

22.6  Robotic-Assisted Pancreas 
Transplantation

Despite the advantages in surgical intervention to 
achieve sustained euglycemia for diabetes melli-
tus patients, pancreas transplantation has histori-
cally had the greatest rate of surgical 
complications among solid organ transplantation, 
deterring the utilization of the procedure [45]. As 
the transplant technique has been mastered, the 
immunosuppression protocols improved and now 
the standardization of what is graft survival uni-
versalized, the landscape of pancreas transplanta-
tion is finally seeing its first increase in recipients 
in nearly a decade [46]. Type 2 Diabetics are now 
transplanted more frequently (11.7% in 2016 
from 10.5% in 2015) and simultaneous pancreas- 
kidney transplants account for 76% of all pan-
creas transplant completed in 2016. However, 
this is in spite of the dilemma posed by 
 transplanting pancreas transplant candidates who 
fit the type 2 diabetes mellitus phenotype with 
metabolic syndrome [47]. These patients in the 
past, along with obese type 1 diabetics, were fre-
quently denied access because of the increase 
risk of surgical complications associated with 
recipient obesity [48–51]. To date, more bound-
aries in this arena are being challenged to serve 
the growing obese patient population.

First use of robotics in pancreas transplanta-
tion began with robotic in live donor pancreatec-
tomies when live donation was incorporated to 
boost pancreas transplantation. Horgan et al. [52] 
reported the first robotic hand-assisted simultane-
ous nephrectomy and distal pancreatectomy in a 
living donor. This utilized the robotic system per-
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formed the splenic artery and vein isolation down 
to the celiac trunk and portal vein and division 
close to the splenic hilum. This early experience 
would be diverted when live donor pancreatecto-
mies were minimally employed. However, the 
increased risk of complications such as donor 
pancreatitis, leaks, and diabetes decreased its 
utility [53].

After a hiatus, the first robotic pancreas trans-
plants were reported by Boggi et  al. [54] using 
the da Vinci Surgical System. Three transplants—
one pancreas alone, one pancreas after kidney, 
and one simultaneous kidney and pancreas—
were performed during this endeavor. The mean 
warm and cold ischemia times were 30 min and 
7.3 h, respectively. Successful robotic control of 
graft hemorrhage with no need for blood transfu-
sion in one recipient helped prove the platforms 
feasibility. The introduction of robotics to reduce 
post-transplant morbidity in these patients would 
be favorable to boost the recovery of pancreas 
transplantation nationwide and promote trans-
plantation even in obese candidates. Acquisition 
of more experience in the future will show 
whether the application of robotic technique for 
minimally invasive pancreas transplantation 
could significantly decrease abdominal wall 
complications.

All candidates for pancreas transplantation 
undergo a standardized evaluation by multidisci-
plinary team. These guidelines are currently fol-
lowed by all transplant centers with new criteria 
where patients qualify for transplantation if they 
have a C-peptide of <2.0 ng/mL or if they have a 
C-peptide>2.0  ng/mL needed to have a 
BMI  <  30  kg/m2 (with the BMI cutoff under 
review by UNOS). Like for our patient who are 
considered for robotic kidney transplantation, 
they must be adults who are obese with minimal 
to no peripheral vascular disease.

22.6.1  Surgical Technique: Left-Sided 
Robotic Pancreas Transplant

The patient is placed in the supine position to the 
table on a bean bag and with shoulder supports in 
the lithotomy position. The knees are lowered to 

be in line with abdomen. After prepping and 
draping the abdomen, a 7-cm midline incision is 
made 2–3 cm below the xyphoid process and a 
GelPort (Applied Medical, Rancho Santa 
Margarita, CA) device is inserted. Once the pneu-
moperitoneum is achieved, four ports are posi-
tioned in the following manner: (1) one 12-mm 
port is placed supra-umbilical port for the cam-
era, (2) two 8-mm robotic ports are placed one 
along the left pararectal line some 5 cm below the 
costal margin and one in the right lower quadrant 
in the midclavicular line, and (3) one 12-mm 
assistant port in the right pararectal line around 
5 cm below the costal margin (Fig. 22.7). The da 
Vinci system is placed to the patient’s right side. 
Both right sided robotic and assistant ports are 
placed in these varied locations from our prior 
publications [55] because it allows for a simulta-
neous pancreas-kidney procedure to be com-
pleted with 5 ports and 1 hand port.

The patient is placed in 30-degree 
Trendelenburg position with the left-side table up 
to facilitated gravitational movement of the small 
bowel and colon away from the left iliac fossa 
(for implantation to the left external iliac ves-

GelPort

Head of patient 

Fig. 22.7 Robotic-Assisted Pancreas Transplant Port 
Placement for a Left-sided Transplant: The patient is posi-
tioned supine with head of the patient superior to the loca-
tion of the supra-umbilical GelPort. Green ports depict 
robotic arms and camera port (periumbilical port). Blue 
port is assistant port with GelPort for hand assistance as 
needed. The target is to triangulate the ports in such a way 
to have proper visualization of the left iliac fossa, and to 
safely dissect, clamp and anastomose the pancreatic arte-
rial and venous inflows as well as pancreatic drainage
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sels). The pneumoperitoneum is maintained with 
CO2 pressure of 10–12 mmHg. The assisting sur-
geon is seated on the right-side at the head of the 
table (which is covered entirely by the drape) 
(Fig. 22.8).

After mobilization of the descending and sig-
moid colon, the retroperitoneum is exposed to 
identify the common iliac artery and vein. To per-
form the vascular anastomosis, the iliac artery 
and vein are encircled (Fig.  22.9a). Due to the 
inferior-posterior location of the iliac vein, it is 
cross clamped first. The graft is then introduced 
into the abdomen with the pancreas head down 
into the pelvis with the duodenum of the graft 
facing the bladder. The venous anastomosis is 
completed in and end-to-side fashion with 6-0 
Gore-Tex suture with a knot in the middle. 
Subsequently, the iliac artery is cross clamped is 
cross-clamped, and the donor Y arterial conduit 
(between the donor splenic and superior mesen-
teric artery) is anastomosed in an end-to-side 
fashion as well (Fig. 22.9b).

Before vascular reperfusion of the graft, the 
anesthesia team is warned. Occasionally, signifi-
cant bleeding can occur during this phase. To 
reduce the risk of uncontrollable hemorrhage, the 
back-bench preparation of the donor pancreas is 
of utmost importance. All dissection that is com-
pleted during the cold-phase of procurement with 
sharp dissection should be suture ligated or tied 
to prevent reperfusion bleeding. To facilitate the 
identification of points of bleeding, at the end of 
the back-bench preparation, custodial solution 
with methylene blue is infused via the Y arterial 
conduit. First area to be evaluated is the port vein 

GelPort

Assistant Port

Head of patient 

Fig. 22.8 Robotic-Assisted Pancreas Transplant surgical 
positioning: The assistant surgeon positions himself to 
right side of the patient near the head of the bed. The robot 
is docked on the left side of the bed. The lead surgeon is 
controlling the robot from the console. The scrub nurse 
and surgical table on the right side of the patient

a b

Fig. 22.9 Vascular anastomosis for left-sided pancreas 
transplant. (a) After entering the retroperitoneum of the 
left iliac fossa, the external iliac artery and vein are encir-
cled with vessel loops. The vein is inferior and posterior to 
the artery. (b) After the venous anastomosis is completed 

with Gortex suture, the external iliac artery is clamped 
with robotic bull dogs and the artery is opened with 
robotic scissors and the Y donor arterial conduit is tailored 
to allow for adequate blood flow, but limit length which 
would allow for potential vascular kinking or torsion
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(Fig. 22.10a) to ensure there are no vascular wall 
defects. Then, attention is turned to the paren-
chyma and then subsequently to the conduit anas-
tomoses (Fig. 22.10b–c). This sequence, ensures 
all potential point of bleeding are sutured prior to 
organ reperfusion. One the organ is re-perfused, 
clotting agents are placed with some pressure 
around the graft to control any low flow bleeding. 
At the same time that hemorrhage is of concern 
during reperfusion, the release of a large quanti-
ties of insulin from the organ implantation can 
cause severe hypoglycemia, which in combina-
tion with blood loss and pneumoperitoneum 
could lead to hypotension and shock. Therefore, 
the blood sugar is monitored but minimally 
treated prior to implantation and reperfusion and 
upon finishing the anastomosis the glucose is 
verified and the pneumoperitoneum is reduced 
(like is advised during the introduction of kidney 
grafts in robotic assisted kidney transplants).

After the arterial and venous anastomoses are 
evaluated thoroughly, attention is turned to the 
exocrine drainage of the pancreas. It is important 
to find a loop of bowel, preferably early jejunum, 
that easily reaches the graft duodenum. To 
achieve a successful enteric drainage, a Roux- 
en- Y duodenojejunostomy is performed in one of 
three ways: (1) an end to end EEA stapler anasto-
mosis is achieved (via anvil in the jejunum and 

stapler fired through the donor duodenum), (2) a 
hand sewn side to side duodenojejunal anastomo-
sis or (3) a sided to side stapler anastomosis 
achieved suing a endo GIA stapler to unite a duo-
denojejunal anastomosis with a hand sewn small 
defect closure in multiple layers with 4-0 PDS 
used for the mucosal anastomosis and prolene or 
vicryl utilized for the external layers (to over 
sewn). If no small bowel loop reaches to pelvis 
easily, a duodenocystostomy can be completed 
via stapler anastomosis (anvil in the bladder).

Doppler exam and systemic ICG (7.5  mg, 
3 mL) evaluated via robotic fluorescein camera 
are concurrently used to evaluate parenchymal 
perfusion. After all the anastomoses are evalu-
ated for a final time, the robot is undocked, and 
ports closed. The fascia is closed in the 7  cm 
GelPort and 12  mm laparoscopic ports in the 
same fashion as they are described for the robotic 
kidney transplant.

In the simultaneous pancreas–kidney trans-
plant, the kidney is transplanted in the right iliac 
fossa, according to the technique previously 
described for RKT. The port placement is altered 
slight, such that the assistant port for the pancreas 
transplant, serves as one of the robotic arms for 
the kidney transplant and vis-a-versa when pos-
sible to utilized only 5 ports (3× 12 mm ports; 2× 
8 mm ports) (Fig. 22.11).

a b c

Fig. 22.10 Back bench preparation of pancreas graft for 
robotic implantation. At the end of the preparation, the 
graft is infused with custodial solution dyed with methy-
lene blue through the arterial conduit. (a) The portal vein 
is visualized to ensure no defects are noted inside or 

around the vessel. Subsequently, the parenchyma, espe-
cially around the duodenum (b) is evaluated for dye leak-
age, blotting with gauze. Finally, the arterial conduit is 
evaluated for patency (c)
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22.7  Discussion

This initial experience showed the safety and fea-
sibility of robotic surgery applied to pancreas 
transplantation. The graft function observed dur-
ing follow-up was compatible to standard open 
pancreas transplants.

After the United Network for Organ Sharing 
modified its allocation criteria in 2014, where 
patients with a C-peptide>2.0 ng/mL needed to 
have a BMI < 28 kg/m2 (subsequently increased 
to BMI of 30), challenges to the BMI cut point 
have been raised due to the benefit pancreas 
transplantation has in particular to uremic 
patients who have ESRD due to diabetes and 
would fare better with a simultaneous pancreas- 
kidney transplant [47, 56, 57]. Since 2015, our 
group at the University of Illinois at Chicago has 
performed eight fully robotic pancreas trans-
plants. The first and third ones were pancreas 
alone and all the rest have been simultaneous kid-
ney–pancreas. In all cases the pancreas was 
transplanted to the left external iliac vessels (pan-
creas head down), which allowed perfect align-

ment of the vascular anastomosis. Three of the 
cases have required the exocrine drainage to be 
via a duodenal-cystic anastomosis performed 
with an EEA stapler inserted across the stump of 
the graft. Enteric drainage with a duodenojejunal 
anastomosis has been more recently successful 
completing a robotically sewn anastomosis over 
the early use of an EEA stapler. We cannot over-
emphasize the importance of diligent harvesting 
of the pancreatic graft and meticulous backbench 
preparation to avoid disturbing bleeding after 
graft reperfusion.

The first 5 patients have had greater than 
1 year follow up with all patients, thus far show-
ing favorable post-operative outcomes in both the 
short and long term [58]. All patients have func-
tioning grafts (both kidney and pancreas where 
applicable) and are euglycemic. This approach, 
because of the decrease in surgical trauma (com-
plete laparotomy vs. mini laparotomy with small 
ports) could provide favorable outcomes for more 
patients then just obese recipients. Further stud-
ies and larger series are necessary before the da 
Vinci robotic-assisted technique can be 
 considered an alternative approach to the conven-
tional open technique.

22.8  Robotic Hand-Assisted 
Living Donor Hepatectomy

Minimal invasive laparoscopic liver resection has 
evolved greatly during the past few decades. The 
experience in minimally invasive liver surgery 
has been steadily increasing [59] with extensive 
expansion of laparoscopic liver resections in the 
east because of the high volume of patients 
requiring surgical interventions. More than 200 
robotic-assisted liver resection cases have been 
published to date, including living donor right 
hepatectomy [60–62]. However, as is noted in 
multiple reviews, authors state that the use of 
robotics is liver surgery still has many tools to be 
desired (such as an ultrasonic dissector, argon 
beam cautery, etc.).

Soubrane et al. reported the first clinical series 
of pure laparoscopic left lateral sectionectomy 
for living liver donors [63]. For living donor right 

Fig. 22.11 Robotic Simultaneous Pancreas-Kidney 
Transplant post-transplant scars. The patient received an 
SPK and the ports that were utilized were 5 total, utilizing 
the same ports for both parts of the procedure when able. 
The 7 cm gel port was cranial and the 2× 8 mm ports were 
caudal on the patient’s abdomen
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hepatectomies, the introduction of laparoscopic 
surgery can be traced back to 2006, when Koffron 
et al. first reported using the laparoscopy-assisted 
method [64].

Due to our extensive institutional experience 
with major robotic-assisted liver resections [60], 
we applied this technology to right living lobe 
donor hepatectomy. Our first case was performed 
in 2012 by Giulianotti et al. [61] A 53-year-old 
healthy man, who volunteered to donate the right 
lobe of his liver to his brother, who had hepatitis 
C cirrhosis complicated by hepatocellular carci-
noma. The liver graft was safely extracted 
through a lower abdominal incision. Recipient 
and donor recovered without acute 
complications.

However, because of the significant morbidity 
and mortality associated with this procedure, liv-
ing donor hepatectomy should only be under-
taken by experienced surgical teams [65]. Its 
application in kidney transplantation for both 
donor and recipients provides a hopeful platform 
for its utility in hepatic donor surgery in the 
future. For now, its use in pancreas and liver sur-
gery has been extremely limited, and larger series 
are needed to address its usefulness in these 
settings.

Since potential liver donors are relatively 
young and perfectly healthy, extensive testing, 
besides the standard liver donor work-up, is 
rarely needed.

22.8.1  Surgical Technique: Right 
Lobe Robotic Hepatectomy

The donor was placed in supine semi-lithotomy 
position and placed in reverse Trendelenburg 
position was used with some left sided rotation. 
The patient had 5 laparoscopic ports placed (1 
camera port, 3 robotic arms, 1 assistant port) and 
1 lower abdominal incision to remove graft as 
depicted in our previous publication [61].

The robot was docked on the patient’s right 
side. During the initial dissection of live hilum, 
the gallbladder is removed. After this, the hepatic 
artery and the right portal vein are dissected free 

and hepatic duct is localized following preopera-
tive imaging of biliary anatomy (MRCP). The 
right lobe is retracted along an upward direction 
to start the retro-hepatic dissection of the inferior 
vena cava. Before starting the parenchyma trans-
action, an ultrasound is performed to identify the 
venous anatomy, and the branching of the middle 
hepatic vein. The transection of the parenchyma 
achieved with robotic Harmonic scalpel. The vas-
cular transections are done using Endo-GIA vas-
cular stapler in the following order: (a) right 
hepatic artery, (b) right portal vein, and (c) right 
hepatic vein. The blood loss should be minimal 
during the transection of liver parenchyma.

22.9  Discussion

The patient where this was performed [61] did 
not require any blood transfusion. The operative 
time was 480  min, warm ischemia time of 
35 minutes, and the estimated blood loss (EBL) 
was 350 ml. The patient has a hospital length of 
stay of 8 days with uneventful course. Similarly, 
Chen et al. [66] also reported a robotic case series 
(13 cases) with operative time of 590 (353–753) 
minutes, and short warm ischemia time 9.5 
(8–15) minutes. The EBL was minimal, average 
of 169 (50–500) mL and length of stay was 7 
(6–8) days.

Maintaining the central venous pressure rela-
tively low (3–5 mmHg) is of extreme importance. 
This approach could potentially increase the 
chance for developing a CO2 embolism, if a 
larger hepatic vein is accidentally opened. 
Maintaining continuous communication and 
effective collaboration between the anesthesia 
and surgical teams could not be overemphasized 
in order to keep the procedure safe.

The main advantages observed with the 
robotic system, in addition to those previously 
mentioned, are that it facilitates vascular and bili-
ary dissection all the need of only a smaller sub- 
umbilical vertical incision for graft extraction. 
This incision decreases the pain and risk of pul-
monary complications associated with upper 
midline subcostal incisions.
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22.10  Conclusion

The utility of robotics in surgery has yet to be 
fully understood, however, in transplantation, is 
role is starting to take solid form. The necessary 
skills, acquired from its adoption in complex 
general surgery procedures has allowed its intro-
duction in transplantation. The initial experiences 
are promising. Constant expansion of the knowl-
edge and abilities of the anesthesiologist, surgi-
cal, and medical teams, along with the rapid 
improvement of the robotic technology, continue 
to challenge the broader application of these min-
imally invasive approaches to provide optimal 
patient care. The candidates for solid organ trans-
plantation, with their long-standing complex 
medical illness and risks with severe immuno-
suppression, will continue to benefit from the fur-
ther advancements in surgical techniques.
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Vascularized Composite 
Allotransplantation

Georgios Vrakas, Annemarie Weissenbacher, 
and Henk Giele

23.1  Introduction

Vascularized composite allotransplantation 
(VCA) was initially known as composite tissue 
allotransplantation (CTA), a term coined by 
Peacock EE Jr. for transplanting en-block digital 
flexor tendons and synovial sheaths. However, 
the term CTA was later changed to VCA in order 
to avoid confusion with tissue transplants which 
follow different regulations to organ transplanta-
tion [1]. In the last 2 decades, VCAs have marked 
an emerging era in transplant medicine and are 
now defined and regulated as organs [2].

Following Peacock’s attempt in 1957, which 
failed due to the absence of immunosuppression, 
Gilbert R performed the first hand transplant in 
Ecuador, using the early immunosuppressants 
(prednisolone and azathioprine) that made renal 
transplantation feasible. However, this regime 
wasn’t sufficiently potent to avoid early rejection, 

and the transplanted arm was amputated 3 weeks 
later [3]. This early failure, as well as the failure 
of experimental animal models, reinforced the 
consensus that VCA were too immunogenic for 
successful transplantation, and hindered further 
attempts for another 30 years.

The modern era of VCA started in Lyon, France 
in 1998, when Dubernard JM [4] and his team per-
formed the first modern-era hand transplant. Despite 
its technical and initial success, the recipient strug-
gled psychologically and decided to stop immuno-
suppression and physiotherapy, leading to rejection 
and loss of function. This transplant was later ampu-
tated. This unfortunate outcome stressed the impor-
tance of psychological evaluation and counselling in 
patient selection. Compliance with immunosup-
pression and hand therapy is of utmost importance 
in this challenging field of transplantation. One year 
later, Breidenbach W and his team in Louisville, 
performed the first American hand transplant, which 
remains the longest surviving VCA [5]. Soon after-
wards (2000 and 2003), the Lyon and the Innsbruck 
team [6] performed the first bilateral hand trans-
plants, achieving encouraging sensorimotor recov-
ery and considerably improved quality of life.

In 1998, the same year as the first successful 
hand transplant but with much less fanfare, 
Strome M et al. from Cleveland, Ohio performed 
the first total laryngeal transplantation in a man 
who had sustained a severe traumatic injury to 
the larynx and pharynx. They concluded that 
potential candidates for laryngeal transplantation 
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include aphonic patients with laryngeal trauma, 
patients with large benign chondromas requiring 
laryngectomy, and patients who have undergone 
laryngectomy for cancer and who remain disease- 
free after 5 years [7].

In 2003, Levi DM et al. from Miami, reported 
8 abdominal wall transplants (AWTx) that facili-
tated reconstruction and closure of the abdominal 
compartment in intestinal transplant (ITx) patients 
with complex abdominal wall defects [8]. Later, 
the Oxford group reported that the abdominal 
wall transplant potentially performs a dual role, 
apart from providing tension-free abdominal clo-
sure, the AWTx could be beneficial as an immune 
modulator and sentinel marker for immunological 
activity in the host. They found the AWTx a useful 
tool for timely detection of rejection, possible 
avoidance of intestinal graft rejection and, more 
importantly, avoidance of adverse over-immuno-
suppression in cases of bowel dysfunction not 
related to graft rejection [9].

The first facial transplant was encouraged by the 
success of limb transplantation and was performed 
in 2005, in France, by a team led by Duvauchelle B 
and Dubernard JM. They transplanted the central 
and lower face of a brain-dead female donor onto a 
woman aged 38 years who had suffered traumatic 
dog bite loss of distal nose, both lips, chin, and 
adjacent parts of the cheeks [10].

An increasing number of centres have devel-
oped multidisciplinary VCA programs and have 
successfully transplanted a variety of VCAs (e.g. 
upper limb, face, abdominal wall, trachea, lar-
ynx, lower limb, femur, knee joint, peripheral 
nerves, uterus, penis).

Without doubt, the worldwide success in vas-
cularized composite tissue allotransplantation is 
the result of both patients and surgeons willing to 
incur risks to take a novel idea to a practical, 
functioning reality that enhances the quality of 
life for a few selected appropriate patients [11].

23.1.1  Upper Limb Transplantation

23.1.1.1  Introduction
Hands are essential for our everyday life. Loss of 
one hand is, therefore, catastrophic. Loss of both 

hands debilitating [12]. Prosthetics are the con-
ventional method of treatment for upper limb 
amputees and can be utilized for amputations 
from wrist to shoulder. Over the last few years, 
prosthetics have evolved significantly in terms of 
voluntary control, complex movement and even 
sensory feedback. However, patients often reject 
them because of discomfort, increased weight 
and limited usefulness [13], as well as deficien-
cies in social acceptability (aesthetics, self- 
confidence, other people’s opinions, and physical 
integrity) [14]. The purpose of upper limb trans-
plantation is to achieve better cosmesis (body 
integrity), durability, sensation and functional 
interaction through touch and gestures, compared 
to current prosthetics [15]. The objective in upper 
limb transplantation is not only technical suc-
cess, but functional integration.

23.1.1.2  Indications and Patient 
Selection

Solid organ transplants are life-saving opera-
tions, and therefore not subject to the same ethi-
cal considerations as VCA, which are 
predominantly performed to enhance quality of 
life. Hand transplantation does not obviously 
prolong life but merely improves quality of life, 
at the risk of immunosuppression [16]. 
Therefore, upper extremity transplantation 
involves weighing the benefit of improved qual-
ity of life against the emotional, financial and 
physical cost of lifelong immunosuppression 
and the risks of surgery. These are difficult deci-
sions to make, and can vary greatly depending 
on the extent of disability, the functional 
demands and expectations of the potential recip-
ient [16]. In addition, the lack of formalized, 
verified, reliable outcome measures and the 
absence of long-term results in a large number 
of patients makes an estimation of the benefit 
and risk of this surgery difficult. For these rea-
sons, indications for hand transplantation have 
remained highly individualized to both the 
recipient and the performing institution. 
Autonomy, both on the institutional and patient 
level, remains a priority. There is no established 
consensus on specific indications for upper 
extremity transplantation, but as the field con-
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tinues to grow, so too does the need for an estab-
lished set of clinical criteria [16, 17].

The American Society for Reconstructive 
Transplantation (ASRT) has developed a series 
of criteria and contraindications regarding upper 
extremity transplantation. These criteria include 
amputation or irreversible functional loss; how-
ever, the amputation or loss of function should be 
accompanied by medical or functional complica-
tions, and demonstrable loss of quality of life as 
determined by psychological evaluation [16].

23.1.1.3  Surgical Technique
The terms, wrist and distal forearm transplants 
refer to transplantation at the same level: just 
proximal to the radiocarpal joint so that enough 
distal radius and ulna are present within the trans-
plant to achieve adequate osteosynthesis with 
standard distal radius and forearm plates. 
Transplantation within the hand itself has been 
reported as well. For proximal forearm level 
transplantation, the recipient’s stumps and the 
donor forearms are prepared, simultaneously, by 
identifying and dissecting neurovascular struc-
tures and muscles. Subsequently, radius and ulna 
bone fixation is performed, followed by revascu-
larization (ulnar and radial artery, two deep and 
three superficial veins including the cephalic and 
basilic vein) and reconstruction of muscles, 
nerves and skin. Bone length is determined by 
inserting the medial donor epicondyle with the 
flexor origin to its corresponding site on the 
recipient’s humerus. For muscle reconstruction, a 
‘piggyback method’ can be used to provide cor-
responding reinnervation of donor musculotendi-
nous flexor and extensor units. In order to ensure 
reversibility of the procedure, the recipient’s 
muscle remnants medial (M. flexor carpi ulnaris) 
and lateral (M. extensor carpi radialis longus et 
brevis, M. brachioradialis) should remain unat-
tached distally, and their nerve supply intact. 
Conservation of recipient forearm muscle stumps 
is considered of utmost importance, as they may 
be required for stimulation of myoelectrical pros-
theses in case of graft loss (lifeboat procedure). 
Ulnar and median nerve repairs are made distal to 
the respective (donor) motor branches. The dor-
sal extensor muscles are fixed to the recipient 

humerus by transosseous sutures. The posterior 
interosseus nerve is coapted at the supinator 
level. At the end of surgery, the skin flaps are 
trimmed and sutured without tension. Distal fore-
arm and hand transplants are simpler in so far 
that the flexor and extensor activity is provided 
by the host musculature and tenorraphies are per-
formed distally. Nerve repair is as distal as pos-
sible to reduce the regeneration distance 
particularly for the ulnar motor branch.

As the allografts contain a large quantity of 
skeletal muscle, known to be more sensitive to 
ischemia/reperfusion injury than the other struc-
tures of the forearm, the principal aim is to keep 
ischemia time particularly short. This can be 
achieved by precisely adjusting the time sched-
ules and by having surgical teams simultaneously 
operating on donor and recipient forearms, and 
minimising transport time between the two. 
Perfusion of the grafts with University of 
Wisconsin preservation solution (500  mL for 
each side) is only started after all required struc-
tures have been identified and prepared at the 
recipient’s stumps [18].

23.1.1.4  Outcomes
Patient survival for isolated upper limb transplan-
tation exceeds 98%, with only one fatality after a 
bilateral arm transplant in Mexico [19]. The over-
all allograft survival (107 upper limb allografts in 
72 patients), as per the International Registry on 
Hand and Composite Tissue Transplantation 
(IRHCTT), is currently calculated at 77.6% (24 
limb-losses); however, it is the concomitant hand 
and face/leg transplants that account for one third 
of all limb losses and three additional deaths [20, 
21]. It should be noted that graft survival sur-
passes 95% for patients adherent to traditional 
triple-drug therapy after antibody-based lympho-
cyte depleting induction therapy [22].

Functional outcomes are highly encouraging, 
but not consistently reported, in contrast to the 
transplant occurrence. The main reason for this 
might be the fact that patients require years to 
reach maximal function; not to mention that 
there are no universally agreed outcomes mea-
sures (e.g. Carroll, DASH, CFSS, Chen, HTSS) 
[16, 19]. With the exception of the Hand 
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Transplant Score System (HTSS), there are no 
other outcomes measures specifically intended 
to evaluate hand transplant recipients [23]. Last 
but not least, the level of transplantation varies 
greatly from patient to patient, leading to sig-
nificant functional discrepancy amongst hand 
transplant recipients [24]. The level of amputa-
tion largely determines the outcome however 
the amputee with some residual hand may have 
a better outcome if the transplant is electively 
performed more proximally at distal forearm/
wrist level compared to distal forearm level 
transplantation performed for amputation at the 
radiocarpal joint [24].

The French group have reported the functional 
benefits achieved over a mean follow-up period 
of 7.6 years (range 4–13 years) in 5 bilateral hand 
transplants [14] (Fig. 23.1). The physical results 
(motion, strength, sensibility) achieved were 
considered fair; functional results were consid-
ered good, and subjective results considered very 
good. These results progress dramatically during 
the first year, significantly during the first three 
years, or even later especially for sensitivity, then 
become stable. All patients could perform most 
daily activities, such as eating, writing, driving, 
grasping and shaving. The overall results were 
considered effective and reported as unequalled 
by any current prosthesis [14].

The Louisville team reported in 2011 their 
functional outcomes for 6 hand transplants, with 

all recipients regaining independency in their 
daily life. Protective sensation was restored in 
all recipients, while their first patient acquired 
near- to- normal discrimination (5–9  mm). The 
other recipients, achieved Carroll Scores rang-
ing from 57–59, that indicate good functional 
outcomes [25].

In the same year, the Spanish team reported 
their outcomes after 3 bilateral hand transplants, 
achieving HTSS scores that indicate good func-
tional outcomes (73.5–79.5) [26].

The Innsbruck team review of their 4 patients, 
transplanted over 14 years, showed restored pro-
tective and discriminative sensation in all 
patients. HTSS were good or excellent, whereas 
DASH scores showed great variance. Unilateral 
and bilateral hand transplant recipients in this 
cohort evolved similarly with regards to rehabili-
tation and functional outcomes [27].

The Polish team published their results in 
2011 for 7 upper limb transplants in 6 patients 
though it should be noted that 2 recipients were 
transplanted at mid- and distal-humeral level. 
They found that above elbow upper limb trans-
plants were technically easier, given the larger 
vessels and less structures that had to be repaired 
(1 bone vs. 2 forearm bones and 2 large muscles 
vs. 11 flexor and 12 extensor tendons). All 
patients reported restored protective sensation 
and 2 recipients with long follow up possessed 
two-point discrimination [28, 29].

a b

Fig. 23.1 Eating alone before (a) and after (b) hand transplantation
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Johns Hopkins University and the University of 
Pittsburgh jointly transplanted four bilateral and 
three unilateral hand/upper extremity allografts in 
seven patients, including 3 transplants at mid to 
distal humeral level. All patients achieved good 
functional outcomes in the early post-transplant 
period. Functional improvements were faster in 
the more distal transplants and in those compliant 
with rehabilitation and immunotherapy. Best over-
all function was observed in those with more distal 
transplants and, in specific, in those with more 
proximal transplants and bilateral transplants. At 
the time of writing this report, four of the seven 
recipients had already regained independence in 
all their daily activities [30, 31].

Breidenbach et al. in their review found that 
when hand transplantation is limited to patients 
with single and/or bilateral amputation at the 
elbow or below, in a medical and social environ-
ment where immuno-suppression is available, 
outcomes are excellent. They showed that mean 
hand allograft survival was over 5  years, with 
the longest surviving hand allograft surviving 
over 15 years. At the time, there were 75 hands 
transplanted on 52 patients, with a survival rate 
of 92 percent. They concluded that 5- to 10-year 
allograft survival is achievable for single or 
bilateral hand transplants. Moreover, they inves-
tigated the impact of the (more frequent) acute 
rejection episodes on late allograft survival and 
compared it to the solid organ transplant out-
comes. Their analysis demonstrated a statisti-
cally significant lower probability of developing 
chronic rejection for hand transplantation com-
pared with liver, heart, and kidney transplanta-
tion [11].

Data collected by the above listed programs 
are reported to the IRHCTT, which periodically 
publishes an update of the global experience. 
According to the latest registry update [19, 32], 
all reported upper extremity allograft recipients 
developed protective sensibility, with 91% of 
them also possessing tactile sensibility and 82% 
regaining partial discriminative sensibility. 
Extrinsic motor function was sufficient in all 
patients to perform grip and pinch actions. Most 
patients regained independence, enabling inde-
pendent living and some returned to full-time 

occupation. Patients with more distal transplants 
achieved faster sensory and motor function and 
also, superior discriminatory sensation, whereas 
more proximal transplants exhibited unreliable 
recovery of intrinsic function and diminished 
extrinsic strength as transplantation levels pro-
gressed more proximal [19].

23.1.2  Face Transplantation

23.1.2.1  Introduction
Severe congenital deformities or traumatic facial 
defects can be very challenging to repair with 
conventional reconstructive techniques, as 
besides the aesthetic result, it is the expressive 
function of the face that cannot be adequately 
restored. Peter Butler, from the Royal Free 
Hospital in London, was the first surgeon to sug-
gest facial allotransplantation in 2002. However, 
at the time, it was deemed unwise to proceed 
without any relevant research [33].

Following the early successes of upper limb 
transplantation, the first facial transplant, was 
performed in 2005 by the French team, led by 
Duvauchelle B and Dubernard JM (Figs.  23.2 
and 23.3). They performed a partial facial trans-
plant that included the nose and mouth to a 
38  year old recipient woman whose face was 
mauled by a dog, while she was unconscious. 
The aesthetic and functional outcome was good 
and the graft had functioned well for many years, 
but in 2015 she suffered rejection and loss part of 
the graft, and a year later she developed immuno-
suppression associated complications and died 
[10, 34]. The first full face transplant, including 
all intact aesthetic and functional units, was per-
formed in Barcelona in 2010, by a team led by 
Barret et  al. [35] Up to the time of this manu-
script, thirty seven facial transplants have been 
reported worldwide [36].

23.1.2.2  Indications and Patient 
Selection

As with all VCAs, there is currently no consensus 
regarding the indications for facial transplanta-
tion. Severe facial disfigurement is the obvious 
indication; however, the definition of this can dif-
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fer significantly between different centres. Each 
program is using a different approach and the 
indications are highly individualized. The main 
overarching universal guideline is to weigh the 
aesthetic and functional benefits of conventional 
restoration against the risks of transplantation 
and immunosuppression [37].

The Barcelona team considers as absolute 
indications the complete destruction of the eye-
lids, including the orbital sphincter, and complete 
destruction of the lips, including the oral muscle 
sphincter, as it is not possible to restore the facial 
muscle sphincters with traditional techniques 
[38]. Whereas, a French team suggested that the 
indications for face transplantation should not be 
based solely on the injury, but instead should 
include 3 elements: the anatomic deficit, the 
patient characteristics (including quality of life, 
health-related quality of life, immunosensitisa-

a b

Fig. 23.2 Patient (a) after injury (June, 2005) and (b) 4 months after surgery

Fig. 23.3 Anatomy of partial allograft with muscles, 
facial vessels, and motor and sensory nerves that were 
repaired microsurgically
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tion, psychosocial support, etc.), as well as the 
transplantation team experience [39].

Over the years the inclusion criteria keep 
expanding and, currently, centres consider facial 
transplantation for previously contraindicated 
cases. Face transplantation has been performed in 
HIV positive patients, after self-harm, in the 
highly sensitized and even in patients with his-
tory of malignancy and others. It is still unclear 
whether facial transplantation should be reserved 
only for cases where the conventional methods 
have been tested and failed, or whether it can be 
used as a first or even ‘emergency’ operation. An 
interesting case of ‘emergency facial transplant’ 
has been published by the Polish group, who per-
formed the operation in a 31 year old male who 
had his face amputated in a work accident [40]. 
Given the small numbers, however, it is difficult 
to establish widely accepted and precise indica-
tions [37, 41, 42].

23.1.2.3  Surgical Technique
Each facial transplant is unique. Preoperative 
planning is of utmost importance and surgeons 
need to take into account each individual’s cra-
niofacial and orthognathic factors in order to 
restore normal anatomy. Restoring compromised 
sensory and motor functions in cases with severe 
facial defects is of great importance; however, the 
aesthetic appearance has to be considered as 
well. Conventional craniofacial surgery planning 
uses anthropometry and cephalometry and the 
same principles are applied to facial transplanta-
tion in order to maximize allograft function and 
position. Compared to conventional craniofacial 
planning, face transplantation is a paradigm shift 
in reverse order, where composite injury and the 
subsequent reattachment of the soft tissues in the 
form of a transplant dictate the osteosynthesis. 
However, these soft tissue points must be assessed 
with craniofacial planning and subsequently 
fixed into proper correlation with the cephalo-
metric landmarks. Precise planning as well as 
experience with conventional orthognathic move-
ments and surgical correction of congenital syn-
dromes is therefore imperative [43].

Given the complex vascular anatomy as a 
result of devastating injuries and previous recon-

structive attempts, CT angiogram is necessary for 
preoperative vascular planning. The facial artery 
is the main pedicle for the facial flap; however, 
that has to be carefully confirmed.

The facial flaps are retrieved following cranio- 
caudal and lateral-to-medial dissection. The 
facial nerve branches are dissected medially to 
the parotid gland and then attached to the recipi-
ent ones. The parotid gland is not generally 
included in the allograft transplantation unless it 
is used to add bulk. Relevant sensory nerves are 
coapted [44].

23.1.2.4  Outcomes
The total world face transplantation cohort of 37 
patients has 5 deaths and the survival rate is esti-
mated at 86.5% (32/37) [45].

Sensory recovery (thermal and mechanical) is 
most often achieved by 3 months post transplan-
tation and is frequently an accidental finding dur-
ing routine biopsies. Full sensory recovery is 
expected at 8–12  months post transplantation. 
Semmes-Weinstein, light touch, 2-point discrimi-
nation, a calorimetric test and EMG are objective 
sensory assessment tests to confirm these find-
ings [45]. The operational strategy used to repair 
sensory nerves differs between centres. 
Nevertheless, sensory recovery has occurred 
independent of nerve repair [46].

Motor function is dependent on facial nerve 
coaptation and is normally restored between 6 
and 18 months post transplantation with ongoing 
improvements over the next few years [47]. 
Assessment methods include facial muscle re- 
education program, speech therapy, chewing and 
swallowing therapy and daily assessment of 
return of “social” functions of facial mimetics. 
Also, within the first weeks, patients with a tra-
cheostomy or gastric tube are extubated if possi-
ble and gastric tubes are removed. Thus, all 
patients are able to breath, eat, drink and speak 
[45, 47].

Active participation of patients in the therapy 
is very important for motor restoration and given 
the long recovery time, overall motor results are 
average compared to the faster sensory recovery. 
Motor recovery is accelerated when distal nerve 
repair is done as opposed to proximal isolation of 
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the main trunk of the facial nerve [47]. However, 
all face transplant recipients were satisfied with 
functional outcomes and accepted the “new 
faces” as their own [45].

The aesthetic results of facial transplantation 
are mostly acceptable (Fig. 23.4). However, there 
are cases where the recipients now have a ‘new 
deformity’, as a result of trauma and reconstruc-
tive surgery [47, 48]. These less favourable out-
comes could be the result of the technical 
challenge and complexity to match the facial fea-
tures of both donor and recipient. However, these 
outcomes could also be the result of patients’ 
lack of compliance in performing facial exer-
cises, as they get discouraged by the lengthy 
recovery process [45].

23.1.3  Abdominal Wall

23.1.3.1  Introduction
Abdominal wall transplantation (AWTx) was 
first described by Levi et al. in 2003 (Fig. 23.5) 
and has since become increasingly utilized as a 
technique for primary abdominal closure after 
isolated intestinal and multivisceral transplanta-
tion [8, 49]. Candidates for ITx suffer infre-
quently from extensive intra-abdominal scarring, 
sclerosis and damage to the abdominal wall from 
multiple previous surgical procedures, infections 
and enterocutaneous fistulas. These result in 
abdominal domain loss, which in combination 
with the post reperfusion intestinal oedema and 
often donor-recipient size mismatch, can make 

a
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Fig. 23.4 Patients 1 (a), 2 (b), 3 (c), 4 (d), 5 (e) and 6 (f) at inclusion (i), at 1-year post-transplantation (ii), and at maxi-
mal follow-up (iii)
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primary closure of the abdominal wall very chal-
lenging and sometimes impossible (up to 40%). 
Tension free closure is crucial to avoid abdomi-
nal compartment syndrome and minimize recipi-
ent morbidity and AWTx has been utilized by 
various teams with the intention to achieve 
 primary closure, as it enables a substantial expan-
sion of abdominal domain [9, 50]. The abdominal 
wall graft can be either partial (vascularised and 
non-vascularised) or full thickness [49].

An additional benefit of AWTx is the additional 
information it provides regarding the immunologi-
cal status of the recipient. The Oxford group based 
on their experience with simultaneous, same 
donor, ITx and full thickness AWTx, suggested 
using the AWTx as a sentinel marker for rejection 
[9]. Based on the evidence that skin is always the 
first component to manifest signs of rejection In 
clinical VCA transplants [22]. Therefore, the 
enhanced susceptibility and easy visibility of the 
vascularized skin to rejection provides further ben-
efits in visceral transplant monitoring [50].

23.1.3.2  Indications and Patient 
Selection

Patients who meet the criteria for ITx with addi-
tional major scarring of the anterior abdominal 
wall and/or loss of abdominal domain have been 
considered eligible for AWTx, as in terms of 
abdominal wall reconstruction, as most ITx 

recipients are poor candidates for traditional 
reconstructive techniques, such as tissue advance-
ment or flap closure of the defect [51].

The main issues that are taken into consider-
ation for a simultaneous ITx and AWTx are: (a) 
underlying primary disease (anatomical or func-
tional short bowel syndrome), (b) loss of abdomi-
nal domain (as evaluated by abdominal computed 
tomography scan), (c) extent of abdominal wall 
injury (prior surgery or radiotherapy) and (d) 
quality of abdominal wall (fascia, skin cover, 
quality of skin, scars, wound healing) [9].

23.1.3.3  Surgical Technique
The Miami group, which pioneered this proce-
dure, used an inverted U incision for the abdomi-
nal wall retrieval. Although, this provided a 
good-sized graft for transplantation, closure of 
the donor abdominal defect proved very chal-
lenging or even impossible. The Oxford Group 
has used a longitudinal elliptical incision over 
both rectus abdominis (Fig. 23.6). This leaves the 

Fig. 23.5 Implantation of abdominal wall composite 
graft in the recipient

Fig. 23.6 Elliptical abdominal wall transplant
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pubic attachment inferiorly and the inferior epi-
gastric vessels entering the deep surface of the 
graft bilaterally. The vessels are divided with 
minimal dissection at their origin from the exter-
nal iliacs with or without a cuff of iliac. The 
abdominal wall is flushed with UW solution and 
packed in UW solution in sterile bags and placed 
in cold storage [49].

The AWTx is implanted after the ITx. Limited 
bench work is required to prepare the inferior 
epigastric vessels. The recipient inferior epigas-
tric vessels are dissected from the under surface 
of the rectus muscles bilaterally and transposed 
medially, in preparation for anastomosis. The 
donor abdominal wall is laid in place and attached 
at the cranial, caudal, and mid-lateral points. 
End-to-end arterial and venous anastomoses are 
performed using 10/0 nylon. The abdominal flap 
is reperfused once the first side is complete. 
Perfusion and drainage of the entire abdominal 
wall transplant from one side inferior epigastric 
artery and vein is sufficient to maintain the entire 
transplant. However, bilateral arterial and venous 
anastomoses are performed whenever this is fea-
sible [49].

23.1.3.4  Outcomes
Up to this date, more than 40 full thickness AWTx 
have been performed worldwide (out of which, 
22 by the Oxford group). The AWTx is moni-
tored post operatively by observation of the skin 
perfusion by colour, temperature, and capillary 
return, particularly in the first few days. Healing 
in all AWTx has been reported as normal as 
native adjacent wound healing [49].

There still remain concerns regarding prolon-
gation of the duration of operation, increased risk 
of rejection and GVHD. However, recently, the 
Oxford group has reported that the addition of a 
VCA probably does not increase the rejection 
rate. The overall incidence of rejection (intestine 
and skin) appears to be similar to intestinal trans-
plant patients without abdominal wall transplants 
(around 30%), but when skin is present rejection 
is directed predominantly to the skin rather than 
the intestine [52]. In another study, the same 
group reported that there is no evidence that the 
addition of a VCA increases the incidence of 

dnDSA formation compared to transplantation of 
the intestine alone [53]. The immunological 
effects of combining an abdominal wall trans-
plant with an intestinal transplant remain a matter 
of ongoing investigation.

23.1.4  Reproductive Organs

23.1.4.1  Uterine Transplantation

Introduction
Uterus transplantation (UTx) is a life enhancing, 
as well as, a life-giving transplantation and it is 
the first potential treatment for absolute uterine 
factor infertility (AUFI). AUFI affects around 
1 in every 500 women of fertile age, which on a 
worldwide base would be around 1.5 million 
women. For many years, women with AUFI who 
wanted to become genetic mothers would resort 
to gestational surrogacy; however, this modality 
is not widely accessible due to religious, ethical 
or legal reasons. As a result, adoption would be 
the only option to achieve motherhood [54]. UTx 
paves the way for legal, genetic as well as gesta-
tional motherhood.

The first UTx from a live donor was performed 
in Jeddah, Saudi Arabia in 2000. However, the 
transplanted uterus had to be removed 99  days 
after the procedure because of acute vascular 
thrombosis [55]. The first cadaveric UTx was 
performed in Turkey, but did not result in suc-
cessful birth. The Gothenburg group, led by 
Brännström M, group achieved the first live birth 
post live donor UTx in September 2014, within 
the first clinical UTx trial, initiated in 2012  in 
Sweden [56, 57]. Since then another 7 births have 
been reported from the same clinical trial and 
recently, the Dallas group announced the first 
birth in the USA [58].

UTx is the first temporary type of transplanta-
tion that has been introduced, as the graft is not 
intended for lifelong use. The UTx can be 
removed after one or two babies have been born, 
as it is important to reduce the potential long- 
term immunosuppression side-effects. However, 
the autonomy of the patients should be respected 
and any future decision to surgically remove the 
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uterus needs to be made in consensus with the 
recipient and her partner [57].

Indications and Patient Selection
There is a great variety of causes of AUFI and 
they can be either congenital or acquired. Women 
lacking the uterus clearly belong to the AUFI 
group and the uterine absence could be either 
because of a hysterectomy or congenital uterine 
agenesis (Mayer-Rokitansky-Küster-Hauser syn-
drome [MRKHS], 1:4500 women). However, 
there are women with uterus, albeit with changes 
in its shape or in its functionality, and they can be 
either infertile or sub-fertile. Causes of non- 
functional, but anatomically present uterus are: 
(i) leiomyomas, (ii) Asherman’s syndrome (intra-
uterine adhesions), (iii) congenital uterine mal-
formations and uterine infertility and (iv) 
functional dysregulation of the uterus [54]. The 
field will also most likely expand to individuals 
that are genetically XY, as transgender male-to- 
female as well as in women with androgen insuf-
ficiency syndrome [59].

Surgical Technique
The open surgical approach has mainly been the 
standard technique for live donor hysterectomies 
[57]. Recently robotic-assisted laparoscopic 
approaches have been performed and may opti-
mize the live donor procedures allowing a faster 
recovery while reducing the time of surgery 
(from 10 to 13 h for the open procedure) [60, 61].

Uterus transplantation surgery entails isola-
tion of the uterus with bilateral, long venous, and 
arterial vascular pedicles. The complexity of the 
surgery is mostly related to the extensive vascular 
dissection that includes the distal parts of the 
internal iliac veins and arteries [57]. The uterine 
arteries together with the anterior portions of the 
internal iliac arteries have to isolated, as well as 
the uterine veins including a segment/patch of the 
internal iliac vein. Uterine veins, with several 
connecting branches, could be tightly attached to 
the ureters and several of the connecting branches 
must be divided to retrieve the uterus while keep-
ing the donor ureters intact. Venous outflow 
through the ovarian veins has been considered as 
an alternative; however, concerns remain about 

whether the venous outflow using the ovarian 
veins will be sufficient, especially during preg-
nancy [61].

In the recipient, through a midline incision, 
the external iliac vessels are dissected and pre-
pared for anastomosis. The vaginal vault is sepa-
rated from the bladder and rectum. Sutures, to be 
used for uterine fixation, are placed bilaterally 
through the round ligaments, sacrouterine liga-
ments, and the paravaginal connective tissues. 
The uterus is brought into the pelvis and end to 
side vascular anastomoses are performed onto the 
external iliac vessels (Fig.  23.7). Following 
reperfusion, the vaginal cuff of the uterus is 
attached to the recipient’s vagina (Fig.  23.8). 
Attaching the uterus to the round/sacrouterine 
ligaments, in addition to the paravaginal connec-
tive tissues and the bladder peritoneum provides 
additional structural support. It remains unclear if 
the vaginal reconstruction in MRKH patients 
through either dilatation or mucosal reconstruc-
tion will impact the surgical procedure [61].

Outcomes
So far, there have been around 40 UTx attempts 
worldwide and the vast majority of these were 
live donor procedures [59]. The first UTx attempt, 
which was performed in Saudi Arabia in 2000, 
was from an unrelated perimenopausal donor live 
donor who gave her uterus to a woman that had 
experienced emergency peripartum hysterec-
tomy. Unfortunately, the transplanted uterus was 
removed 99 days post-UTx with bilateral uterine 
vessel thrombosis [55]. The Gothenburg group 
has been pioneering UTx since 2012 and per-
formed the following 9 live donor cases within 
the first clinical UTx trial. Out of these 9 cases, 8 
were MRKH recipients and one had hysterec-
tomy for cervical cancer. In two of these UTx 
were removed because of uterine vessel thrombo-
sis and intrauterine abscess [56].

The first live birth post UTx occurred in 
September 2014 following a UTx from February 
2013. This was a MRKH recipient and the donor 
was a postmenopausal friend. Implantation 
occurred at the first embryo transfer and the first 
two trimesters were uncomplicated, apart from 
one rejection episode. Delivery of a healthy boy 
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was achieved by caesarean section at week 31, as 
the mother became preeclamptic [57]. Between 
2014 and 2017, eight healthy children were born 
from the Swedish clinical UTx trial, with a take- 
home- baby rate 85% and clinical pregnancy rate 
of 100% [56].

Following the Swedish trial, more groups 
developed interest in UTx, with published cases 
from China, Germany and USA.  The Chinese 
group performed their first donor operation with a 
robotic assisted laparoscopic approach and used 
the utero-ovarian veins for venous outflow. The 
UTx was reported as viable 1 year post transplan-
tation. No pregnancy has been reported yet [60].

The German group reported three UTx 
attempts, out of which one was terminated 
straight after the organ retrieval, as attempts to 
flush the retrieved uterus failed due to extreme 
resistance of the left uterine artery (UA) and 
inability to perfuse the right UA. Transplantation 
was aborted to avoid graft vessel thrombosis or 
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Fig. 23.7 Schematic drawing of the vessel connections of the transplanted uterus
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Fig. 23.8 Uterus transplantation procedure (a) The 
uterus with its long vascular pedicles is removed from the 
donor. (b) The uterine graft is revascularised and fixed in 
the pelvis of the recipient
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insufficient blood flow during potential preg-
nancy [62].

In 2016, the Dallas group started the first live 
donor UTx trial in USA. Five cases have been 
reported so far, out of which the first 3 suffered 
early graft loss because of vascular 
 complications, both inflow and outflow [63]. 
The first healthy baby was delivered in 
November 2017 following an embryo transfer at 
6 months post UTx. The primary reason for this 
early embryo transfer was the intention to mini-
mize the duration of immunosuppression and its 
potential side effects [58]. However, as shown 
by the initial Swedish trial, rejections occurred 
in the 6–12  month interval at a rate of 57%. 
Thus, it has been suggested that a wait period of 
12 months is recommended [59, 64].

Several other live donor UTx attempts remain 
unpublished from various teams worldwide. Of 
special note is the UTx case in Belgrade, Serbia 
in March 2017, which involved monozygotic 
twins discordant for MRKH. A mother of three 
healthy children donated her uterus to her sister 
with MRKH. Immunosuppression was not used 
and the embryo transfer after 7 months resulted 
in pregnancy [59].

Besides live donor UTx, various teams 
attempted deceased donor UTx and so far there 
are only three published cases. The first case was 
performed in Antalya, Turkey in 2011, where a 
MRKH woman, who had undergone vaginal 
reconstruction with jejunum segment 2 years pre-
viously, received a uterus from a 22-year-old nul-
liparous brain-dead woman. The entire procedure 
lasted 8 h: 2 h for allograft procurement, 30 min 
for transfer from the other hospital, and the 
remaining time for uterus implantation in the 
recipient, with bilateral end-to-side anastomosis 
of the internal iliac vessels of the graft to the 
external iliac vessels. No live birth has been 
reported from this case so far [65].

The Cleveland clinic team performed the sec-
ond deceased donor UTx in February 2016. 
Unfortunately, the uterus was removed on post-
operative day 12 due to a severe candida infec-
tion of the graft, which infiltrated the vasculature 
of the uterus and caused disruption of one of the 
two arterial anastomoses [66].

The Sao Paolo team performed the third 
deceased donor UTx case in September 2016 and 
the first healthy baby from deceased donor UTx 
was born in December 2017 [67].

23.1.4.2  Penile Transplantation

Introduction
Besides UTx, penile or genitourinary vascular-
ized composite allotransplantation (GUVCA) 
have been indicative of the need for VCA trans-
plantation, since current reconstructive tech-
niques fail to adequately restore the normal form 
and function of the penis. Poor cosmetic results, 
urethral fistulae and/or strictures, and inability to 
restore erectile function sufficiently as well as a 
requirement for multiple complex procedures 
plague conventional genital reconstruction. 
Especially in soldiers who have suffered limb 
injury, it is sometimes impossible to use a radial 
forearm or a pedicled anterolateral thigh for neo-
phalloplasty, because of multiple devastating 
injuries [68].

The first GUVCA transplant was reported in 
2006 by the Guangzhou group for traumatic loss 
of penis, which unfortunately had to be removed 
on day 14, because of severe psychological issues 
[69]. It wasn’t until December 2014, that the sec-
ond transplant took place in South Africa for a 
patient that lost his penis because of gangrene, 
following a circumcision ritual. The same team 
performed another penile transplant in April 
2017 [70]. The third GUVCA was performed at 
Massachusetts General Hospital group in 2016 
for a patient with subtotal penectomy for penile 
cancer [71] and in April 2018, the Johns Hopkins 
group reported the first total penile and scrotal 
transplant [72].

Indications and Patient Selection
Current reconstructive options for penile loss or 
for female-to-male transgender are all autologous 
tissue based, with or without implant placement 
for penile rigidity, and they all share the goal of 
an aesthetically satisfactory and functional phal-
lus, including the ability for standing micturition, 
tactile and erogenous sensibility and erectile 
function (sufficient for penetration and possibly 
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in some cases, insemination). Most limitations of 
autologous phallopasty techniques come from 
gender affirmation surgery, where microsurgical 
free flap reconstruction has become the gold 
standard, with the radial free flap being the most 
commonly chosen technique. No ideal technique 
exists and the patient’s reconstructive goals and 
the extent of urogenital defect determine the 
method of reconstruction. It has therefore been 
suggested that GUVCA should be approached as 
a holistic treatment option, encompassing a series 
of patient-specific issues, and not as just a single 
surgical reconstruction procedure [73].

The loss of a penis has profound implications 
for self-esteem and body image. Besides the 
psychosocial considerations noted for solid 
organ and VCA patients, penile candidates 
should be assessed about their expectations of 
sexual function, their adaptation to the original 
condition that contributed to the loss of the 
penis and their ability to cope with organ rejec-
tion or graft loss. Their partner’s expectations 
and receptiveness to the graft are also be impor-
tant considerations [74].

Surgical Technique
The donor penis is retrieved at the level of the 
inferior pubic rami. The dorsal penile neurovas-
cular structures are identified and dissected as far 
proximal as possible before the penis is tran-
sected. The team led by van der Werve reported 
cooling the penis by irrigation with ice cold HTK 
solution directly into the corpora cavernosa as 
they found that intra-arterial perfusion via the 
dorsal penile arteries was not possible because of 
excessive cannula size [70]. Then the corpora, 
nerve, and vascular structures were prepared on 
the bench. The penile stump of the recipient was 
prepared by excising the distal approximately 
0·5 cm of the corpora cavernosa and isolating the 
urethra and spongiosal stump. Because of previ-
ous gangrenous infection, the dorsal penile ves-
sels were obstructed and they therefore resorted 
to the left inferior epigastric artery, which was 
re-routed subcutaneously, via a paramedian inci-
sion. Nylon 9-0 suture was used for the anasto-
mosis with the right dorsal penile artery. The 
contralateral dorsal penile artery was similarly 

anastomosed to the left superficial external 
pudendal artery [70]. A 2  mm GEM Micro-
vascular Anastomotic COUPLER ring was used 
for the anastomosis of the deep dorsal vein of the 
penis to one of the deep inferior epigastric veins. 
The vascular clamps were released before the 
cavernosal and spongiosal anastomoses. Both 
dorsal nerves were repaired under loupe magnifi-
cation with a 9-0 nylon epineural suture. The ure-
thra was spatulated and anastomosed with 
interrupted 3-0 polyglycolic acid sutures. The 
tunica albuginea of the cavernosal bodies and 
urethra were sutured in a watertight fashion with 
interrupted 2-0 polyglycolic acid sutures [70].

Cetrulo et  al. began the implantation with a 
spatulated urethral anastomosis followed by 
approximation of the corporal bodies which pre-
pared the scaffolding for the delicate neurovascu-
lar anastomoses. The cavernosal arteries and 
deep dorsal vein were anastomosed primarily 
with standard microsurgical technique. Due to 
sclerotic recipient dorsal arteries, a vein graft was 
retrieved from the distal leg and anastomosed 
end-to-side to the right femoral artery and end- 
to- end to the right dorsal penile artery. Cadaveric 
acellular nerve allograft was used to bridge a 
2-cm gap between the dorsal penile nerves of the 
recipient and allograft with standard epineural 
neurorrhaphies [71].

Research performed by the Johns Hopkins 
team showed the cavernosal anastomoses may 
improve later erectile function in the recipient 
without the requirement for additional surgery to 
place a penile prosthetic device. Also, use of the 
external pudendal artery may avoid the complica-
tion of penile shaft skin necrosis as this vessel 
was demonstrated to provide much of the vascu-
larization to this region of the graft [68].

Outcomes
The outcomes are very encouraging from the two 
published cases, which, first of all, proved the 
feasibility and potential of GUVCA, as a viable 
option for restoration of normal external genital 
appearance and sensation, as well as urinary and 
sexual function [70, 71].

Complications that have been reported include 
a fungal infection resulting from the immuno- 
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suppression. Phaeohyphomycoses, such as 
Alternaria spp., are rare opportunistic fungal 
infections that predominantly affect the skin in 
immunocompromised patients, particularly those 
being treated with mycophenolate mofetil. The 
patient responded well to topical broad spectrum 
antifungal treatment alone [70]. The patient form 
MGH had to return to theatres for hematoma 
evacuation and small wound debridements, and 
also had an episode of steroid-resistant acute 
rejection which was treated with 4 days of anti-
thymocyte globulin [71].

Increased overall health satisfaction, dramatic 
improvement of self-image, and significant opti-
mism for the future have been reported and this 
proves the concept that GUVCA can restore 
functional defects, as well as improve one’s 
self-image.

23.2  Immunosuppression 
Protocols

VCA transplantation has adopted the current 
two-phase induction and maintenance regime 
protocols from solid organ transplantation.

For induction, most centres depend on poly-
clonal anti thymoglobulin (ATG) or monoclonal 
agents such as Basiliximab and Alemtuzumab. 
Steroids play an important role during induction, 
maintenance, as well as addressing the rejection 
episodes. There is a trend towards using 
Alemtuzumab by different teams. The Louisville 
group initially used basiliximab for the first 2 
patients as induction agent but later used alemtu-
zumab [25]. The Innsbruck team reported using 
ATG for the first two out of four cases and alem-
tuzumab in the next two [27].

Maintenance therapy is widely based on tacro-
limus (calcineurin inhibitor), along with myco-
phenolate mofetil (MMF) (antimetabolite) and 
also steroids. However, some teams attempt to 
add an mTor-inhibitor (sirolimus or everolimus) 
under simultaneous withdrawal or dose reduction 
of tacrolimus, in order to limit the nephrotoxicity 
and, also, for its anti-proliferative properties. 
Topical medications such as tacrolimus and ste-
roid creams sometimes can be utilised to treat 

acute cutaneous rejection, reversing or prevent-
ing superficial skin rejection episodes with mini-
mal systemic effects. The pattern of steroid use is 
variable in different regimes and the aim of many 
VCA centres is to withdraw steroids as soon as 
possible after transplantation due to their side 
effects.

To favour and justify the risk–benefit equation 
for VCA transplantation, the risks and complica-
tions of long-term immunosuppression have to be 
carefully balanced against all the potential bene-
fits of these transplants such as, for example, 
return in motor and sensory function, indepen-
dence, and improvement in quality of life. Thus, 
there is an urgent and imminent need to develop 
novel strategies to minimize or avoid mainte-
nance immunosuppression after VCA [2]. Novel 
immunosuppressive therapies are looking to 
induce tolerance and minimize immunosuppres-
sion. The “Pittsburgh protocol” is such a novel, 
donor bone marrow (BM) cell-based treatment 
protocol, and it was used in 5 hand transplant 
recipients. Patients were treated with alemtu-
zumab and methylprednisolone for induction, 
followed by tacrolimus monotherapy. On day 14, 
patients received an infusion of donor BM cells 
isolated from 9 vertebral bodies. The team con-
cluded that this protocol was safe, well tolerated, 
and allowed upper-extremity transplantation 
using low-dose tacrolimus monotherapy (trough 
levels 4–12 ng/ml) [31].

Two VCA-centres published the results after 
using belatacept, a costimulation blocker, to 
replace the CNI-based immunosuppression suc-
cessfully. Cendales et  al. from Duke University 
reported the clinical application of a de novo 
belatacept-based protocol, transitioned to a CNI- 
free regimen in a patient after having received 
hand transplantation [75]. The Innsbruck-team 
reported their experience with belatacept in four 
hand-transplanted patients. The goal of this group 
was not only to protect their VCA-recipients of 
CNI-triggered side effect, they also used belata-
cept due to its possible inhibitory effect on the 
development of donor-specific antibodies. The 
treatment with belatacept could be successfully 
applied in three patients but did not work satis-
factorily in one who was positive for 
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CD4 + CD57+ T-cells which are known to be a 
sign for non-responders to belatacept treatment 
[76]. Therefore, the implementation of belatacept 
to replace tacrolimus in hand-transplant recipi-
ents can be beneficial but it is important to act 
with caution and to reflect the immunologic state 
of the patients at the time of conversion.

Data from the IRHCTT show that 85% of 
hand transplant recipients experience one or 
more episodes of acute rejection, [77] which 
commonly presents as a erythematous maculo-
papular rash. Monitoring for rejections and man-
aging them is important to have a successful 
outcome after VCA. In fact, the majority of the 
hand transplants that have failed, may have had 
some non-adherence problems in the long-term 
maintenance of the immunosuppression protocol. 
The advantages of VCA over solid organ trans-
plants is the skin component, which acts as a vis-
ible marker, a ‘dynamic canvas’, for detecting the 
rejection pattern [49]. Skin biopsies show ini-
tially perivascular lymphocytic infiltration which 
can progress to epidermolysis. The antibody- 
mediated rejection is characterised by microvas-
cular injury and tissue destruction. They are 
detected by immunohistochemical methods. In 
general, the cell-mediated rejections are treated 
by increasing the immunosuppressant doses, 
bolus doses of methyl prednisolone or ATG. The 
antibody-mediated rejections could be in addi-
tion reversed by agents like rituximab, an 
anti-CD20-antibody, or if resistant to any of the 
mentioned drug, with alemtuzumab an anti-
 CD52 antibody. Chronic rejection can be chal-
lenging to diagnose; however, it is thought to be 
associated with intimal hyperplasia [22].

23.3  Conclusion

Over the last 20 years the outcomes and experiences 
of VCA has ameliorated early concerns, clarified 
the ethical considerations, stratified the risks, and 
encouraged an expansion of the indications, and the 
number of participating centres. There is still much 
to learn, but the VCA future is bright.
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