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Foreword

The ability to replace the organs of one individual with those of another is one of the 
most dramatic and effective therapies of modern medicine. Thousands have been 
rescued with organ transplants and thousands more are waiting for them. Over 60 
years after the first successful genetically identical kidney transplant performed by 
Dr. Joseph Murray in 1954, transplantation might be considered a mature therapy 
that has achieved its goals and reached its limits. Unfortunately, numerous problems 
still limit its widespread application. This volume describes some of the current 
scientific studies to ameliorate these difficulties.

Lack of high-quality donor organs for transplantation is one of the major problems 
facing clinical transplantation. Half of this book highlights areas of experimentation 
directed to increasing donor organ availability. Pretransplant machine perfusion of 
donor organs, a technique known since the 1960s, is undergoing repeat examination 
to ascertain whether marginal organs can be resuscitated. Recent clinical evidence 
suggests that normothermic machine perfusion can salvage and improve marginal 
renal transplants and predict satisfactory posttransplant function, thus making organs 
transplantable that would have otherwise been discarded. Liver, heart, and lung 
machine perfusion has been introduced clinically and evidence for clinical efficacy is 
accumulating. Development of the ex vivo lung perfusion (EVLP) system, in which 
donor lungs are preserved under normothermic perfusion conditions, has enabled cli-
nicians to accurately evaluate lung function prior to transplant and has increased 
donor lung availability and utilization worldwide. The concept of combining enhanced 
EVLP treatments with targeted tissue repairs and molecular therapies, i.e., cell- based 
and gene therapy, to further resuscitate injured lungs and also possibly enhance graft 
survival and long-term outcomes is currently being examined. All organ transplants 
sustain varying degrees of tissue injury due to surgical trauma, transient ischemia, and 
reperfusion injury (the so-called ischemia- reperfusion syndrome) that contributes to 
long-term malfunction and chronic rejection. Innovative preservation techniques 
involving the use of nanotechnology are being studied to address this problem. 
Creation of organs in the laboratory (organogenesis) and the use of animal organs 
(xenotransplantation) could dramatically increase organ transplants. Experimental 
organogenesis strategies currently utilize implantation of living cells onto a synthetic 
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structural matrix or employ the process of decellularization of an existing organ 
 followed by addition of living cells. The use of 3D printing to transfer living cells onto 
an extracellular matrix in a tridimensional fashion is a significant bioengineering 
advance in this area. There is significant, renewed interest in xenotransplantation. Pigs 
are the most likely candidate source given their anatomic and physiologic similarities 
with humans and favorable breeding characteristics, their ability to undergo genetic 
modification (which could modulate immune reactions), and the fact that transfer of 
serious disease from this species to humans has not been observed.

The other half of this volume discusses innovative activity in three diverse areas: 
transplant surgery, the possible role of newer communication technologies in trans-
plantation and vascularized composite allotransplantation, and the induction of 
immunological tolerance. The successful arteriovenous fistula (AVF) rate used for 
hemodialysis has increased to 65% through advances in vascular and endovascular 
surgery, thereby reducing the morbidity from the use of intravenous dialysis cathe-
ters. Although laparoscopic surgery has been adopted for donor nephrectomy, it has 
not been embraced for complicated transplant procedures. Recently, the minimally 
invasive da Vinci Robotic Surgical System has been used to perform complex trans-
plantations with two apparent advantages: reduced surgical site infections and 
improved ability to operate on patients with extreme BMIs. The application of tele-
medicine and/or mobile health (mHealth) – defined as medical and public health 
practice supported by the use of mobile phones and related technology – to enhance 
efficiency of transplant care delivery is reviewed. mHealth as a medium for tele-
medicine is attractive in its accessibility for both patients and practitioners. Another 
chapter provides a primer on the basic concepts of big data methodology in which 
the authors discuss the applicability of big data techniques in clinical transplanta-
tion. The continued immunosuppression required to prevent rejection is associated 
with severe toxicities and morbid complications. Establishment of operational toler-
ance – survival of the organ transplant with normal function without rejection and 
no IS requirement – intuitively should improve long-term patient and graft survival. 
Current clinical tolerance strategies involve infusion of various donor bone marrow 
cell populations to induce transient or permanent chimerism or the adoptive transfer 
of in vitro expanded T regulatory cells, both followed by additional immunosup-
pressive therapy. Early results are very encouraging. Vascularized composite allo-
transplantation (VCA) is a valid restorative option for patients with extensive tissue 
defects and whole limb loss. These procedures are not life-saving and the risks of 
required lifelong immunosuppression are difficult to evaluate. The ability to induce 
tolerance and eliminate IS would catalyze clinical VCA application.

Solid organ and cellular transplantation is the standard of care for most diseases 
with end-stage organ failure, but it certainly has not achieved all its goals or reached 
its limits. Success in any one of several innovative areas described herein will have 
a quantum positive impact on its ability to improve human health and quality of life. 
This book presents a vision of the future of clinical transplantation. It is a bright one.

Anthony Peter Monaco 
The Peter Medawar Professor of Surgery, Harvard Medical School  
Beth Israel Deaconess Medical Center, Boston, MA, USA

Foreword
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Preface

Today, transplant surgery represents a mainstream therapeutic option for those suf-
fering with end-stage organ failure. The field has progressed dramatically since its 
inception; to get to this point, however, was not easy. We enjoy the spoils of decades 
of battles fought by many of the generals of our discipline. Surgical pioneers such 
as Joseph Murray, Thomas Starzl, Sir Peter Morris, Sir Roy Calne, and Anthony 
Monaco (to name a few) forged forward during times wherein their actions were 
viewed as barbaric and often unethical. Keeping their laser focus on the ultimate 
prize of surgical organ replacement remained the foremost concern, and the rest of 
the world was forced to catch up. Thankfully, it did. After the first successful trans-
plant between the Herrick twins at the Peter Bent Brigham Hospital by Dr. Murray 
and colleagues in 1954, transplantation struggled to achieve large-scale success due 
mostly to the lack of compatibility between individual immune systems. Thus, the 
era of immunosuppression began. Throughout the 1960s, 1970s, and early 1980s, 
surgical scientists were working feverishly on methods to dampen the immune 
response so as to allow for allograft acceptance. It was during this time that lympho-
cyte depletion and cellular antiproliferative strategies were developed along with 
the advent of calcineurin inhibition, which ultimately allowed for longer-term suc-
cess in allograft survival and growth of multiorgan transplantation.The discipline 
had officially gained some acceptance, and it was necessary to allow for its growth 
by providing an environment wherein organs could travel distances and remain 
viable. This brought us into the era of preservation. Seminal works by Belzer and 
colleagues allowed for solutions to be developed to help “preserve” these organs in 
cold storage during their transport. This era of preservation allowed for transplant 
programs to sprout all over the country and begin working together as a community. 
Much of this work was done in the 1980s, and by the 1990s many programs were 
established and training programs began to mature. Surgical success in organ trans-
plant had been proven and refinement of the procedure itself had begun. Minimally 
invasive approaches to donor nephrectomies, for example, started to become the 
norm by the late 1990s. These improvements, along with progress in allocation 
policies, highlight the era of technique.
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It is on the shoulders of the giants mentioned here, and also those whom we have 
not made mention of, that we are now at the precipice of the next era. The tools and 
technologies are in place, the infrastructure is built, and the expertise exists for us, 
as a community, to usher in the era of technology. This textbook entitled 
Technological Advances in Organ Transplantation represents the first of its kind and 
seeks to expose the various advances that are not only novel but, in many cases, have 
been implemented with success in centers across the globe. As transplant surgeons, 
we have historically been at the center of scientific and technological progress in 
transplantation. This textbook is intended to showcase the remarkable work being 
done by our community to move our field into the next generation and build upon 
the foundation laid by our collective mentors. The book begins with a historical 
homage in Chap. 1 and goes on to discuss the advancements that we have made and 
those still in progress with regard to machine perfusion, mobile health technology, 
dialysis access, and minimally invasive and robotic surgery (Chaps. 2, 3, 4, and 5). 
We then underscore the experimental and innovative therapies undergoing animal 
and clinical trials regarding cellular and nanotherapy in transplantation (Chaps. 6 
and 7). The integration of bioengineering and transplantation is the subject of dis-
cussion in Chaps. 8, 9, 10, and 11 wherein we learn about tissue engineering, com-
posite tissue grafting, ex  vivo organ repair, and 3D bioprinting. Exciting 
advancements in xenotransplantation are revealed in Chap. 12. Chapter 13 brings 
the text to a close with a discussion on the utilization of artificial intelligence in the 
processing of big data as it pertains to transplant.

The readers will surely see the caliber of the authors who have contributed 
to this text, many are pioneers in their own right and for their contributions and 
collaboration we thank them.

Our field represents the best of mankind. The willingness to give one’s organs, 
either in life or death, to save another is the ultimate sacrifice and is what wakes 
each and every one of us every morning. Our patients are our heartbeat and our 
conscience. We continually strive to do better for them. For this gift that they give 
us – our livelihood and our passion – we as a community thank them. This book is 
a humble representation of what we as transplant surgeons obsess upon in order to 
make the lives of our patients better.

Charleston, SC, USA Satish N. Nadig
Chicago, IL, USA Jason A. Wertheim

Preface
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Chapter 1
Historical Review of Solid Organ 
Transplantation

Bernard J. DuBray and Ronald W. Busuttil

Abstract One of the most remarkable achievements in modern medicine has 
been the ability to replace the failing organs of one individual with those from 
another. Over the last 60 years, solid organ transplantation has evolved from an 
experimental concept to a standard of care with increasing clinical efficacy. The 
collaborative effort across multiple disciplines brought transplantation from the 
laboratory into hospitals where it has transformed the lives of thousands. Today 
over 100,000 individuals await a lifesaving organ transplant with an ever-widening 
gap between the supply of suitable organs and demand for them. While the field 
works to address these challenges, it is important to recognize the pioneers who 
have led the journey.

1.1  Ancient Concepts of Tissue Transfer

Documentation of autotransplantation and allotransplantation of nonvisceral tissues 
can be found as early as 3000 BC [1]. Archeological records from Hindu text pro-
vide detailed accounts of skin autografting in order to reconstruct noses mutilated 
by punishment [1]. Other accounts of nonvisceral tissue transfer include transplan-
tation of teeth and skull fragments in ancient Egypt, Greece, and Rome. In 1668, 
Dutchman Job van Meeneren is credited with repairing a human skull defect with 
the skull fragment of a dog [1]. While these accounts bare no evolutionary connec-
tion to the modern science of solid organ transplantation, they represent the concep-
tual genesis of tissue transfer among individuals.

B.J. DuBray (*) • R.W. Busuttil 
Division of Liver and Pancreas Transplantation, Department of Surgery,  
David Geffen School of Medicine at the University of California Los Angeles,  
757 Westwood Plaza, Los Angeles, CA 90095, USA
e-mail: bernard.j.dubray@vanderbilt.edu; rbusuttil@mednet.ucla.edu
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1.2  The Technical Basis for Modern Transplantation

At the turn of the twentieth century, surgery focused on hemostasis with limited 
ability to repair or replace injured vessels. A new technique to join vessels was the 
combined effort of two surgeons whose collaboration established the field of vascu-
lar surgery.

Born in St. Charles County, MO, Charles Claude Guthrie earned his medical 
degree from the University of Missouri in 1901 (Fig. 1.1). He studied physiology as 
a medical student and developed techniques to re-anastomose severed cadaveric 
canine arteries [3]. In 1905, he departed for Chicago to establish his own laboratory. 
This is where he met Alexis Carrel, a French surgeon who also had an interest in 
blood vessel surgery with multiple publications on vascular techniques. Carrel 
sealed the ends of vessels through triangulation at three equidistant points [3], 
although it was only after Guthrie recommended full-thickness bites with intimal 
inclusion that his experiments succeed [2, 4] (Fig. 1.2). While their collaboration 
only lasted 6 months, the 29 publications that followed helped establish the field of 
vascular surgery. Alexis Carrel went on to make several other important observa-
tions regarding tissue ischemia and cold storage that helped establish the basis of 
organ preservation [5, 6]. For his contributions, Carrel was awarded the Nobel Prize 
in American Medicine or Physiology in 1912.

1.3  The First Attempts at Clinical Transplantation

With many of the requirements for solid organ transplantation established, the first 
attempts at solid organ transplantation were made. Using the techniques developed 
by Carrel, Jaboulay of France was the first individual to attempt human kidney 

Fig. 1.1 Charles Claude 
Gutherie (From: Friedman 
[2]). The collaborative 
effort of Charles Gutherie 
and Alexis Carrel in the 
early twentieth century led 
to multiple technical 
advancements that 
established the field of 
vascular surgery and 
provided the technical 
basis for solid organ 
transplantation. Permission 
to use image granted by 
the author under license 
number 4257661395407

B.J. DuBray and R.W. Busuttil
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transplantation [7]. In 1906, he joined the renal vessels of sheep and pig kidneys 
into the brachial vessels of two uremic patients. While these kidneys never produced 
urine, they represented a technical achievement to build upon.

Further experimentation with kidney transplantation occurred in 1936 when 
Russian Surgeon, Voronoy, attempted the first human to human cadaveric renal allo-
transplantation. In 1951, Kuss and Dubos were the first to place a transplanted kid-
ney extraperitoneally in the pelvic fossa [8]. While none of these kidneys were 
functional, they each took incremental steps toward achieving a technical founda-
tion for transplantation that would await a better understanding of the physiologic 
barriers impeding function.

1.4  Early Insights Foreshadow Immunologic Challenges

While experimenting with kidney reimplantation in a canine model, Alexis Carrel 
made keen observations that foreshadowed the impending physiologic barrier to 
successful solid organ allotransplantation.

Should an organ, extirpated from an animal and replanted into its owner by a certain tech-
nique, continue to functionate normally, and should it cease to functionate normally when 
transplanted into another animal by the same technique, the physiologic disturbance could 
not be considered as brought about by the organ but would be due to the influence of the 
host, that is, the biological factors [1]

These observations were later proven through a series of experiments performed by 
British surgeons, Peter Medawar and Thomas Gibson in the early 1940s [9, 10]. 
They discovered that rejection was an immunologic phenomenon evidenced by 

Fig. 1.2 The triangulation technique of vascular anastomosis (From: Carrel [4]). By placing stay 
sutures in each corner, Alexis Carrel was able to divide the suture line in thirds and run fine suture 
between three equidistant points

1 Historical Review of Solid Organ Transplantation
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acceleration of the recipient response to each successive attempt from the same 
donor. The discovery of alloimmunity through sensitization and memory led inves-
tigators to question whether this phenomenon could be manipulated to facilitate 
alloengraftment.

In 1952, Jack Cannon and William Longmire of UCLA were the first to report 
any degree of tolerance among neonatal chicks undergoing skin allotransplantation 
with a 6% rate of alloengraftment [11]. More importantly, they demonstrated that 
the rate of permanent alloengraftment rose to 20% with the administration of corti-
sone. With an understanding and appreciation for the role of alloimmunity in trans-
plantation, the first functional solid organ transplants were performed.

In 1954, the first successful kidney transplant was performed by Drs. Joseph 
Murray and John Merrill at The Peter Bent Brigham Hospital in Boston. Essentially 
an autograft, the transplant was between two identical twins, Ronald and Richard 
Herrick. With complete immunologic compatibility, the recipient survived 9 years 
with intact renal function before succumbing to cardiovascular disease. This proof 
of concept that prior failures were primarily immunologic provided the impetus to 
search for ways to overcome genetic incompatibility.

1.5  Early Immunosuppression

Based on the success of bone marrow transplantation in the 1950s, the first attempts 
at immunomodulation were aimed at total body irradiation with complete cytore-
duction. While two recipients of kidneys from a nonidentical twin did result in some 
function, the consequences of total immunosuppression proved to be extremely 
morbid with infectious sequelae [12]. Of ten patients treated with sublethal total 
body irradiation in Boston, nine died within a month of transplant due to the effects 
of the radiation [1]. Alternatives to total body irradiation included myelosuppres-
sion with cyclophosphamide and methotrexate. Although long-term survival was 
not achieved, crossing the genetic compatibility barrier was a historic achievement 
that set the stage for less cytotoxic and more specific immunosuppression.

1.6  Pharmacological Immunosuppression

With the concept of cytoreduction, the cornerstone of early immunosuppression 
efforts was soon underway to selectively inhibit individual arms of the immune 
system. Serendipitously, concurrent development of chemotherapeutic agents 
became the pharmacologic answer to selective cytoreduction. Gertrude B. Elion and 
George H. Hitchings developed azathioprine in 1962 [1]. A purine analogue derived 
from 6-mercaptopurine, azathioprine incorporates into replicating DNA and halts 
purine synthesis and lymphocyte production. Murray utilized this new drug to break 
the immunocompatibility barrier and demonstrated prolonged kidney allograft sur-
vival among unrelated individuals [13, 14]. For their efforts and contribution to 

B.J. DuBray and R.W. Busuttil
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transplantation, Elion and Hitchings shared the 1988 Nobel Prize. Success, how-
ever, was limited using the single drug regimen. Improvement in clinical efficacy 
would be dependent on the efforts to match genetically similar individuals and the 
utilization of multidrug immunosuppressive cocktails.

1.7  Treatment of Rejection

In a series conducted in 1960 at the University of California Los Angeles, Willard 
Goodwin was able to demonstrate transient reversal of clinical rejection with the 
use of prednisone [15]. This finding was confirmed by Dr. Thomas E. Starzl who 
reported that high dose prednisone in patients treated with azathioprine could 
reverse episodes of rejection [16]. Prior to this, rejection was universally associated 
with graft loss. Dissemination of this new discovery led to the formation of nearly 
50 transplant centers in the United States. Additionally, improved clinical efficacy 
led to transplantation of other solid organs, including liver, heart, and pancreas.

With increasing levels of immunosuppression, however, more complications 
were seen. In a landmark paper by Thomas E. Starzl in 1967, he characterized the 
outcomes of the first 60 recipients of solid organ transplants at the University of 
Colorado [17]. In patients treated for rejection, increasing immunosuppression led 
to a predictable course highlighted by overwhelming depression of host defense 
mechanisms. Many patients succumbed to opportunistic pathogens, such as 
Cytomegalovirus and Pneumocystis carinii. While some in the medical community 
questioned the ethical basis of transplantation, the “azathioprine era” led to steady 
improvement in 1-year patient survival. By the end of the 1970s, 1-year patient 
survival following kidney transplantation had climbed to more than 90% [7]. Further 
advances in this era included the development of antithymocyte globulins synthe-
sized from the serum of horses. These preparations were utilized to treat steroid- 
resistant rejection and later were part of an induction regimen. Finally, the discovery 
of calcineurin inhibitors in late 1970s and early 1980s drastically reduced the rates 
of rejection across all domains of transplantation and improved graft survival. With 
the ability to selectively modulate the alloimmune response pharmacologically, this 
opened the door for experimentation with other more immunogenic solid organs, 
such as lung and intestine.

1.8  Immunocompatibility

Unbeknownst to the early practitioners of solid organ transplantation, members of 
the same species had variable immunocompatibility that was critically important to 
their clinical outcome. While early studies demonstrated hyperacute humoral- 
mediated rejection in the setting of ABO mismatched kidneys, the determinants of 
acute cell-mediated processes were less clear [18]. Discovery of the major histo-
compatibility complex (MHC) and human leukocyte antigen (HLA) by Jean Dausset 

1 Historical Review of Solid Organ Transplantation
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in the 1950s was a landmark in immunology research that garnered him a share of 
the 1980 Nobel Prize in medicine [1]. With the knowledge of leukocyte antigens, 
Paul Terasaki from UCLA developed the first microassay to detect preformed, cyto-
toxic antibodies in recipient serum [19]. The so-called crossmatch would become a 
standard practice prior to performing kidney transplantation in order to prevent 
hyperacute antibody-mediated rejection.

1.9  Liver Transplantation

By the late 1950s, experimental models for all intra-abdominal organs had been 
developed (Fig.  1.3) [20]. The most vital and lifesaving of these combinations 
involved the liver. Through preclinical experimentation with large animal models, a 
great deal was learned regarding the metabolic and endocrine functions of the liver 
and how they are supported by the other intra-abdominal viscera. Several approaches 
to liver replacement were studied in the early 1950s (Fig. 1.4).

Fig. 1.3 Models of intra-abdominal solid organ transplantation (From Starzl [20]). By the late 
1950s, preclinical models for multiple solid organ transplants had been developed. These included 
(a) liver, (b) pancreas, (c) liver and intestine, (d) isolated intestine, (e) liver and pancreas

B.J. DuBray and R.W. Busuttil
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1.9.1  Auxiliary Liver Transplantation

In 1955, C. Stuart Welch developed a model of auxiliary liver transplantation [20]. 
Without removing the diseased liver, Welch placed an allograft liver into the right 
paravertebral space. The suprahepatic vena cava was anastomosed to the recipient 
IVC, whereas the infrahepatic cava was oversewn. The hepatic artery was sewn to 

Portal vein

Liver

(IVC)
Portal
vein Aorta

Pancreas
Host

Donor

Pancreas

Heart

Native liver

2nd liver

Portal vein

a

c

b

Fig. 1.4 Models of liver transplantation (From Starzl [20]). Multiple models of liver transplanta-
tion were studied in preclinical models. These included (a) auxiliary liver transplantation, (b) 
orthotopic liver transplantation, and (c) multivisceral transplantation

1 Historical Review of Solid Organ Transplantation
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either directly onto the aorta or external iliac artery. The portal inflow was estab-
lished between the donor portal vein and the recipient IVC. Biliary drainage was 
achieved utilizing a choledochoduodenostomy. Without heterotrophic factors from 
the splanchnic circulation, rapid shrinkage of these grafts ensued within a week of 
transplantation [21]. Unbeknownst at the time, the liver is nourished by heterotro-
phic factors supplied exclusively by the splanchnic circulation. Decades later this 
would be described as the “pancreas factor” and would spawn a whole new area of 
investigation into hepatotrophic physiology.

1.9.2  Orthotopic Liver Transplantation

Liver replacement was first attempted in 1952 by Professor Vittorio Staudacher [22] 
(Fig. 1.5). Professor of Surgery at the University of Milan, Staudacher provided a 
detailed five-step procedure for performing orthotopic liver transplantation in dogs 
(Fig.  1.6). His description is similar to the classic bicaval technique with a few 
notable exceptions. Staudacher performed the caval anastomoses over a plastic stent 
and arterialized the portal vein by the native hepatic artery. Biliary reconstruction 
was deferred in favor of donor cholecystostomy. Soon afterward other groups 
attempted hepatic replacement including Jack Cannon in 1956 at UCLA and Francis 
D. Moore in 1959 at the Brigham hospital.

Fig. 1.5 Professor Vittorio 
Staudacher (From Busuttil 
et al. [22]). Professor 
Staudacher of Milan, Italy 
was the first to perform an 
orthotopic liver transplant 
in 1952 utilizing a canine 
model

B.J. DuBray and R.W. Busuttil
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1.9.3  The Problem of Venous Reconstruction

While it has been known for centuries that the liver had a dual blood supply, the 
physiologic significance of the portal blood flow has only recently been appreciated 
[23]. With its nutrient-rich supply, portal blood flow is essential for liver function 
and had many implications in the development of liver transplantation. In 1959, 
Thomas Starzl began to address the problems with venous reconstruction using 
canine models of orthotopic liver transplantation [24]. First, during the hepatec-
tomy, Starzl described decompressing the splanchnic circulation through a combi-
nation of a portacaval shunt with passive femoral to internal jugular external bypass 
(Fig. 1.7). This technique was an important development in order to promote hemo-
dynamic stability during the hepatectomy and engraftment. Additionally, Starzl 
demonstrated three potential ways for venous reconstruction (Fig. 1.8). The first 
method employed a “reversed Eck fistula,” which diverted both portal and systemic 
flow through the liver. This invariably leads to portal hypertension, venous conges-
tion, and early graft compromise. Later experiments resulted in normal venous 
pathways with and without ligation of the portacaval shunt. In these initial canine 
experiments, Starzl noted the value of external bypass and anatomic venous recon-
struction, both of which are still standard approaches to orthotopic liver transplan-
tation today.

Fig. 1.6 “Five-step” procedure for performing orthotopic liver transplantation (From Busuttil et al. 
[22]). The technique described by Staudacher in 1952 closely resembles the classic bicaval tech-
nique. Transplantation was accomplished by anastomosing the suprahepatic IVC, followed by the 
infrahepatic IVC and the portal vein, which was arterialized to the recipient hepatic artery via the 
recipient splenic vein

1 Historical Review of Solid Organ Transplantation
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Fig. 1.7 Passive 
venovenous bypass (From 
Starlz et al. [24]). In order 
to decompress the 
splanchnic circulation 
while clamping the portal 
vein, Dr. Starzl described a 
combination of portacaval 
shunt with passive 
diversion of blood flow 
from the femoral vein to 
the internal jugular vein

Fig. 1.8 Venous reconstruction in orthotopic liver transplantation (From Starlz et al. [24]). Thomas 
Starzl proposed three potential venous reconstructions in liver transplantation: (a) The reversed 
Eck fistula which diverts both portal and systemic flow through the liver; (b) normal venous path-
ways without (b) and with (c) portacaval ligation

B.J. DuBray and R.W. Busuttil
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1.9.4  The First Clinical Attempts at Liver Transplantation

Despite hundreds of preclinical canine experiments and the perceived technical fea-
sibility of liver transplantation, nothing could prepare surgical and anesthesia teams 
for the clinical manifestations of portal hypertension and coagulopathy associated 
with chronic liver disease. The first cases of attempted liver transplantation were 
undertaken at the University of Colorado by Dr. Thomas Starzl in 1963 [25]. The 
first patient was a 3-year old boy with a history of biliary atresia and multiple prior 
abdominal operations. Bleeding from massive venous collaterals in the setting of 
extreme coagulopathy and thrombocytopenia resulted in exsanguinating hemor-
rhage. Two more cases were attempted in the next 4 months in Colorado with recipi-
ent survival of 22 and 7  days, respectively. Attempts to treat coagulopathy with 
blood products and e-aminocaproic acid led to clotting of the bypass circuits with 
delayed pulmonary emboli and lung abscesses [20]. Around this time, there were 
other ill-fated attempts at liver transplantation in Boston and Paris. The practical 
utility of liver transplantation was questioned and pessimism surrounding the prac-
tice grew. A self-imposed worldwide moratorium on further attempts at clinical 
liver transplantation was instituted in 1964 due to these outcomes [26]. Further 
application of liver transplantation would need to await advancements in operative 
technique, organ preservation, and immunosuppression in order to expand its clini-
cal utility (Fig. 1.9) [26].

1.10  Advances in Organ Procurement and Preservation

Interruption of an organ’s blood supply during recovery creates an obligatory isch-
emic injury that can manifest in varying degrees of postoperative organ dysfunction. 
Mitigating the effects of ischemia upon reperfusion has been the result of several 
advancements.

1.10.1  Hypothermia

The knowledge that temperature influences the degree of metabolic activity and cel-
lular demand for oxygen led to the implementation of hypothermic protocols in 
clinical kidney transplantation [27]. While originally described for cooling of indi-
vidual organs following procurement, the in situ technique involved continuous 
hypothermic perfusion of cadaveric donors before acceptance of brain death [20] 
(Fig. 1.10). In situ methods were later simplified to allow for the cooling of all tho-
racic and abdominal organs without continuous perfusion [28] (Fig. 1.11). By 1987, 
standardization of multiorgan procurement across the country and throughout the 
world allowed for the growth of transplantation.

1 Historical Review of Solid Organ Transplantation
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1.10.2  Organ Preservation

In order to expand the physical radius between donors and recipients, organs for 
transplantation needed additional measures of preservation. While donor hypother-
mia mitigated in situ ischemia, organ immersion or “slush” technique post procure-
ment allowed for cold storage during transport [1]. A number of solutions have been 
formulated to mimic the intracellular compartment to prevent cell swelling and lysis 
during storage. The development of the Euro-Collins solution and University of 
Wisconsin solution was major milestones in transplantation that significantly 
lengthened preservation time [1]. Kidneys were extended to 48–72 h, while livers 
were viable up to 24 h and hearts up to 12 h. This significantly expanded the donor 
pool for individual recipients and facilitated the clinical growth of solid organ trans-
plantation (Table 1.1) [20].

Arterial inflow

Re-circulation line

Heat
exchanger

I.V.C Portal vein

Aorta

Inferior mesentric
artery

Pump
To femoral

artery & vein

Fig. 1.10 In situ continuous hypothermic perfusion (From Starzl [20]). Continuous hypothermic 
cooling was an active process that involved cannulation of the aorta and IVC via the femoral ves-
sels soon after cardiopulmonary death in order to pump blood through a heat exchanger
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1.11  Organ Donation and Allocation

1.11.1  Defining Death

With increasing clinical efficacy and expanding indications for solid organ trans-
plantation, the field needed ethical clarity for how to identify and consent potential 
cadaveric donors. Up until 1968, death was defined by cardiopulmonary arrest. 
However, as critical care and life-support technology improved throughout the mid- 
twentieth century, questions surrounding the definition of death grew. The line 
between sustaining life and prolonging death was blurred. The principle governing 
organ donation at the time was the “dead donor rule,” which simply stated that organ 
retrieval itself cannot cause death [29]. An alternative concept of death by neuro-
logical criteria was examined in 1968 by the Ad Hoc Committee of the Harvard 
Medical School. They established criteria for declaring death in cases of irreversible 
devastating neurologic injury. These included patients who, despite mechanical 

Preservation fluid
through splenic

vein

Preservation fluid
through terminal
aorta

Fig. 1.11 Passive in situ cooling for multiorgan procurement (From Starzl [20]). With direct can-
nulation of the aorta and splenic vein, in situ cooling takes place passively and allows for simulta-
neous cold preservation of all abdominal organs

B.J. DuBray and R.W. Busuttil
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ventilation with cardiopulmonary function, did not respond, have brainstem reflexes, 
or spontaneous respirations [30]. This definition of death by neurologic rather than 
cardiopulmonary criteria gave clarity to the transplant community in regards to the 
adherence to the “dead donor rule.” This allowed recovery of organs from brain 
dead, heart beating donors. With advancements in surgical technique, organ preser-
vation, and procurement, the first extended survival following liver transplantation 
was realized by Dr. Starzl in Colorado and Sir Roy Calne of the UK. When cyclo-
sporine was added to the immunosuppressive armamentarium, the 1-year recipient 
survival rose to 70% for the first time [26].

1.11.2  Fair and Just Organ Allocation

As the practice of transplantation grew, federal legislation and regulation intervened 
to help ensure equitable and just allocating and sharing of donor organs. In 1984, the 
National Organ Transplant Act (NOTA) was passed which established a network of 
local organ procurement organizations to organize the recovery and equitable shar-
ing of organs. The United Network for Organ Sharing (UNOS) won the federal 
contract in 1986 to oversee the OPTN and ensure fair and equitable system for 
organ allocation.

1.12  Success Creates Organ Shortage

The success of solid organ transplantation led to expansion of indications to include 
almost all causes of end-stage liver disease. Unfortunately, the number of donors 
has remained relatively constant creating an ever-widening gap between supply and 
demand. Efforts to combat the critical organ shortage have been multifaceted and 
include several surgical innovations that have improved utilization of the existing 
donor pool (Fig. 1.12).

Table 1.1 Milestones in liver transplantation [20, 26]

Year Event Contributor

1952 First attempt at orthotopic liver transplantation in canine model Vittorio Staudacher
1955 First auxiliary liver transplant C. Stuart Welch
1963 First attempt at human liver transplant Thomas E. Starzl
1963 Discovery of azathioprine, prednisone “cocktails” Thomas E. Starzl
1979 Cyclosporine introduced Sir Roy Calne
1981 First reduced size allograft for pediatric patient Henry Bismuth
1984 Standardization of multiple organ procurement Thomas E. Starzl
1988 First split liver transplants Rudolf Pichlmayr
1989 FK-506-steroid immunosuppression introduced Thomas E. Starzl
1989 First attempt at living liver transplant Silvano Raia

1 Historical Review of Solid Organ Transplantation
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1.12.1  Reduced Size and Split Allografts in Liver 
Transplantation

Children often have some of the longest wait times due to size constraints and relative 
rarity of pediatric donors. With this in mind, Henry Bismuth performed the first 
reduced size allograft transplant in 1981 [31]. He utilized the left lobe of an adult 
liver for a child with a caval sparing approach. The success of this operation led to in 

a Conventional technique

c Split liver d Liver donor right lobe liver transplantation

CBD
PV

b Piggyback technique IVC    Inferior vena cava
HA     hepatic artery
PV     portal vein
CBD  common bile duct
LHA  left hepatic artery
LPV  left portal vein
LHD  left hepatic duct
LHV  left hepatic vein
RHA right hepatic artery
RPV right portal vein
RHD right hepatic duct
RHV right hepatic vein
MHV middle hepatic vein

Given to recipient Stays in donor
Oversewn

RHVReconstructed
MHV

RHV LHV
II + III

IV

LHV
LHV

PV

Adult
IVC

LHD

LPV LHA

II + IIIII + III

IV

VIIIVII

VI
V

RHV

VIIIVII

VI

IV

IVC
CBD

V

RHV
VIIIVII

VI
V

RHV
VIIIVII

VI

IV

IVC
CBD HA

LHA

LHD
II + III

LHVMHV

LPV

V

RHA

e Living donor left lobe liver transplantation
Given to recipientStays in donor

Oversewn LHVPaediatric

MHV
IVC

LHD

LHA

LHD

MHV

stump

PV

HA
HA

CBD
Recipient

PV

Recipient
HA

LHD-jejunum
anastomosis

RPV
RHD

MHV
IVC
LHD

PV
HA

CBD

stump

Fig. 1.12 Techniques of liver transplantation (From Zarrinpar et al. [26]). In addition to the classic 
bicaval technique (a), the piggyback technique (b) preserves the recipient IVC.  Additionally, 
efforts to optimize utilization have resulted in a number of reduced size grafts including (c) in situ 
split liver allografts, (d) living donor right lobe, and (e) living donor left lobe
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situ split liver transplantation. First performed by Rudolf Pichlmayr in Hannover, 
Germany, in 1988, split liver transplantation yielded two grafts from a single donor. 
Segments II and III went to a child, while I, IV, and V–VIII went to an adult. A caval 
sparing approach was utilized in each recipient. These technical achievements helped 
optimize the utilization of the existing deceased donor pool for liver transplantation.

1.12.2  Living Donation in Liver Transplantation

While living donation has been a standard approach in kidney transplantation from 
inception, its utilization in liver transplantation has been measured due to concerns 
for donor safety. The first attempt at living liver donation was in 1989 by Silvano 
Raia in Brazil [32]. This was followed the successful transplantation of the left lobe 
from a living adult to her child by Strong and colleagues in Brisbane, Australia [33]. 
The first adult-to-adult living liver transplant was performed in 1993 by Professor 
Makuuchi from Japan using a left lobe graft [34]. In 1997, C.M. Lo and S.T. Fan 
performed the first right lobe living donor transplant in Hong Kong [35]. Today, liv-
ing donor transplants are steadily growing in carefully selected donor/recipient 
pairs, especially in countries where cadaveric donation is limited.

1.13  The Future of Transplantation

In a relative short time span, solid organ transplantation has made tremendous clinical 
progress transforming the lives of thousands of patients. The journey has been the 
result of both measured, scientific inquiry and serendipity. The challenges ahead 
include better and more specific immunomodulation with the ultimate goal of immune 
tolerance. With increasing clinical efficacy, efforts to alleviate the organ shortage 
include improved utilization of existing donors, expansion of living donation, xeno-
transplantation, and tissue engineering. Through a continued multidisciplinary col-
laborative effort, the field will continue to grow and meet the challenges ahead.
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Chapter 2
Machine Perfusion of Organs

Matthew F. Blum, Qiang Liu, Basem Soliman, Toshihiro Okamoto, 
Bahar Bassiri-Gharb, Teresa Diago Uso, Laura D. Buccini, 
and Cristiano Quintini

Abstract Transplant organ supplies are insufficient to meet the demands, resulting 
in prolonged patient wait times and waitlist mortality. Offering improved organ 
preservation, assessment, and resuscitation, machine perfusion of organs can enable 
the use of marginal organs, thereby expanding the donor pool. The technology is 
based on the common principle of continuous provision of oxygen and nutrients. 
Perfusion settings and components vary widely in terms of pump pulsatility, tem-
perature control, oxygen provision, oncotic agents, and pharmacologic supplemen-
tation. While this technology was first pioneered in the 1960s, it has seen a recent 
resurgence. Hypothermic renal perfusion is the most clinically advanced area of 
perfusion and a source of continued innovation. Liver, heart, and lung perfusion 
techniques have been introduced into the clinical realm as safe alternatives, and 
evidence demonstrating clinical efficacy and superiority is accumulating. Machine 
perfusion of the pancreas and small intestine is being explored predominantly in 
preclinical models. Machine perfusion of limbs offers improved opportunities for 
limb transplantation and autologous replantation. Machine perfusion is a promising 
option to salvage function in marginal organ grafts and may enable prediction of 
organ function or dysfunction after transplantation.

2.1  Introduction

Since the 1960s, organ preservation by machine perfusion (MP) has progressed 
alongside the birth and maturation of transplant science. Though it comes in many 
forms, at its core, perfusion technology involves the mechanical pumping of fluid 
through an organ’s vasculature in a controlled environment to sustain a measure of 
physiologic function and provide superior organ preservation for transplantation. 
As organ transplantation has become a reliable treatment for end-stage organ 
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disease, increasingly more patients await these operations, causing the demand for 
transplantation to outstrip the supply and transplant waiting times to increase. 
Accepting lesser quality organs for transplantation could increase organ supply, 
but this requires improved preservation modalities to adequately preserve these 
marginal organs. To demonstrate how MP can increase and improve transplantable 
organs, this chapter will explore the principles of MP in general and in relation to 
specific organs and composite tissues including the kidney, liver, pancreas, intes-
tines, heart, lungs, and limbs.

2.2  Organ Shortage and the Limits of Cold Storage

The transplant community is facing an organ shortage crisis. The number of patients 
who require organ transplantation is growing faster than the supply of organs avail-
able [1], resulting in longer waiting times and higher waitlist mortality. From 2002 
to 2009, the kidney transplant waiting list in the United States increased from 50,000 
to 96,000 [142]. Liver waitlist mortality increased from 11.1 per 100 waitlist years 
in 2009 to 12.3 in 2013 [119]. In 2013 more adult patients than ever before were 
added to the lung transplant waitlist [226], and the heart transplant waitlist increased 
by 34% from 2003 to 2013 [44].

While high-quality organ grafts, such as living donor organs and organs donated 
after brain death (DBD), have traditionally been available for transplantation, efforts 
to make up this organ shortfall have led to a greater reliance on marginal quality 
grafts, including organs donated after cardiac death (DCD) and previously desig-
nated expanded criteria donors (ECD). Compared to DBD grafts, marginal organs 
are discarded more frequently and generally result in worse outcomes [120]. For 
example, ECD kidneys have a higher rate of delayed graft function (DGF) and 
worse graft and patient survival [182], and DCD livers experience biliary complica-
tions resulting in lower graft survival [153]. The organ shortage is further com-
pounded by a reduction in rates of living donation and a trend toward the use of 
older, unrelated living donors [120].

Static cold storage (SCS) is the dominant graft preservation modality used today. 
Though invented after hypothermic machine perfusion (HMP), SCS is used in the 
preservation of most organs for its efficacy and simplicity. It is sufficient for the 
preservation of high-quality organs from standard deceased donors [122], but its 
utility in expanding the donor pool with marginal organ grafts is limited. As out-
lined by Vogel et al., SCS has four limitations: (1) prior organ injury is not reversed, 
(2) cold ischemic injury continues to occur during storage, (3) organ quality is not 
easily assessed, and (4) storage is time-limited [229].

The heart and lung are typically only viable up to 6 and 8 h of SCS, respectively, 
while the small bowel and liver can withstand up to 12 and 16 h of SCS [240]. The 
pancreas and kidney can tolerate up to 24 and 36 h, respectively [240]. Time limitation 
is due to the fact that the SCS graft exists in an ischemic environment. At low tempera-
tures, metabolism and oxygen consumption are reduced [74], thus slowing but not 
eliminating the same destructive processes that occur in a warm ischemic environ-
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ment. The sequelae of ischemia-reperfusion injury (IRI) occurs after implantation and 
includes acidosis, cellular swelling, enzymatic dysfunction, calcium accumulation, 
and reactive oxygen species production [167]. SCS is particularly detrimental when 
combined with warm ischemic injury as it results in extensive cellular death and cre-
ates a unique challenge for the DCD organ [122]. During SCS, grafts are in a nonfunc-
tional state, making it difficult to measure organ quality prior to transplantation. For 
example, in liver preservation, where only SCS is performed clinically, 10% of grafts 
initially show poor function, and 5% have PNF, which results in death unless immedi-
ate re-transplantation can be performed [90]. Since marginal grafts have an even 
greater risk of failure, they are typically avoided in this SCS-only preservation para-
digm. Therefore, an organ preservation modality is required that can salvage marginal 
organs and predict their likelihood of function after transplantation.

2.3  Benefits and Principles of Organ Perfusion

In light of these challenges, machine perfusion research is at the forefront of efforts 
to expand the organ pool. The advantages of machine perfusion fall within three 
main categories: preservation, assessment, and intervention. In many cases, evi-
dence suggests that MP offers better and longer preservation than SCS by removing 
toxic metabolites, providing nutrients and oxygen, and in some cases avoiding cold 
temperatures [28, 69, 215]. By placing the organ in a dynamic environment where 
at least partial function is maintained, there are more opportunities to assess organ 
function during the preservation period, offering the ability to predict which organs 
will be viable for transplantation. MP, especially at higher temperatures, provides an 
opportunity to intervene on the graft prior to transplant in effort to improve quality. 
This could include pharmacologic, immunologic, or genetic interventions that, 
beyond slowing organ decline, can promote graft regeneration.

2.3.1  Pumps and Flow

Organ perfusion systems share functional principles with cardiopulmonary bypass, 
and many components overlap. As a general rule, the perfusate is propelled through 
non-thrombogenic tubing in a temperature-controlled and occasionally oxygenated 
system [74]. The pump, perfusate, oxygen, and temperature are important variables 
that determine the behavior of perfusion systems. Flow may be pulsatile, typically 
via roller or piston pumps, or continuous through centrifugal pumps [227]. The 
organ, temperature, and perfusate dictate the optimal propulsion pattern. Pulsatile 
pumps were initially employed in early hypothermic renal perfusion systems as they 
simulate the natural circulation of the cardiac cycle. This allows for a reduced mean 
capillary pressure with systolic bursts of pressure high enough to perfuse capillary 
beds [74, 126]. The necessity of pulsatile perfusion has been debated over the years 
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[130, 184], with some recent evidence suggesting that pulsatile flow mitigates pres-
ervation injury. On the other hand, recent HMP liver systems have employed con-
tinuous flow through the portal vein and hepatic artery [88]. In normothermic 
perfusion, where perfusates often contain red blood cells (RBCs), centrifugal pumps 
are typically preferred to avoid RBC trauma and hemolysis [229]. This has been the 
case in clinical trials for kidney [163], lung [49], and liver perfusion [188]. However, 
the claim that centrifugal pumps produce less hemolysis than roller pumps is contro-
versial. Shear stress, negative pressure, and turbulent flow of centrifugal pumps con-
tribute to hemolysis, and reducing the occlusivity of roller pumps can minimize 
hemolysis to levels equal to or less than centrifugal pumps [228].

2.3.2  Temperature

Temperature is categorized as hypothermic, subnormothermic, and normothermic. In 
HMP, temperature is reduced to just above freezing, typically 4 °C but often anywhere 
from 0 to 10 °C. At this point, organ metabolic rates are approximately 13-fold below 
normothermia [112, 140]. Since oxygen consumption is minimal, HMP often lacks sup-
plemental oxygenation, though this paradigm is being challenged [62, 79]. Resistance is 
elevated at these temperatures, and flow and pressure are minimized to avoid edema [87].
Warm perfusion, including normothermic machine perfusion (NMP) and subnor-
mothermic machine perfusion (SMP), is a more recent topic of research. NMP 
occurs at 35 to 38 °C. SMP temperatures are poorly defined with examples ranging 
from 20 to 33 °C. In an effort to standardize MP nomenclature, Karangwa and col-
leagues have proposed dividing this temperature range into midthermic (13–24 °C) 
and subnormothermic (25–34  °C) [115]. For clarity, however, this chapter will 
continue to the use of the traditional subnormothermic temperature range when 
discussing previous publications. While some SMP systems occur at temperatures 
low enough that dissolved oxygen is sufficient to support metabolic activity [35, 
100], oxygen carriers are an essential component of warmer SMP and NMP sys-
tems. Many perfusion systems employ RBCs for this purpose [49, 163, 188]. 
Artificial oxygen carriers have also been explored, including perfluorocarbons [26] 
and pyridoxylated bovine hemoglobin [30]. Warm temperatures avoid hypothermic 
injury, enable observation of function, and support efficient graft interventions, but 
they also present a number of challenges including the potential need for substrate 
renewal as substrates are rapidly consumed and metabolites are deposited in the 
perfusate. Bacterial growth is a greater risk at warmer temperatures.

2.3.3  Colloids and Impermeants

While individual components vary between different perfusates, colloids are essen-
tial in most MP systems to mitigate edema. In the setting of IRI, endothelial disrup-
tion enables interstitial fluid accumulation, which acts in concert with endothelial 
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swelling, vasoconstriction, and thrombosis to produce the no-reflow phenomenon, 
wherein circulation is impeded [200]. Colloid agents exert an oncotic force to draw 
extravascular volume into the intravascular space, opening vascular flow. A variety 
of oncotic agents have been explored. Plasma, which contains albumin and other 
osmotic protein agents, was used in the earliest successful HMP models [14]. 
Albumin alone was also explored [42], and this was replaced with the artificial col-
loid hydroxyethyl starch to avoid the risk of blood-borne disease [95]. Other col-
loids include polyethylene glycol (PEG) [20, 217], succinylated gelatin [188], and 
dextran both alone [38] and combined with albumin [237].

Ischemia depletes ATP, causing Na-K pumps to fail and Na and water to accumu-
late intracellularly as intracellular edema [126]. MP solutions often address this by 
featuring impermeants, high-molecular-weight molecules that are impermeable to 
most cellular membranes. They exit the vasculature and accumulate in the interstitial 
space, creating an intracellular-to-extracellular osmotic gradient that reverses the 
flow of water from edematous cells. Examples of impermeants include gluconate, 
which is a part of Belzer machine perfusion solution (B-MPS), and lactobionic acid, 
raffinose, sulfate, and phosphate, all of which are a part of University of Wisconsin 
(UW) solution [181]. Other common examples include histidine and mannitol of 
histidine-tryptophan-ketoglutarate and glucose of Euro-Collins solution.

2.3.4  Perfusate Electrolytes, Supplements, and Pharmacologic 
Interventions

A variety of other factors contribute to the function of MP systems. The electrolyte 
composition is an important component, particularly in synthetic perfusates. Collins 
solution (later Euro-Collins) and UW solution are two of the earliest SCS solutions 
and mimic the intracellular environment to minimize energy demands of the Na-K 
pump [43, 204]. In MP systems, electrolyte concentrations are often closer to physi-
ologic concentrations. B-MPS contains a more physiologic Na/K ratio, though still 
hyponatremic (100 mEq/L) and hyperkalemic (25 mEq/L) [126, 167]. Warm perfus-
ates also tend to have physiologic electrolyte concentrations [30, 163].

During IRI, reactive oxygen species form and produce oxidative damage. To 
prevent this, perfusates are supplemented with antioxidants. For example, B-MPS 
includes allopurinol and glutathione [204]. Newer antioxidants are being explored 
in the SCS setting, such as the free-iron chelator deferoxamine [5, 102].

The perfusate is a vehicle for medications that act on the graft during the MP 
preservation period. Drugs may be included to either guarantee the stability of the 
MP system or modify the graft prior to transplantation. Vasodilators can be included 
to minimize resistance and maximize flow during MP [98, 99, 161, 187]. Other med-
ications may alter the nature of the graft prior to transplantation, such as the use of 
cobalt protoporphyrin in renal SMP to promote the endogenous expression of the 
protective molecule heme oxygenase-1 [24]. Supplementation of trophic factors like 
fibroblast growth factor promotes cellular recovery [27]. Gene therapy, another tech-
nology at the forefront of MP innovation, can induce localized immunosuppression. 
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This offers the theoretic possibility of reducing the systemic immunosuppression 
required for graft recipients. Cypel et al. demonstrated ex vivo transfection of IL-10 
to discarded human lungs could shift cytokine expression from a pro- inflammatory 
to anti-inflammatory profile as discussed in Chapter 10 of this textbook [46]. Another 
strategy for localized immunosuppression is known as immunocloaking. Brasile 
et al. engineered an innovative nano-barrier, which, when applied to a renal graft dur-
ing MP, hides antigenic surfaces from recipient immune mediators [25].

2.3.5  Viability Assessment

Preserving grafts in a dynamic state creates the opportunity for functional assess-
ment. Some markers are common across organs and composite tissues including 
hemodynamic parameters (i.e., flow, resistance, resistive index), metabolic markers 
such as oxygen consumption and lactate levels, and edema measured with post- 
perfusion weight increase or wet-to-dry tissue weight ratios. Perfusate biomarkers, 
including both nonspecific and tissue-specific makers, are commonly measured to 
gather evidence of cellular function or death. In the warm perfusion environment 
especially, assessment of normal organ functions can inform graft quality. Examples 
include urine and bile production, insulin excretion, respiratory PaO2/FiO2 ratio, 
and muscle contraction. However, as the discussion of kidney HMP will highlight 
below, most clinically tested biomarkers have predicted transplant outcomes poorly 
thus far [21], and the need for multivariate scores that synthesize many factors may 
be necessary. Ideally, the predictive value of these biomarkers will be derived not 
from increasing the discard of possibly dysfunctional grafts, but rather, by directing 
ex vivo resuscitative efforts to restore such grafts.

As this discussion indicates, a multitude of factors contribute to the behavior of 
each perfusion system. The remainder of this chapter will explore the clinical evi-
dence for MP in individual organs. It is important to consider that as researchers 
investigate and innovate MP systems, it is likely that the optimal preservation sys-
tem will vary depending on the circumstances unique to each organ (i.e., organ, 
manner of death, anticipated storage time). For example, a renal HMP study dem-
onstrated that kidneys without warm ischemia (WI) performed best with B-MPS, 
while after 75 min of WI, perfusion with UW was significantly better [129]. Rather 
than a one-size-fits-all approach, the search must be for the best preservation modal-
ity for a given situation.

2.4  Machine Perfusion of the Kidney Grafts

The kidney has proven to be an ideal organ for machine perfusion for a number of 
reasons. It was the object of initial forays into machine preservation, and therefore, 
the history of kidney preservation describes much of the history of organ preserva-
tion in general. The kidney is the only organ commonly perfused clinically, and it 
continues to be the target of many recent and innovative research efforts.
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2.4.1  History of Kidney Perfusion

Kidney preservation became clinically necessary with the expansion of transplanta-
tion in the 1960s. Early kidney transplants used living-related donors or cadaveric 
donors following cardiac death [12]. Advancements in HLA tissue typing necessi-
tated the organization of large pools of patients who were matched to donor kid-
neys, but for kidneys to be transported across these networks, improved organ 
preservation was necessary [91]. Initial research explored HMP. Humphries et al. 
carried out some of the first renal perfusions, first with diluted whole blood followed 
by plasma [103, 104].

A major breakthrough came in 1968 when Belzer discovered that his initial 
attempts to perfuse kidneys with plasma were complicated by the embolization of 
lipid microemboli that caused rising perfusion pressures [15]. By removing these 
precipitants through cryoprecipitation and filtration, Belzer and colleagues were 
able to preserve functional canine kidneys for 72 h of perfusion [13] and performed 
the first perfusion and transplantation of a human cadaver kidney [14]. This HMP 
system was further modified by a number of researchers. Silica gel filtration was 
employed to filter lipoproteins from plasma, resulting in longer perfusate shelf life 
and improved stability during perfusions lasting at least 48 h [219]. Human plasma 
was replaced with a physiologic electrolyte solution supplemented with human 
albumin, which supported intravascular volume and reduced tissue edema [42]. To 
eliminate any risk of spreading blood-borne pathogens, Belzer developed an entirely 
synthetic perfusate, using hydroxyethyl starch (HES) as an osmotic agent [17, 95].

At the same time, SCS emerged as an alternative to hypothermic perfusion. 
Collins developed a solution characterized by intracellular electrolyte profile along 
with a high concentration of glucose [43]. By flushing kidneys with this cold solu-
tion and storing them in a cold environment, kidneys could be preserved with less 
effort and cost while increasing increased graft survival [178]. This development 
was all the more important with the establishment of brain death [9], allowing for 
organ donation after brain death (DBD), avoiding the warm ischemic damage of 
donation after cardiac death. With higher quality kidneys coming from DBD donors 
and the relative ease of preservation and transportation with cold storage, there was 
less need for HMP, and SCS became the predominant means of kidney preservation 
[16, 239]. Belzer and his team developed the UW solution, which has since become 
the gold standard SCS solution for kidney preservation [185].

2.4.2  Clinical Evidence for HMP Kidney Preservation

The success of kidney transplantation brought increased demand for organs, neces-
sitating a broader pool of kidneys. The transplantation community returned to DCD 
and ECD kidneys, but these marginal organs were associated with higher rates of 
DGF [41]. In the 1990s and early 2000s, there was an increasing belief that HMP 
minimized DGF compared to SCS, but numerous studies exploring this comparison 
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yielded conflicting results. A meta-analysis comparing the risk of DGF between 
these competing preservation techniques found that HMP was associated with a 
20% reduction in DGF compared to SCS and reduced healthcare costs [238, 239]. 
Analysis was limited by the high heterogeneity, low power, and minimal long-term 
follow-up of the included studies, but it drew attention to the need for long-term, 
randomized clinical trials.

Over the course of the decade, evidence accumulated demonstrating the superi-
ority of HMP among standard and high-risk donors [123, 154, 189, 198], and a 
landmark multicenter RCT was performed [150]. Deceased donor kidney pairs of 
all types were randomized to SCS or HMP and transplanted within the Eurotransplant 
organ-exchange network. Kidneys preserved by HMP had both a reduced rate and 
shorter duration of DGF than SCS kidneys. In subgroup analyses, this relationship 
was consistent among SCD, ECD, DBD, and DCD donors. While 1-year graft sur-
vival rate was higher in the HMP group and the hazard of graft failure was reduced, 
there was no difference in PNF rates and 1-year patient survival (Table  2.1). 
Interestingly, when DGF was included as a covariate in their graft failure model, 
HMP was no longer a significant factor in predicting graft failure, suggesting that 
HMP promotes graft survival by reducing DGF. A follow-up report showed that 
3-year graft survival was superior among HMP-preserved kidneys, especially for 
those that experienced DGF [149]. Despite the increased initial cost of HMP com-
pared to SCS, a cost-effectiveness analysis of this trial demonstrated that HMP ulti-
mately lowers healthcare costs [85].

Since this trial, additional analyses have confirmed the DGF reduction benefit 
among cadaveric kidney donors. A retrospective analysis of 52,000 patients in the 
United Network for Organ Sharing database also found a similar reduction in a 
propensity-matched cohort and paired kidney analysis [39]. Two meta-analyses 
comparing all types of deceased kidney donors also found reduced DGF with no 
difference in PNF, 1-year graft, and patient survival [124, 168]. Thus, evidence sug-
gests that for cadaveric kidneys—not simply marginal ones—HMP provides a 
 benefit by reducing the risk of DGF. Whether this ultimately translates to improved 
graft and patient survival still remains to be determined.

Other analyses have measured the benefits of HMP among marginal kidneys in 
particular. A separate ECD subgroup analysis of the Eurotransplant MP trial found 
that in addition to improved DGF and 1-year graft survival rates, in the broader 
analysis HMP reduced PNF incidence in ECD kidneys [220]. The graft survival 
advantage persisted after 3 years, especially among those who experienced DGF 
[77]. A separate analysis exploring the role of HMP in donors 65 years or older also 
showed a PNF reduction among HMP, and among those who developed DGF, 1-year 
graft survival improved [78]. More recently, a meta-analysis of seven trials involving 
over 10,000 ECD donor grafts showed a reduction in DGF and improvement in 
1-year graft survival, but notably no change in PNF and patient survival [108].

The benefits of HMP in the DCD kidney are less certain. In an expanded DCD 
cohort of the Eurotransplant MP trial, HMP reduced the frequency and duration of 
DGF, but no difference in PNF, 1-year graft survival, or 1-year patient survival was 
found [111]. In the United Kingdom, Watson et al. performed a multicenter RCT 

M.F. Blum et al.



29

Ta
bl

e 
2.

1 
R

es
ul

ts
 o

f 
re

ce
nt

 la
rg

e-
sc

al
e 

re
na

l H
M

P 
tr

ia
ls

 a
nd

 s
ub

gr
ou

p 
an

al
ys

es

A
ut

ho
r

St
ud

y
D

on
or

s 
(n

)a
D

G
Fb

PN
Fb

1-
ye

ar
 g

ra
ft

 
su

rv
iv

al
b

1-
ye

ar
 p

at
ie

nt
 

su
rv

iv
al

b

M
oe

rs
 e

t a
l. 

[1
50

]
M

P 
T

ri
al

 –
 o

ve
ra

ll
33

6
20

.8
%

 v
s.

 2
6.

5%
 

(P
 =

 0
.0

5)
2.

1%
 v

s.
 4

.8
%

 
(P

 =
 0

.0
8

94
%

 v
s.

 9
0%

(P
 =

 0
.0

4)
97

%
 v

s.
 9

7%
(n

o 
P 

lis
te

d)
T

re
ck

m
an

n 
et

 a
l. 

[2
20

]
M

P 
T

ri
al

 –
 E

C
D

91
22

%
 v

s.
 2

9.
7%

 
(P

 =
 0

.2
7)

3%
 v

s.
 1

2%
 

(P
 =

 0
.0

4)
94

%
 v

s.
 8

5%
 

(P
 =

 0
.1

64
)

93
.4

%
 v

s.
 9

6.
7%

(P
 =

 0
.3

0)
G

al
lin

at
 e

t a
l. 

[7
8]

M
P 

T
ri

al
 –

 ≥
 6

5 
ye

ar
s

85
29

.4
%

 v
s.

 3
4.

1%
 

(P
 =

 0
.5

8)
3.

5%
 v

s.
 1

2.
9%

 
(P

 =
 0

.0
2)

89
%

 v
s.

 8
1%

 
(P

 =
 0

.1
39

94
.2

%
 v

s.
 9

5.
0%

(P
 =

 0
.7

9)
Jo

ch
m

an
s 

et
 a

l. 
[1

11
]

M
P 

T
ri

al
 –

 D
C

D
82

53
.7

%
 v

s.
 6

9.
5%

 
(P

 =
 0

.0
07

)
2.

4%
 v

s.
 2

.4
%

 
(P

 =
 1

.0
0)

93
.9

%
 v

s.
 9

5.
1%

(n
o 

P
 li

st
ed

)
96

.3
%

 v
s.

 9
7.

6%
(n

o 
P

 li
st

ed
)

W
at

so
n 

et
 a

l. 
[2

34
]

U
K

 T
ri

al
 –

 D
C

D
45

57
.8

%
 v

s.
 5

5.
6%

 
(P

 =
 0

.9
9)

2%
 v

s.
 0

%
(n

o 
P

 li
st

ed
93

.3
%

 v
s.

 9
8%

 
(P

 =
 0

.3
)

93
%

 v
s.

 1
00

%
(P

 =
 0

.0
8)

M
P 

tr
ia

l r
ef

er
s 

to
 E

ur
ot

ra
ns

pl
an

t m
ac

hi
ne

 p
er

fu
si

on
 tr

ia
l

a T
w

o 
re

ci
pi

en
ts

 p
er

 d
on

or
b L

is
te

d 
as

 H
M

P 
vs

. S
C

S

2 Machine Perfusion of Organs



30

comparing HMP and SCS among DCD donors and found no difference in DGF 
incidence, renal function, graft, or patient survival [234]. There are a number of 
potential reasons for why, unlike the Eurotransplant DCD extension study, this trial 
failed to show superiority of HMP. Notably, kidneys in the Eurotransplant study 
experienced slightly longer warm and cold ischemia on average. In addition, a por-
tion of kidneys randomized to HMP in the UK trial underwent cold storage during 
transportation to a base transplant hospital, whereas in the Eurotransplant trial, all 
HMP kidneys were perfused immediately after procurement [109]. With these con-
flicting results, the utility of HMP for DCD kidney donors remains unclear.

2.4.3  Kidney HMP Innovations

As researchers test the efficacy of HMP in preserving organs, efforts are also focused 
on optimizing this technology (Fig. 2.1). In standard HMP study protocols, the per-
fusate is non-oxygenated since the low metabolic rate at 4 °C requires little to no 
oxygen, and oxygen can theoretically exacerbate cold-induced reactive oxygen spe-
cies damage. Recently, however, a number of researchers have questioned this para-
digm. Studies comparing oxygenated and non-oxygenated HMP in porcine models 

Fig. 2.1 Schematic of a normothermic perfusion system for the kidney. (Reprinted with permis-
sion, Cleveland Clinic Center for Medical Art & Photography © 2014-2016. All Rights Reserved)
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have identified modest short- [101] and long-term [217] benefits of oxygenation 
among DCD but not DBD kidneys [79]. Clinical benefits remain to be seen.

As the UK HMP trial highlights, the timing of kidney perfusion is an important 
variable. The increased logistic complexity of HMP has led to the concept of hypo-
thermic reconditioning, in which SCS is followed by a brief period of HMP. This 
practice is supported by two porcine studies. In one study, continuous and brief 
HMP similarly demonstrated faster recovery of renal function and mitigated expres-
sion of pro-inflammatory molecules compared to SCS [80]. A follow-up study 
 demonstrated that hypothermic reconditioning is just as valuable if HMP limited to 
only 1 h at the end of SCS [76].

HMP is a platform for organ assessment prior to transplantation. Intrarenal vascu-
lar resistance is a common and accessible biomarker, and though used as a reason for 
rejecting allografts, it is imprecise. Initially, discard decisions were made based on 
empirically established threshold resistance levels, but the reliability of these limits 
has been questioned [155]. In a prospective analysis from the Eurotransplant trial, 
renal resistance at the end of perfusion was weakly predictive of DGF and 1-year 
graft failure [110]. Retrospective analyses are difficult in this field, since perfusion 
parameters are often used as criteria for discarding organs, introducing bias. However, 
a retrospective study DCD kidney HMP from Maastricht University, where perfusion 
parameters were not used as criteria to discard organs, found that renal resistance at 
the start of HMP was moderately predictive of PNF [53]. A retrospective analysis 
looking at changes in flow through the duration of perfusion found that in cases 
where flow increased after 2 h of perfusion, the discard rate was lower but DGF rate 
higher [183]. The information gleaned from renal resistance is  minimally informa-
tive, and it appears unwise to base discard decisions solely off of this poorly predic-
tive criteria. An alternative or supplement to this hemodynamic indicator is required.

Perfusate biomarker analysis provides another window into kidney status during 
MP. Various markers have been studied going back to the 1970s, and novel markers 
continue to be proposed. However, no reliable predictor of renal dysfunction has 
been found, and many recent studies have reached the same conclusion: while some 
markers are associated with DGF, and less frequently PNF, none predict function 
with sufficient sensitivity and specificity. The Eurotransplant MP trial provided a 
valuable opportunity for biomarker analysis because unlike many retrospective 
reviews, no kidneys were discarded on the basis of biomarker levels. Glutathione 
S-transferase (GST), N-acetyl-β-D-glucosaminidase, and heart-type fatty acid- 
binding protein (H-FABP) were found to be independent risk factors for DGF, but no 
markers predicted PNF or 1-year graft survival, and no markers correlated with renal 
resistance [151]. A comprehensive review of 12 studies explored urine perfusate bio-
markers going back to 1972. Lactate dehydrogenase (LDH), GST, and aspartate ami-
notransferase were significant associated with DGF in the majority of studies, while 
GST was the only marker significantly associated with PNF in most studies [21]. 
Since this review, additional large-scale biomarker analyses have been performed. 
A DCD biomarker analysis found that LDH, IL-18, GST, H-FABP, redox iron, and 
neutrophil gelatinase-associated lipocalin were either poorly or fairly predictive of 
PNF, and the authors concluded that in DCD kidneys, elevated biomarker levels 
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should not be grounds for discard [97]. Parikh et al. found that compared to trans-
planted kidneys, discarded kidneys had worse hemodynamic parameters and similar 
biomarker values, but those that were transplanted despite poor hemodynamic func-
tion or biomarker levels had acceptable 6-month kidney function nonetheless. 
Overall, no one marker can identify a dysfunctional kidney, but perhaps as increas-
ingly more patient outcomes are available for analysis, allowing for a higher number 
of PNF occurrences, researchers can develop a  comprehensive risk score featuring a 
variety of markers to identify kidneys with a high likelihood of failure.

2.4.4  Warm Perfusion of the Kidney

Over the last two decades, researchers have turned to warm kidney perfusion. As 
opposed to hypothermic suppression of metabolism, warm perfusion promotes 
active metabolism, thus necessitating supplemental oxygen, often alongside an 
oxygen carrier. Kootstra et al. carried out some of the earliest attempts at warm 
kidney perfusion. After initially finding success interrupting prolonged HMP with 
3 h of normothermic whole-blood perfusion [190], they developed a cell culture 
media- like acellular perfusate to sustain organs at 32 °C. This model, known as 
exsanguinous metabolic support, has been remarkable in its ability to recover 
severely damaged kidneys and sustain organs for a prolonged period of time. For 
example, Brasile et al. restored function in canine kidneys exposed to 120 min of 
warm  ischemia [30] and sustained DBD human kidneys for 48 h of perfusion [31]. 
It has also served as a springboard for interesting innovations including the kidney 
restoration using fibroblast growth factor [27], viral transfection [29], and immu-
nocloaking [25]. SMP has also been employed in experimental models at cooler 
temperatures approaching room temperature [75, 100]. This is notable for it enables 
a higher level of organ function than hypothermic perfusion while avoiding the 
need for an  oxygen carrier.

Kidney NMP has been employed in two models recently: short-term condition-
ing and prolonged NMP with STEEN solution. The conditioning model is the only 
circumstance in which warm kidney perfusion has been conducted clinically. To 
restore cellular energy stores, Nicholson et al. have used RBCs in Ringer’s solution 
along with infused nutrients to perfuse kidneys for 1 h prior to transplantation. This 
led to a reduced rate of DGF among ECD kidneys compared to standard SCS [163]. 
Kaths et al. recently published a protocol in which diluted STEEN solution supple-
mented with RBCs supports NMP for 10 h [117].

2.5  Machine Perfusion of Liver Grafts

Livers from ideal donors tolerate up to 12 h of SCS, which is the current standard 
preservation method [60]. Livers from ECD and DCD donors are more susceptible 
to cold ischemia and reperfusion injury and should be stored by SCS as short a 
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duration as possible [60]. With the increasing use of ECD and DCD livers comes the 
need to preserve and resuscitate livers and assess graft viability prior to transplant. 
Liver MP can fulfill these goals (Fig. 2.2).

2.5.1  History of Liver MP

The history describing development of liver MP can be divided into three eras: 
initial development, SCS dominance, and MP rival [152]. It began in the 1960s 
and was applied clinically by Starzl et al. on 11 human livers for 4–7 h with cold 
sanguineous perfusate [206]. MP preservation did not gain widespread acceptance 
at that time due to logistic challenges and the introduction of SCS. With the inven-
tion of Collins solution in the 1970s, along with UW solution and histidine-
tryptophan- ketoglutarate solution (HTK) in the 1980s, the clinical practice of 
liver transplantation changed profoundly. UW solution has been the clinical stan-
dard preservation solution since the 1980s due to the simplicity and efficiency of 
UW-based SCS to safely preserve high-quality livers within the clinical time 
frame of transplantation. HTK solution was found to be as effective as UW solu-
tion for liver SCS preservation [67, 141].

Fig. 2.2 Schematic of a normothermic perfusion system for the liver. (Reprinted with permission, 
Cleveland Clinic Center for Medical Art & Photography © 2014-2016. All Rights Reserved)
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With the exponential growth of liver transplantation in the 1990s, the increased 
use of ECD and DCD organs renewed interest in MP preservation, though SCS 
remains the clinical standard. Numerous experimental studies have suggested that 
MP may be beneficial, yet few clinical trials have been performed. Liver MP has 
been conducted under hypothermic (0–10 °C), subnormothermic (20–33 °C), and 
normothermic (35–38 °C) conditions. The progress in the recent decades was sub-
stantial and is the focus of the description below.

2.5.2  Liver HMP

Over the last decade, the advantages of liver HMP in mitigating preservation injury 
have been reported comprehensively. In rat and porcine liver transplant models, 
HMP restored the mitochondrial energy status, contributing to the rescue of DCD 
livers otherwise destined to fail [52, 61]. HMP reduced antigen expression in DCD 
rat livers, reducing graft immunogenicity [125]. Even supplementing SCS with a 
short period of HMP protected the endoplasmic reticulum and vascular endothelium 
of rat livers [146]. In a DCD porcine model, HMP prevented arteriolonecrosis of the 
peribiliary plexus [177]. For ECD grafts such as steatotic livers, Bessems et  al. 
reported the superiority of HMP over SCS in rat liver preservation [19].

Perfusates used in liver HMP are acellular solutions similar to solutions used for 
SCS [133]. One unique challenge of liver MP is the dual vascular supply, from both 
the portal vein and hepatic artery. Dual infusion via both the portal vein and hepatic 
artery has been used in most preclinical studies on large animals. In clinical trials, 
the perfusion settings have varied widely.

Guarrera et al. reported the first clinical trial using HMP [89]. After a period of 
SCS, they used non-oxygenated Vasolol solution (a modified B-MPS) to perfuse 20 
standard criteria livers and transplanted these into recipients. They demonstrated the 
feasibility and reliability of HMP and reported lower peak hepatocellular enzyme 
release, total bilirubin, and serum creatinine, and fewer biliary complications com-
pared to SCS.  They observed reduced pro-inflammatory cytokine expression in 
HMP, signifying less IRI compared to SCS [93]. Similar benefits were observed in 
31 ECD livers [88].

A different HMP setting was developed in Zurich, Switzerland, and applied clin-
ically both at a single center [63] and internationally [62]. Their system, named 
Hypothermic Oxygenated Perfusion or HOPE, has been used to resuscitate DCD 
livers. The HOPE system perfuses B-MPS through the portal vein only with active 
oxygenation. Using only 1–2 h of perfusion following a standard period of SCS, 
both the single-center study (8 patients) and the international study (25 patients) 
showed the benefits of HOPE compared to matched cases with only SCS 
preservation.

A number of studies have explored markers of liver viability during HMP.  In 
canine liver HMP preservation, Uematsu et al. found oxygen consumption to be a 
viability marker of DCD livers [221]. Lockett et al. and Changani et al. scanned 
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whole-liver parenchyma with phosphorus-31 magnetic resonance spectroscopy and 
found this noninvasive tool effective for analyzing ATP status and energy metabo-
lism [40, 138]. Proton magnetic resonance spectroscopy can be used to study com-
ponents of HMP perfusate and helped identify alanine and histidine as potential 
functional markers [137]. A functional index combining multiple biomarkers during 
liver HMP was developed with a porcine DCD model and demonstrated greater 
sensitivity and specificity than a single marker [136]. In a clinical trial, Guarrera 
et  al. observed that the concentration of hepatocellular enzymes in the perfusate 
correlated with levels in the transplant recipient after transplantation [88]. A widely 
accepted liver graft viability score that can be utilized during HMP remains to be 
developed.

2.5.3  Liver SMP

SMP was rarely performed before the twenty-first century, but in the last 15 years, 
multiple research centers have established SMP models in small animals [68, 132, 
174, 218, 223, 224], large animals [71, 84, 121, 162, 171], and discarded human liv-
ers [35]. Perfusion settings vary widely between systems, especially with regard to 
perfusate contents (Table 2.2). An oxygen carrier is present in most porcine models, 
but not rat models. Despite these variations, the benefits of SMP are consistent; it 
protects hepatobiliary function, restores energy storage, and reduces oxidative stress.

Knaak et al. established a promising SMP model in porcine DCD livers [121]. 
They used STEEN solution with supplemental RBCs at 33 °C, with dual perfusion 
through the hepatic artery and portal vein. With a brief 3-h SMP between two SCS 
phases, they observed less hepatobiliary injury and better-preserved histology in 
SMP livers compared to SCS controls after transplantation.

Table 2.2 Settings for liver SMP

Publication Model Perfusate

Vairetti M, et al. Liver Transpl (2008) [224] Normal rat Krebs-Henseleit solution
Vairetti M, et al. Liver Transpl (2009) [223] Steatotic rat Krebs-Henseleit solution
Olschewski P, et al. Cryobiology (2010) [174] DCD rat Lifor solution
Ferrigno A, et al. Cryobiology (2011) [68] DCD rat Belzer MPS
Tolboom H, et al. J Surg Res (2012) [218] DCD rat Cell culture medium + RBC
Liu Q, et al. Transpl Proc (2013) [132] Steatotic rat Cell culture medium
Gringeri E, et al. Transpl Proc (2012) [84] DCD pig Celsior solution
Bruinsma BG, et al. Am J Transpl (2014) [35] Human 

(discarded)
Cell culture medium

Knaak JM, et al. Liver Transpl (2014) [121] DCD pig STEEN solution + RBC
Okada N, et al. Transpl Proc (2015) [171] DCD pig Cell culture medium + blood
Fontes P, et al. Am J Transpl (2015) [71] DCD pig Belzer MPS + cell-free O2 carrier
Nassar A, et al. Int J Arti Org (2016) [162] DCD pig Whole blood
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A porcine SMP model with cell-free hemoglobin-based oxygen carrier 
(Hemopure®) was reported in Pittsburgh [71]. The oxygen carrier was mixed with 
B-MPS, and perfusion was performed at 21 °C. DBD porcine livers demonstrated 
superior posttransplantation graft function and recipient survival in SMP com-
pared to SCS.

Currently, liver SMP has not been applied clinically, and only one discarded 
human liver study has been reported. In the absence of an oxygen carrier, Bruinsma 
et al. maintained the venous oxygen partial pressure above 200 mm Hg and observed 
continuous bile production, lactate clearance, and ATP regeneration in liver tissue 
and stable hepatocellular enzyme levels [35]. Since SMP was limited to only 3 h, 
the efficacy of this model in a prolonged perfusion setting remains to be seen.

2.5.4  Liver NMP

Only two porcine transplant models employing NMP have been performed in the 
twenty-first century, one in Berlin and another in Oxford [34, 199]. While both used 
RBCs as oxygen carrier, the Oxford group perfused whole blood at a near- 
physiologic flow rate, while the Berlin group mixed blood with a balanced electro-
lyte solution and perfused at lower flow rate. The Oxford group performed a 72-h 
NMP in a porcine model [37] and successfully resuscitated porcine livers exposed 
to 40  min of warm ischemia [34]. The Berlin group resuscitated porcine livers 
exposed to 60 min of warm ischemia.

Liver NMP has recently entered the clinical realm. Watson et al. documented a 
case of human liver NMP from a DCD donor. After a period of SCS, the liver was 
perfused with RBCs and a colloid solution (succinylated gelatin) and transplanted 
successfully [233]. The Oxford group published the first-in-human clinical trial 
[188]. Using a similar perfusate, they reported the safety and feasibility of NMP for 
liver transplantation in 20 patients. With the success of this trial, the expansion of 
this technology to multiple centers is anticipated.

The Oxford group’s perfusion settings have been reproduced by a number of 
groups over the last 5 years [11, 176, 242]. In addition to protecting hepatocellular 
integrity, restoring energy content, and reducing inflammation posttransplant 
inflammation, NMP has improved the preservation and regeneration of biliary epi-
thelial cells and peribiliary glands [135]. This is important since the risk of long- 
term biliary complications is one of the main concerns limiting the use of marginal 
donor livers, and this suggested for the first time that cellular regeneration occurs 
during liver NMP.

In contrast to the sanguineous perfusate of most NMP studies, it was reported 
that STEEN solution without an oxygen carrier was still better than SCS in a study 
on porcine DCD livers [23]. However, other groups have not yet successfully repro-
duced this perfusion setting. A comparison of NMP with various perfusates in por-
cine DCD livers found that (1) oxygen carrier is necessary to maximize DCD liver 
resuscitation, and (2) whole blood performed similarly to colloid-based solution 
mixed with packed red blood cells [134].
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Since a large portion of livers are discarded due to steatosis, efforts to 
expand the liver donor pool have explored the use of NMP to reduce fat content 
in these livers prior to transplantation. The Oxford group employed NMP on a 
porcine model of hepatic steatosis and observed a reduction of steatosis after 
48  h NMP [107]. Supplementing NMP with a pharmacologic intervention, 
known as a “defatting cocktail,” has also been explored, with the goal of stimu-
lating lipid metabolism and decreasing steatosis [159]. This significantly 
reduced steatosis after only 3 h of NMP. With the near-physiologic metabolic 
rates of NMP, this is a model for efficient pharmacologic interventions that can 
improve graft function during the preservation period, and for the liver in par-
ticular, these studies suggest a future in which fewer livers will be discarded on 
the basis of steatosis.

Biomarkers measured during NMP may serve as useful predictors of posttrans-
plant liver function, but identifying reliable markers remains a challenge. In a 
porcine DCD liver transplant study, bile production, base excess, transaminase 
levels, and hemodynamic markers were used to predict the posttransplant viability 
[34]. In a discarded human liver study, liver quality was distinguished with a 
quantitative bile production rate threshold: livers that produced at least 30 g of 
bile through 6 h of NMP had generally better performance than those that pro-
duced less than 20 g [213]. In a non-transplant model, these markers are prelimi-
nary, and the validity and reliability of these markers must be tested in a clinical 
transplant setting.

The ideal temperature or setting for liver MP has not been defined. The utility of 
HMP, SMP, and NMP have been compared and debated [162, 196], but a gold stan-
dard has not been identified. Nevertheless, even with the diverse settings and proto-
cols, evidence supporting MP preservation of liver grafts compared to SCS is 
promising across preclinical animal models and clinical trials.

2.6  MP of Small Intestine Grafts

The small intestine is the least commonly transplanted organ, and the challenge of 
adequate preservation limits intestinal transplant expansion. Despite advances in 
immunosuppression and surgical techniques, high rates of graft rejection occur, 
and recipient survival is suboptimal. The small intestines are highly sensitive to 
ischemic injury, and as a result, the tissue can withstand only minimal IRI [2]. 
Improved intestinal graft preservation is needed to protect the vulnerable mucosa 
and decrease IRI-associated injury. As a result, enhancing preservation through 
MP and optimizing the quality of intestinal tissue is a priority [157]. Intestinal MP 
is unique in that it requires both vascular and luminal perfusions (Fig. 2.3). Most 
previous intestinal MP studies were not performed for organ preservation, but 
rather, to study physiologic mechanisms, drug behavior, and intestinal diseases. 
Nonetheless, these studies are useful resources to guide the expansion of MP in 
this organ. Small intestine MP is in its infancy, but wide efforts are underway to 
establish a stable MP preservation model.
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2.6.1  History and Development of Small Intestinal Perfusion

The earliest reports of intestinal perfusion come from the 1940s, when the intestinal 
lumen was perfused with high fluid volumes to treat chronic uremia, an approach 
known as intestinal dialysis [191]. Subsequent attempts employed whole blood in 
the vascular perfusion of isolated intestinal loops in guinea pigs [81]. In 1969, 
Hohenleitner et al. established a normothermic ex vivo intestine perfusion model for 
metabolic analysis [96]. The vasculature of jejunoileal loops was perfused for 5 h 
with modified Ringer’s solution and oxygenated RBCs, while a monosaccharide-
based solution was used as a luminal perfusate. Viability was assessed with gross 
peristaltic activity, oxygen and glucose consumption, and carbon dioxide and lac-
tate production. Edema and intraluminal fluid loss were noted when perfusion 
extended beyond 5 h. In 1971, Ruiz et al. developed a model in which intestines 
were perfused following SCS of varying duration [193]. With a perfusate of hepa-
rinized whole blood diluted with lactated Ringer’s and dextran solution, intestinal 
function and histologic integrity were preserved following up to 12 h of SCS.

Fig. 2.3 Schematic of a normothermic perfusion system for the intestine. (Reprinted with permis-
sion, Cleveland Clinic Center for Medical Art & Photography © 2014-2016. All Rights Reserved)
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Thereafter, progress was slow and most perfusions were brief [166]. The major-
ity of studies were performed on small animal models and explored specific techni-
cal issues such as the optimal pump settings [113] and the need for luminal perfusion 
[147]. Prolonged MP returned in the 1990s with the work of Braun et al., who devel-
oped porcine NMP model using heparinized whole blood at pressures up to 
140 mmHg for up to 9 h [32]. However, perfusion at such high pressure resulted in 
congested capillaries, hemorrhage of the mucosa and mucosa-associated lymphatic 
tissue, and ulceration.

With minimal progress in intestinal MP, SCS has been the clinical choice for 
intestinal preservation in recent decades. However, in light of the renewed interest 
in intestinal MP, the following section will review considerations for model 
development.

2.6.2  Features of Small Intestinal MP Models

2.6.2.1  NMP vs. HMP

NMP was used in early experimental models as previously described. HMP has 
been tested less frequently. The first HMP model tested luminal only perfusion with 
oxygenated UW solution. One-hour perfusion before SCS resulted in better out-
comes compared to continuous perfusion or SCS alone [245]. In a recent HMP 
model with discarded human intestines, Abraham et al. perfused both the vascula-
ture and intestinal lumen HTK and demonstrated superior histologic integrity com-
pared to SCS [157].

2.6.2.2  Pulsatile Versus Continuous Pump

Kachelhoffer et al. investigated optimal pump type by measuring the hemodynamic 
and metabolic behavior during alternating periods of pulsatile and nonpulsatile 
pumping [113]. While both patterns produced the same vascular resistance, pulsa-
tile flow increased oxygen consumption. Other investigators have reached similar 
conclusions, finding that pulsatile flow supports myogenic autoregulation and pres-
ervation of intestinal microcirculation [202].

2.6.2.3  Vascular and Luminal Perfusates

In attempts to establish an MP model, a number of different perfusates have been 
tested. An acellular isotonic electrolyte solution was stable for 1–2 h [166] but pro-
duced high vascular resistance beyond 2 or 3 h [96, 186]. Whole-blood perfusion 
supported stable hemodynamics through 9 h, though histologic evidence of isch-
emic injury was apparent after 5 h [32]. Diluted whole blood with normal saline or 
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Krebs-Henseleit solution produced edema and intraluminal perfusate accumulation 
after only 2 h of perfusion [205]. RBCs with modified Krebs-Henseleit solution and 
albumin preserved histologic integrity through 90 min of perfusion [57]. Luminal 
perfusion serves dual purposes. Luminal perfusion with UW solution preserved 
mucosal integrity [245], and with the addition of nutrient substrates such as 
D-xylose, luminal perfusion enables measurement of absorptive function [32].

2.6.2.4  Viability Assessment Tools

A variety of tools are available to assess intestinal viability. Subjectively, intestinal 
color and presence of peristalsis are used to visually assess organ function. 
Traditionally informative parameters include perfusate pH, oxygen consumption, 
lactate, and histological assessment of the intestinal tissues before and after perfu-
sion using the Park/Chiu classification for grading intestinal ischemia-reperfusion 
injury [175]. Other markers of intestinal integrity and ischemic injury include per-
fusate levels citrulline [56], neurotensin [201], and stool calprotectin [144, 212]. 
The reliability of these markers has not been validated.

Intestinal preservation with MP is preliminary. Its efficacy must still be tested 
against SCS in discarded human intestine models. No clinical trials have been con-
ducted to test the feasibility and safety of MP before intestinal transplantation.

2.7  Machine Perfusion of Pancreas Grafts

Pancreas and beta-islet cell transplantation are offered as alternative therapies for 
type I diabetes mellitus and are increasingly being offered for type II diabetes [86]. 
The number of pancreas transplantations performed in the United States has declined 
since 2004 [114]. While SCS provides adequate preservation for DBD grafts [7], 
DCD pancreases have a higher risk of early graft loss from thrombosis [158]. A num-
ber of preservation technologies beyond SCS have been tested in pancreas preserva-
tion, including the two-layer method, oxygen persufflation, and MP. Historical and 
recent attempts at HMP and NMP of the pancreas will be reviewed.

2.7.1  History of Pancreas Perfusion

Babkin and Starling performed the earliest isolated, in situ pancreas perfusions in 
1926 using a heart-lung preparation to oxygenate and pump normothermic blood to 
the organ [6]. After this point, the development of pancreas perfusion models mir-
rored kidney perfusion. Early HMP used plasma to sustain pancreases for 24 h [216, 
235]. Albumin-based solutions [36] and silica-filtered plasma [8] were also 
attempted. With the advent of SCS, attention shifted away from HMP in favor of the 
simpler and equally effective method [70]. Preservation with UW solution and HTK 
became the standard of care [197].
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2.7.2  Pancreas HMP

The pancreas is particularly susceptible to edema; strict pressure and flow restric-
tion are required to minimize swelling [70, 116]. This is a double-edged sword. 
When solid organ pancreas transplant is desired, edema is detrimental, as it 
increases the risk of thrombosis and graft failure [241]. However, in the case of 
beta-islet cell retrieval, edema can be beneficial. Taylor et al. found that HMP and 
its associated edema increased the yield and purity of retrieved islet cells com-
pared to SCS [214]. The only reported instance of clinical pancreatic HMP was 
perfused with UW solution following a period of SCS, resulting in satisfactory 
islet isolation [128].

2.7.3  Pancreas NMP

The pancreas has been the subject of numerous NMP investigations since the 1960s, 
but these experiments were typically performed for physiologic investigations 
rather than organ preservation. Perfusion solutions varied but often contained whole 
blood or RBCs supplemented with electrolyte solutions [145] and colloid agents 
[64, 65]. Isolated pancreas perfusion did not extend beyond 5 h [64]. To supply 
adequate nutrients and oxygen, pancreases were perfused at physiologic pressures 
resulting in edema [170].

Recently, there has been renewed interest in pancreas NMP. Building off their 
kidney NMP conditioning system, Barlow et al. reported NMP in discarded human 
pancreases [7]. To assess organ quality, 2-h perfusions were performed with RBCs 
in a colloid solution. Over the course of brief but stable perfusions, pancreatic 
enzymes were released. Since these enzymes continuously recirculate, they can 
potentiate cellular damage. This problem must be dealt with before this early perfu-
sion system can translate into clinical applications.

2.8  Machine Perfusion of Heart Grafts

With the donor heart utilization rate at only 32% [118], the donor heart shortage is 
a major problem limiting the availability of heart transplantation. Expansion into 
marginal quality grafts is limited, since the major predictors of primary graft failure 
are donor age and ischemic time [194, 244]. Moreover, the relatively short accept-
able ischemic time (less than 4–6 h) of SCS limits the range of organ allocation and 
creates a significant time restriction for recipients and surgical teams.
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2.8.1  History of Heart MP: The Langendorff Heart Perfusion 
Model

A small animal isolated heart perfusion model was established in 1897 by Oscar 
Langendorff and later modified. This model consists of a heart, reservoir, pump, 
oxygenator, and heater [10, 203]. In this model, retrograde flow from the aorta trav-
els to the coronary arteries, and outflow from the coronary sinus is collected and 
returned to the reservoir. The standard perfusate is Krebs-Henseleit solution, but 
this limits the oxygen-carrying capacity. Furthermore, its low oncotic pressure 
causes edema. Some researchers have compensated for this by using whole blood or 
supplementing Krebs-Henseleit solution with RBCs and/or oncotic agents like albu-
min or dextran. Maintaining temperature at 36 °C prevents a change in heart rate 
and cardiac contractile function inherent to lower temperatures. The Langendorff 
model has been an important platform for cardiovascular and pharmacological 
research, and it has been particularly valuable for heart transplantation, as much has 
been learned about cardiac SCS and IRI with this model.

2.8.2  HMP of the Heart

The first four cases of clinical cardiac transplantation following donor heart HMP 
were reported in 1984 [236]. Following cardioplegia at the donor hospital, the aorta 
was cannulated, and the heart was continuously perfused with an oxygenated, hyper-
osmolar extracellular electrolyte solution containing glucose, sucrose, and glycerol. 
Heterotopic transplant followed 6–15 h of perfusion. The results were mixed. One 
patient experienced irreversible acute rejection leading to donor heart excision after 
5 days, but the three remaining patients survived for 6–16 months after transplant.

Like most other organs, SCS became the standard preservation strategy for the 
heart, but recently interest in HMP has returned. For instance, HMP was performed 
in canine orthotopic transplant model [69]. Hearts that underwent 24-h HMP with 
B-MPS were compared to 4-h SCS. Despite the organ weight increasing by 27.4% 
in the HMP group, there was no significant difference between the two groups in 
terms of survival, inotropic support, and cardiac output.

2.8.3  NMP of the Heart

The Organ Care System (OCS) Heart (TransMedics, Andover, MA) is a portable 
normothermic heart perfusion machine. Its portable design is based on the concept 
that initiating perfusion at the donor hospital minimizes cold ischemia and that con-
tinuous perfusion with oxygen and nutrient-rich, blood-based perfusate maintains 
viability during transportation [92]. The system is primed with donor blood, and 
maintenance solution is added during perfusion. Following cardioplegia, the aorta 
and pulmonary artery are cannulated, and the superior and inferior vena cava are 
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ligated. Retrograde flow passes through the aorta to perfuse the coronary arteries at 
650–860 ml/min. Outflow from the coronary sinus drains to the reservoir via the 
right heart to a cannulated pulmonary artery.

Four clinical trials have been performed using OCS Heart: PROTECT I, 
PROTECT II, PROCEED I, and PROCEED II. The most recent trial, PROCEED II, 
was a prospective, multicenter, randomized non-inferiority trial in the United States 
and Europe [4]. Patients were assigned to Organ Care System NMP (n = 67) or SCS 
(n = 63), and the donor population was limited to standard criteria hearts. Thirty-day 
patient and graft survival rates were 94% in the OCS and 97% in the standard cold 
storage group. Cardiac-related serious adverse events occurred in eight OCS patients 
(13%) and nine SCS patients (14%). Perfusate lactate slightly increased throughout 
NMP (start 2.2 mmol/L, end 2.4 mmol/L). Of five hearts that were perfused but 
declined for the study, four demonstrated an increase in lactate during perfusion.

Dhital et al. recently described three successful cases of DCD heart transplant 
using OCS heart preservation [58]. Donors were Maastricht category III with less 
than 30 min of warm ischemia and younger than 40 years old. The three recipients 
were discharged on days 21–28 and survived through 77–171 days of follow-up. At 
this point, the OCS heart is not approved for use in the United Sates

2.9  Machine Perfusion of the Lungs

Donor lungs are susceptible to injury during intensive care unit management and 
may be rejected for a variety of reasons including pulmonary edema, atelectasis, 
ventilation-induced lung injury, pneumonia, lung contusion, and aspiration. 
Consequently, donor lung utilization rate is only 20% [225]. While marginal and 
standard donor lungs have similar outcomes [211], a dramatic increase in lung sup-
ply has not occurred. Ex vivo lung perfusion (EVLP) is a novel technology to pre-
serve, evaluate, and treat initially rejected donor lungs, salvaging them for clinical 
use and thereby increasing supply.

2.9.1  History of Lung Perfusion Research

2.9.1.1  Small Animal Models of Isolated Lung Perfusion

The isolated perfused lung (IPL) model, a controlled perfusion and ventilation sys-
tem for small animals, was developed in the 1980s [164] to provide an array of 
physiological data for pathological and pharmacological studies [54, 72, 73]. It con-
sisted of a pump, organ chamber, ventilator, deoxygenator, and reservoir. 
Temperature was kept at 37  °C with a water-jacketed organ chamber. Perfusates 
were cellular (heparinized autologous whole blood or washed red blood cell with 
albumin and Krebs-Henseleit solution) or acellular (albumin and Krebs-Henseleit 
solution), and perfusion was pressure or flow controlled. Pulmonary edema limited 
perfusion duration, possibly due to suboptimal perfusates or perfusion protocols. 
This model was expanded to discarded human lungs [127, 131].
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2.9.1.2  HMP of the Lungs

Lung HMP is not performed clinically, and there is only one recent report of experi-
mental HMP. Nakajima et al. reported a 1-h perfusion of rat lungs that resulted in 
IRI compared to SCS [160]. A historical report of lung HMP demonstrated the 
deterioration of pulmonary function and lung edema in a canine model [148]. High 
vascular resistance and low pulmonary compliance at low temperature may be tech-
nical impediments to hypothermic lung perfusion [18, 106].

2.9.2  Clinical Ex Vivo Lung Perfusion

A research group at Lund University developed the first EVLP system for clinical 
use in the 1990s. Their perfusate consisted of washed RBCs with STEEN solution, 
which contains a supraphysiologic concentration of albumin that reduces pulmo-
nary edema through high oncotic pressure [208, 237]. Unlike IPL models, perfusion 
with 100% cardiac output was stable for 1–2 h and did not produce edema.

Currently, three EVLP systems (Lund, Toronto, and Organ Care Systems) are 
available for clinical use (Table 2.3). The three systems are similarly structured, 
with a pump and ventilator for normothermic perfusion. Each has a unique protocol 
requiring different settings (i.e., perfusate, flow, left atrium cannulation, and ventila-
tion), and consequently, the criteria of transplant suitability are different. The three 
EVLP systems are reviewed below.

2.9.3  Lund EVLP

Steen and colleagues at University Hospital of Lund developed the first prototype of 
EVLP and STEEN solution [208]. Their EVLP system consisted of lung chamber, 
the pulmonary artery cannula, centrifugal pump, reservoir, leukocyte filter, mem-
brane, and heat exchanger. This group reported the first clinical EVLP case from an 
uncontrolled DCD donor lungs [209]. A pair of donor lungs was perfused in EVLP 

Table 2.3 Three clinical lung perfusion systems

EVLP Lund Toronto OCS

RBC Yes No Yes
Perfusate STEEN solution STEEN solution OCS solution
Cannula PA PA and LA PA
Flow 100% CO 40% CO 2.5 L/min
PA pressure ≤20 mmHg <15 mmHg ≤20 mmHg
Temperature, °C 37 37 37
Pump Roller Centrifugal Piston (pulsatile)

RBC red blood cell, PA pulmonary artery, LA left atrium, CO cardiac output
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system and transplanted following the EVLP evaluation of lung function using 
blood gas analysis and other pulmonary parameters. After demonstrating the poten-
tial to recondition initially rejected donor lungs [237], they published the first trans-
plant using initially rejected donor lungs [207]. In a series of EVLP cases, lung 
transplantation outcomes following EVLP were equivalent to standard lung trans-
plantation [105, 231].

2.9.4  Toronto EVLP

A group at University of Toronto modified the original Lund EVLP protocol to 
prolong perfusion time. Their protocol calls for a flow at 40% of cardiac output to 
reduce shear stress and edema, an acellular perfusate to avoid hemolysis, and left 
atrial cannulation to create positive pressure in the left atrium [48]. They demon-
strated that six porcine lungs and five human lungs could be perfused for 12 h with 
stable physiological parameters. They also showed the superiority of EVLP to 
SCS in a porcine model [47]. In the human ex vivo lung perfusion (HELP) study, 
rejected donor lungs were perfused and transplanted. EVLP outcomes were com-
parable to a retrospective standard lung transplant group, and the lung recovery 
rate was 87% [49]. In a report describing their first 50 EVLP cases, donor lung 
usage increased 20% [50]. A prospective nonrandomized multicenter clinical 
study (NOVEL lung trial) was conducted using rejected donor lungs with the 
Toronto EVLP protocol and commercial machine (XPS system). The 30-day mor-
tality of EVLP group was 3% and recovery rate was 57%. There was no signifi-
cant difference in outcomes between EVLP group and standard lung transplant 
control group [195], signifying that EVLP can resuscitate donor lungs to increase 
the supply. With the XPS system now FDA approved, this group established Lung 
Bioengineering (Baltimore, MD), a dedicated facility that receives donor lungs 
and performs EVLP for a transplant center.

2.9.5  Organ Care System EVLP

The Organ Care System (OCS) Lung (TransMedics, Andover, MA) is a com-
mercial portable lung perfusion machine. There are two major differences 
between OCS and the Lund/Toronto EVLP systems. In the Lund and Toronto 
systems, donor lungs are transported, and perfusion is started at the transplant 
center. In the OCS protocol, perfusion is initiated following cold flush at the 
donor hospital. Secondly, OCS targets both standard donor lungs and rejected 
donor lungs, whereas the others focus only on rejected donor lungs. Their 
central hypothesis is that immediate perfusion with OCS can shorten cold 
ischemia, thus minimizing IRI and improving postoperative outcomes. The 
OCS protocol calls for a cellular perfusate of RBCs plus OCS solution, 2.5 L/
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min of flow, and an opened left atrium. In a pilot series of SCD lung cases, all 
12 patients survived to 30 days [232]. Trials are underway comparing OCS to 
SCS using SCD lungs (INSPIRE Trial NCT01630434) and initially rejected 
donor lungs (Lung EXPAND Trial NCT01963780). The OCS lung machine is 
not FDA approved.

2.9.6  Principle Benefits of EVLP

2.9.6.1  Preservation

The Lund EVLP system has a limited perfusion time of 1–2 h. In a porcine DCD 
model, Erasmus et al. demonstrated that 4.0 L/min of perfusion for 6 h resulted in 
pulmonary edema [66]. To reduce the risk of hydrostatic edema, perfusion is limited 
to 1 h if at that point lungs are acceptable for transplantation [105, 231]. In the 
Toronto EVLP system, with flow of 40% of cardiac output, clinical data support 
perfusing rejected donor lungs for 4 h [49, 50]. In an experimental setting, human 
and porcine lungs were safely preserved for 12 h [48]. The mean perfusion duration 
of SCD lungs in the OCS system with 2.5 L/min flow was 303 min (range, 188–622) 
[232]. Although low flow poses a risk of hypoperfusion, the clinical data of the 
Toronto EVLP and OCS indicates that 40% of cardiac output or 2.5 L/min is enough 
for lung preservation. This suggests that flow may dictate the limits of preservation 
time: lower flow rate enables longer preservation.

2.9.6.2  Assessment

Since the primary EVLP donor population is initially rejected donor lungs, 
accurate assessment is vital for patient safety. EVLP systems provide multiple 
assessment opportunities: blood gas analysis, airway parameters, vascular func-
tion, and visual findings. While blood gas analysis is the standard metric in the 
Lund protocol [208], it has limited utility in the Toronto system probably due to 
the absence of RBCs in the perfusate [243]. The Lund protocol uses a PaO2/FiO2 
ratio of 300 mmHg as a threshold for transplant suitability. It is important to 
note that the PaO2/FiO2 ratio varies at different FiO2 levels and it is not clear 
which FiO2 provides the greatest predictive value to determine transplant suit-
ability [173]. The OCS system uses blood gas analysis, but the ability to differ-
entiate good and poor lungs with this type of assessment remains to be 
determined.

Airway parameters such as the trend of peak airway pressure and both dynamic 
and static compliance are useful in the Toronto system. In the Lund system, PaO2/
FiO2 ratio and airway parameters correlate in porcine lungs [172]. Since the major 
presentation of IRI during EVLP is airway fluid accumulation, which reduces the 
PaO2/FiO2 ratio, it stands to reason that the deterioration of airway parameters is 
informative.
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Vascular parameters are considered useful in the Lund system. A weight-
based target flow is determined for each graft, and when this flow cannot be 
achieved without surpassing a pulmonary artery pressure threshold of 20 mmHg, 
a thrombus or other vascular abnormality may be present. The significance of 
vascular parameters in the Toronto and OCS systems has not been reported. 
Visual findings are a part of EVLP assessment but limited by their inherent 
subjectivity.

2.9.6.3  Repair

EVLP repairs damaged lungs mainly by reducing edema and atelectasis. The high 
oncotic pressure of STEEN solution in the Lund and Toronto systems reduces 
edema. STEEN solution is not used in the OCS system, and the effect of OCS solu-
tion on lung edema is unclear. In all EVLP systems, atelectasis is eliminated by 
alveolar recruitment. EVLP provides a platform for treatment with medication and 
genetic therapies prior to transplantation. Cypel et al. demonstrated this by admin-
istering a vector expressing IL-10, which promoted anti-inflammatory cytokine 
expression and improved pulmonary function [46]. In the near future, medications 
administered during EVLP could be used to reduce IRI.

2.10  Machine Perfusion of Limb Grafts

The major factor limiting the replantation of amputated limbs after injury is warm 
ischemia time. While irreversible muscle damage occurs within 4–6 h at room tem-
perature, the best functional outcomes are achieved when ischemia time is less than 
2 h [210]. Currently, the only method to preserve limbs is SCS, but with ongoing 
low-level metabolic activity, energy reserves are quickly depleted. Cooling can also 
directly damage cells, causing swelling and cell death. These effects are com-
pounded after replantation/transplantation and reperfusion of the limb by the pro-
duction of reactive oxygen species and inflammation [51, 83].

Unlike visceral organs, extremities contain a wide range of tissues with different 
resistance to ischemia. While the skin can be grafted after weeks of storage at 4 °C 
[33], the muscle will irreversibly deteriorate within hours [22]. Sustaining physio-
logic limb metabolism through MP may offer a solution by supporting the survival 
of all the different types of tissues present in a whole limb (Fig. 2.4).

2.10.1  History of Limb Perfusion

The first successful human extremity perfusion at physiologic temperature was 
reported in 1964 [55]. The limb was perfused with whole blood at a physiologic 
arterial pressure. Normal electrical properties of nerve and muscle were lost after 
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the first hour of circulatory arrest but were restored with normothermic oxygenated 
perfusion. In 1976, O’Donovan et al. perfused amputated human limbs for 7 h with 
whole blood and dextrose at physiologic pressures and temperature and registered 
muscle contractility within 30% of normal function [169].

The first cases of extremity replantation in the early 1960s prompted further 
study to improve the preservation of the amputated limbs [139]. It became evi-
dent that microcirculatory changes and the development of edema were two 
major barriers to the reestablishment of flow following replantation [94, 143]. 
The use of whole blood was abandoned, and extremities were perfused with crys-
talloids and colloid solutions [94, 143] including standard organ preservation 
solutions such as UW solution [82, 165] and Euro-Collins solution [3]. To 
increase the oxygenation of the perfused extremity, artificial oxygen carriers like 
Fluosol and fluorocarbon were tested [192, 222]. In 1991 canine hind limbs were 
maintained with 24-h HMP using a perfusate containing whole blood, dextran, 
mannitol, and lactated Ringer’s solution [59]. Periodic perfusate exchange 
reduced acidosis during perfusion, and the extremities were successfully 
replanted. Wagner et al. reintroduced porcine limb NMP with a blood-dialysate 
and glucose mixture [230]. Physiologic flow rates were associated with lower 
arterial resistance and lactate production over 6-h perfusion.

Fig. 2.4 Schematic of a normothermic perfusion system for the limb. (Reprinted with permission, 
Cleveland Clinic Center for Medical Art & Photography © 2014-2016. All Rights Reserved)
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2.10.2  Recent Work in Limb Perfusion and Future Directions

The advent of hand transplantation in the late 1990s renewed interest in the develop-
ment of limb perfusion systems to allow procurement and transportation of the 
limbs from distant locations. Constantinescu et  al. successfully performed SMP 
(32 °C) of porcine limbs with heparinized whole blood for 12 h [45]. In preliminary 
studies, the researchers were unable to maintain NMP at physiologic arterial pres-
sure without experiencing significant weight gain. However, after perfusion at a 
mean pressure of 34 mmHg, no increase in limb weight or compartment pressure 
was observed, and the motor response of the muscles was stable throughout perfu-
sion. In a subsequent study, the same group replanted limbs following 6 h of isch-
emia and 12 h of SMP [156]. The study found that prolonged perfusion was not 
associated with increased IRI. Ozer et al. performed an 11-h SMP of porcine limbs 
using a perfusate of plasma with RBCs and glucose, followed by limb transplanta-
tion [179]. Limb weight was increased after perfusion, but single fiber contractility 
was stable during the perfusion. They subsequently perfused 4 limbs for 24 h and 
transplanted them. Limb weight increased by 20%, and muscle contractility was 
maintained throughout the perfusion [180].

Although the previous studies showed that ex vivo perfusion can prolong the 
viability of major limb segments, many factors must still be determined includ-
ing the ideal perfusate composition, temperature, pressure, and pump design. A 
few studies that performed the transplantation of the limbs following perfusion 
did not evaluate long-term limb function, in particular bone healing, nerve 
regeneration, and muscle function restoration. The limb-specific criteria defin-
ing the viability and replantability of the limb need further investigation. 
Defining these criteria and specific monitoring parameters is important to decide 
if a limb can be replanted or transplanted following perfusion or should be dis-
carded (Table 2.4).

Table 2.4 Common and limb-specific perfusion parameters

Common perfusion monitoring 
parameters Limb-specific monitoring parameters

Perfusion pressure Muscle contraction after nerve stimulation  
(motor conduction velocities)

Temperature of perfusate Tissue O2 saturation (Vioptix©)
Perfusate gasometry (pO2) Peripheral perfusion (indocyanine green 

angiography, SPY© Elite System)
Perfusate electrolytes (Na, K, Ca) Temperature uniformity (thermography, Fluke TiS 

thermal imaging scanner)
Glucose Compartment pressure (Stryker intracompartmental 

pressure monitor)
Lactate Perfusate creatine kinase
Histology (H&E, electron microscopy) Perfusate myoglobin

2 Machine Perfusion of Organs



50

2.11  Conclusion

Across the spectrum of organ transplantation, machine perfusion is being tested as 
a potential solution to the organ shortage crisis. Through improved preservation, 
assessment, and resuscitation, MP can reduce the chance that a potentially viable 
organ will be discarded unnecessarily and increase the likelihood that transplanted 
grafts will have prolonged function in recipients. The last two decades have been 
notable for the introduction, and in some cases reintroduction, of MP in the clinical 
setting for the heart, lung, and liver, along with the clinical testing and technical 
optimization of kidney perfusion. At the same time, MP is approaching the clinical 
threshold for the pancreas and intestines and is being innovatively explored as a 
promising option for limb transplantation and replantation.

Increased complexity and cost could be initial barriers to the implementation of 
MP, as was the case back when this technology was first explored in the mid- 
twentieth century. However, as renal HMP has shown, reducing morbidity and mor-
tality and avoiding their associated costs to the healthcare system may outweigh 
these potential barriers. As MP is optimized for each organ and clinical scenario, 
perhaps the day is approaching when organs will be banked for future use and 
access to transplantation will be available to all who need it.
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Chapter 3
Mobile Health Technology in Transplantation

James N. Fleming, John W. McGillicuddy, and Frank A. Treiber

Abstract Mobile health (mHealth) technology encompasses a wide range of poten-
tial clinical tools, with end-users ranging from the individual patient to national 
healthcare systems. This chapter focuses on mHealth with the patient as the end- user. 
It describes mHealth applications studied within solid organ transplant, as well as 
applications that have been used in non-transplant patients with chronic diseases com-
mon in transplant. It also provides an overview of fundamental necessities for suc-
cessful mHealth systems and provides a roadmap to addressing current barriers to 
widespread study and implementation of mHealth.

3.1 Introduction

Optimal treatment of existing diseases requires the involvement of both patients and 
practitioners in managing multiple aspects of their disease processes. There contin-
ues to be multiple barriers to optimal care in the current healthcare model, including 
overcrowding of clinics and costs related to treatments, travel, and clinic visits.

Patients with chronic diseases are frequent users of complex and costly health-
care services, which are increasingly delivered in the outpatient setting. 
Consequently, there has been increased emphasis placed on improving the effi-
ciency and equitability of health systems’ delivery of care to these patients. 
Suggested areas of focus include equity, effectiveness, safety, responsiveness, conti-
nuity of care, efficiency, and accessibility [1]. Many of the barriers to these areas of 
focus are related to demographic disparity, accessibility of the clinic (distance, park-
ing, and transportation), wait times, appointment scheduling, affordability, inability 
to meet medical fees, delays in availability, and limited support of self-care practices 
[1]. Telemedicine, more particularly mobile health (mHealth), offers a promising 
approach to overcoming these significant barriers to better outcomes.

Although no standardized definition of mHealth has been established, the Global 
Observatory for eHealth defined it as medical and public health practice supported 
by mobile devices, such as mobile phones, patient monitoring devices, personal 
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digital assistants, and other wireless devices [2]. The appeal of mHealth as a medium 
for telemedicine lies in its accessibility and mobility for both patients and 
 practitioners. There are several different modalities of mHealth, each of which can 
be individualized, including remote monitoring, store and forward of data, and 
interactive telemedicine. As most telemedicine modalities are, or soon will be, 
deployable with mobile devices, this chapter includes studies that involve either 
telemedicine or mHealth.

3.2  Telemedicine in Solid Organ Transplant

While telemedicine has existed in one form or another for more than 40 years, its 
application in solid organ transplantation has lagged behind other disciplines. In a 
2015 Cochrane review, there were 93 randomized controlled trials evaluating the 
effectiveness, acceptability, and costs of telemedicine in addition to, or as an alter-
native to, usual care; while only one of the included trials was performed in solid 
organ transplant recipients [3], there have been several less robust studies performed 
in the transplant population. Select studies related to solid organ transplant are 
described in Table 3.1. For the sake of completeness, studies related to telemedicine 
(vs mHealth) and protocol-only manuscripts are also included.

3.3  Potential for Benefits

Although there is a dearth of quality analyses of mHealth in solid organ transplant, 
the vast majority of recipients suffer from at least one chronic disease, many of 
which have been targeted by telemedicine and mHealth studies. Examples include 
nicotine addiction, diabetes, coronary heart disease, hypertension, and heart failure 
(Table 3.2). Cardiovascular death is the leading cause of death and graft loss in kid-
ney transplant recipients and is driven by high rates of hypertension, dyslipidemia, 
and diabetes. These same risk factors, driven in part by the rising incidence of 
NAFLD and the aging of the transplant population, are also highly prevalent in liver 
and heart transplant recipients [12]. Nonadherence to medical therapy for these 
comorbid conditions is associated with significant increases in cardiovascular mor-
bidity [13–15]. In addition, nonadherence to immunosuppressants, a very common 
problem in transplant recipients, is a well-known risk factor for poor outcomes and 
is directly responsible for up to 47% of late rejections and 36% of late graft losses 
in the kidney transplant population [13]. mHealth programs offer an opportunity to 
better identify and combat medication nonadherence through monitoring of pre-
scription refills and the proportion of days covered (PDC) and self-reporting of 
medication administration, Medication Event Monitoring System (MEMS), ingest-
ible sensors, and other forms of electronic medication monitoring [9, 16–18]. 
Additionally, they may be useful in education to increase living organ donation in 
populations with low-living donation rates [19].
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3.4  Utilization in Resource-Limited Areas

A central promise of mHealth is the opportunity to provide cost-effective and com-
prehensive care for patients with limited means or patients living in rural or remote 
areas, a demographic with the worst outcomes after solid organ transplantation 
[34–38].

In the United States, 64% of the population owns a smartphone, up dramatically 
from only 35% in 2011, a trend that is closely mirrored in the kidney transplant 
population [39, 40]. Approximately 20% of American smartphone owners report 
that their phone serves as their only or primary means of accessing the Internet [39]. 
Both of these trends suggest an increasingly smartphone-dependent population for 
whom mHealth will be a useful, and natural, extension of their mobile lives. The 
demographic drivers of these trends are young adults (aged 18–29), those with low 
household incomes and low levels of educational attainment, and nonwhites [39]. 
These same demographic groups have poor access to, and poor outcomes after, solid 
organ transplant. It is important to note that this same population is most likely to 
have to cancel or suspend their service due to financial constraints (48% vs 21%) or 
occasionally reach the maximum data allowed on their smartphone plan (51% vs 
35%) [39]. For this reason mHealth options with small amounts of data transfer and 
the option of store and forward may be preferable.

This high penetration of mobile phones, even in resource-poor settings, offers 
an excellent opportunity to utilize mHealth to improve care delivery. A retrospec-
tive analysis in southern India indicated that their telemedicine program for type 2 
DM may increase costs to patients. Patients received an average of 17 telemedicine 
follow- ups that would not have otherwise occurred; yet improved their HbA1c by 
2.2% [41]. In this circumstance, a cost-effectiveness study could help clarify 
whether the intervention was beneficial or not. In a more clear-cut analysis, a 
15-year retrospective review of telemedicine services in a rural, underserved prov-
ince of Korea, telemedicine services for multiple chronic illnesses, mostly in 
patients over 60 years old, improved satisfaction, compliance, HbA1c, and blood 
pressure control and decreased healthcare costs by 50% per patient [42]. Although 
not in a predominantly resource-poor area, a retrospective survey study in British 
Columbia of self-monitored blood glucose compared to usual care in 200 patients 
showed a trend toward decrease estimated cost ($131.26 vs 210.89, p  =  0.128) 
associated with physician visits [43]. Unfortunately, the results were inconclusive 
and only the costs of one aspect of care were considered. Regrettably, there have 
been only a few well-done studies investigating the cost-effectiveness of telemedi-
cine, and there are limitations to these existing economic evaluations including 
disparate estimation methods, lack of randomized control trials, lack of long-term 
evaluation studies, small sample sizes, and absence of quality data and appropriate 
measures [44].

The current state of the literature indicates a real need for high-quality cost- 
effectiveness or cost-minimization studies so that the benefits of mHealth can be 
better realized and applied in a more systematic fashion.
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3.5  Types of mHealth Modalities

mHealth’s major strength is the ubiquity of the technology and the rapid expansion 
in the number of different ways the technology can be used to further remote patient 
care. mHealth can be as simple as text messaging or as complex as whole-system 
mHealth programs. Simple text messaging has been shown to be effective as a 
reminder for laboratories but has largely failed to demonstrate efficacy in most pro-
spective studies in patients with chronic illnesses [7, 45]. Text messaging seems to 
be most effective when used in combination with other modalities. The National 
Organ Retrieval Imaging System (NORIS), studied in the UK since 2004, is a 
physician- focused mHealth system used in liver transplantation. In an effort to 
increase liver allograft utilization, donor liver information and images are taken by 
the retrieval team, and the accepting surgeon is notified via text message or page to 
review the information. The accepting surgeon is then able to communicate with the 
retrieval team and request additional information or images. The system has been 
piloted in order to demonstrate the technical feasibility of such a system to increase 
the utilization of marginal liver grafts and split liver allografts [46, 47]. To date, only 
pilot studies have been published, and data on how such a system might improve the 
utilization of high-risk allografts is not yet available.

At the other end of the spectrum are patient-centered modalities that largely aim 
to improve patient self-care and adherence to their medical regimen. Simple text 
messaging reminders have been used in attempts to improve, with mixed results, the 
management of congestive heart failure and diabetes mellitus [48, 49]. Whole- 
system programs seem to be much more effective. The SMASH program, which 
uses patient-centered, self-determination theory-guided, iterative SMS messages to 
support adherence, along with SMS reminders, a bluetooth-enabled medication 
device with reminders, and a bluetooth-enabled BP monitor, has been very success-
ful at reducing BP and achieving BP goals, while improving medication adherence 
in resource-limited populations [23, 50, 51].

There are a large number of mHealth applications (apps) available for free or 
inexpensive download to most smartphones. Although there is an enormous 
breadth of functionality, the most useful apps allow patients to track medications, 
sync/export/print regimens, track missed and taken doses, generate reminders to 
take medications, and allow providers to access and adjust medication regimens 
and complex instructions. Unfortunately, although the last comprehensive review 
of such apps was just performed and published in 2016, it will almost certainly be 
outdated by the time this chapter reaches print [52]. Nonetheless, many of the apps 
evaluated are likely to remain active, as some have been in use since the first 
review from this research group in 2003 [53].

To improve usefulness for both patients and clinicians, some apps have increased 
their functionality to allow for integration with other information systems, most 
often patient electronic health records. While most proprietary apps that include this 
type of interconnectivity are available for free or at low cost to the patient, they only 
provide full functionality with healthcare electronic health records at substantial 
cost to the hosting healthcare system.
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3.5.1  Smartphone Connected Devices

The number of smartphone connected devices is rising rapidly and, in contrast to 
most mHealth apps, is regulated by the FDA as medical devices. The requirement 
for FDA approval means that there is more complete published data on the out-
comes associated with their use.

Just a few examples of the available devices include wireless EKG monitors, 
continuous BP monitoring devices, continuous glucose monitoring devices, and 
pulse oximeter monitoring devices [54–57]. The future of healthcare may change 
dramatically in the face of our newfound ability to monitor patients in their home 
environment. mHealth will let providers extend their reach to patients in remote 
areas using handheld diagnostic devices without the usual costs that are associated 
with the more traditional modes of care [58]. Not only will clinicians have access to 
health information that was not previously available, but they will be able to better 
tailor therapy to the individual based on patient-specific data, behaviors, and prefer-
ences. mHealth offers an opportunity to create a truly collaborative approach to 
medical care that allows for the full investment of both the patient and the care 
providers and works to increase the patient’s quality of life and the amount of time 
they spend out of the clinic and out of the hospital.

Numerous miniature sensor-based technologies have been developed for home 
use. There are implantable devices that remotely monitor patient hemodynamics 
and allow for improved management and a reduction in the utilization of the health-
care system for high-utilization chronic diseases such as chronic heart failure [59]. 
Miniaturized ingestible sensors are being used to combat medication nonadherence 
by providing extremely accurate data on medication-taking behavior [18]. It is 
imperative that, when faced with this rapid expansion of mHealth capacity, the sci-
entific community is committed to rigorously evaluating the benefits and costs to 
insure that the justification exists to implement the most efficacious and cost- 
effective modalities [60, 61].

3.6  Patient Acceptance

Critical to the widespread adoption of mHealth will be patient willingness and 
acceptance. In a kidney transplant population, high rates of willingness and accep-
tance were seen when recipients were offered the opportunity to employ an mHealth 
program that included a smartphone, an electronic medication tray, and a bluetooth- 
enabled blood pressure monitor [40]. It was found that nearly 90% of kidney trans-
plant patients with hypertension were receptive to incorporating the program into 
their medical care [40]. In the subsequent proof-of-concept randomized controlled 
trial that followed, 75% of the potential subjects that were approached agreed to 
participate and reported very high rates of satisfaction at the completion of the 
3-month study [9]. Similarly, in a survey in heart failure patients and clinicians, both 

3 Mobile Health Technology in Transplantation



76

patients and providers reported being comfortable and willing to use an mHealth 
system, provided the system was easy to use, had clear tangible benefits, maintained 
good patient-provider communication, and did not increase clinical workload [62].

3.6.1  Design Factors Important for Acceptance

mHealth requires both patients and providers to accept and “buy in” to the technol-
ogy. Essential to acceptance for both parties is perceived utility. Perceived utility is 
the individual’s perception that a product, service, or technique has benefits at the 
personal or organizational level over the current standard. Other chief design factors 
are perceived ease of use, reliability, and security. From a functionality perspective, 
the mHealth app must have interoperability, or integration with other systems, such 
as EHR, and work within the providers’ work flow. From a health system perspec-
tive, it must be cost-effective, improve outcomes, save time, or reduce errors [63].

3.6.2  Necessities to Produce Positive Behavioral Change: 
Self-Care and Shared Decision-Making

The long-term success of mHealth depends on its capacity to produce durable 
behavioral changes in patients that improve self-care and shared decision-making. 
Although device-related factors are certainly important, patient selection and moti-
vation toward self-management are equally important. Bhavnani et al. theorize four 
distinct categories of patients in regard to mHealth adoption (Table 3.3) [64]. High- 
efficiency users will modify their behaviors with improved knowledge regardless of 
whether or not an mHealth program is a part of their care plan. While they might 
enjoy the convenience and trackability of an mHealth program, it is largely a 
bystander to their positive behavioral change. Initial adopters will be highly accept-
ing and motivated initially, but then their motivation and device use decline rapidly. 
For example, Mattila et  al. initially saw high utilization of an mHealth program 
designed to increase activity, improve cholesterol, and aid with weight loss, but 

Table 3.3 Categories of patients who engage in mHealth

Category Patient Device

High-efficiency 
users

Predetermined to modify their 
behaviors

Bystander in positive behavioral 
change

Initial adopters Rapidly decline in willingness Do not retain use
Nonadopters Do not adopt changes Do not adopt use
Gradual believers Condition improves as they modify 

behaviors
Use device and understand benefit 
for change

Adapted from Bhavnani et al. [64] with permission from Oxford University Press
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persistent utilization was seen in fewer than 30% of the subjects [65]. Nonadopters 
are unlikely to adopt any behavior change and see the mHealth programs as a waste 
of time. Gradual believers will attempt positive behavioral change with utilization 
of the mHealth program and will, on seeing tangible improvements, become long- 
term adopters of the positive behavioral change as enabled by the mHealth program. 
The goal is to move patients from initial adopters and nonadopters into the gradual 
believers category [64].

3.7  Challenges of Implementation

With the availability of so many mHealth applications, why is it not more wide-
spread? Part of the challenge is creating a comprehensive mHealth application that 
meets all of the patient, provider, and institution needs. With most mHealth pro-
grams created by separate companies from the EHR, there are always challenges 
with the programs working together in a seamless arrangement. In addition, the 
focus of the institution (typically the purchaser) is frequently divergent in some 
ways from the end users (providers and patients), leading to the risk of a product 
selection that doesn’t meet all needs or is primarily focused on the institutional 
goals. In addition, practically speaking, a conversion to mHealth is expensive. While 
EHR adoption is widespread among hospitals now, it was only when the Affordable 
Care Act (ACA) provided $30 billion to support EHR adoption that these changes 
began to be widespread. And, unfortunately, it has not come without its complica-
tions. EHR have been shown to undermine the therapeutic bond, reduce provider 
satisfaction, and increase documentation requirements [66–68].

3.7.1  Fitting mHealth into Clinical Practice

One of the most important design factors of mHealth applications, as described by 
providers, is the efficiency and ease of use. It must be able to simplify or speed up 
tasks that were previously arduous. If the mHealth program duplicates work that 
already must be done in a different fashion (double-work), it is doomed from the 
beginning. In addition, there is concern about the massive amounts of potentially 
irrelevant data leading to clinicians’ missing important data points, which may have 
medicolegal repercussions [69]. Two proposed methods to reduce this concern are 
electronic and human, although the method that may be the most successful is a 
combination of the two. The electronic method would have rules built in to alert 
clinicians based off of perceived singular outcomes or groupings of information 
(i.e., one critical value laboratory marker or a significant increase in a laboratory 
marker that wouldn’t normally signal an alarm, being within the perceived “normal” 
range). The human method to manage the data overload includes ancillary staff 
playing critical roles in processing and reviewing the data so that clinicians are not 
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overburdened [69]. Another option that has been suggested is a new healthcare posi-
tion called “digitalists” [70]. This position does not exist yet, but the argument is 
that it may be a new clinician necessary to meet the digital needs, similar to the way 
hospitalists were created in the late 1990s. This new clinician would be trained in 
mobile health and would monitor, interpret, and act upon remote patient data. They 
would have interactions with the patient, another healthcare practitioner, or both in 
order to resolve an issue that is identified [70].

3.7.2  Resistance to Changing Responsibilities

Providers have been shown to be resistant to changing their tasks and responsibili-
ties without proven benefit and adequate training. Frequently, clinicians have noted 
that a critical barrier in mHealth adoption has been a lack of effective training on 
optimal use [63]. This leads to frustration and inefficiency, with an underestimation 
of the time required to perform tasks [69]. In order to maximize the mHealth sys-
tem, the end users (providers, patients, administrators) must all be involved in the 
choice or development of a system [69].

3.7.3  Building, Coordinating, and Sustaining mHealth 
Services in Addition to the Existing Healthcare  
Delivery System

There are many challenges to generating data to validate mHealth use in healthcare 
in order to drive the desire to build a complete mHealth system that works in con-
junction with the existing healthcare delivery system. It is a major challenge to 
study and generate data on mHealth interventions in a rapid fashion before the tech-
nology is outdated [64]. In addition, the applications where mHealth can be used to 
show benefit are limited to chronic conditions that have easily measurable physio-
logic parameters that frequently change in a short period of time. Examples of these 
conditions are diabetes, hypertension, chronic heart failure, and asthma. These 
chronic conditions must be targeted for adequate control to reduce the risk of end- 
result conditions, such as myocardial infarctions and stroke, where acute changes 
develop suddenly after a prolonged period of clinical stability [64]. One potential 
exception to this rule is nonadherence. Nonadherence is a complex problem that, 
unfortunately, is not easily measurable and may not respond significantly to singular 
changes. mHealth may have the potential to help monitor for nonadherence real 
time through adequate control of chronic conditions such as hypertension and dia-
betes, as well as real-time tracking of medication administration (electronic medica-
tion boxes, self-report, MMES, or ingestible sensors) and the proportion of days 
covered (PDC) based on refill prescription monitoring. Indeed, mHealth may have 
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the potential to finally accurately describe the context of the nonadherence epidemic 
and help identify combinations of methods to combat it.

Once adopted, a system that integrates mHealth into a two-way communica-
tion with the existing EHR is a necessity. The data from the mobile device must 
be able to integrate seamlessly into the already large volume of existing patient 
data in the EHR. Data is useless if it is not able to be viewed in one field, versus 
having to compare between different panes of an electronic system. It is also 
critical for the data to be stored in the same fashion in the laboratory database 
maintained by health systems. These are often used for EHR, lab systems, finan-
cial systems, administration, billing and payment processing, and quality 
improvement projects.

3.8  Regulations and Reimbursement

3.8.1  FDA Regulations

The FDA regulates all medical devices, including those that are attached to smart-
phones or other mobile devices, as described previously. However, the FDA does 
not intend, at this time, to regulate applications unless they are classified as medical 
devices or whose functionality could pose a risk to a patient’s safety if the app were 
to not function as intended. They state in a guidance document “In general, if a 
mobile app is intended for use in performing a medical device function (i.e. for 
diagnosis of disease or other conditions, or the cure, mitigation, treatment, or pre-
vention of a disease) it is a medical device, regardless of the platform on which it is 
run” [71]. In the absence of that designation, there is no regulation of medical apps 
used by patients or clinicians. This places the accuracy, reliability, and data security 
squarely on the shoulders of any institution that decides to implement widespread 
utilization of medical apps in an mHealth program. This concept may be another 
reason for the slow adoption of mHealth programs by companies and institutions.

3.8.2  Medicare Reimbursement of Telemedicine  
and Mobile Health

Additionally, Medicare only reimburses clinicians and institutions for limited types 
of Part B services, and the details of the communication must meet Medicare 
requirements (Table 3.4) [72]. First of all, the Medicare beneficiary must be in an 
area that has limited access to healthcare, and they must be present in a healthcare 
facility that is authorized by law. The telemedicine service details and practitioner 
are also limited based on CMS requirements. These requirements limit mHealth 
applications and must be provided using real-time audio and video. Although any 
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coverage of telemedicine is encouraging, the current reimbursement profile for 
Medicare beneficiaries limits forward movement of technology and still requires 
transportation to healthcare facilities. Additionally, it limits the type of clinicians 
that can have services reimbursed. Noticeably absent from the approved list are 
pharmacists, who have demonstrated the ability to improve outcomes in chronic 
conditions at decreased costs [73–75].

3.9  Conclusion

In general, there appear to be three main paths to translating mHealth into the real 
world. First of all, we must identify new methods for patient engagement that results 
in beneficial and measurable behavioral changes. Secondly, we must develop the 
necessary tools to streamline the clinical integration and data analytics between the 
mHealth program and the main EHR.  And finally, we must work with federal 
authorities to outline regulatory factors that promote the most effective and robust 
technologies for clinical use.

Table 3.4 DHHS CMS telehealth services reimbursement requirements (CY 2016)

1. Geographical originating site
Rural Health Professional Shortage Area (HPSA) located either:
  Outside of a metropolitan statistical area (MSA) or in a rural census tract
  A county outside of an MSA
2. Originating site detail
  Office of a physician or practitioner
  Hospital
  Critical Access Hospital (CAH)
  Rural Health Clinic
  Federally Qualified Health Center
  Hospital-based or CAH-based renal dialysis center
  Skilled nursing facility
  Community Mental Health Center
3. Distant site practitioners
  Physician
  Nurse practitioner
  Physician assistant
  Nurse midwife
  Clinical nurse specialist
  Certified registered nurse anesthetist
  Clinical psychologist
  Clinical social worker
  Registered dietitians
4. Telemedicine requirements
  Interactive audio and video telecommunication system
  Real-time communication
5. Services covered
  Updated regularly at https://www.cms.gov/
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The solid organ transplant patient population is ideal for studying and realizing 
the potential health and cost benefits of mHealth, with the high concentration of 
chronic disease and the close follow-up by clinicians. Patients and clinicians in this 
specialty have demonstrated a willingness to use mHealth, and a global benefit can 
be seen through better management of chronic diseases and nonadherence.
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Chapter 4
Advances in Vascular Access

Felicitas L. Koller and Kenneth J. Woodside

Abstract Vascular access is the lifeline of the hemodialysis patient. However, 
many patients lack early nephrology care that results in late referral for vascular 
access placement and dialysis initiation with a central venous catheter in 80% of the 
United States incident dialysis population. Despite these hurdles, arteriovenous fis-
tulae (AVF) have doubled, to 65%, in the United States prevalent hemodialysis 
population over the last decade. The endovascular revolution has resulted in better 
rescue and maintenance of established AVF and arteriovenous grafts (AVG). Newer 
conduits are available for those needing an AVG, and a number of devices have been 
approved or are in trials to address specific issues, such as high-grade central steno-
sis, deep AVF, slow maturation, need for immediate cannulation, and persistent 
backwall injury. Finally, new techniques to deal with distal hypoperfusion ischemic 
syndrome, or “steal syndrome,” have been developed.

4.1  Introduction

Chronic kidney disease (CKD) patients require effective vascular access when they 
progress to end-stage renal disease (ESRD) and require hemodialysis. Arteriovenous 
fistulae (AVF) are preferred over arteriovenous grafts (AVG), with either considered 
better than a hemodialysis central venous catheter. AVF have better long-term out-
comes, including lower thrombosis rates and lower infection risk, when compared 
with AVG and central venous catheters [15, 27, 89, 111, 117]. Despite these advan-
tages, historically, AVG and central venous catheter rates were quite high. Two 
national initiatives, the National Kidney Foundation’s Kidney Disease Outcomes 
Quality Initiative (KDOQI) and the Fistula First Breakthrough Initiative (FFBI), 
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stressed the need for AVF, with KDOQI offering guidelines for specific placement- 
referral timelines and placement strategies [104, 133]. Despite efforts for early 
referral and placement, the United States Renal Data System (USRDS) reports that 
80% of incident dialysis patients initiate hemodialysis with a central venous cathe-
ter (Fig. 4.1), with only a quarter having a maturing AVF or AVG in place [124]. 
However, AVF rates among prevalent US dialysis patients increased from 32% in 
2003 to 65% in 2014, likely due to increased emphasis on endovascular and post- 
placement interventions, which have been used both to aid maturation and rescue 
failing or thrombosed access.

4.2  Current Practices

While exact practice varies, based on local surgeon training and resources, KDOQI 
and FFBI have had significant impact on the timeline and standard of care for CKD 
patients. Early emphasis on vein sparing phlebotomy techniques (use of veins on 
the dorsum of the hand, rather than at the antecubital space or wrist) is stressed, 
although frequently not followed, for CKD patients to prevent scarring or thrombo-
sis of veins that may be of use for AVF placement. Ideally, patients are referred 
6 months to a year before the need to initiate hemodialysis. However, early referral 
is more complex than it appears. In the US, 25.3% of patients have no nephrology 
care before initiation of dialysis, with another 13.2% having less than 6 months of 
such care [124]. Patients with shorter duration of predialysis nephrology care are 
unlikely to have adequate time to establish a mature AVF, or even an AVG, as refer-
ral for access will be delayed. Furthermore, prediction of the progression of CKD to 
ESRD (i.e., progression to the need for hemodialysis) is difficult and fraught with 
uncertainty [68, 86, 91]. In addition, there are practitioner and patient variables: 
thresholds for dialysis initiation can vary widely [105, 127], and patients are often 
reluctant to have access placement [18]. Even patients with long-term nephrology 
care may have personal and medical logistical issues. Kidney transplant patients 
with failing allografts have low rates of AVF use at hemodialysis initiation [19, 
140], with 65% using a catheter on return to dialysis, despite high rates of hospital-
ized central venous catheter-related infections [110, 137] and preexisting nephrol-
ogy care for 93.5% of such patients [19]. Similarly, patients with cystic kidney 
disease, who often have been referred to a nephrologist before significant CKD 
based on family history, still had 52.5% rate of utilizing a catheter at dialysis initia-
tion [124].

While AVG are considered less desirable, there are certain patients that it may be 
reasonable or even preferable. In the first year following dialysis initiation, AVG are 
associated with earlier catheter removal and less catheter time in the first year of 
dialysis [85]. AVG have historically had less long-term durability than AVF [71], 
which may result in more lifetime catheter days. However, there may be improve-
ment in AVG life with modern interventional techniques, as AVG have increasingly 
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reasonable secondary patency rates [4]. Femorofemoral AVGs continue to be uti-
lized when traditional options are exhausted but have poorer long-term patency and 
infectious outcomes [38, 44]. In select candidates, lower extremity AVF using the 
saphenous vein, or even femoral vein, may be a viable alternative [107].

Fig. 4.1 (a) Vascular access use during the first year of hemodialysis by time since initiation of 
ESRD treatment, among patients new to hemodialysis in 2013, from the USRDS special analyses, 
using ESRD Medical Evidence form (CMS 2728) and CROWNWeb data spanning 2013 and 2014. 
(b) Trends in vascular access type use among ESRD prevalent patients, 2003–2014, from the 
USRDS special analyses, using USRDS ESRD Database and Fistula First data, with the Fistula 
First data reported from July 2003 through April 2012 and CROWNWeb data reported from June 
2012 through December 2013 (From Saran et al. [124], used with permission)
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There is a high mortality (~30%) during the initial year of hemodialysis [124]. In 
addition, older patients on hemodialysis tend to be more frail [64], suggesting that 
some elderly patients may benefit from more liberal use of AVGs [26, 54], although 
this remains controversial, as reasonable results have been reported in this popula-
tion as well [48]. However, patients with an AVG, particularly diabetic patients with 
poor vessels, are more likely to suffer from distal hypoperfusion ischemic syn-
drome, or “steal syndrome,” which can have significant impact on morbidity and 
quality of life [87, 101], so enthusiasm for AVG should be somewhat tempered.

4.3  Practices to Increase AVF Success

The increase in AVF in the US has not come without significant effort that requires 
continual reinforcement. Vein-sparing technique during phlebotomy or peripheral 
intravenous catheter placement (particularly PICC lines), as well as the avoidance 
of central lines, remains an integral part of the management strategy of CKD patients 
[70, 95, 104, 133]. Blood draws and intravenous catheters should be performed as 
peripherally as possible—even in post-kidney transplant patients with good graft 
function. Redundant intravenous catheters should be avoided as well. If a central 
line is needed, a right internal jugular line is preferred, as this is least likely to result 
in a central stenosis.

Vascular access centers cannot afford to ignore infrastructure. Policies that 
encourage more frequent nephrology care, as well as earlier nephrology referral, 
can improve the likelihood of AVF success [39, 104]. Dialysis access coordinators 
can improve access to care, which may result in more timely patient adherence and 
improved outcome [71, 113, 133]. Transplant, vascular, and general surgeons placed 
dialysis access, with sporadic cardiothoracic surgeons placing access. Although 
there does not appear to be differences in outcome in the United States based on 
subspecialty [40], surgical volume during training appears to be vital, with surgeons 
who created at least 25 fistulae during training having better AVF maturation rates 
[49]. However, historically, the number of AVF placed during training is lower in 
the United States than other countries [123]. With the advent of integrated vascular 
surgery residencies, training for vascular surgeons will likely improve. However, 
during this time, there has been a significant drop in vascular case numbers for gen-
eral surgery residents [80], suggesting that the landscape for access providers is 
rapidly changing. As transplant surgery rotations provide vascular access experi-
ence to a set of residents who would otherwise miss the training, institutions need 
to remain focused on maintaining a training pipeline of both future nephrology and 
surgery providers [9, 49, 123].

The preoperative ultrasound assessment of the arm and forearm arteries and 
veins, which has traditionally been called “vein mapping,” has long been recom-
mended by the KDOQI guidelines [104], and has even been shown to improve AVF 
survival in a randomized trial [41]. In addition to age and diabetes [88, 135], arterial 
calcifications in the radial artery has been associated with worse radiocephalic AVF 
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outcomes [45], likely due to the failure of arterial flow augmentation. As would be 
expected, smaller arteries and veins (particularly veins 2–3 mm in size) are associ-
ated with AVF failure [40]. More advanced arterial testing has yet to become stan-
dard of care. However, the Hemodialysis Fistula Maturation Study has found that 
two measurements of the ability of the brachial artery to dilate, flow-mediated dila-
tion and nitroglycerin-mediated dilation, positively predict 6 week AVF blood flow 
rate and diameter [6], suggesting that functional testing may be on the horizon.

Intraoperative technique is well established. Although there may be benefit to 
regional anesthesia for AVF placement in regard to vasodilation, placement, and 
maturation, the benefit for the AVF itself remains controversial [90, 128]. 
Anastomoses are typically side to end. Anastomotic size varies by vessel and sur-
geon [79] but is typically 6–8 mm. Shorter anastomotic size is associated with early 
thrombosis [40], although caution must also be exercised for overly large anastomo-
ses as well, as these may cause steal syndrome. There is likely benefit to the rela-
tively sharp angle of 30° between the artery and the vein [37], although angles of 
45° may also be appropriate [55]. Many surgeons utilize intraoperative heparin. 
Although the overall benefit remains somewhat controversial, nonsignificant trends 
favoring weight-based dosing for those who use heparin have been observed. 
Options for the operative approach for basilic vein transpositions are described in 
the next section. Interestingly, in the prospective multicenter Hemodialysis Fistula 
Maturation Study, surgeon perception and intraoperative frustration, as well as 
intraoperative thrill, were the most consistent predictors of AVF success [40], even 
compared with more discrete physiological measures.

Perioperative isometric exercise, often with a squeeze ball of some sort, has been 
controversial over the years, with early studies having mixed results [106, 119]. 
However, these early studies focused on immediate change soon after exercise. 
More recent studies have focused on effects after more long-term use, typically of 
4–6 weeks of duration. Three recent studies, two randomized to intervention and 
control group, and one comparing exercise and nonexercise arms found that isomet-
ric hand exercise increased (preoperative) cephalic vein size, with one of the studies 
further showing an increase in brachial artery diameter and flow [82, 84, 131]. 
Recent data suggest that these exercise-induced increases in vein size may translate 
to increased maturation [122].

Most typically, patients are seen for a postoperative visit within a couple of 
weeks of the operation, followed by a maturation assessment at ~6 weeks. The mat-
uration visit assesses for branches requiring ligation, depth, or need for intervention. 
A duplex ultrasound obtained at this point can improve detection of AVF requiring 
intervention for maturation, thereby improving successful AVF maturation rates 
[61, 112]. Approximately half of all AVF will require some sort of intervention to 
successfully mature, such as balloon angioplasty or collateral ligation, both often 
fistulogram guided [52, 136]. AVF that require maturation intervention have shorter 
secondary patency after maturation, even if the intervention was transposition [52, 
61]. However, AVF that have detectable lesions but are not intervened upon have 
significantly lower successful maturation [61]. AVG not only are less likely to 
require an intervention for maturation (17.7%) but also have a shorter secondary 
patency if they need such intervention [52].
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4.4  Operative Approach to Deep AVF

With the focus on AVF over AVG, basilic vein transpositions (BVT) have become 
more common, either as a one or two stage operation. There have been a number of 
small studies examining these two options, but the most recent meta-analysis found 
that there was essentially no difference for failure rates or patency between the two 
methods, despite the predilection for the two-stage procedure to be used on smaller 
veins [24]. The advantage of the one-stage procedure is that the patient only has one 
planned operation. The two-stage operation allows for the potential use of a smaller 
basilic vein, as well as a smaller initial incision. Should the fistula fail initial matura-
tion, the patient does not have the associated wound morbidity from the larger inci-
sion of the one-stage operation—which becomes increasingly relevant as obesity 
continues to increase. However, the patient requires a second, transposing (or super-
ficializing) operation, which makes the two-stage operation more logistically com-
plex. Occasionally, the brachial vein is used if a basilic vein is not available, although 
it is technically more challenging and may have additional morbidity [65].

As obesity has become more prevalent, there has been increasing need to super-
ficialize cephalic vein AVFs, both in the arm and forearm, to get the vein to a depth 
accessible by the dialysis unit. This superficialization is traditionally performed by 
incising over the vein, mobilizing it along its course and either making a flap or 
dividing and tunneling the vein closer to the skin, with reasonable results [16, 97]. 
Lipectomy-based techniques have been developed as well (Fig 4.2), in which two 
smaller incisions are made and the fat overlying the vein is removed approximately 
4 cm each direction, without mobilizing the AVF [14]. Using a similar two incision 
approach, a minimally invasive superficialization technique (MIST) can be per-
formed, where the vein can be mobilized and tunneled [59].

4.5  Balloon-Assisted Maturation

Balloon-assisted maturation (BAM) is somewhat controversial, as oversized bal-
loon angioplasty is utilized to induce stenosis by inducing vascular remodeling in 
animal models [118]. Conceptually, BAM has been applied in two distinct manners: 
intraoperative balloon dilation and repetitive interventional post-operative dilation, 
of the outflow vein leading to the central circulation. Intraoperative overwire bal-
loon dilation, which typically occurs after hydrostatic dilation, has been utilized for 
small veins that are < 2–3 mm, with good short-term success [30, 134], although 
long-term data are lacking. Postoperative interventional BAM involves serial long- 
segment angioplasties, often coupled with collateral ligation or coiling [99, 121] . 
As for the surgical approach, the use of interventional BAM has been somewhat 
limited, and it remains to be shown if such an approach is biologically feasible in 
the broader population. In addition, the economic impact of repeated percutaneous 
angioplasty can be significant.
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Fig. 4.2 (A) Lipectomy 
technique for 
superficialization. 
Operating diagram shows 
the arm (a) before, (b) 
during, and (c) after 
lipectomy. 1 skin, 2 fat, 3 
fascia superficialis, 4 vein. 
(B) Operative view shows 
one incision and the 
freshly removed fat pad (*) 
(From Bourquelot et al. 
[14], used with permission)
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4.6  New and Alternative Artificial Conduit

Expanded polytetrafluorethylene (ePTFE) remains widely used for dialysis access 
grafts. These grafts are available in a number of regular-wall configurations, includ-
ing the typical 6 mm size, a 4–7 mm and 4–6 mm tapered configurations to allow 
smaller arterial anastomoses, 6 mm with a short segment of rings to prevent collapse 
in looped AVG, as well as larger and smaller sizes that may be useful for specific 
situations (e.g., 8 mm for interposition graft of existing AVF). Of note, PTFE from 
different manufacturers have different handling properties, as some have additional 
stretch characteristics, luminal carbon coating, or PTFE wrapping. Operative con-
figurations vary, but the most common include brachioaxillary AVG, femorofemoral 
AVG, and forearm loop AVG. With the introduction of alternative options, such as 
the HeRO, which can bypass central stenoses more effectively, brachiojugular and 
axilloaxillary AVG (“necklace”) are becoming progressively more rare.

A common cause of failure of an AVG is outflow stenosis caused by neointimal 
hyperplasia, which, in turn, is thought to be caused by nonlaminar flow causing 
sheer stress [120]. In efforts to reduce this nonlaminar flow, ePTFE grafts with a 
cuff outflow (Venaflo) have been utilized [78, 129]. The cuff is at the outflow 
(venous) anastomosis and appears as a somewhat bulbous hood for anastomosis 
(Fig.  4.3). This widening allows for an alternative flow pattern that may be less 
conducive to neointimal hyperplasia, although significant pseudointimal hyperpla-
sia (narrowing within the cuff) occurs which may abrogate such usage [53]. Both 
primary and secondary patency rates at 1 year were improved in small randomized 
controlled trials, with the more recent trial demonstrating a 56% primary, and 91% 
secondary, 1 year patency rate, versus 41% and 78%, respectively, for the control 
group. Despite this improvement in outcome, outflow cuffs have not been widely 
adapted by vascular access surgeons.

A heparin-bonded ePTFE graft, Propaten, was introduced in 2006. The luminal 
surface of the graft has heparin molecules covalently bonded to the wall. In standard 
wall configurations amenable to dialysis access usage, there is a 6 mm graft, as well 
as a 4  mm to 7  mm tapered graft. When used for dialysis access, studies have 

Fig. 4.3 Cuffed AVG. The 
cuff is on the outflow end 
(From Ko et al. [78], used 
with permission)
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reported mixed results, with early reports of improved outcome [28], but the overall 
suggestion that the heparin-bonded ePTFE has similar outcomes to regular stretch 
ePTFE [3, 29]. In a randomized controlled study of 160 patients, there were signifi-
cantly lower early thromboses in the Propaten group during the first 5 months [126]. 
However, although there was a trend toward improved primary and secondary 
patency in the heparin-bonded group, the difference was not significant, with poor 
primary patency in both groups and assisted 2-year-assisted primary patency of 
41% vs 30% and secondary patency of 83% vs 73% for the heparin-bonded and 
control groups, respectively. Gore has recently released a hybrid version (Fig. 4.4), 
with a nitinol-reinforced outflow section that allows for “sutureless” deployment for 
the outflow limb [1, 22]. As the outflow configuration allows more proximal venous 
outflow than traditional AVG (e.g., high in the axilla), this device can be useful in 
selected patients [7, 66].

Early cannulation grafts have been developed, which allow much earlier cannu-
lation, thereby abrogating the need for the central catheter, with their inherent risk 
of infection and development of central stenosis. Many of these grafts are thicker 
than typical ePTFE; so, proper patient selection in regard to artery caliber and qual-
ity is essential. These grafts are particularly useful in the setting of a prevalent dialy-
sis patient with an AVF or AVG requiring revision, as it allows operative placement 
or revision without the need for concurrent catheter placement. The Flixene graft 
was designed to be cannulated within 3 days of placement, although earlier cannula-
tion is reported. It has a trilaminiate composite structure, with an outer microporous 
layer to promote adherence, a hydrostatic middle layer, and a smooth inner surface. 
In a study of 46 grafts, primary-assisted patency at 1 year is 56%, with 86% second-
ary patency at 1 year. Despite early cannulation, infection rates were 4%, although 
5 early hematomas were reported [12].

Both the Vectra and Acuseal grafts are designed to be cannulated within 24 h. 
The Vectra graft is a polyurethane graft. Similar to the Flixene, it has a three-layer 
design, with microporous inner and outer layers, and a solid middle layer. In a now 
somewhat older study [69], 3 year infectious rates and pseudoaneurysm formation 
are similar to PTFE, with significantly improved secondary patency for the Vectra 

Fig. 4.4 Gore hybrid vascular graft (From Chiesa et al. [22], used with permission)
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graft (69% versus 57% for the control group). The Acuseal graft is also a three-layer 
design, with an outer layer of ePTFE, a middle elastomeric membrane layer, and an 
inner ePTFE layer that is heparin bonded. One year primary unassisted patency is 
reported as 35%, with a 1 year cumulative graft patency rate of 79% [47]. Other 
multilayer grafts are available in some countries, such as the Rapidax graft. The 
Rapidax graft appears to have a similar design to Acuseal, although published data 
on outcomes with it are more sparse [21, 132].

4.7  Biological Conduits

Biological conduits, including cryopreserved vessel and xenograft vessels, have 
been utilized for decades [57, 74]. Most frequently, these conduits are utilized when 
access needs to be placed, preserved, or revised in the setting of infection. 
Historically, there has been concern for the mechanical strength, aneurysm ten-
dency, and cost for these conduits, although process improvements have somewhat 
improved upon these concerns. Cryopreserved human vein has been successfully 
utilized for dialysis access, with patency results are at least as good as expected for 
AVGs [62, 63, 93]. While there is conflicting data, cryopreserved human vein raises 
a concern for possible allosensitization for future transplantation [11].

Bovine vessels, including mesenteric vein and carotid artery, are also available. 
Bovine carotid artery, commercially available as Artegraft, is available in 6–8 mm 
sizes, with a variety of lengths between 15 cm and 50 cm. In a prospective, random-
ized trial, bovine carotid artery had similar 1 year secondary patency when com-
pared with ePTFE but improved 1 year primary and assisted primary patency [74]. 
Infection and pseudoaneurysm rates were similar between the groups, with the 
bovine carotid artery group having fewer thromboses. Bovine mesenteric vein 
(ProCol) has shown similar results [72]. Bovine pericardium is also available, and 
is useful for arterial patching in infected fields [96]. In addition, decellularized 
extracellular matrix sheets from procine small intestinal submucosa (CorMatrix 
ECM) that were tubularized at time of surgery to size have been utilized for AVF 
aneurysm repair [34].

Tissue-engineered grafts are on the horizon. Reports with the Lifeline tissue- 
engineered vascular graft demonstrated the feasibility of clinical use [94, 138]. This 
graft was produced by growing monolayers of fibroblasts from a skin biopsy from 
the proposed recipient. This layer was tubularized and then decellularized. 
Subsequently, an external layer of fibroblasts was added, and the inner (luminal) 
surface was endothelialized with endothelial cells cultured from recipient vein 
(Fig.  4.5). Sixty percent patency was demonstrated at 6  months. More recently, 
phase-2 trial results have been published for Humacyte’s bioengineered human 
acellular dialysis graft [83, 100]. This conduit was produced by culturing human 
smooth muscle cells on a polymer scaffold (Fig. 4.6). The conduit was subsequently 
decellularized. After implantation, there is colonization by host cells, essentially 
resulting in a population of cells consistent with a vessel undergoing remodeling. In 
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the combined results of two phase-two studies, with 60 total patients, these conduits 
had 28% 1 year primary patency, 38% assisted primary patency, and 89% secondary 
patency, with only three infections. Although there was some aneurysmal forma-
tion, it mostly seemed to be limited to cannulation sites.

4.8  Pharmacological Interventions

There are currently a number of investigational adjuvant medical therapeutics 
designed to increase the patency of AV fistulas or grafts. These therapies can be 
local therapies delivered at the time of fistula creation or can be systemic medica-
tions administered after fistula creation.

Recombinant type-I pancreatic elastase (PRT-201) is an investigational com-
pound which has been studied in phase-1 and phase-2 clinical trials on AV fistulae 
and AV grafts. The mechanism of action is thought to be related to the elastase’s 
cleavage of amino acid sequences on elastin in adventitial fibers [109]. An investi-
gational group has assessed the effect of PRT-201 applied directly to the adventitia 
of the inflow and outflow blood vessels of newly created radiocephalic or brachio-
cephalic AVF [58, 109]. The phase-1 trial compared 45 participants who received a 
variety of different doses of PRT-201 with 21 participants who received placebo [109]. 
The phase-2 trial compared 51 participants receiving placebo with 51 participants 

Fig. 4.5 Lifeline vascular-graft system. The key is as follows: 1 skin biopsy, 2 propagation of 
autologous fibroblasts (green) in cell culture, 3 formation of confluent monolayer from autologous 
fibroblasts (green), 4 biofabrication of vascular tube by rolling of first monolayer from autologous 
fibroblasts (green), 5 decellularization and formation of acellular tubular internal membrane 
(blue), 6 rolling of second monolayer (green) around acellular internal membrane (blue), 7 forma-
tion of vascular graft from two concentric acellular and cellular layers, 8 endothelialization (red), 
9 implantation of endothelialized autologous tissue-engineered vascular graft for hemodialysis 
access (From Mironov and Kasyanov [100], used with permission)
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Fig. 4.6 Humacyte’s bioengineered human acellular dialysis graft system. Smooth muscle cells 
(SMC) are seeded onto a biocompatible scaffold within a single-use bioreactor. During culture, a 
cellular bioengineered vessel is grown, which is then decellularized to produce the human acellular 
vessel. Gross appearance is an off-white uniform tubular structure, and hematoxylin and eosin 
stain and Masson’s trichrome stain show dense extracellular matrix without cellular or nuclear 
remnants (From Lawson et al. [83], used with permission)

who received 10 μg, and 49 participants who received 30 μg, of PRT-201 [58]. All 
participants in both trials were followed up for 12 months. The phase-1 study had as 
its primary outcome measure safety, and the primary efficacy outcome measure was 
the proportion with a ≥25% increase in the diameter of the AVF outflow vein or 
blood flow immediately after treatment. There was no difference between groups 
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for the primary efficacy outcome measure. The phase-2 trial’s primary efficacy 
measure was unassisted primary patency. In that study, PRT-201 appeared safe and 
was associated with a 33% reduction in the hazard ratio for loss of primary patency 
in the 30-mg group, but this was not statistically significant [58]. A subgroup of 
patients undergoing placement of a radiocephalic fistula and treated with elastase 
did demonstrate a statistically significant increase in primary patency at 3 years 
[109]. A phase-III trial has begun to enroll patients. The effect of PRT-201 on AV 
grafts has also been investigated [35]. This study compared 28 participants who 
received placebo compared with 61 participants who received variable doses of 
PRT-201 applied directly to the vein-graft anastomosis and the adjacent outflow 
vein at the time of AV graft construction. Outcomes were reported after 12 months 
and showed a nonsignificant benefit in favor of treatment.

Another strategy to assist fistula maturation or prevent neointimal hyperplasia is 
the use of “wraps” or other matrices to provide sustained, local drug release. A recent 
example is the evaluation of a sirolimus-eluting collagen wrap (Coll-R) in humans 
[108]. In this study, 12 chronic hemodialysis patients underwent surgical placement 
of 13 PTFE grafts + Coll-R around the site of the venous and PTFE anastomosis and 
were followed for up to 24 months. The primary endpoint was safety, and secondary 
endpoints were pharmacokinetics of sirolimus release, success of Coll-R implanta-
tion, and primary unassisted graft patency. There were no technical failures, infec-
tions, vascular anastomotic, or wound-healing problems reported, but the lack of 
controls prevents an analysis of efficacy. A sirolimus-impregnated polymer mesh 
was recently tested for safety and efficacy for hemodialysis access but was termi-
nated due to an increase in the rate of graft infection in the experimental group [23].

4.9  Systemic Therapies to Facilitate Access Patency

A number of systemic pharmacological agents have been employed in placebo- 
controlled trials to determine their effectiveness in facilitating access patency 
including ticlopidine, warfarin, dipyridamole with aspirin, and clopidogrel. Three 
trials compared ticlopidine with placebo, with a total number of 339 participants 
undergoing AV fistula formation or graft interposition [42, 50, 51]. These trials 
showed increased AV fistula patency, but follow-up was only 1 month in duration. 
Furthermore, ticlopidine has been withdrawn from the market, making the result 
less meaningful to the dialysis access population. The use of low-intensity warfarin 
demonstrated no beneficial effect on the group of participants treated with warfarin 
(versus placebo). This study was stopped prematurely due to an increased risk of 
bleeding complications [25].

The effects of dipyridamole and aspirin on vascular access have been investi-
gated. A randomized, double-blind, placebo-controlled trial of extended-release 
dipyridamole (ERDA), at a dose of 200 mg, and aspirin, at a dose of 25 mg, given 
twice daily after the placement of a new arteriovenous graft until the primary out-
come that loss of primary unassisted patency was reached, was performed [33]. 
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The incidence of primary-unassisted patency at 1  year was 23% in the placebo 
group and 28% in the dipyridamole with aspirin group. Although the ability of 
dipyridamole with aspirin to inhibit graft failure was significant, the clinical effect 
of this therapy was modest—a delay of 6 weeks of loss of primary patency. A sec-
ondary analysis of the data from this trial examined the relationship of preexisting 
aspirin use on graft outcomes [32]. As 43% of patients who entered the trial were 
taking aspirin before randomization (typically 81  mg/d), the study was able to 
compare outcomes associated with aspirin use across and within randomized 
groups assigned to either ERDP/aspirin or placebo. After adjustment for unbal-
anced baseline covariates, there was a relative difference of 17% in favor of patients 
who were taking aspirin before randomization. The estimated relative risk reduc-
tion associated with prerandomization aspirin use was 27% in patients who were 
randomly assigned to placebo and 10% in patients who were randomly assigned to 
ERDP/aspirin [32].

Two trials compared the effects of clopidogrel versus placebo. The first com-
pared 46 participants who received 75 mg clopidogrel daily with 47 who received 
placebo [46]. Treatment was initiated 7–10 days prior to formation of a native arte-
riovenous fistula and continued for 6 weeks postoperatively. The primary outcome 
was fistula failure at 8 weeks. In this study, 2 out of the 46 participants in the clopi-
dogrel group compared with 10 out of 47 in the placebo group had AVF failure at 8 
weeks. The second study assessed 866 participants for patency failure 6 weeks after 
native arteriovenous fistula formation as its primary outcome [31]. A total of 436 
participants received a loading dose of 300 mg clopidogrel on postoperative day one 
followed by 75 mg daily; and 430 received matching placebo daily. They reported 
that 53 out of 436 participants in the treatment group and 84 out of 430 in the pla-
cebo arm developed fistula thrombosis at 6 weeks. Clopidogrel in this study reduced 
the frequency of early thrombosis of new arteriovenous fistulas but did not increase 
the proportion of fistulas that become suitable for dialysis, which is likely a more 
relevant clinical outcome.

4.10  Interventional Advancements

Over the last decade, endovascular surgery has blossomed. As would be expected, 
many of these innovations are useful for the maturation and maintenance of vascular 
access. Comprehensive surgical care for dialysis patients requires endovascular sur-
gical skills, or at the very least direct coordinated access to an interventionalist. 
First, there is the obvious outcome advantage of understanding, and being able to 
provide, comprehensive services to this patient population—as well as their refer-
ring nephrologists. Also, in a classic example of “don’t make razors, make razor 
blades,” access placement is undervalued, whereas effective reimbursement for 
endovascular access interventions is double that for open primary placements and 
revisions [5, 92].
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For some time, both covered and bare metal stents have been successfully 
used for dialysis access, particularly for central and other outflow stenoses [8, 
17, 116], with pseudoaneurysms of established vascular access particularly well 
treated by covered stents [125]. However, stents can migrate or fracture, as well 
as limit future surgical options by preventing usage of the involved vein seg-
ment, so long-term view must be entertained before deployment. Often plain 
angioplasty is performed initially, with avoidance of stenting, until a stenotic 
lesion is deemed resistant and surgical jump grafting options have been consid-
ered. Newer options for angioplasty that avoid stenting, may impact this algo-
rithm, as both cutting balloons and drug eluting (paclitaxel coated) balloons 
have shown improved outcomes in the treatment of venous (outflow) stenoses 
[2, 67, 75, 76].

4.11  Distal Hypoperfusion Ischemic Syndrome

The principles of distal hypoperfusion ischemic syndrome, or “steal syndrome,” 
have remained constant. Workup, including measurement of AVF flow rates (i.e., 
determination of high versus low AVF flow-related distal ischemia) and assessment 
for anatomically corrected lesions (e.g., upstream arterial lesions) or operative tar-
gets remains central to adequate evaluation. Often, patients have associated coro-
nary or peripheral arterial disease [112], which sometimes limits surgical options. 
High-flow AVF may be amenable to banding. An interventional approach to band-
ing has been developed. The minimally invasive limited ligation endoluminal- 
assisted revision (MILLER) banding procedure has become more common. The 
AVF is percutaneously accessed downstream from the anastomosis. Near the anas-
tomosis, the vessel is isolated, and the vessel is banded over a balloon. This approach 
allows more precise narrowing while also allowing concurrent fistulograms with 
arterial runoff [98]. For other patients, distal ligation with interval ligation (DRIL) 
remains an option [13, 77], but proximalization of the arterial inflow (PAI) has 
become increasingly common (Fig.  4.7). For the PAI procedure, a jump graft is 
performed from a more proximal location on the brachial artery to the outflow vein 
close to the anastomosis with a 4 or 5 mm ePTFE graft in an end-to-end fashion, 
resulting in inflow from a larger vessel and a longer segment of higher resistance 
conduit. Approximately 85% of patients have resolution of symptoms, with most of 
the rest having symptom improvement [139].

4.12  Novel Devices

There has been a recent surge in interest in device development for dialysis access. 
The most commonly recognized device is the Hemodialysis Reliable Outflow 
(HeRO) vascular access device (Fig. 4.8), which has been on the market for about a 
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decade now. The HeRO has two sections, an AVG component and the outflow 
(central) extension [73]. The HeRO is designed to bypass severe central stenoses. 
As its outflow is 20 Fr sized, it requires significant inflow and is not a good option 
for patients at high risk for steal syndrome. The central portion is placed under fluo-
roscopy. Stenotic balloon dilation or even caval recanalization is sometimes required 

Cephalic Vein

a b

Radial Collaterals

Interval Ligation

Reversed Saphenous
Vein Graft

Ulnar Collaterals

Brachial Artery, Vein

Fig. 4.7 (a) DRIL procedure using reversed saphenous vein graft (From Berman et al. [13], used 
with permission). (b) PAI procedure using distal (←) or proximal axillary artery (←//—) (From 
Zanow et al. [139], used with permission)

Fig. 4.8 HeRO device (From Katzman et al. [73], used with permission)
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to pass this portion of the conduit past the lesion, to the early right atrium. An arte-
rial anastomosis is performed to the AVG portion, with the venous limb of this 
component connected to the central component by a metal connector, typically at 
the deltopectoral groove for HeRO placed in the upper extremity. Infectious compli-
cations are typically similar to an ePTFE AVG, with similar need for interventions 
[73, 81, 102, 130].

The Venous Window Needle Guide (VWING) device provides an alternative to 
superficialization of deep AVF (Fig. 4.9). The VWING is conceptually like a pole 
vault box; it is a metal guide box that is implanted in one or two locations on fistulae 
that are too deep. The VWING is effective for a depth range of 6 mm to 15 mm. The 
device is designed to be palpable through the skin and guides the needle to the des-
ignated cannulation sites. In two combined clinical trials, the device maintained 
continued ability to access the designated sites for 65% of enrolled patients [43]. 
Only 1 of the 54 patients required removal of the VWING for infection, with another 
7 patients having VWINGs removed for cannulation difficulties.

An AVG is under development that is designed to prevent back wall injury to the 
access. The Bullet Proof vascular access graft is not currently commercially avail-
able but under development [60]. This device is an AVG with two cannulation zones 
(Fig.  4.10). The cannulation zones have a solid back wall that prevents further 

Fig. 4.9 VWING device (From the manufacturer, Vital Access, and Galt et al. [43], used with 
permission)

Fig. 4.10 Bullet Proof 
AVG. The red area 
represents the solid 
backwall (From the 
manufacturer, InnAVasc 
Inc., used with permission)
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penetration by the needle. The cannulation zone is larger than the rest of the AVG, 
allowing needle placement by palpation.

Two investigations devices are in clinical trials that relate to open AVF anastomosis 
creation. The VasQ is an external support device that slides over the outflow vein, 
which is then brought over the anastomosis on completion, with the goal of mini-
mizing flow disturbances at the anastomosis (Fig. 4.11). In an uncontrolled study of 
20 patients designed to evaluate safety, primary AVF rates at 6 months were 79% 
with no serious device-related complications [20]. The Optiflow device is an inter-
nal insert designed to minimize the need for anastomic suturing (Fig. 4.12). The 
device has a flange that is deployed in the artery, with a tube that the vein is placed 
over. The vein is tied in place with an encircling silk suture. In a small trial of 
patients undergoing brachiocephalic AVF, outcomes were similar to traditional 
operative placement in matched controls [103].

Fig. 4.11 VasQ device 
(From the manufacturer, 
Laminate Medical 
Technologies Ltd., used 
with permission)

Fig. 4.12 OptiFlow device 
(From Nikam et al. [103], 
used with permission)
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There are three investigational devices undergoing clinical trials for endovascu-
lar AVF anastomosis creation, although none are currently released for general use 
in the United States. The Ellipsys Vascular Access System, which is considered an 
investigational device in the United States with the clinical trial “Percutaneous 
Less Invasive AV Fistula for Vascular Access in ESRD,” utilizes a single catheter 
that is advanced overwire through an appropriate perforating vein into the proxi-
mal radial artery. The catheter device is deployed, which sandwiches the vessel 
wall surfaces of the artery and vein. Utilizing electrocautery, the device creases an 
elliptical anastomosis. Presumably, collaterals are either coiled or ligated. While 
results from the larger trial are pending, preliminary international results show 7 of 
10 patients obtaining flows > 400 mL/min at 6 weeks or utilizing the AVF for dialy-
sis [10, 55, 56].

The everlinQ system utilizes two catheters with embedded magnets and specifically 
aligned components to allow radiofrequency cutting between the two catheters [114]. 
The arterial catheter is advanced into the proximal ulnar artery just distal to the antecu-
bital space, whereas the venous catheter is placed in the nearby ulnar vein (Fig. 4.13). 

Venous catheter

Arterial catheterMagnets

Radiofrequency electrode creates fistula

Embedded magnets align catheters

a

b

Fig. 4.13 (a) Schematic of everlinQ device. (b) AVF created using everlinQ between the ulnar 
vein and ulnar artery (arrow). Injection of contrast from the brachial artery demonstrates flow 
through the fistula filling the cephalic vein (C) and the basilic vein (B) (From Rajan [114], used 
with permission)
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Fig. 4.14 InterGraft device. (a) Deployed arterial limb. (b) Deployed venous limb (From the 
manufacturer, Praxis Inc., used with permission)

Deep perforating veins allow flow to more superficial median antecubital, cephalic, and 
basilica veins, with coiling is utilized to redirect flow from the brachial vein system. 
Preliminary results from a small international clinical trial demonstrated successful 
creation of an AVF in 32 of 33 patients, with 24 of the 27 patients with follow-up were 
utilizing the AVF for dialysis at 6 months [115]. There is an ongoing international trial, 
entitled the Novel Endovascular Access Trial (NEAT). Finally, the InterGraft device 
deploys arterial and venous connectors via endovascular delivery, with an AVG tun-
neled between the two sites (Fig. 4.14). In a trial of 9 patients, 3 withdrew from the 
study for unrelated reasons, with the other 6 demonstrating AVG patency or assisted 
patency at 6 months [36].

4.13  Conclusion

Dialysis access remains the lifeline of the ESRD patient. Endovascular techniques 
have increased the ability to mature and maintain vascular access. A number of 
conduits and devices, as well as pharmacological agents, that are recently available 
or on the horizon show promise to significantly impact the field. As with transplant 
itself, a comprehensive multidisciplinary approach is required, not only to optimize 
outcomes, but also to maintain a comprehensive program of CKD and ESRD care, 
which includes not only nephrology care and dialysis access surgical care, but also 
kidney transplant for appropriate patients.
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Chapter 5
Robotic Surgery in Organ Transplantation

Ivo Tzvetanov, Sandra Garcia Aroz, Mario Spaggiari, and Enrico Benedetti

Abstract The application of minimally invasive surgical technologies has gained 
widespread adoption. The surgical robotic system has allowed surgeons to perform 
complex procedures, otherwise unachievable. Robotic systems afford access to 
minimally invasive surgery to more patients with a variety of pathological conditions. 
Better surgical dexterity and vision for surgeons, in addition to a facilitated learning 
curve, compared to conventional laparoscopic surgery, leads to lower rate of 
complications and higher patient satisfaction. Until recently, these benefits were 
inaccessible for patients in need of solid organ transplants. Conventional laparos-
copy has been seen as non-applicable for such a technically demanding procedure. 
The introduction of the da Vinci Robotic Surgical System has expanded the ability to 
complete solid organ transplantation in a minimally invasive fashion. Robotic appli-
cations in kidney, pancreas, and liver transplantation have been reported. There are 
several groups which report their experiences and initial results showing the viability 
of this technique in the field. The biggest experience has been described in kidney 
transplantation. One of the main advantages of the robotic surgery is the significantly 
lower rate of surgical site infections, which in immunosuppressed patients is reflected 
in superior outcomes. Another proven advantage is that the robotic kidney approach 
permits transplantation in extreme BMI categories without additional technical 
complications. The first results in pancreas transplantation and living donor hepatec-
tomies are very promising; however, larger series are needed in order to address the 
value of the robotic surgery in other areas of solid organ transplantation.

5.1  History of Surgical Robotics

Abdominal surgery has been exposed to many changes in the last two decades and 
laparoscopic surgery has become the greatest innovation. Minimally invasive 
surgical technologies have shown benefits that include reduced recovery period, 
fewer wound complications, and reduced surgical scars [1].
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The world’s first surgical robot, the Arthrobot, was developed in Canada.  
It was used for the first time in Vancouver, in 1983. The Arthrobot was a bone 
mountable hip arthroplasty surgery robot. At the same time, other projects includ-
ing medical robots were developed. These projects included a robotic arm 
involved in eye surgeries and another robotic arm designed to assist the surgeon 
handling the instruments. The next experience was in 1985, when the PUMA 560 
robotic arm was used to perform a neurosurgical biopsy, placing a needle for a 
brain biopsy using CT guidance. This procedure led to the first laparoscopic sur-
gery involving a robotic system; it was a cholecystectomy performed in 1987. 
Both PUMA system and the PROBOT, developed in London, were two systems 
used in 1988 to perform the first urological robotic-assisted surgeries [2].

The Automated Endoscopic System for Optimal Positioning 3000 (AESOP, 
Computer Motion, Inc., Goleta, California) was the first robotically assisted surgical 
device approved by the FDA in 1994. The AESOP employs a single mechanical arm 
with six degrees of freedom to position an endoscope. The AESOP allows the sur-
geon to position the endoscope through either voice-activated or manual controls.

The Zeus Robotic Surgical System was introduced in 1998. It employs a remote 
“master” workstation where the surgeon views a flat panel two-dimensional (2-D) 
or three-dimensional (3-D) display and maneuvers two handheld manipulators to 
direct movement of two robotic arms that are attached to the operating table. The 
operator’s hand movements are digitized and translated into a robot motion in real 
time. A camera is mounted on a third arm that is either controlled by foot pedal or 
by voice activation (AESOP).

5.1.1  Da Vinci Robotic Surgical System

The da Vinci Robotic Surgical System, also introduced in 1998, uses a surgeon-oper-
ated console located outside the sterile field. The da Vinci’s Insite Vision System 
affords true stereoscopic 3-D vision of the surgical field. The da Vinci’s EndoWrist 
has seven degrees of freedom and adjustable grip strength. Rotation of the master 
controls clockwise results in “intuitive” clockwise rotation of the instrument [3, 4]. 
Himpens and Cadière performed the first robotic-assisted cholecystectomy on a 
72-year-old patient on March 3, 1997 [5]. Robotic-assisted surgery is currently used 
in all surgical disciplines. Practically all gastrointestinal surgical procedures have 
been performed with a da Vinci Robotic Surgical System, from renal grafts to liver 
harvesting from a live donor. In 2009, the latest generation arose with a high-defini-
tion (HD) vision system. It also allows a second console to the surgeon console, an 
innovation that allows a novice surgeon to be coached by a mentor during the proce-
dure and thereby increases safety during the learning curve [6]. However, the greatest 
limitations of the current robotic system are high cost and lack of haptic feedback [7].

In the field of complex procedures such as transplantation, open surgery is still 
the standard procedure. These operations have been considered too technically 
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demanding by conventional laparoscopy, [8] but the introduction of precise 
surgical robotic systems such as the da Vinci Robotic Surgical System has 
expanded our ability to complete complex surgical procedures in a minimally 
invasive fashion and increase the interest for a robotic application in the field of 
organ transplantation. Robotic surgery has been successfully used in kidney trans-
plantation and, in a lesser proportion, in pancreas transplantation and donor hepa-
tectomies for living donor liver transplantation.

5.2  Robotic Hand-Assisted Living Donor Nephrectomy

The opportunity to perform a transplant when the recipient is in optimal condition 
and attain a better quality of kidney allografts makes the living donor transplant 
an excellent treatment for patients with end-stage renal disease. In addition, time 
on dialysis can be minimized or even avoided. Given all these advantages, better 
outcomes such as higher graft and patient survival have been shown as compared 
with deceased donor transplantation. The main obstacle of living donation 
remains the exposure of a healthy individual to the inherent risk of a surgical 
intervention without a direct health benefit. The availability of minimally inva-
sive surgery for donor nephrectomies implies reducing postoperative pain, 
achieving faster recovery, and minimizing the surgical incisions. These condi-
tions have become significant factors to greatly enhancing living donation rates 
[9]. The da Vinci Robotic Surgical System has been used in living donor nephrec-
tomies as a logical extension of the widely adapted minimal invasive approach 
[10]. After acquiring experience with the technique in general surgery, the first 
worldwide transabdominal hand-assisted robotic donor nephrectomy was per-
formed successfully at the University of Illinois at Chicago in 2000 [11]. Since 
then, this institution has performed over 950 robotic donor nephrectomies with 
excellent outcomes [12, 13].

5.2.1  Preoperative Evaluation and Donor Selection

The evaluation for robotic surgery of the potential kidney donors does not differ 
from the widely accepted approach. The physiological assessment, immunologic 
compatibility, current medical status, and function and anatomy of the kidneys com-
plete the screening. This evaluation is performed by the transplant team.

The decision regarding which kidney will be harvested is based on the function 
and anatomy. Usually the left kidney is procured due to its anatomy (longer left 
renal vein) and the lower complexity of the left nephrectomy. The higher precision 
of the surgical dissection feasible by the robotic system allows harvesting of kidneys 
with more complex anatomy, such as multiple arteries.
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5.2.2  Surgical Procedure

The donor is usually admitted the day of the procedure. For a left nephrectomy, the 
patient is rolled into right lateral decubitus position with cushioned beanbag and 
axillary roll. An adequate fixation of the patient to the operative table is important, 
because any instability after docking the robotic system could jeopardize the safety 
of the procedure.

Robotic-assisted donor nephrectomy is a transabdominal procedure. Four lapa-
roscopic ports and one infraumbilical incision are done to perform this procedure. 
The most common incision is a 7-cm transverse, suprapubic, Pfannenstiel incision, 
but if the patient prefers another incision, a longitudinal or transverse abdominal 
incision can be offered.

A 12-mm laparoscopic port is placed above the umbilicus, close to the midline, and 
at the level of renal hilum. This port is required for the 30° robotic camera system. The 
left midclavicular line is the appropriate position to place the two 8-mm robotic working 
ports to achieve good triangulation. These ports are located proximal and distal, 10–12 cm 
apart from the camera port. The left lower quadrant is the location preferred to place the 
last 12-mm port which is used to assist with suction, clipping, stapling, and cutting. The 
robotic system is docked and integrated to the ports and pneumoperitoneum is achieved.

The descending colon is retracted medially and freed from lateral peritoneal 
attachments allowing the exposure of the left paracolic gutter. The descending and 
the sigmoid colon are then fully mobilized. The splenocolic ligament is also tran-
sected and additionally cauterized with bipolar pickups. Following the exact plan 
between the mesentery of the left colon and the Gerota’s fascia allows bloodless 
exposure of the anterior surface of the left kidney even in cases with significant 
intra-abdominal adiposity. Occasionally, if the lower pole of the spleen overlays the 
upper pole of the kidney, the posterior splenic attachments are transected and the 
spleen is partially mobilized. The operating surgeon has to be very cautious to avoid 
injury of the body and tail of the pancreas.

The assistant surgeon retracts to a medial position in the left colon, and this 
maneuver allows exposure of the retroperitoneal space. The ureteral dissection is 
performed circumferentially. A correct blood supply of the ureter is assured through 
a generous amount of adipose tissue conserved around the ureter. During this time, 
if present, the finding of a lower polar artery originating from the distal abdominal 
aorta should be identified. Unintentional injury of this vessel would deprive the 
ureter from an adequate blood supply.

The gonadal vein is followed proximally to its junction with the renal vein. The tis-
sue in front of the renal vein is transected and vein exposed medially to its junction with 
the inferior vena cava (IVC). The left adrenal vein is identified along the upper border 
of the renal vein. In most of the cases, at least one lumbar vein will be joining the left 
renal vein. The precision during the isolation and transection of these veins cannot be 
overemphasized. In these cases, the articulating skills of the robotic system and the 3-D 
vision give significant advantage over conventional laparoscopic instruments. All these 
veins contributing to the left renal vein are clipped and transected.
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Proximal to the left renal vein, the adrenal gland is identified and it should be left 
intact. If a sizable 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 previously mobilized ureter is clipped with two robotic clips where it crosses 
the iliac vessels and is sharply transected proximal to the clips. The assisting sur-
geon’s hand helps to divide the posterior attachments of the kidney.

The circumferential dissection of the left renal artery should be carried to its 
origin from the aorta. If multiple arteries are present, every vessel has to be dissected 
free as described. When this step is finished, the renal artery and vein are the only 
connection of the kidney.

The assistant surgeon advances the Endo TA stapler through the 12-mm left 
lower quadrant port with vascular load. The utilization of Endo TA stapler allows 
additional length of the artery that facilitates the implantation of the graft. The renal 
artery is stapled with a TA vascular stapler on its origin from the aorta. The latest da 
Vinci Xi version, with integrated stapler, allows this step to be completed by the 
operating surgeon from the console. The artery is sharply divided with robotic scis-
sors at least 3–4 mm distal from the stapler line. The renal vein is divided with an 
Endo GIA vascular stapler, inserted by the assisting surgeon through the left lower 
quadrant assisting port.

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 veri-
fied. Last, the presence of chylous and lymphatic leak should be interrogated. The 
robotic system facilitates significantly if suturing is necessary.

If the right kidney is to be procured, the procedure is efficiently performed with 
the robotic system in contralateral fashion from the one described.

5.3  Living Donor Totally Robotic Nephrectomy

Giacomoni et  al. have recently reported a study describing a modified robotic 
technique [14]. This technique presents some modifications that allow a completely 
robotic approach. Their study compares the robotic hand-assisted approach to a 
totally robotic approach for living donor nephrectomies. The study describes 33 
nephrectomies performed with the modified approach. These modifications are 
described below.

The patient’s decubitus position is modified from right 60° lateral decubitus to 
completely right lateral 90° decubitus. The first surgical step is to perform a Kustner 
preparatory incision of around 8–10 cm, by opening the fascia and the peritoneum. 
A camera trocar (12 mm) is moved on the hemiclavicular line and placed using the 
intra-abdominal hand control through the Kustner incision. Two 8-mm robotic tro-
cars are placed under direct camera vision, and they are moved from the left 
hemiclavicular line to the left anterior axillary line in this modified technique.

5 Robotic Surgery in Organ Transplantation



122

Concerning the surgical console time, leading modifications are the following: 
introduction of the Ultracision during the kidney dissection and increased applica-
tion of the metallic clips. At the time of vessel stapling, the kidney is placed into the 
Endobag previously positioned. After the renal vessels are ligated and divided, 
specimen extraction occurs by closing the Endobag and cutting the running suture 
of the fascia, completing the extraction.

In our literature review, the University of Illinois group is the only center with the 
hand-assisted approach, while the other series that are mentioned such as Hubert 
et al. in 2007, with 38 cases, describe a totally robotic approach [15].

In all studies, and even if the left kidney has multiple arteries, it is preferred over 
the right kidney. The main indication for procuring the right kidney is the presence of 
anatomical defects incompatible with transplantation in the left kidney or significant 
difference in function between both kidneys.

5.3.1  Discussion

The first living donor nephrectomy was performed in 1954 through a flank incision 
[16]. Since that initial case, the number of living donor cases have steadily 
increased and currently represent approximately 40% of the total kidney transplant 
activity in the United States [17]. The application of minimally invasive surgery 
has contributed to an increase in the donation rates [9]. Presently, the laparoscopic 
procedure is available in 90% of the US centers compared to 49% in 2000 [18]. 
Minimally invasive surgery reduces the surgical trauma to the willing healthy 
donor, shortens the hospital stay by significantly decreasing the postoperative 
pain, and allows for early mobilization. Furthermore, the cosmetic results are usu-
ally better than open technique. Consequently, minimally invasive techniques are 
more acceptable for the donors.

The initial transperitoneal laparoscopic donor nephrectomy was described by 
Ratner in 1995 [19], through a 9-cm infraumbilical incision; the patient recovered 
uneventfully and was discharged home the following day. Since that time, the pro-
cedure has evolved into a wide range of techniques. From the early experiences, 
laparoscopic technique has shown to offer improved donor recovery compared to 
open donor nephrectomy, with similar morbidity and mortality and comparable 
graft function and survival rates in the recipients [5, 20]. The convalescence and 
return to work are faster after laparoscopic techniques [21].

The da Vinci Robotic Surgical System offers several potential advantages over 
the laparoscopic technique, including facilitated dissection, easier suturing and 
knotting, smoother learning curve, and better comfort for the surgeon. These 
advantages are due to the high-definition three-dimensional view, the EndoWrist 
technology (improving the freedom of movements and filtration of tremors), and 
the console conformation and work station. The first worldwide robotic donor 
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nephrectomy was performed in September 2000 at the University of Illinois. The 
early experience of this procedure was published by Horgan et al. and showed the 
feasibility of robotic nephrectomy.

Since that time, different reports have described the same procedure with many 
modifications to the surgical technique [11, 12, 15, 22–24]. Regardless of the differ-
ent techniques adopted for this procedure, all of the articles published on the topic 
confirm the safety and feasibility of robotic donor nephrectomy.

5.4  Robotic-Assisted Kidney Transplantation

The first totally robotic transabdominal kidney transplant (RKT) was performed in 
2009 by the group from the University of Illinois at Chicago, published by 
Giulianotti et al. Total operative time was 223 min, with warm ischemia time of 
50 min. Boggi et al. published the first successful European RKT in 2011, describ-
ing a slightly different technique. Giulianotti’s group used a periumbilical inci-
sion, while Boggi et al. utilized a 7-cm Pfannenstiel incision. Total operative time 
was 154 min, with 51 min of warm ischemia. Doumerc et al. described another 
novel approach to RKT in 2015, using a transvaginal approach to introduce the 
renal graft into the peritoneum, through a vaginal incision. Mean operative time 
was 200 min and anastomotic time was 55 min. At that point, the technique was 
described only for the kidney transplant recipient; however, later in 2015 the same 
group described the first pure robotic-assisted approach to living donor kidney 
transplantation utilizing the transvaginal technique for both the donor and the 
recipient surgeries [25].

Over the last few years, a new technique allowing for intracorporeal regional 
hypothermia of the graft has also been described [26, 27]. The authors use a perium-
bilical incision as well but describe the use of a novel gauze jacket filled with ice 
slush. They report a reduced warm ischemia time and also allowed for atraumatic 
handling of the graft.

The majority of transplant centers consider BMI ≥40 kg/m2 a contraindication 
for transplant. Oberholzer et  al. presented a study on a cohort of morbid obese 
robotic kidney recipients compared to the open approach. Initial results showed the 
advantages and feasibility of the robotic-assisted procedure [28]. This strategy 
opened the opportunity for transplantation to candidates previously rejected due to 
obesity. At present, our group has performed 170 robotic kidney transplants for 
obese recipients. The robotic system allows to  minimize the incision by changing 
the location to the upper abdomen, away from a much more contaminated groin 
area. With this technical modification, we were able to almost completely eradicate 
the surgical site infection in this extremely high-risk patient group. This type of 
complication appears to be very significant factor for the graft survival.
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5.4.1  Surgical Technique of RKT

The patient is secured to the operative room table by using shoulder block and tape. 
Legs are flexed at the knees and kept close together. The hand device is placed 
through a 7-cm midline incision, approximately 5  cm in length (Fig.  5.1 trocar 
placement in robotic kidney transplantation) below the xyphoid process. 
Laparoscopic ports (Fig. 5.1) are positioned in the following manner: (1) one 12-mm 
port for the 30° robotic scope is inserted to the right of the umbilicus; (2) two 7-mm 
robotic ports are inserted  – one is placed in the right flank and the other one is 
placed in the left lower quadrant; and (3) a 12-mm assistant port is placed on the left 
side of the umbilicus between the camera and the left lower quadrant robotic port. 
The patient is placed in 30° Trendelenburg position with the right side elevated (for 
implantation to the right external iliac vessels). The robot system is docked into 
position from the patient’s right leg site parallel and slightly diagonal to the body.

The right external iliac artery and vein are exposed and dissected after the peri-
toneum is incised. A vessel loop is used to retract the artery upward facilitating the 
exposure and the dissection around the external iliac vein. Similarly, the dissection 
on the posterior surface of the vein is achieved with another vessel loop, which is 
placed around the iliac vein.

Two robotic bulldog clamps are used to clamp the external iliac vein. The venot-
omy (about 15 mm in length) is performed using robotic scissors. A 12-cm, double- 
needle, 5-0 Gore-Tex suture with a knot in the middle is placed at the corner of the 
venotomy. Then, the assistant surgeon inserts the kidney graft in the abdominal 
cavity and orients it properly. The venovenous anastomosis is performed first 
(Fig. 5.2). This anastomosis is completed in an end-to-side fashion with running 
suture. Next, the external iliac artery is then clamped between robotic bulldogs, 

Fig. 5.1 Trocar placement

I. Tzvetanov et al.



125

and an oval-shaped window is made in the anterior wall of the artery using robotic 
scissors. The arterial anastomosis (Fig. 5.3) is completed in an end-to-side fashion 
with 12-cm double-needle 6-0 Gore-Tex suture with a knot in the middle. The ease 
of the fine vascular suturing allowed by the high-definition 3D vision and wrist-
like instrument motion of the robotic system are the most important advantages for 
this procedure.

Once the reconstruction is completed, venous clamps are removed first, followed 
by immediate removal of the arterial clamps. The reperfusion of the organ (Fig. 5.4) 
and hemostasis are additionally verified and bleeding points secured with 6-0 
Prolene suture. At this point, the pressure of the pneumoperitoneum is decreased to 
minimize possible negative effect of high intra-abdominal pressure on the graft 
perfusion.

Diluted methylene blue solution is introduced in to the bladder in order to facili-
tate its identification. The ureter is anastomosed to the bladder (Fig.  5.5) with 
 running 5-0 Monocryl suture. The typical anti-reflux technique, suturing full thick-
ness of the ureteral wall with the mucosal layer of the bladder, is used. Utilization 
of ureteral stent is optional.

At the end of the procedure, the minilaparotomy is closed with running 0 PDS, and 
the two 12-mm port sites are closed with an endoclosure device and 0 Vicryl suture.

Fig. 5.2 Anastomosis of 
the renal vein

Fig. 5.3 Anastomosis of 
the renal artery
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5.4.2  Discussion

In line with existing comparative literature evaluating laparoscopic and open 
surgery, initial experiences at various institutions around the world have now 
demonstrated lower complication rates for RKT in comparison to similar open renal 
transplant cohorts [29, 30].

This technique has been applied within the last 7 years at the University of 
Illinois. During this time, more than 170 robotic-assisted kidney transplants in 
obese recipients have been performed. We used a BMI >30 kg/m2 as selection crite-
ria, without an upper limit. The mean BMI of the group was 40 kg/m2. We reported 
our early experience in a case–control study [28], where the first 28 robotic-assisted 
kidney transplants were compared to a frequency-matched retrospective cohort of 
obese recipients who underwent kidney transplantation by open technique. At 
48 months of follow-up, the GFR was 51.5 ± 30.7 ml/min/1.73m2 in the robotic 
group and 51.9 ± 21.8 ml/min/1.73m2 in the control group (p = 0.83). The rate of 
SSI was significantly higher in the control group when compared with the robotic 
group (28.6% vs. 0%, p = 0.004). At 4-year posttransplant, eight patients in the 
control group (28.6%) experienced graft loss when compared with five patients in 
the robotic group (17.9%). Three (37.5%) out of the eight patients who lost the graft 

Fig. 5.4 Kidney reperfusion; fluorescence imaging mode (left), normal 3DHD illumination mode 
(right)

Fig. 5.5 Anastomosis of 
the ureter to the bladder
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in the control group had concomitant SSI. The patient survival at 48 months was 
92.5% in the robotic group and 92.4% in the control group (p = 0.97). Besides the 
advantages of minimally invasive surgery as early mobilization and high patient 
satisfaction, excellent graft function was observed.

In another study that was recently performed by our group (Benedetti et al.), 
the UNOS registry was reviewed for adult living donor kidney transplant recipi-
ents with BMI≥40 kg/m2 performed from September 2009 to December 2014. 
We compared outcomes in robotic kidney transplantation (RKT) versus open 
technique kidney transplantation (OKT) at all US centers. Similar patient and 
graft survival were reported. Renal function, determined by creatinine levels and 
GFR, was also similar in both groups.

Based on these experiences, we can state that robotic-assisted kidney transplan-
tation is a safe and effective procedure. By achieving excellent kidney graft function 
and minimizing surgical complications, this surgical technique gives the opportu-
nity to the disadvantaged group of obese patients with ESRD to have more realistic 
access to transplantation.

The robotic approach has been used in different centers for autotransplantation 
as a salvage of kidneys with a variety of injuries. The technique published is similar 
to the one described [31–33].

5.5  Application in Pancreas Transplantation

Pancreas transplantation is a widely accepted procedure that restores the euglycemia 
in diabetic patients and can prevent progression of complications. Simultaneous 
pancreas–kidney transplantation (SPK) is successfully used in diabetic patients 
with end-stage renal disease.

Despite the advantages in surgical technique, pancreas transplantation has the 
highest rate of surgical complications among solid organ transplantation [34]. 
Therefore, the introduction of innovating surgical techniques to achieve a reduction 
of posttransplant morbidity in these patients is needed.

Boggi et  al. reported the first three pancreas transplants performed by the 
assistance of the da Vinci Robotic Surgical System in 2012 [35]. The three grafts 
were one pancreas alone, one pancreas after the kidney, and one simultaneous 
kidney–pancreas.

5.5.1  Surgical Technique of Robotic Pancreas Transplantation

The surgery is performed with the patient in supine position with the right flank 
slightly elevated. The table is then inclined 25° to the left, further elevating the right 
flank. A 7-cm midline incision is made just above the navel, and a GelPort (Applied 
Medical, Rancho Santa Margarita, CA) device is inserted. Four ports are positioned 
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in the following manner: (1) one 11-mm port is placed within the GelPort to create 
the pneumoperitoneum, (2) one 11-mm robotic port is placed slightly to the left of 
the midline a few centimeters below the navel for insertion and use of the laparo-
scope, and (3) two 8-mm robotic ports are placed along the right pararectal line 
5 cm below the costal margin and 3 cm above the pubis, respectively. The da Vinci 
Robotic Surgical System is placed to the patient’s right side.

The right colon is mobilized until the common iliac artery and the proximal segment 
of the inferior vena cava are exposed. To perform the vascular anastomosis, the iliac 
artery is cross clamped and the inferior vena cava is partially occluded using bulldog 
clamps, manually applied through the GelPort. The graft is then introduced through the 
hand port access and placed over the psoas muscle. The donor portal vein is anasto-
mosed end-to-side to recipient inferior vena cava using two half running sutures of 7-0 
ePTFE. The donor Y graft and recipient common iliac artery are anastomosed, using 
6-0 ePTFE.  The pneumoperitoneum is interrupted after graft revascularization and 
exocrine drainage is achieved by means of Roux-en-Y duodenojejunostomy.

In the simultaneous pancreas–kidney transplant, the kidney is transplanted in the 
ipsilateral iliac fossa, according to the technique previously described for robotic 
kidney transplantation. The suprapubic robotic port access is converted into a mini- 
incision, approximately 3  cm long and the ureterovesical anastomosis (Gregoir–
Lich extravesical anastomosis) is performed manually.

The experience described proves the feasibility of robotic-assisted laparoscopic sur-
gery in pancreas transplantation. However, it is necessary that further studies and larger 
series confirm this as an alternative approach to the conventional open technique.

Our group performed two fully robotic pancreas transplants. The first one was 
pancreas alone and the second simultaneous kidney–pancreas. In both cases, the 
pancreas was transplanted to the left external iliac vessels, which allowed perfect 
alignment of the vascular anastomosis. In the first case, the exocrine secretions were 
drained into the urinary bladder through duedenocystoanastomosis. We used EEA 
stapler inserted through the jejunal stump of the graft. In the second case, we used 
enteric drainage (Fig. 5.6). Duodenojejunal anastomosis was completed similarly 
with EEA stapler. We cannot overemphasize the importance of diligent procurement 
of the pancreatic graft and meticulous back bench preparation to avoid disturbing 
bleeding after graft reperfusion.

In our view, the application of robotic technique for minimally invasive pancreas 
transplantation could significantly decrease complications, which are quite frequent 
after pancreas transplantation.

5.6  Application in Liver Transplantation

Minimal invasive laparoscopic liver resection has evolved greatly during the past 
few decades. The experience in minimally invasive liver surgery has been steadily 
increasing [36]. As described before, the robotic system is believed to be superior 
to conventional laparoscopic systems because of better visualization of the opera-
tive field, wristed instruments with better ergonomics, and greater potential for 
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intracorporeal suturing techniques. Over 200 robotic-assisted liver resection cases 
have been published to the date, including living donor right hepatectomy [37–39].

5.6.1  Living Donor Hepatectomy

Soubrane et  al. reported the first clinical series of pure laparoscopic left lateral 
sectionectomy for living liver donors [40]. For living donor right hepatectomies, the 
introduction of laparoscopic surgery can be traced back to 2006, when Koffron et al. 
first reported using the laparoscopy-assisted method [41].

Following the advances in robotic surgical technology combined with the exten-
sive institutional experience with major robotic-assisted liver resections [37], this 
technology was applied to right living lobe donor hepatectomy. The first robotic 
living donor hepatectomy was performed in 2012 by Giulianotti et  al. at the 
University of Illinois [38]. The liver graft was safely extracted through a lower 
abdominal incision and the donor recovered without acute complications.

5.6.2  Surgical Technique of Robotic Living Donor 
Hepatectomy

The entire surgery is performed using the da Vinci Robotic Surgical System. The 
procedure is started like any other robotic surgery, placing the laparoscopic trocars and 
installing the robotic system. The first step is the gallbladder removal. After this, the 

Fig. 5.6 Robotic 
simultaneous kidney–
pancreas transplantation; 
enteric drainage
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hepatic artery and the right portal vein were dissected free and hepatic duct isolated and 
transected. The right lobe is retracted along an upward direction to start the retrohepatic 
caval dissection. Consequently, the robotic Harmonic scalpel is used to perform the 
transection of the parenchyma. The vascular transections are performed using Endo 
GIA vascular stapler in the following order: (a) right hepatic artery, (b) right portal vein, 
and (c) right hepatic vein. The main advantages observed with the robotic system, in 
addition to the previously mentioned, are the facilitated vascular and biliary dissection 
and the smaller subumbilical incision for graft extraction. This incision decreases the 
pain and risk of pulmonary complications associated with an upper midline incision.

5.7  Conclusion

For the last two decades, robotic surgery has come a long way from initial attempts 
to routine application for variety of procedures in all surgical specialties. The great 
experience acquired with highly complex operations has allowed its introduction in 
transplantation. The initial experience is very promising. Candidates for solid organ 
transplantation, with their long-standing, complex medical illness and immunosup-
pressed state could benefit the most from this minimally invasive approach as a 
standard of care in the near future.

References

 1. Flowers, J. L., Jacobs, S., Cho, E., Morton, A., Rosenberger, W. F., Evans, D., et al. (1997). 
Comparison of open and laparoscopic live donor nephrectomy. Annals of Surgery, 226(4), 
483–489; discussion 9–90.

 2. Harris, S. J., Arambula-Cosio, F., Mei, Q., Hibberd, R. D., Davies, B. L., Wickham, J. E., et al. 
(1997). The Probot – An active robot for prostate resection. Proceedings of the Institution of 
Mechanical Engineers. Part H, 211(4), 317–325.

 3. Sung, G. T., & Gill, I. S. (2001). Robotic laparoscopic surgery: A comparison of the DA Vinci 
and Zeus systems. Urology, 58(6), 893–898.

 4. Finley, D. S., & Nguyen, N. T. (2005). Surgical robotics. Current Surgery, 62(2), 262–272. 
doi:10.1016/j.cursur.2004.11.005.

 5. Matas, A. J., Payne, W. D., Sutherland, D. E., Humar, A., Gruessner, R. W., Kandaswamy, 
R., et al. (2001). 2,500 living donor kidney transplants: a single-center experience. Annals of 
Surgery, 234(2), 149–164.

 6. Pugin, F., Bucher, P., & Morel, P. (2011). History of robotic surgery: From AESOP(R) and 
ZEUS(R) to da Vinci(R). Journal of Visceral Surgery, 148(5 Suppl), e3–e8. doi:10.1016/j.
jviscsurg.2011.04.007.

 7. Herron, D. M., Marohn, M., & Group S-MRSC. (2008). A consensus document on robotic sur-
gery. Surgical Endoscopy, 22(2), 313–325.; discussion 1–2. doi:10.1007/s00464-007-9727-5.

 8. Rosales, A., Salvador, J. T., Urdaneta, G., Patino, D., Montlleo, M., Esquena, S., et al. (2010). 
Laparoscopic kidney transplantation. European Urology, 57(1), 164–167. doi:10.1016/j.
eururo.2009.06.035.

 9. Schweitzer, E.  J., Wilson, J., Jacobs, S., Machan, C.  H., Philosophe, B., Farney, A., et  al. 
(2000). Increased rates of donation with laparoscopic donor nephrectomy. Annals of Surgery, 
232(3), 392–400.

I. Tzvetanov et al.

https://doi.org/10.1016/j.cursur.2004.11.005
https://doi.org/10.1016/j.jviscsurg.2011.04.007.
https://doi.org/10.1016/j.jviscsurg.2011.04.007.
https://doi.org/10.1007/s00464-007-9727-5
https://doi.org/10.1016/j.eururo.2009.06.035
https://doi.org/10.1016/j.eururo.2009.06.035


131

 10. Horgan, S., Benedetti, E., & Moser, F. (2004). Robotically assisted donor nephrectomy for 
kidney transplantation. American Journal of Surgery, 188(4A Suppl), 45S–51S. doi:10.1016/j.
amjsurg.2004.08.028.

 11. Horgan, S., Vanuno, D., Sileri, P., Cicalese, L., & Benedetti, E. (2002). Robotic-assisted lapa-
roscopic donor nephrectomy for kidney transplantation. Transplantation, 73(9), 1474–1479.

 12. Gorodner, V., Horgan, S., Galvani, C., Manzelli, A., Oberholzer, J., Sankary, H., et  al. 
(2006). Routine left robotic-assisted laparoscopic donor nephrectomy is safe and effective 
regardless of the presence of vascular anomalies. Transplant International, 19(8), 636–640. 
doi:10.1111/j.1432-2277.2006.00315.x.

 13. Horgan S, Galvani C, Gorodner MV, Jacobsen GR, Moser F, Manzelli A, et al. (2007). Effect of 
robotic assistance on the “learning curve” for laparoscopic hand-assisted donor nephrectomy. 
Surgical Endoscopy and Other Interventional Techniques, 21(9), 1512–1517. doi:10.1007/
s00464-006-9140-5.

 14. Giacomoni, A., Di Sandro, S., Lauterio, A., Concone, G., Buscemi, V., Rossetti, O., et  al. 
(2015). Robotic nephrectomy for living donation: surgical technique and literature systematic 
review. American Journal of Surgery. doi:10.1016/j.amjsurg.2015.08.019.

 15. Hubert, J., Renoult, E., Mourey, E., Frimat, L., Cormier, L., & Kessler, M. (2007). 
Complete robotic-assistance during laparoscopic living donor nephrectomies: an evalua-
tion of 38 procedures at a single site. International Journal of Urology, 14(11), 986–989. 
doi:10.1111/j.1442-2042.2007.01876.x.

 16. Toledo-Pereyra, L. H., & Toledo, A. H. (2005). 1954. Journal of Investigative Surgery, 18(6), 
285–290. doi:10.1080/08941930500433860.

 17. OPTN.org. (2015). Donor, Kidney, by donor type. http://optn.transplant.hrsa.gov/converge/
latestData/rptData.asp. Accessed July 2015.

 18. Axelrod, D. A., McCullough, K. P., Brewer, E. D., Becker, B. N., Segev, D. L., & Rao, P. S. 
(2010). Kidney and pancreas transplantation in the United States, 1999-2008: The chang-
ing face of living donation. American Journal of Transplantation, 10(4 Pt 2), 987–1002. 
doi:10.1111/j.1600-6143.2010.03022.x.

 19. Ratner, L. E., Ciseck, L. J., Moore, R. G., Cigarroa, F. G., Kaufman, H. S., & Kavoussi, L. R. 
(1995). Laparoscopic live donor nephrectomy. Transplantation, 60(9), 1047–1049.

 20. Matas, A.  J., Bartlett, S.  T., Leichtman, A.  B., & Delmonico, F.  L. (2003). Morbidity and 
mortality after living kidney donation, 1999-2001: Survey of United States transplant centers. 
American Journal of Transplantation, 3(7), 830–834.

 21. Andersen, M. H., Mathisen, L., Oyen, O., Edwin, B., Digernes, R., Kvarstein, G., et al. (2006). 
Postoperative pain and convalescence in living kidney donors-laparoscopic versus open donor 
nephrectomy: A randomized study. American Journal of Transplantation, 6(6), 1438–1443. 
doi:10.1111/j.1600-6143.2006.01301.x.

 22. Galvani, C. A., Garza, U., Leeds, M., Kaul, A., Echeverria, A., Desai, C. S., et al. (2012). Single- 
incision robotic-assisted living donor nephrectomy: Case report and description of surgical 
technique. Transplant International, 25(8), e89–e92. doi:10.1111/j.1432-2277.2012.01493.x.

 23. Oberholzer, J., Tzvetanov, I., Mele, A., & Benedetti, E. (2010). Laparoscopic and robotic 
donor pancreatectomy for living donor pancreas and pancreas-kidney transplantation. Journal 
of Hepato-Biliary-Pancreatic Sciences, 17(2), 97–100. doi:10.1007/s00534-009-0146-y.

 24. Liu, X.  S., Narins, H.  W., Maley, W.  R., Frank, A.  M., & Lallas, C.  D. (2012). Robotic- 
assistance does not enhance standard laparoscopic technique for right-sided donor nephrec-
tomy. Journal of the Society of Laparoendscopic Surgeons., 16(2), 202–207.

 25. Doumerc, N., Beauval, J. B., Rostaing, L., & Sallusto, F. (2016). A new surgical area opened 
in renal transplantation: A pure robot-assisted approach for both living donor nephrectomy 
and kidney transplantation using transvaginal route. Transplant International, 29(1), 122–123. 
doi:10.1111/tri.12678.

 26. Menon, M., Sood, A., Bhandari, M., Kher, V., Ghosh, P., Abaza, R., et  al. (2014). Robotic 
kidney transplantation with regional hypothermia: A step-by-step description of the Vattikuti 
Urology Institute-Medanta technique (IDEAL phase 2a). European Urology, 65(5), 991–1000. 
doi:10.1016/j.eururo.2013.12.006.

5 Robotic Surgery in Organ Transplantation

https://doi.org/10.1016/j.amjsurg.2004.08.028
https://doi.org/10.1016/j.amjsurg.2004.08.028
https://doi.org/10.1111/j.1432-2277.2006.00315.x
https://doi.org/10.1007/s00464-006-9140-5
https://doi.org/10.1007/s00464-006-9140-5
https://doi.org/10.1016/j.amjsurg.2015.08.019.
https://doi.org/10.1111/j.1442-2042.2007.01876.x
https://doi.org/10.1080/08941930500433860
http://optn.transplant.hrsa.gov/converge/latestData/rptData.asp
http://optn.transplant.hrsa.gov/converge/latestData/rptData.asp
https://doi.org/10.1111/j.1600-6143.2010.03022.x
https://doi.org/10.1111/j.1600-6143.2006.01301.x
https://doi.org/10.1111/j.1432-2277.2012.01493.x
https://doi.org/10.1007/s00534-009-0146-y
https://doi.org/10.1111/tri.12678
https://doi.org/10.1016/j.eururo.2013.12.006


132

 27. Abaza, R., Ghani, K. R., Sood, A., Ahlawat, R., Kumar, R. K., Jeong, W., et al. (2014). Robotic 
kidney transplantation with intraoperative regional hypothermia. BJU International, 113(4), 
679–681. doi:10.1111/bju.12572.

 28. Oberholzer, J., Giulianotti, P., Danielson, K. K., Spaggiari, M., Bejarano-Pineda, L., Bianco, 
F., et al. (2013). Minimally invasive robotic kidney transplantation for obese patients previ-
ously denied access to transplantation. American Journal of Transplantation, 13(3), 721–728. 
doi:10.1111/ajt.12078.

 29. Menon, M., Abaza, R., Sood, A., Ahlawat, R., Ghani, K. R., Jeong, W., et al. (2014). Robotic 
kidney transplantation with regional hypothermia: Evolution of a novel procedure utiliz-
ing the IDEAL guidelines (IDEAL phase 0 and 1). European Urology, 65(5), 1001–1009. 
doi:10.1016/j.eururo.2013.11.011.

 30. Tsai, M. K., Lee, C. Y., Yang, C. Y., Yeh, C. C., RH, H., & Lai, H. S. (2014). Robot-assisted 
renal transplantation in the retroperitoneum. Transplant International, 27(5), 452–457. 
doi:10.1111/tri.12279.

 31. Gordon, Z. N., Angell, J., & Abaza, R. (2014). Completely intracorporeal robotic renal auto-
transplantation. The Journal of Urology, 192(5), 1516–1522. doi:10.1016/j.juro.2014.02.2589.

 32. Lee, J., & Ordon, M. (2016). Innovative applications of robotic surgery: Renal allograft and 
autologous transplantation. F1000Res, 5. doi:10.12688/f1000research.7343.1.

 33. Lee, J. Y., Alzahrani, T., & Ordon, M. (2015). Intra-corporeal robotic renal auto- transplantation. 
Canadian Urological Association Journal, 9(9–10), E748–E749. doi:10.5489/cuaj.3015.

 34. Troppmann, C., Gruessner, A. C., Dunn, D. L., Sutherland, D. E., & Gruessner, R. W. (1998). 
Surgical complications requiring early relaparotomy after pancreas transplantation: A multi-
variate risk factor and economic impact analysis of the cyclosporine era. Annals of Surgery, 
227(2), 255–268.

 35. Boggi, U., Signori, S., Vistoli, F., D'Imporzano, S., Amorese, G., Consani, G., et al. (2012). 
Laparoscopic robot-assisted pancreas transplantation: First world experience. Transplantation, 
93(2), 201–206. doi:10.1097/TP.0b013e318238daec.

 36. Buell, J. F., Cherqui, D., Geller, D. A., O'Rourke, N., Iannitti, D., Dagher, I., et al. (2009). The 
international position on laparoscopic liver surgery: The Louisville Statement, 2008. Annals of 
Surgery, 250(5), 825–830.

 37. Giulianotti, P. C., Coratti, A., Sbrana, F., Addeo, P., Bianco, F. M., Buchs, N. C., et al. (2011). 
Robotic liver surgery: Results for 70 resections. Surgery, 149(1), 29–39. doi:10.1016/j.
surg.2010.04.002.

 38. Giulianotti, P.  C., Tzvetanov, I., Jeon, H., Bianco, F., Spaggiari, M., Oberholzer, J., et  al. 
(2012). Robot-assisted right lobe donor hepatectomy. Transplant International, 25(1), e5–e9. 
doi:10.1111/j.1432-2277.2011.01373.x.

 39. Lai, E. C., Tang, C. N., & Li, M. K. (2012). Robot-assisted laparoscopic hemi- hepatectomy: 
Technique and surgical outcomes. International Journal of Surgery, 10(1), 11–15. doi:10.1016/j.
ijsu.2011.10.005.

 40. Soubrane, O., Cherqui, D., Scatton, O., Stenard, F., Bernard, D., Branchereau, S., et  al. 
(2006). Laparoscopic left lateral sectionectomy in living donors: Safety and reproducibil-
ity of the technique in a single center. Annals of Surgery, 244(5), 815–820. doi:10.1097/01.
sla.0000218059.31231.b6.

 41. Koffron, A. J., Kung, R., Baker, T., Fryer, J., Clark, L., & Abecassis, M. (2006). Laparoscopic- 
assisted right lobe donor hepatectomy. American Journal of Transplantation, 6(10), 2522–
2525. doi:10.1111/j.1600-6143.2006.01498.x.

I. Tzvetanov et al.

https://doi.org/10.1111/bju.12572
https://doi.org/10.1111/ajt.12078
https://doi.org/10.1016/j.eururo.2013.11.011
https://doi.org/10.1111/tri.12279
https://doi.org/10.1016/j.juro.2014.02.2589
https://doi.org/10.12688/f1000research.7343.1
https://doi.org/10.5489/cuaj.3015
https://doi.org/10.1097/TP.0b013e318238daec
https://doi.org/10.1016/j.surg.2010.04.002
https://doi.org/10.1016/j.surg.2010.04.002
https://doi.org/10.1111/j.1432-2277.2011.01373.x
https://doi.org/10.1016/j.ijsu.2011.10.005
https://doi.org/10.1016/j.ijsu.2011.10.005
https://doi.org/10.1097/01.sla.0000218059.31231.b6
https://doi.org/10.1097/01.sla.0000218059.31231.b6
https://doi.org/10.1111/j.1600-6143.2006.01498.x


133© Springer International Publishing AG, part of Springer Nature 2017 
S.N. Nadig, J.A. Wertheim (eds.), Technological Advances in Organ 
Transplantation, DOI 10.1007/978-3-319-62142-5_6

Chapter 6
Cellular Therapy in Transplantation 
and Tolerance

Gavin M. Mason, Jayna Patel, Leena Halim, Niloufar Safinia 
and Giovanna Lombardi

Abstract The adoptive transfer of human regulatory T cells (Tregs) in transplanta-
tion offers an attractive therapeutic alternative in the current struggle to improve 
long-term outcomes.

CD4+CD25+FOXP3+ (Tregs) play an important role in immunoregulation and 
have been shown in animal models to promote transplantation tolerance. Phase I 
trials in bone marrow transplantation and type I diabetes have already shown that ex 
vivo expanded Tregs have an excellent safety profile, which is encouraging for their 
current use as novel therapeutic strategies in solid organ transplantation.

As such, the practicality of Treg adoptive cell therapy is now widely accepted, 
provided that tailor-made clinical grade procedures for the isolation and ex vivo cell 
handling are available. Here we present a review on the concept of Treg biology and 
heterogeneity, the desire to isolate and expand a functionally superior Treg popula-
tion and report on the effect of differing culture conditions.

We will summarise some of the protocols used for their ex vivo expansion, out-
line the clinical trials to date and discuss the future directions of Treg cell therapy.

6.1  Introduction

Solid organ transplantation has become an established therapeutic approach in the 
treatment of end-stage failure of multiple organs. This is in part due to the synchro-
nous improvements in surgical techniques used to transplant the graft and addition-
ally the immunosuppressive therapies that specifically target T cell-mediated 
responses to avoid immunological rejection of the transplanted organ. However, 
treatment is still associated with toxicity due to the immunosuppressive regimens 
required post-transplantation. Consequently, current approaches in the field of 
transplantation aim to improve the long-term health of both patient and graft by 
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establishing or promoting immunological tolerance, whereby the recipients’ 
immune system, in the absence of immunosuppressive therapy, is conditioned to 
accept the graft organ without engaging the deleterious allospecific immune 
response, graft injury and finally organ rejection. These approaches aim to rebal-
ance the immune response post-transplant from immuno-activation to immuno- 
regulation by adoptive transfer of in vitro expanded Tregs to increase Treg numbers 
and the co-administration of therapeutics to further expand the number of stable and 
functional regulatory T cells (Tregs).

6.2  Regulatory T Cells

A multitude of T cell subtypes have been demonstrated to elicit regulatory func-
tion including CD8+ T cells [1], CD8+CD28− T cells [2], CD4−CD8− T cells [3], 
natural killer (NK) T cells [4] and γδ T cells [5]. However, these all remain less 
well studied compared to CD4+ Tregs, which have been shown to be essential for 
immune- homeostasis and are critical mediators of immunological tolerance [6]. 
Tregs are functionally determined by their regulatory properties and suppressive 
function, but routinely are phenotypically characterised as CD4+ T cells that con-
stitutively express high levels of CD25 (IL2 receptor α chain) [7] and the canoni-
cal transcription factor forkhead box protein 3 (FoxP3), which is known to be 
essential for the development and maintenance of Tregs [8, 9]. Mutations in the 
FoxP3 gene, such as those seen in patients with immune dysregulation polyendo-
crinopathy enteropathy and X-linked syndrome (IPEX), are known to result in 
defective generation of Tregs with reduced functional capacity, loss of peripheral 
tolerance and the development of a range of severe autoimmune conditions [8, 
10–12]. CD4+CD25hiFoxP3+ Tregs are derived in the thymus and represent stable 
and committed cells referred to as thymic Tregs (tTregs), in contrast to peripheral 
Tregs (pTreg) that are generated in the periphery by T cell receptor engagement 
(reviewed in [13]). It has been shown that tTregs are more stable and suppressive 
as compared to pTreg in both the prevention of autoimmunity and maintaining 
tolerance [14]. Furthermore, data from murine models and clinical studies have 
clearly demonstrated that reduced Treg numbers or function may contribute to 
autoimmune disease development and pathology [15]. Consequently, the thera-
peutic modulation of Tregs represents a novel approach in the treatment of a range 
of immune- mediated pathologies including autoimmunity, transplantation and 
graft versus host disease (GVHD).

In the context of transplantation, therapeutic strategies that modulate Tregs 
are currently being investigated as an attractive approach to promote tolerance 
and suppress alloreactive T cell responses. To implement such strategies, it is 
essential to consider the antigen presentation pathways. Recipient T cells can 
respond to alloantigens presented by two main pathways [16]. In the direct 
pathway of allorecognition, recipient T cells respond directly to intact major his-
tocompatibility (MHC) on antigen-presenting cells (APCs), derived from the 
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graft. In the indirect pathway of allorecognition, recipient T cells respond to 
processed alloantigens derived from donor MHC presented on recipient APC in 
the context of self-MHC.

Effector T cells (Teff) with direct alloreactivity are present at high frequency, and 
their activation post-transplant is rapid, resulting in vigorous T cell-mediated 
immune-pathology [17–19]. The direct pathway of allorecognition was thought to 
be associated with early rejection after transplantation, whilst the indirect pathway 
was thought to be more associated with chronic rejection. However, recently our 
group has described a third pathway of allorecognition suggesting that recipient 
APC by trafficking trough the graft can acquire intact MHC molecules, leading to 
presentation of both intact donor MHC molecules and graft-derived peptide in the 
context of recipient MHC. This pathway was termed semi-direct allorecognition 
(reviewed in [20]). The consequence of this discovery is that the recognition of 
intact allogeneic MHC molecules by the recipient T cells with direct allorecognition 
can last for the entire duration of the graft. As such, to counterbalance this and pro-
mote regulation instead of alloreactivity, sufficient numbers of functional and stable 
Tregs would be required to modulate both direct and indirect alloimmune responses 
and promote tolerance [21, 22]. Approaches to increase the available pool of Tregs 
and tip the immunological balance towards regulation and tolerance have involved 
therapeutic modulation of Tregs and Teff in vivo but also ex vivo purification of 
Tregs, followed by in vitro expansion and infusion of expanded Tregs by adoptive 
cell therapy approaches.

6.2.1  Phenotypic Diversity of Human Tregs

Tregs are most correctly defined by their regulatory function but are currently best 
phenotypically defined as CD4+CD25+FOXP3+ cells [23]. Unlike in the murine sys-
tem, where constitutive expression of these markers defines pure bona fide Tregs, in 
humans, this does not result in sufficiently pure populations of Tregs, as activated 
Teff can also temporarily express both FOXP3 and CD25 and constitute non- 
suppressive Teff [24]. Furthermore, the intranuclear localisation of FOXP3 compli-
cates matters, as it cannot be used to isolate viable cells due to the required fixation 
and permeabilisation needed to detect its presence. However, FOXP3-expressing 
Treg has been shown to express low levels of CD127 (IL-7 receptor α chain), which 
in combination with the constitutive high levels of CD25 allows identification and 
isolation of highly pure populations of human Tregs by flow cytometry [25]. 
However, even using current flow cytometry sorting strategies, it is still not possible 
to isolate absolutely pure populations of functionally suppressive Tregs. Despite 
decades of work, we are yet to identify markers that define the lineage of Tregs and 
as such a phenotype that would allow isolation of pure Tregs without contaminating 
non-regulatory T cells.

It is becoming clear that the Treg cell compartment in humans is highly hetero-
geneous. Seminal work from Miyara et al., was able to split the human FOXP3+ 
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Treg compartment into three phenotypically and functionally distinct groups of 
cells based on their differential expression of CD45RA and FOXP3, describing 
naïve/resting Treg (CD45RA+FOXP3low) and effector Treg (CD45RA+FOXP3high), 
both of which displayed suppressive functionality and stable expression of FOXP3 
as measured by epigenetic modification of the FOXP3 promoter [6, 26]. The third 
population, non-Tregs (CD45RA− FOXP3low), was poorly suppressive, displayed 
unstable FOXP3 expression and were found to largely express pro-inflammatory 
cytokines. More recently, we have identified a subpopulation of suppressive Tregs 
within this ‘non-Treg’ population (CD45RA− FOXP3low) that additionally express 
CD161 and produce pro-inflammatory cytokines such as IL-17 [27, 28]. This 
demonstrated that the Treg compartment in humans was composed of phenotypi-
cally and functionally distinct populations of Tregs. Interestingly, populations of 
FOXP3+ Tregs have since been described that resemble the classic Teff subsets 
including Th1, Th2 and Th17 cells, co-expressing their respective canonical tran-
scription factors (Tbet, Gata3 and RORγT), associated chemokine receptors 
(CXCR3, CCR4, CCR6) and secrete their characteristic cytokines (IFNγ, IL4 and 
IL17), whilst still retaining their regulatory capacity [29]. In conclusion, human 
Tregs have been described to express a broad range of markers, many of which 
can be co-expressed by Teff and so limit their use in isolating human Tregs (sum-
marised in Table 6.1) (reviewed in [30]).

Work from our laboratory has further dissected the phenotypic complexity of 
the human peripheral blood Treg compartment using novel deep immunopheno-
typic approaches [59]. Using an extensive panel of Treg markers and mass cytom-
etry, we described 22 distinct populations of human Treg, demonstrating a dynamic, 
complex and diverse structure of subpopulations within the human Treg compart-
ment [59].

Table 6.1 Established phenotypic markers of regulatory T cells (Treg)

Marker Reference Marker Reference Marker Reference

CD39 [31] CCR4 [29, 32] KLRG1 [33]
CD73 [34] CD28 [35] CD15S [36]
CTLA-4 [37] CD62L [38] CD5 [39, 40]
LAP [41] CXCR3 [29] IL-10 [42, 43]
GITR [44] CD161 [28] IL-35 [45]
GARP [46] ICOS [47] TGF-β [48]
HLA-DR [49] OX40 [50] FoxP3 [9]
CCR6 [29] CCR10 [29] Helios [51]
CD45RA [26] CD137 [52] Eos [28]
CD103 [53] CD25 [7] Perforin [54, 55]
CD31 [56] CD38 [57] Granzyme [58]
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6.2.2  Mechanisms of Treg-Mediated Suppression

Central to the definition and essential role Tregs play is their regulatory function. 
Currently, there are five general mechanisms of suppression that have been identi-
fied, utilised by Tregs (summarised in Fig. 6.1). Firstly, Tregs have been shown to 
secrete IL10, TGFβ and IL35, each of which can have immunomodulatory/

Fig. 6.1 Mechanisms of regulatory T cell (Treg) suppression. There are five main potential mech-
anisms of suppression used by Treg to modulate target cell function: the release of immunomodu-
latory cytokines including IL10, TGFβ and IL35 (a); cytotoxic targeting and killing of the target 
cells by the secretion of cytotoxic mediators including perforin and granzyme (b); metabolic dis-
ruption of the target cell by IL2 deprivation, cyclic AMP production or CD39-/CD73-mediated 
extracellular generation of immune-suppressive adenosine (c); modulation of APCs by interfering 
with the maturation by LAG3/MHC II inhibition of maturation, CTLA4/CD80/CD86 induction of 
indoleamine 2,3-deoxygenase (IDO) production (d); and release of immunomodulatory exosomes 
bearing CD73 which mediates reduction of AMP to adenosine resulting in immunosuppression of 
T cells and dendritic cells (e). (Figures generated by Gavin)
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suppressive effects on the target cell [42, 45, 60] (Fig. 6.1a). Secondly, Tregs can 
express and release cytotoxic mediators including perforin and granzymes, which 
results in the cell contact dependent cytolysis of the target cell [55, 58, 61] (Fig. 6.1b). 
Thirdly, Tregs constitutively express high levels of CD25 and as such compete for 
IL2 with other T cells, resulting in deprivation of IL2 and subsequent apoptosis of the 
deprived Teff cells [62, 63]. Alternatively, the expression of the ectoenzyme CD39 
(nucleoside triphosphate diphosphohydrolase-1) is expressed on a subset of memory 
Tregs that exhibit superior suppressive function and degrades extracellular ATP into 
AMP [31, 64]. The ectonucleotidase CD73 further degrades AMP into adenosine 
[34, 65], which then functions to inhibit pro-inflammatory processes by binding to 
the adenosine receptor 2A, which results in the accumulation of intracellular cyclic 
AMP and depletion of pro-inflammatory ATP [31, 66] (Fig. 6.1c). Fourthly, expres-
sion of CTLA-4 on the Treg surface leads to binding to its co-stimulatory molecules 
CD80 and CD86 on the surface of APC, such as dendritic cells (DCs). Binding of 
CTLA-4 in this way results in the downregulation and sequestration of CD80 and 
CD86 on the APCs [67, 68] and the additional upregulation of indoleamine 2,3-diox-
ygenase (IDO) [69] which catabolises cellular reserves of pro- inflammatory trypto-
phan [69, 70] and liberates the immunosuppressive catabolite kynurenine [71]. 
Additionally, Treg can interfere with the ability of DC to initiate a T cell response; 
expression of lymphocyte activation gene 3 (LAG3) results in ligation of MHC II on 
the DC preventing the ability of DCs to undergo maturation and present antigen to 
effector T cells [72] (Fig. 6.1d). Finally, exosomes are membrane vesicles that play 
essential roles in intercellular communication and can be produced by many cells 
including T cells. We have recently shown that when murine Tregs become activated, 
they secrete exosomes that express CD73, which results in the conversion of AMP to 
adenosine and ultimately immunomodulation, suppressing the activation and prolif-
eration of T cells and inhibiting APC function [65] (Fig. 6.1e).

6.2.3  Evidence for the Key Role of Tregs in Transplantation 
Tolerance

The involvement of Tregs in establishing transplantation tolerance has been demon-
strated in both murine models and in the clinic (reviewed in [73, 74]).

In murine models of spontaneous transplant tolerance, infiltrating Tregs were 
found to increase in number in the transplanted grafts. Subsequent depletion of 
these Tregs led to disruption of the regulatory balance, prompting graft rejection 
[75]. Importantly, in-depth characterisation of these Tregs, which were central to 
determining the balance between tolerance and rejection, revealed they had indirect 
anti-donor specificity [76–78].

In humans, studies from a proportion of liver transplant recipients deemed ‘oper-
ationally tolerant’, a phenomenon where patients spontaneously accept their graft 
independent of immunosuppressive regimens, revealed increased proportions of 
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FOXP3+ cells in liver biopsies, a finding which was mirrored in the peripheral blood 
[79]. Correspondingly, reduced numbers of circulating Tregs have been reported in 
liver transplant patients undergoing acute rejection [80]. Taken together, these stud-
ies establish the role of Tregs in tolerance post-transplantation and provide evidence 
towards the clinical potential of Tregs in the establishment of transplant tolerance.

6.3  Adoptive Treg Therapy from Murine Models 
to the Clinic

The concept of ‘adoptive immunity’, describing the passive transfer of immune 
cells in order to influence immune responses, has been at the forefront of biological 
medicine. On account of the overwhelming evidence supporting the role of Tregs in 
the development of tolerance, research has very much been directed to investigate 
the feasibility and efficacy of adoptive transfer of these cells in the setting of organ 
transplantation. A number of animal models have demonstrated the potential of 
adoptive Treg transfer in achieving transplant tolerance (reviewed in [74]). In 
murine models, we and others have shown that murine Treg lines with self- specificity 
expanded in vitro can prolong allograft survival; however, Tregs generated to be 
specific for alloantigen were more effective at promoting survival after MHC- 
mismatched heart allograft transplants [81, 82]. Similarly, in murine models of skin 
transplantation, we also report that Tregs with indirect allospecificity prolong graft 
survival [81, 83]. Initially, in a murine model of islet transplant, it was demonstrated 
that Tregs with specificity for the graft are ten times more efficient than self-specific 
Tregs in prolonging allograft survival [84]. More recent refinement has suggested 
that donor antigen-specific Tregs are five times more potent than self-specific, poly-
clonal Tregs in inducing indefinite islet graft survival [85].

Humanised mouse models have been developed for both tissue transplantation 
and GVHD and have been used to additionally demonstrate the importance of Tregs 
in the promotion of transplant tolerance [86, 87]. Adoptive transfer of cell-sorted 
and cell-expanded Tregs has been shown to ameliorate vasculopathy associated 
with graft rejection in a human vessel transplant model [88, 89]. We and others have 
demonstrated in humanised mouse model of human skin transplantation that poly-
clonal Tregs are capable of protecting the skin from graft damage although using the 
same number of Tregs, they are less efficacious in doing so as compared to Tregs 
with direct allospecificity [90, 91].

Altogether, data from animal models in which Tregs have been adoptively trans-
ferred suggest that adoptive transfer of Tregs in the context of transplantation repre-
sents an efficacious and viable approach to establish transplant tolerance and prevent 
graft rejection. In addition, it is clear that Tregs with specificity for the graft offer an 
advantage compared to polyclonal Tregs in protecting from graft rejection [77, 81, 
82, 92, 93]. It is also clear that to effectively suppress immune responses and poten-
tially promote tolerance, high numbers of Tregs are required, to alter the Teff/Treg 
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ratio [94, 95], although as discussed above, less Tregs are needed if they are specific 
for the alloantigen [87]. As presented in a very elegant review by Tang et al., it has 
been estimated that the endogenous pool of Tregs needs to be increased by 30% to 
tip the balance in favour of regulation and to achieve tolerance (reviewed in [96]). 
The frequency of human Tregs in the peripheral blood compartment is estimated 
between 4 and 10% of CD4+ T cells. As such, protocols to isolate and then expand 
suppressive and stable Tregs with efficient regulatory function are central to adop-
tive Treg therapy approaches and protocols. Clinical protocols to generate Tregs 
with direct allospecificity have already emerged [91], whilst the generation of Tregs 
with indirect allospecificity has as of yet proved to be more challenging. Reasons 
for this discrepancy in the ease of generation may lie with the fact that Tregs with 
direct allospecificity tend to exist at higher frequencies in the circulation as com-
pared to those with indirect allospecificity [85, 97, 98].

6.3.1  Isolation and Expansion of Human Treg for Clinical Use

Isolation strategies for the purification of human Tregs have been under intense 
scrutiny; however, the marker or combination of markers that delineates a pheno-
typically and functionally pure population of Tregs currently remains elusive. As 
mentioned previously in this chapter, the canonical transcription factor FOXP3 is 
currently the best delineator of Tregs in human CD4+ T cells; however, its intranu-
clear localisations preclude its use in the isolation of viable cells. Current approaches 
to characterise and isolate human Tregs for clinical use are now focused on 
CD4+CD25+ Tregs. Their selection is centred on the use of the CliniMACS Plus 
system, with a strategy composed of a two-step isolation process of CD8+ cell 
depletion and CD25+ cell enrichment. However, the purity of Tregs obtained in this 
way stands at only around 60–80% [99]. A more technical approach of obtaining 
phenotypically pure Tregs involves using the cell sorter. The primary advantage of 
this technique is the ability to isolate Tregs with a purity of over 95%.

Based on the discovery that low expression of CD127 molecules characterise 
Tregs with potent suppressor function, flow-based cell sorting of CD4+CD25hiCD127low 
Tregs has proven to yield a highly pure and functionally superior population of 
Tregs [25]. However, this strategy requires GMP compatible cell-sorting facilities, 
which have only recently been made avaibale in a few centres around the world. We 
are currently validating the new MACSQuant® Tyto™ cell sorter for use in our 
GMP facility at Guy’s Hospital.

Following isolation, purified Tregs need to then be expanded to increase the total 
number. We have reported the successful isolation and expansion of Tregs for clini-
cal use from both healthy donors and patients on the waiting list for kidney and liver 
transplants using magnetic beads separation and polyclonal (anti-CD3/CD28 beads) 
expansion [100–102]. In fact, published clinical trials have relied on the polyclonal 
activation induced expansion to generate high doses of Tregs [87, 103–106]. These 
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large-scale expansions of human Tregs for clinical application were achievable in 
line with a protocol detailing the use of anti-CD3/CD28 beads, high concentrations 
of IL2 and rapamycin, an immunosuppressant shown to favour Treg survival.

Altogether, these methods to identify, analyse and isolate human Tregs are now 
well established [25, 59, 107] alongside a number of protocols to expand these cells 
ex vivo [94, 95, 100, 101, 108].

6.4  Clinical Trials of Adoptive Treg Therapy in Solid Organ 
Transplantation

The initial phase I clinical trials examining adoptive transfer of in vitro expanded 
Tregs into patients have been performed in the context of graft versus host disease, 
transplantation and autoimmunity (summarised in Table 6.2) with all studies estab-
lishing Treg cell therapy as a safe and well-tolerated approach.

In the context of GVHD, adoptive Treg therapy has been used to both treat 
patients with active GVHD [104] and as prophylaxis in patients undergoing haema-
topoietic stem cell transplantation [87, 105]. Whilst these studies were too small to 
establish clinical efficacy, they did show safety of adoptive Treg therapy in humans. 
Whilst not within the field of transplantation, adoptive Treg therapy has also been 
established as safe, with some limited efficacy in the context of paediatric [103] and 
adult [106] type 1 diabetes. More recently, a clinical trial in liver transplant patients 
has been published. However, the adoptive transferred T cells were different from 
previous studies as they were generated using a 2-week coculture of recipient lym-
phocytes with irradiated donor cells in the presence of anti-CD80/CD86 monoclo-
nal antibodies (‘anergic’ T cells). More than seven patients out of ten have completed 
successful weaning and cessation of immunosuppressive agents [109]. Other stud-

Table 6.2 Summary of adoptive Treg studies in humans

Pathology
Patient 
numbers Tregs infused Determined effect/result Reference

GVHD 2 1 × 105 – 
3 × 106/kg

(i) Immunosuppression discontinued in 
chronic GVHD
(ii) Slowed clinical deterioration in 
acute GVHD

[104]

GVHD 23 1–30 ×105/kg Reduction in acute GVHD compared to 
historical controls

[87]

GVHD 28 2–4 ×106/kg Onset of acute GVHD in only 2/28 
patients, no cases of chronic GVHD

[105]

T1D 10 10–20 ×106/
kg

Reported reduced insulin requirement 
and C-peptide levels in treated patients

[103]

T1D 14 0.05–26 
×108cells

Transient increases in peripheral blood 
Treg numbers and C-peptide levels 
persisted for >2 years post-treatment

[106]
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ies in the context of solid organ transplantation, using more ‘conventional’ Tregs, 
are underway, including the ThRIL study (discussed below) (current clinical trials 
summarised in Table 6.3).

We have explored the use of adoptive Treg therapy in the context of solid organ 
transplantation in both kidney (the ONE study) and liver (ThRIL) transplant recipi-
ents [101, 102, 110]. The ONE study was a European union, FP7 programme- 
funded multicentre phase I/II study investigating the safety of adoptive cell therapy 
in kidney transplant recipients. The ThRIL study was a UK  Medical Research 
Council-funded, open-label, randomised, controlled, parallel-group, single ascend-
ing dose study, investigating the safety and tolerability of adoptive Treg therapy in 
liver transplant recipients. These two phase I trials using polyclonal in  vitro 
expanded recipient Treg represent the first-in- man trials for adoptive Treg therapy in 
solid organ transplantation.

6.5  Combined Therapy

Although Treg therapy has been demonstrated safe and has shown some signs of 
efficacy, it is more and more clear that there is a need to start to think about com-
bined therapies in which Tregs are used in conjunction with other strategies. Here 
we discuss two of these possible combined therapies.

Table 6.3 Summary of current adoptive Treg clinical trials in humans

Study ID Phase Product Indication Centre

NCT02129881 I/II Expanded 
polyclonal Tregs

Living donor kidney 
transplant

London, 
Oxford

NCT02371434 I/II Expanded 
polyclonal Tregs

Living donor kidney 
transplant

Berlin

NCT02244801 I/II Donor alloantigen- 
reactive Tregs

Living donor kidney 
transplant

San Francisco

NCT02091232 I/II Belatacept 
conditioned

Living donor kidney 
transplant

Boston

Planned I/II Antigen-specific 
Tr1

Living donor kidney 
transplant

Milan

NCT02166177 I Expanded 
polyclonal Tregs

Liver transplant London

NCT02188719 I Donor alloantigen- 
reactive Tregs

Liver transplant San Francisco

NCT02088931 I Expanded 
polyclonal Tregs

Subclinical rejection in 
kidney transplantation

San Francisco

NCT02474199 I Donor alloantigen- 
reactive Tregs

CNI reduction in liver 
transplantation

San Francisco
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6.5.1  Rapamycin

Rapamycin is an immune-suppressive drug that targets the mammalian target of 
rapamycin (mTOR) kinase signalling pathway [111]. mTOR is a serine-threonine 
protein kinase involved in cell growth, proliferation and differentiation. Rapamycin 
inactivates this signalling cascade in Teff and not Treg, preferentially inhibiting Teff 
resulting in the selective inhibition of non-Tregs both in vitro and in vivo. 
Additionally, metabolic pathways can set the responsiveness of Tregs and have 
impact upon the establishment of tolerance. Specifically, leptin induces increased 
activity in the mTOR pathway and subsequent anergy in Tregs. However, inhibition 
of mTOR with rapamycin prior to TCR stimulation resulted in highly proliferative 
Tregs even in the absence of IL2 [112].

Administration of rapamycin in a humanised mouse model firstly resulted in the 
apoptosis of CD4+ Teff cells and, secondly, in conjunction with the adoptive transfer of 
subtherapeutic doses of Tregs, was shown to specifically inhibit T cell proliferation and 
suppressed transplant arteriosclerosis [113]. In agreement with what we know about 
the effect of rapamycin on Tregs, in the context of liver and kidney transplantation, 
maintenance therapy using rapamycin over several years resulted in increased Treg 
numbers compared to those treated with calcineurin inhibitors [114, 115]. Furthermore, 
Tregs isolated from rapamycin-treated patients demonstrated increased expression of 
CTLA-4, highly suggestive of Tregs with a more potent suppressive capacity [114].

It has been suggested that rapamycin may have a dual effect in terms of Treg 
biology. The mechanism of rapamycin involves inhibition of the mammalian target 
of rapamycin (mTOR) pathway. This pathway plays a predominant role in the acti-
vation of the majority of inflammatory T cells; thus, upon treatment with rapamy-
cin, T cell proliferation and survival are curtailed. However, in Tregs, this pathway 
is underactive rendering Tregs ‘immune’ to the effects of rapamycin, conveying the 
impression of Treg preservation.

Furthermore, in addition to its unique relationship in promoting Treg survival, 
rapamycin has also been shown to play a significant role in safeguarding Treg stabil-
ity through promoting the expansion of nonplastic Treg populations and preventing 
the release of inflammatory cytokines in inflammatory microenvironments [100]. 
Additionally, treatment with rapamycin stabilises FOXP3 gene expression through 
epigenetic mechanisms, maintaining the demethylation status in the Treg-specific 
demethylated region (TSDR) in the FOXP3 promoter region supporting the stable 
and active transcription of FOXP3  in Tregs [116]. In the ThRIL trial, in  vitro 
expanded Tregs are injected 1 month after the start of rapamycin treatment.

6.5.2  Interleukin 2 (IL2)

The therapeutic use of low-dose IL2 has been explored with the aim of promoting 
tolerance and regulation by supporting the endogenous Treg pool in vivo. The cyto-
kine IL2 is essential for Treg proliferation, maintenance and survival, and the 
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administration of IL2 has been shown to induce the in vivo expansion of Tregs in 
patients with metastatic cancer and chronic myelogenous leukaemia after receiving 
allogeneic haematopoietic stem cell transplantation [117, 118]. Similarly, adminis-
tration of low-dose IL2  in patients with active GVHD induced sustained Treg 
expansion and reduction in disease severity and manifestation of GVHD symptoms 
[119]. Furthermore, the same group, in a phase II clinical trial, showed that IL2 
therapy over the course of 2 years induced persistent Treg responses, demonstrating 
normalisation of Treg/Teff ratios and clinical improvement [119]. In the context of 
a murine model of type 1 diabetes, the administration of low-dose IL2 induced the 
in vivo activation and expansion of Tregs, which restricted inflammation in the pan-
creas with partial amelioration of disease [120]. Dual treatment with rapamycin and 
IL2, in the context of an experimental skin graft model, resulted in significantly 
delayed rejection when compared with IL2 monotherapy, which appeared to be due 
to increased numbers of activated Treg and concomitant reduction in Teff numbers 
[121]. Based on the evidence that IL2 is beneficial for Tregs, many centres including 
ours have started to propose new clinical trials in which Treg therapy will be com-
bined with low-dose IL2.

6.6  Conclusions

Significant advances have been made in the field of Tregs and their biology over 
the past decade. The advent of methods to routinely identify, isolate, expand and 
characterise Tregs in humans has accelerated our understanding of their impor-
tance and function during immune-homeostasis and crucially in the development 
and maintenance of immunological tolerance. Consequently, the potential modu-
lation of Tregs clinically represents a novel and attractive approach in the context 
of transplantation and establishment of transplant tolerance. Adoptive Treg ther-
apy has the potential to revolutionise the approach to treatment after solid organ 
transplantation. The results from the first adoptive Treg therapy clinical trials in 
GVHD and T1D are encouraging in terms of both being safe and also showing 
some efficacy in the stem cell transplantation and treatment of autoimmunity, 
respectively. Furthermore, the world’s first clinical trials of adoptive Treg ther-
apy in solid organ transplantation have been completed, and recently the first 
clinical trial with ‘anergic’ T cells in liver transplant patients has been published 
[109]. The results from the ONE study and ThRIL will be available in the next 
few months. Altogether we await the data from these and other studies to deter-
mine if adoptive Treg therapy will make it possible to reduce or replace standard 
immune-suppressive regimens and whether Treg therapy alone or in conjunction 
with other therapeutic avenues may facilitate the establishment of transplantation 
tolerance in the future.
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Chapter 7
Organ Preservation, Ischemia Reperfusion 
Injury, and Nanotherapeutics 
in Transplantation

Kunal J. Patel, Carl Atkinson, Ann-Marie Broome, and Satish N. Nadig

Abstract Over the past 30 years, solid organ transplantation has advanced 
tremendously in many facets, with great strides made in organ selection and 
allocation to the monitoring and treatment of rejection. Despite these breakthroughs, 
organ preservation and chronic rejection rates have remained largely unchanged. 
Recent trends in translational research have begun to address this issue, and future 
directions for organ preservation will have far-reaching implications for the field of 
transplantation as a whole. In this chapter, we will highlight the current trends and 
innovations in preservation techniques, with a special focus on the role that nano-
technology is playing in this frontier.

7.1  Introduction

The standard of care for organ preservation has long been cold storage in one of a 
various number of perfusion solutions. While the intuitive benefits of hypothermic 
organ storage had long been corroborated with scientific data demonstrating 
decreased metabolic demand (and subsequent ischemic tissue damage), there were 
also significant deleterious effects caused by induction of hypothermia itself in 
donor organs that needed to be addressed [1]. The answer to these issues came 
largely through the advent of preservation solutions  – first with the widespread 
adoption of Collins and eventually Euro-Collins (EC) and then with the introduction 
of University of Wisconsin (UW) solution, which has become the standard of care 
for many solid organ transplants. Cold storage perfusion solutions were able to 
reshape the field of transplantation by allowing longer preservation times and mini-
mizing allograft damage [2–4].
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7.2  Ionic Composition

In the design of perfusion solutions, several obstacles presented themselves. 
Specifically, the design of the solutions needed to encompass multiple objectives: 
ionic composition (including a buffer system for acid-base perturbations), free radical 
scavenging, and the prevention or reduction of organ edema [1]. Table 7.1 summarizes 
the compositions of the most commonly encountered and popular perfusion solutions 
available in transplantation today. Initial considerations of composition surrounded 
the ionic makeup of the solutions, with the debate revolving around mimicking an 
intracellular environment versus an extracellular environment. At least part of the 
rationale for simulating the intracellular environment stems from the desire to prevent 
activity of the membrane-associated Na+/K+ ATPase, thereby minimizing depletion 
of cellular ATP and cellular edema [5, 9, 10]. As a result, early preservation solutions 
such as UW and EC contain a relatively low concentration of sodium (10–27 mmol/L) 
and a high concentration of potassium (115–125 mmol/L) [5, 6, 10–12].

While UW solution remains the standard for organ preservation, some have 
challenged whether optimal outcomes could be achieved with formulations consisting 
of potassium concentrations approaching 10–25  mmol/L.  Extrapolating from the 
documented adverse effects of hyperkalemic cardioplegia solutions on vascular 
endothelium, concerns arose surrounding intracellular perfusion solutions [10]. 
These concerns ultimately bore out only in the lung transplantation literature, where 
multiple studies have been able to demonstrate beneficial outcomes of extracellular 
potassium concentrations. Multiple studies demonstrated improved structural integ-
rity and function, particularly in oxygenating blood, in low-potassium dextran (LPD) 
perfusion solutions in comparison with standard EC solution in animal models of 
lung transplantation [5, 13, 14]. As further clinical research corroborated these early 
findings, the clinical lung transplant arena began shifting toward Perfadex solution (a 
type of LPD) and away from EC (Table 7.1). Although the clinical data were not as 
dramatic, they did suggest that low-potassium Perfadex provided a degree of protec-
tion to the allograft not conferred by either EC or Papworth solutions (another extra-
cellular perfusion solution which has largely fallen out of favor) and prevented 
moderate to severe primary graft dysfunction (16% versus 46% versus 42%, p < 0.01) 
[8, 15–18]. As such, Perfadex remains the standard perfusion solution utilized in 
lung transplantation today.

7.3  Buffering Capacity

In close concert with the ionic environment of a perfusion solution is the pH and, 
subsequently, the buffering capacity. As the ischemic time increases, there is a natural 
acidification of the cellular environment in the allograft secondary to anaerobic 
metabolism. As such, a robust buffering system is required to ameliorate the propa-
gation of acidosis-induced graft injury. Hypothermia tends to offset some of this 
acidification, but cellular metabolism is not fully arrested during cold storage.
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While no number in the physiologic range has been identified as definitively 
superior pH for ex  vivo hypothermic preservation, it is well documented that 
extreme perturbations in the pH are to be avoided [19]. Additionally, under 
hypothermic conditions, standard buffers such as phosphates and sulfates possess 
different efficacies from normothermic conditions. The overall buffering capacity of 
preservation solutions is largely dependent on the main buffer in the solution, but 
ultimately, the collective buffering of all the constituents in the solution plays a 
significant role [19, 20]. As such, the choice of buffers and additives is very deliber-
ate for each perfusion solution. The most common base buffers still remain bicar-
bonate, phosphate, and sulfate derivatives. However, recent data have shown that 
zwitterions such as 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES 
buffer), containing both positive and negative charges, confer the largest buffering 
capacities and efficacies and, importantly, that solutions supplemented with HEPES 
better preserve cellular integrity [20, 21].

Solutions such as histidine-tryptophan-ketoglutarate (HTK) and Celsior utilize 
histidine as the primary buffer. While preliminary small animal studies show a high 
buffering capacity and suggest improved outcomes, subsequent head-to-head clini-
cal comparisons with standard UW solution have failed to demonstrate superiority 
in heart, pancreas, liver, and kidney transplantations [22–26]. Conversely, a recent 
retrospective analysis of lung transplantation at a single institution in Germany 
showed that Celsior-preserved lungs decreased the rate of bronchiolitis obliterans 
when compared with Perfadex preservation despite longer ischemic times in the 
Celsior group (p  =  0.03) [27]. More comprehensive trials need to be performed 
before larger conclusions can be drawn.

7.4  Impermeants and Colloids

As mentioned previously, allograft edema is a prime concern during hypothermic 
storage, and while partially addressed by the ionic composition of the preservation 
solution (mainly sodium and potassium concentrations), the task of preventing fluid 
from leaving the extracellular compartment has fallen largely to additive imperme-
ants. The necessity for impermeants should not be underestimated, as cellular 
edema represents a manifestation of ischemic injury that has far-reaching implica-
tions for allograft function and longevity, which will be covered later in this chapter. 
For the purposes of this discussion, though, it should be recognized that depletion 
of ATP and the subsequent ionic and electrical derangements that occur across the 
cell membrane results in cellular swelling. Downstream of this process, the conse-
quences of edema have been shown to initiate a proapoptotic signaling cascade via 
the disruption of the mitochondrial membrane [28]. In addition, post-reperfusion 
oxygen delivery may also be altered with the compression of capillary beds by 
parenchymal cell expansion, further propagating allograft injury [29, 30]. Indeed, 
on a macroscopic scale, significant graft injury from cellular edema has been dem-
onstrated in rat livers, which manifested decreased bile flow and transaminitis in the 
post-reperfusion period [31].
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Impermeants work by inducing an osmotic gradient against the cell membrane, 
thereby maintaining fluid balance in the extracellular spaces. Using a standard 
plasma osmolarity equation, 2[Na+] + [Glucose]/18 + [BUN]/2.8, it can be seen that 
much of the osmotic pressure in the human body is naturally attributable to the ionic 
gradient and the monosaccharide glucose. As discussed previously and seen in 
Table 7.1, other than HTK, many perfusion solutions contain large concentrations 
of cations, and earlier perfusion solutions such as EC solution utilized glucose as an 
impermeant. However, small saccharides, such as glucose and mannitol, quickly 
fell out of favor secondary to the realization that glucose was still small enough to 
penetrate the cell membrane, reverse the osmotic effect, and degrade to lactate (even 
under hypothermic conditions), ultimately contributing to lactic acidosis [32, 33]. 
Current popular perfusion solutions utilize larger saccharides and polysaccharides, 
such as raffinose, in UW solution or dextran in Perfadex. The larger size prevents 
entry into the cell and the subsequent lactic acid cascade.

In addition to saccharide-based impermeants, many solutions use an additional 
ionically charged molecule. Lactobionate (4-O-β-D-galactopyranosyl-d-gluconic 
acid) is a 358 dalton anion most commonly known for its use in UW solution and 
has been shown to have a significant allograft protective effect, mainly by abrogat-
ing edematous changes. Interestingly, it also appears to decrease free radical 
production by chelating iron ions [34–36]. As an additional bonus, lactobionate 
has also been shown to have an inhibitory effect on matrix metalloproteinases 
(specifically MMP-2 and MMP-9), which may further serve to protect against 
ischemia- reperfusion injury (IRI) [37].

While these additives aimed to shift the osmotic gradient, the inclusion of 
colloids into preservation solutions functions by inducing significant oncotic 
pressure. It should be noted that while colloids improve allograft function post-
reperfusion, they are more responsible for reducing interstitial edema rather than 
cellular edema [38]. The use of colloids, such as hydroxyethyl starch (HES) in UW, 
is the topic of some debate, in small part, not only because evidence has raised 
questions regarding the necessity and efficacy of HES in organ preservation but 
also, and perhaps more importantly, because HES has been associated with 
significant renal injury in the resuscitative setting that may have implications for its 
use as a perfusate [39–41]. Additional concerns have been voiced based on the 
observation of the hypercoagulable effects of HES on blood, particularly with high 
molecular weight HES and under hypothermic conditions when its viscosity is 
significantly greater than normal [42, 43]. Other than the documented increase in 
blood viscosity, the exact mechanism by which these molecules increase aggregation 
remains to be elucidated as the molecules have no apparent effect on either platelets 
or clotting factors [43, 44].

As a proposed alternative to HES, some newer storage solutions, such as 
Institute Georges Lopez solution (IGL-1), have substituted with polyethylene gly-
col (PEG) with a fair amount of compelling data to support the switch. In addition 
to its known colloidal properties, PEG appears to have no increased risk of hyper-
aggregation of red blood cells (especially at lower molecular weights [20 kDa ver-
sus 35 kDa]), and multiple other allograft protective properties have been noted 
[43]. Perhaps the most notable, particularly in the transplant setting, is its ability to 
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protect against IRI. This attribute has been demonstrated in several models, ranging 
from rat cardiac ischemia and steatotic livers to porcine renal and pancreas trans-
plants [7, 45–50]. Other compelling findings have included an ability to decrease 
T-cell-antigen-presenting cell (APC) interactions by direct interference to blunt 
effector T-cell proliferation [51]. Thus far, clinical trials comparing IGL-1 to UW 
have only been able to demonstrate similar efficacy between the two. Despite the 
potential of PEG use as a colloid, it is clear that the sum is greater than any of the 
individual parts [7, 52, 53].

7.5  Free Radical Scavengers

The addition of free radical scavengers to allograft preservation solutions is covered 
in detail in the ischemia-reperfusion injury (IRI) portion of this chapter (below).

7.6  Ancillary Additives

A number of additional additives have been suggested and tried with varying 
degrees of evidential support to justify their inclusion. UW solution often includes 
dexamethasone, insulin, and penicillin, but mixed evidence exists to corroborate 
their effect on outcomes [54]. The other main additive class, for which only marginal 
beneficial data exists, is the energy precursor class, that is, compounds that will 
contribute directly to ATP production. In theory, these substances make intuitive 
sense in the transplant context considering the prolonged ischemic period devoid of 
nutrients. However, the inclusion of adenosine in UW and IGL-1 or glutamate/
glutamic acid in HTK and Celsior, for the purposes of increasing ATP production, 
has gone largely unsubstantiated [55–57].

7.7  Allograft Preservation and Ischemia-Reperfusion Injury 
(IRI)

IRI is a certainty of current organ preservation tactics. While the long-term effects 
of IRI from cold storage are still being elucidated and appear to be dependent on a 
number of factors, the goal of all current preservation solutions is to minimize the 
damage caused by this phenomenon. Herein, we attempt to summarize what is 
currently known regarding the pathogenesis and consequences of IRI, including a 
discussion of the future trends and directions of research in this field as it applies to 
solid organ transplantation.
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7.8  Ischemia-Reperfusion-Associated Pathology

IRI, as an entity, manifests itself in a number of different clinical scenarios including, 
but not limited to, myocardial infarction, stroke, peripheral vascular occlusive 
disease, and transplantation. Indeed, much of what is known comes from research in 
these other fields but remains just as relevant to the field of transplantation. 
Increasingly, recent basic science research has demonstrated greater correlations 
between the initial insults of IRI and both short- and long-term allograft outcomes, 
making the pathogenesis of IRI key to the understanding and prevention of rejection. 
Utilizing the knowledge gained from many disparate research disciplines involved 
in IRI investigation is vital to addressing the ill effects of this deleterious process.

The period of ischemia that occurs during organ preservation facilitates further 
graft damage post-reperfusion. The exact mechanisms whereby this process is initi-
ated are currently being defined in the literature but is known to originate from the 
production of reactive oxygen species (ROS) from the mitochondria [58–60]. The 
cascade of events ending in IRI appears to begin with complexes I and III in the 
mitochondrial electron transport chain (ETC), which are the main sources of ROS 
(specifically superoxide and peroxide, respectively). This finding is somewhat vari-
able depending on the type of tissue tested and, compellingly, on the age of the tis-
sue tested, but still largely holds true [61–65]. The logical correlation that exists is 
between tissues with high metabolic activity, and a subsequently high oxidative 
capacity (e.g., cardiac tissue), and with high free radical production. Accordingly, in 
mouse studies of various tissue oxidative capacities, complex I levels are approxi-
mately tenfold higher in cardiac muscle than the liver and threefold higher than the 
kidney with similar trends noted for complex III [62, 65].

The majority of the previously cited data was studied under physiologic condi-
tions of mitochondrial respiration, and while valuable as an indicator of potential 
mediators of ischemic injury, further validation via a recapitulation of the clinical 
scenario is required. Studies have shown that the majority of mitochondrial ROS 
under physiologic conditions tend to either remain in the mitochondrial matrix or 
are catalyzed by superoxide dismutase (SOD). Under ischemic and IRI conditions, 
several studies have demonstrated that biochemical changes of ETC dynamics, and 
complex I in particular, result in the generation of pathologic levels of cytosolic 
ROS rather than mitochondrial ROS [62, 66, 67]. ROS generation occurs in a 
positive feedback loop, whereby mitochondrial membrane-associated cardiolipin 
becomes damaged and results in further disruption of ETC function, causing further 
production of ROS [66, 68]. For a full, detailed overview of mitochondrial generation 
of ROS in response to IRI, Chouchani et  al. have recently published a very 
compelling review hypothesizing a unifying mechanism [58].

Once this cycle of ROS-induced damage has begun, the cellular and molecular 
effects are wide ranging. Within the mitochondria themselves, at the source of 
ROS production, free radical damage to the mitochondrial membrane not only 
disrupts components of the ETC but also the organelle’s ability to maintain 
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transmembrane Ca2+-gradients [67]. This damage has been mechanistically 
implicated in secondary energy failure of the cell (i.e., inability to produce ATP), 
resulting from an inability to generate a proton-motive force. Indeed, this entire 
process of ROS-driven mitochondrial disruption plays a role in necrotic cell death 
via a signaling cascade heavily dependent on intramitochondrial cyclophilin D, a 
mitochondrial calcium regulator [69–71]. Alternative apoptotic pathways initiated 
by ROS-induced DNA damage, protein misfolding, and lipid peroxidation also 
play a role in IRI mediated through the release of molecules, such as cytochrome 
c, and caspase activation. The immunologic and pathogenic implications from 
necrotic pathways are likely more significant for reasons discussed below. (As an 
aside, cyclosporine A is a known cyclophilin inhibitor and has been shown to 
interrupt this Ca2+-dependent pathway [72–75].)

It should be noted that while the above information represents a brief overview 
of available information regarding IRI in multiple different tissues, the very real 
possibility remains that alternate pathways and mechanisms are responsible for 
similar pathologies in a tissue-dependent manner. As ever, the data should be 
approached with a critical eye and accepted for what they are rather than for what 
they might imply.

Damage-associated molecular patterns (DAMPs) are a direct consequence of 
cellular necrosis. These by-products of cell death mimic pathogen-associated 
molecular patterns (PAMPs) which are recognized by highly conserved receptors, 
such as toll-like receptors (TLRs), on immune cells and lead to the initiation and 
propagation of the inflammatory cascade [76]. A number of different intracellular 
molecules have been identified as DAMPs, the DNA-binding protein high-mobility 
group box 1 (HMGB-1), the cytoplasmic Ca2+-regulating S100 family, ATP (and its 
metabolites), uric acid, DNA, and heat shock proteins, and recent studies have begun 
to show the role of mitochondrial fragments as DAMPs, including in the transplant-
specific setting [77–81]. Via the activation of their respective receptors, DAMPs 
then upregulate inflammatory cytokines such as interferons, tumor necrosis factor 
(TNF), interleukins (IL)-1 and (IL)-6, as well as endothelial and leukocytic adhesion 
molecules [76, 79]. The consequence of all this is significant tissue damage from 
vascular leakage and edema, intravascular thrombosis and injury, and ultimately the 
activation of the innate and adaptive immune responses.

7.9  Clinical Impact of IRI in Transplantation

Donor organs are exposed to a series of injurious events prior to and during the 
transplant operative period: brain death, cold and warm ischemia, and eventually 
reperfusion injury as described above. The cumulative effect is to damage and 
immunologically prime the donor organ for alloimmune recognition.

The first manifestations of these insults are seen clinically in the immediate 
postoperative period, and clinical signs and symptoms vary by organ (Fig. 7.1). Different 
terminology is utilized for this type of injury depending on the organ being discussed. 
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Here we broadly term this postoperative pathology as “delayed graft function” (DGF). 
Despite the organ-dependent variations of DGF, a clear relationship has been observed 
between IRI (with ischemic time as an indicator for more severe IRI) and severity of 
DGF in most settings. The consequences of DGF are well known and include longer 
hospital stays, poorer overall allograft function, increased frequency of acute rejection 
episodes, and ultimately, decreased allograft and patient survival [82–85]. As such, it is 
paramount to delineate the correlation between IRI and DGF in an attempt to address 
this as a root cause.

In renal transplantation, where clinical data are readily available for both living 
and deceased organ donors, ischemic time correlates with DGF (defined as the 
need for dialysis within 1 week of transplant) and poor outcomes in both settings 
[86]. Cadaveric kidney donors, which have a reported DGF rate ranging from 20 to 
30%, tend to have poorer outcomes with ischemic times longer than 20–24 h; how-
ever, every hour an organ is in cold storage compounds the risk of DGF and graft 
failure [87–91]. Interestingly, living donor studies have demonstrated similar 
trends, but the cutoff time for increased DGF and graft failure were significantly 
lower at 4–8 h of cold ischemic time. This occurs despite the fact that live-donor 
kidneys do not experience the additional insults associated with brain death (e.g., 
complement activation, dysautonomia) [84, 92]. These are clearly very complex 
scenarios with multiple confounding factors. For each additional hour of ischemic 
time, the hazard ratios for live-donor kidneys were 1.14 versus 1.013 for cadaveric 
kidneys [84, 91]. It should be noted that recent advances in pulsatile perfusion 
technology have been able to offset some but not all of the deleterious effects of 
cold ischemia on graft outcomes [93].

Fig. 7.1 Acute manifestations of ischemia-reperfusion injury and emerging nanotherapeutics 
currently being investigated, by organ system
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Similar phenomena regarding prolonged ischemic times and outcomes have been 
noted in other transplantation fields, including cardiac and liver transplantation. 
Surprisingly, the one outlier appears to be lung transplantation, where several 
retrospective studies have documented that no such relationship appears to exist 
[94–97]. The reasons for this are not quite clear at the present time. The caveat to 
this finding, though, is that patients who did experience reperfusion-related injury 
performed significantly worse in the perioperative period [98].

The important point to take away from this discussion of IRI-induced early 
graft injury is the prognostic implication for short- and long-term allograft and 
patient survival. In fact, the exact pathways discussed previously in this chapter, 
and specifically the DAMP-activated TLR-4 pathway, have been clinically 
implicated in acute lung rejection. Lung transplant recipients displaying hetero-
zygous single amino acid polymorphisms in TLR-4 had significantly fewer 
acute rejection episodes than their wild-type counterparts at up to 3 years post-
transplantation [99]. A similar link has been noted in renal transplantation, 
although polymorphisms were only protective when they occurred in the donor 
graft [100].

The ultimate goal of transplantation research is to prolong allograft survival, 
which to a large extent means preventing chronic rejection. As intimated before, 
chronic rejection has a close association with the frequency and severity of 
acute rejection episodes, and especially early acute rejection. In cardiac trans-
plantation, where chronic rejection manifests as cardiac allograft vasculopathy 
(CAV), acute cellular rejection occurring within the first year posttransplanta-
tion is associated with an increased incidence of CAV in the long term (as high 
as 100% in some series), and outcomes were strongly correlated with the grade 
and frequency of the acute rejection episodes [101–103]. The same trends exist 
in both chronic renal nephropathy and lung transplantation, where chronic 
rejection manifests as bronchiolitis obliterans [104, 105]. The exception here is 
liver transplantation.

Given the cascade of events that begins with the generation and propagation of 
free radicals in the mitochondria, antioxidant additives to perfusion solutions 
logically make sense. Unfortunately, very little data exist indicating that free radical 
scavengers have any impact on outcomes. Allopurinol, which is the predominant 
antioxidant in UW solution, has recently been shown to ameliorate renal IRI when 
used as a preconditioning agent. However, rather than its established mechanism of 
antioxidant defense via xanthine oxidase inhibition, allopurinol’s protective effects 
seem to originate from interference with HMGB-1, mentioned previously [106]. 
Regardless, the effect may not necessarily apply to perfusates as the study was 
 performed in rats who were administered approximately 10–15 mg of allopurinol 
intraperitoneal daily for 2 weeks prior to IRI, whereas the concentration of 
allopurinol in UW solution is around 136 mg total per liter.

While a paucity of compelling data is also present for other common antioxidants 
such as glutathione, several additives used for other purposes have demonstrated 
additional capabilities as free radical scavengers. For instance, mannitol, tryptophan, 

K.J. Patel et al.



161

and histidine all have documented antioxidant properties [107]. Molecules such as 
PEG-35 in solutions similar to IGL-1 have demonstrated significant IRI-protective 
effects and an ability to protect rat livers undergoing 24 h of cold storage, even 
when only used as a rinse solution immediately pre-reperfusion [108]. However, as 
with any complex system, it is extremely difficult to isolate these effects to a single 
property of these additives, and nothing can truly be said of their antioxidant 
abilities except that they certainly do not appear to be detrimental.

7.10  Emergence of Nanotherapy in Transplantation

Due to the harmful sequelae of long-term systemic immunosuppression as well as 
increased risks for malignancies and concomitant toxicities, therapies utilizing 
nano- and microparticles to deliver immunosuppressive medications directly to the 
allograft are currently being researched. The impact of such drug delivery vehicles 
includes the ability to locally treat an organ while maintaining systemic immuno-
surveillance as well as potentially obviating the side effects that are so common 
with many of these medications. Herein, we describe in further detail how nano-
therapeutics and emerging technologies such as these are being applied to a wide 
range of solid organ transplant models.

7.11  Construction and Modification of Nanoparticles

Poor biopharmaceutical properties, such as low bioavailability, minimal solubility, 
low permeability, high molecular weight, and high pre-systemic metabolism, of 
drug formulations contribute to difficulties in delivering systemic dosing of immu-
nosuppressive drugs [109–111]. A limited number of direct drug modifications have 
been utilized to formulate improved drugs. Therefore, the development of drug 
nanocarriers, such as emulsions, liposomes, and polymeric micelles, are considered 
alternative methods to deliver water-insoluble drugs.

The attraction of nanocarriers is, in large part, attributed to their unique physio-
chemical properties, such as their small size, stability, and the ability for tailoring 
with various functionalities. Nanocarriers can prolong drug circulation in the blood 
and offer new methods for targeted delivery after intravenous administration. For 
example, cyclosporine has been emulsified to form micelles and further modified 
into microemulsion to enhance bioavailability [112]. The liposomal formulation of 
tacrolimus also has been demonstrated as an effective strategy to increase efficacy 
and decrease toxicity [113, 114]. The formulation of amphiphilic block copolymer 
micelles has been used to prepare injectable formulations of cyclosporine and the 
highly lipophilic sirolimus (rapamycin) [115–117].
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Liposomes represent one of the most promising systemic delivery strategies. 
Since their initial development around 1980, the related technology has contin-
ued to improve, and several formulations are commercially available for clinical 
applications. Liposomes can be classified according to their lamellarity, size, or 
preparation method [118]. Liposomes can carry either hydrophilic or hydropho-
bic drugs, partitioned either in the aqueous or organic lamellar layers to protect 
them from unfavorable conditions [119, 120]. The physicochemical properties 
of liposomes, such as net surface charge, hydrophobicity, size, fluidity, and 
packing of the lipid bilayers, influence their stability [121]. Instability of the 
liposomes in plasma is primarily due to their interaction with high (HDL) and 
low density (LDL) lipoproteins [122]. Modifications of the liposome surface 
can improve stability. Particularly, liposomes conjugated with PEG can evade 
recognition by opsonins and the subsequent clearance by the reticuloendothelial 
system (RES), and hence they stay longer in circulation with sustained drug 
release [123–127]. Size-wise liposomes between 100 and 300 nm tend to accu-
mulate within the interstitium and promote drug delivery efficiency, owing to an 
organ’s vascular features, referred to as enhanced penetration and retention 
(EPR) effect [128–130]. Further, liposomes can be constructed with special moi-
eties for targeted delivery, achieving higher delivery efficiency and minimizing 
side effects [131–135].

Micelles, even smaller than liposomes and ranging in size from 10 to 50 nm, can 
also be altered on their exterior surface with functional moieties, such as ligands or 
peptides, to provide targeting capability. The inner micelle core can be used as a 
container for many hydrophobic drugs. Environmental-sensitive lipids that take 
advantage of pH (or temperature) can be used to formulate the micelle shell to pro-
vide responsive drug release. Novel, pH-sensitive, targeted micelles encapsulating 
rapamycin have been developed to attenuate responses of human EC inflammation 
and allopresentation when subjected to oxidative stress (described below) [136]. 
These micelles were decorated with cyclic arginine-glycine-aspartate (cRGD) moi-
eties to facilitate targeting to integrin alpha v beta 3 (αVβ3) on the endothelium and 
loaded with the immunosuppressive rapamycin, a lipophilic microcyclic lactone 
(sirolimus). Rapamycin, a potent mToR inhibitor, was selected due to its ability to 
not only inhibit T-cell effector cell functions but also protect the endothelium and 
promote tolerance [136].

Polymeric nanocarriers, based on polylactide (PLA) or polylactide-co-glycolide 
(PLGA), have been developed to deliver drugs like cyclosporine or sirolimus [137–
139]. The nanocarrier formulations developed to date have improved the overall 
bioavailability of the drug and protected the milieu from the toxicity of the drug. 
Many of the published studies have focused on controlling the formulation by main-
taining therapeutic blood levels. The release of drug from the polymeric nanocarri-
ers is relatively slow (only <20% drug release over a 2-week period). As a result, 
maintenance of drug concentrations within the therapeutic window after intrave-
nous administration is difficult.
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7.12  Recent Advances and the Current State 
of Nanotherapeutics

7.12.1  Cardiac Transplantation

According to the International Society for Heart and Lung Transplantation registry 
data, approximately 4000 cardiac transplants are performed worldwide each year 
with a median survival time of 11 years [140]. CAV, a manifestation of chronic 
rejection on vascular endothelial and smooth muscle cells, remains a major cause of 
long-term graft loss and mortality, with up to 50% of allografts demonstrating some 
amount of CAV by 10 years posttransplantation [141, 142]. While improvements in 
immunosuppressive agents have greatly improved short-term survival, long-term 
survival has remained essentially unchanged, largely due to CAV [140–142]. Other 
potentially modifiable causes of mortality include renal failure, malignancy, and 
opportunistic infections; all of these could potentially be addressed with graft- 
specific drug delivery and nanotherapeutics [140, 143].

Graft endothelial cell activation (as occurs with IRI) is a key component to the 
pathogenesis and progression of CAV [142, 144]. As such, the protection of allograft 
vasculature and prevention of vasculopathy, and ultimately chronic rejection, intui-
tively hinges on the protection of the endothelial cell lining. Our group created a 
novel drug delivery molecule that preferentially targets endothelial cells in the 
ex vivo setting and promotes the intracellular uptake of rapamycin, a highly effec-
tive immunosuppressant with a multitude of systemic side effects (Fig. 7.2) [136]. 
By packaging rapamycin in a protective polyethylene glycol (PEG)-modified 
micelle, the unwanted molecular attributes and systemic side effects may largely be 
obviated [136, 145–147]. This study utilized a previously described endothelial cell 
targeting moiety (Arg-Gly-Asp or RGD) to demonstrate the drug system’s ability to 
depress endothelial cell inflammation [148]. In the ex vivo model utilized in their 
study, the relatively nonspecific RGD was able to target only the allograft vascular 
endothelial cells of interest, and this may go a long way toward preventing the initial 
insults that pave the way toward CAV and chronic rejection. However, for longer- 
term immunosuppression, a more applicable and graft-specific in vivo target may be 
required, such as platelet-endothelial cell adhesion molecule 1 (PECAM-1) and 
intercellular adhesion molecule 1 (ICAM-1), which are upregulated on pathologi-
cally activated endothelial cells [149].

Beyond the endothelial cell’s role in the initiation and propagation of chronic 
rejection, associated changes to the allograft vasculature in CAV include a marked 
expansion and remodeling of the extracellular matrix during the process of neointi-
mal hyperplasia. The unlikely positive outcome from this process has been the 
 identification of disease-specific molecules, namely, fetal variants of fibronectin and 
tenascin-C, which have become targets for immunotherapeutics in cardiac chronic 
rejection models [142, 150, 151]. Indeed, the re-expression of fetal fibronectin  
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(ED- A+ Fn) and tenascin-C following heart transplantation was directly correlated to 
rejection and inflammation and was markedly absent in healthy adult organs [150, 
151]. Franz et al. were, accordingly, able to successfully design and validate a targeted 
ED-A+ Fn antibody to deliver IL-10  in a rat heterotopic heart transplant model. 
While the therapeutic effects of IL-10 delivery were found wanting in this study, 
there was a clear demonstration of the targeting ability and specificity of the delivery 
system on fluorescence imaging and microscopy [150, 152]. Nonetheless, this 
represents a very important molecular maker for chronic cardiac rejection and drug 
targeting, and the creation of more effective therapy will only be a matter of time. It 
is worth noting here that clinical studies have documented significant antiprolifera-
tive effects of sirolimus (rapamycin) and a reduction of intimal hyperplasia on 
ultrasound imaging after being started in patients several years posttransplantation, 
and this may pose as a highly beneficial therapeutic if properly developed [153].

Not to be forgotten for their function in transplant immunopathology, effector 
T-cells play a prominent role in both acute and chronic rejection. While many 
current therapies exist to suppress T-cell proliferation and function, they are largely 
hampered by the pitfalls of systemic immunosuppression, poor specificity (i.e., 
B-cell suppression), and associated toxicities. Monoclonal and polyclonal antibod-
ies have been developed with this purpose in mind; however, their use beyond 
induction therapy is still not well delineated. To date, no current therapies are able 
to selectively inhibit T-cells sensitized to allograft-specific antigen. Despite this, 
some new advancements in T-cell targeting and suppression have recently been 
reported in a rat cardiac transplant model. Guo et  al. created a CD3-targeting 
nanoparticle, with high MRI signal intensity, that presents a lot of interesting poten-
tial [154]. While the molecule effectively immunosuppressed, there remained issues 
of nonspecificity; however, the truly exciting prospect is accurately and noninvasively 
identifying acute rejection episodes (which are significant risk factors for subsequent 
chronic rejection) while simultaneously treating the patient.

7.12.2  Lung Transplantation

Lung transplantation, both single and double, offers a unique opportunity for 
targeted drug delivery beyond the other mechanisms previously discussed. 
Specifically, the ability to deliver aerosolized medications to the lung has the 
potential to appropriately immunosuppress the lung allograft while almost entirely 
avoiding entering the systemic circulation. Inhaled steroids are already a staple for 
the treatment of numerous pulmonary disorders; however, the developments of 
aerosolized calcineurin inhibitors are at the forefront of more tailored pulmonary 
immunosuppression [155].

While aerosolized versions of cyclosporine A have been in development since 
1997, applications for lung transplantation have very recently come close to clini-
cal use, with current Phase II trials ongoing for cyclosporine inhalation solution 
(CIS) use in transplant recipients suffering from bronchiolitis obliterans. CIS is a 
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propylene glycol suspension that had been demonstrated preclinically to be safe 
with favorable pharmacokinetics in dogs and rats [156, 157]. Building on this and 
clinical data first published in the New England Journal of Medicine, CIS had 
previously made its way to Phase III trials but failed to show efficacy in disease-
free survival or overall mortality [158, 159]. However, that trial did produce 
valuable information, including the finding that this aerosolized mechanism of 
delivery can produce highly selective pulmonary delivery and substantially lower 
systemic levels of cyclosporine than oral administration and that minimal coaching 
could assist in avoiding alimentary ingestion of the drug. Equally as important, the 
patients tolerated the therapy fairly well [160]. Should further studies of CIS not 
prove fruitful, several other aerosolized variations including liposomal and glycerol 
monooleate- based dry-emulsion powder formulations have already been developed 
with promising preliminary data [161, 162].

A little farther behind on the pharmaceutical development trail lie the inhalational 
formulations for tacrolimus and rapamycin. Recently reported, a rapamycin powder, 
compounded with lactose for stabilization, was demonstrated to successfully absorb 
and distribute throughout the lung [163]. The study, performed in a non-transplant 
rat model, examined both the crystallized compound and a preparation done by thin 
film freezing (TFF), a technique for increasing solubility and bioavailability. 
Ultimately, both formulations targeted the lung for comparable amounts of time; 
however, systemic levels of TFF were higher [163]. Similarly early in its 
development, inhaled tacrolimus tested in a rat lung transplant model demonstrated 
efficacy in attenuating IRI, despite the fact the study was somewhat hampered by 
poor delivery of the therapeutic. This phenomenon was attributed mostly to upper 
airway interference in a spontaneously breathing animal, a situation circumvented 
in humans by virtue of endotracheal intubation [164].

Creating an aerosolized medication that will distribute deep into the lungs 
requires an appropriately sized nanomolecule (~1–5 μm effective diameter) that can 
be effectively incorporated into a liquid or powder form, while simultaneously 
accounting for differential levels of humidity at different points in the airway 
affecting hydrophilic properties [165, 166]. This is clearly complicated; however, 
utilizing a nanoparticle delivery system to encapsulate medications could confer 
pharmacokinetic predictability to a wide range of drugs, thereby simplifying this 
process. In the vast majority of cases, nanoparticles could also be modified more 
easily than native drugs to produce sustained-release formulations of medications, 
as well as more specific targeting [166].

To this end, Cova et al. have begun utilizing everolimus-loaded gold nanoparticles 
to treat damaged lung allografts [167]. Utilizing antibody targeting, they were able 
to demonstrate mesenchymal cell inhibition and induction of apoptosis in in vitro 
models. In unpublished preliminary data, they have also been able to demonstrate 
safety and efficacy of nebulized administration of their nanoparticles in mice, with 
no detectable levels of drug in off-site organs. While this is still very early days, the 
work represents yet another example of the exciting direction of nanoparticle therapy 
in transplantation.
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7.12.3  Kidney Transplantation

IRI is a significant contributor to allograft rejection, both acute and chronic. Renal 
transplantation is no exception to this rule and, in fact, may be particularly important 
to the pathogenesis of subsequent graft failure when compounded with the inherent 
nephrotoxicities of current standard immunosuppressive medications (e.g., tacroli-
mus), as well as the increasing use of extended criteria donors. Consequently, many 
of the emerging developments in renal transplant medicine have revolved around 
these two accepted phenomena with targeted therapies representing the ideal.

Intuitively, the kidney’s sensitivity to ischemia/reperfusion injury could be inferred 
from the high rate with which acute kidney injury occurs in the general patient popu-
lation. Indeed, the kidney appears to be highly reactive to alterations in perfusion and 
blood flow. In the setting of deceased donor transplantation, the ischemic insult 
begins even before the organ has been harvested, continues through cold and warm 
ischemic periods, and ultimately manifests itself with delayed graft function and 
rejection episodes [168–170]. To combat this inevitability, minimizing the ischemic 
insult and related damage has been studied in depth. Great strides have been made in 
ex vivo machine perfusion of renal transplants to address IRI. Hypothermic machine 
perfusion has been utilized for many years, and, increasingly, normothermic perfu-
sion has been demonstrated to benefit organs. These modalities have been able to 
decrease the rates of delayed graft function, expand the donor pools, and even reha-
bilitate previously damaged kidneys [171–174]. The relevance of machine perfusion 
to our discussion largely lies in its ability to deliver novel drug therapies in the unique 
ex vivo setting available in transplantation [168, 171, 175].

Among the many types of perfusion solutions currently in use and in development 
for renal transplantation, there have been a handful of molecular additives designed 
as targeted therapies for pretransplantation immunomodulation. In 2010, Brasile 
et al. utilized a canine renal transplant model to demonstrate the efficacy of a novel 
receptor-mediated bioengineered nano-barrier membrane (NB-LVF4) in conferring 
immunoprotection to vascular endothelial cells [175]. They utilized an ex vivo warm 
perfusion model in which the nanomolecules were administered over a 3 h period at 
32 °C prior to re-implantation. In the posttransplantation period, the animals were 
monitored in the absence of systemic immunosuppression and the treatment group 
manifested rejection later (30 days versus 6 days) while maintaining normal renal 
function [175]. While it appears their nano-barrier does not function in preventing 
IRI, there was more than adequate amelioration of the post-reperfusion sequelae.

In an effort to address IRI, a number of additives have been studied showing great 
promise. Most recently, the utilization of hydrogen sulfide in University of Wisconsin 
solution was demonstrated to improve early graft survival in rat renal transplants 
when incubated for 6 h at 4 °C [176]. The presumed mechanism of protection is 
related to the mitigation of oxidative stress and subsequent inflammatory cascades.

Similarly, curcumin, an inhibitory molecule for the NF-kB pathway, has been 
regarded as a promising therapeutic secondary to its immunosuppressive properties 
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and the protection provided from oxidative stress [170, 177]. Multiple preclinical 
models exist expounding on curcumin’s potential, and several delivery systems 
have been designed to improve hydrophilicity of the molecule. In a non-transplant 
IRI model, Rogers et al. delivered liposomal-packaged curcumin to mice prior to a 
renal ischemic insult and were able to successfully reduce renal injury as demon-
strated by improved serum creatinine and serum urea, reduced pro-inflammatory 
markers, and better preserved histology [170]. Thuillier et al. formed a cyclodextrin- 
complexed curcumin compound to improve solubility and subsequently demon-
strated improved in vitro and in vivo function, survival, and markers of cellular and 
parenchymal damage in a porcine renal autotransplant model [177].

7.12.4  Liver and Pancreas Transplantation

Currently, a paucity of research and data exists on the immense potential of nano-
technology in liver and pancreas transplantation. A multitude of factors may be 
responsible for this. For instance, while large animal models of liver transplantation 
exist (e.g., porcine models), more manageable (both logistically and monetarily) 
small animal models do not. The current murine orthotopic liver transplant model is 
extremely difficult from a technical standpoint, and few labs have undertaken the 
endeavor, though recently, Pan et  al. described a potentially easier method for 
reanastomosis which may turn the tide [178]. This does not appear to be the case in 
regard to pancreatic transplantation; there are a plethora of animal models including 
recent descriptions of nonhuman primate models of transplantation. However, there 
still remains a dearth of research into nanotherapy [179].

Despite the absence of transplant-related developments, both the hepatic and 
pancreatic literature do contain an extensive amount of nanotherapeutic innovation 
in malignant and nonmalignant diseases afflicting these organs. From the use of 
siRNA delivering nanosomes to combat hepatitis C to the creation of nanomicelles 
for the treatment of pancreatic cancer, there exists a wide range of research in these 
areas [180, 181]. There have even been breakthroughs in nanotherapy toward the 
creation of bioartificial pancreases as a potential cure for diabetes [182]. These 
types of ingenuity clearly demonstrate the potential for where the fields of liver and 
pancreas transplantation could potentially go. The current voids will eventually be 
filled, and in the meantime, the continuing emergence of more sophisticated 
nanoparticle therapy and drug delivery systems in the surrounding fields will only 
serve as a higher platform from which to launch.

7.13  Conclusion

The utilization of nanotechnology represents the next frontier of medical 
breakthroughs with the fields of oncology and transplantation slated to appreciate 
the largest gains. Solid organ transplantation is uniquely positioned by its very 
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nature to harness this technology to selectively reshape pharmaceutical therapies. 
The ability to manipulate three disparate environments (donor, ex  vivo, and 
recipient) to the patient’s and the allograft’s advantage is unparalleled. As scientific 
research becomes more sophisticated and our knowledge of the molecular dynamics 
of the transplantation process becomes more complete, the role nanotechnology 
plays will become ever greater. The efficacy and specificity nanotechnology offers 
will only be enhanced as more is learned about IRI and its impact on allo-immuno-
genicity. The discussion in this chapter is only the tip of the iceberg with regard to 
the potential in this field, and the future prospects truly are reasons for genuine 
excitement and optimism.
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Chapter 8
Tissue Bioengineering in Transplantation

Ravi Katari, Lauren Edgar, Kevin Enck, Andrea Peloso, 
Riccardo Tamburrini, and Giuseppe Orlando

Abstract Organ transplantation has emerged in recent decades as one of the most 
effective modalities for the treatment of end-stage organ disease. Over 100,000 
transplants are performed worldwide each year; however, the supply has not been 
able to keep up with increasing demand. Furthermore, transplant recipients are 
committed to a lifelong regimen of brutal immunosuppressive medications that them-
selves carry significant side effect profiles, influencing clinical outcomes. Recent 
advances in the fields of tissue engineering and regenerative medicine are beginning 
to offer alternative solutions that could potentially improve the longevity, functional-
ity, and biocompatibility profiles of transplants. Decellularization technology to pro-
duce extracellular matrix scaffolds represents one of the most promising strategies 
currently under investigation. Such methods can produce bioengineered, transplant-
able organs using autologous cells that would bypass the need for immunosuppression 
and its associated side effects. Furthermore, bioengineering strategies in general are 
not bound by supply constraints imposed by organ donation.
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MSC Mesenchymal stem cell
PEG Polyethylene glycol
TE Tissue engineering

8.1  Introduction

In recent decades, organ transplantation technology has progressed substantially, 
which has paved the way for its emergence as the gold standard treatment for a 
myriad of clinical settings characterized by end-stage organ disease [1]. Although 
medical management has made impressive strides as a treatment modality, surgical 
transplantation remains the best and only means of permanently restoring the origi-
nal function of chronically or acutely irreversibly damaged organs. The aim of this 
chapter is to review relevant concepts in the science and practice of modern trans-
plantation along with related important developments in tissue engineering (TE).

Over 100,000 solid organ transplants are performed every year worldwide, includ-
ing approximately 70,000 kidney and 20,000 liver transplants [2]. End-stage renal 
disease, for example, represents an extraordinary public health burden worldwide, 
which has contributed to the kidney being the most commonly transplanted organ. In 
2014, about 15,700 people received kidney transplants in the United States, while 
over 100,000 candidates remained on the waiting list because of limited supply [3, 4].

Success rates have been improving incrementally over the years, but the chal-
lenges of donor organ supply and complications relating to immunosuppressive 
medications remain major obstacles in the way of further progress for the treatment 
of irreversible end-organ damage. Temporizing measures, such as dialysis, extends 
life expectancy, which predictably contributes to a growing demand for donor grafts 
and an ever-expanding waiting list. But candidates who do ultimately receive a 
transplanted organ can develop secondary neoplasms or other adverse sequelae 
associated with prolonged immunosuppression.

In light of these shortcomings, developing methods of tissue engineering (TE) 
has been very promising as a potential solution to the challenges associated with 
modern transplantation. TE, often touted as a subfield of regenerative medicine, 
refers to approaches that attempt to restore physiological or anatomical function by 
either regenerating cellular material or replacing diseased cells with healthy cells in 
tissues that might not perform this task spontaneously or sufficiently [5]. TE can be 
accomplished in experimental and clinical settings by administering cellular mate-
rial, noncellular biomaterials, or a combination of the two [6]. Biomaterials, natu-
rally derived or synthetic, are often employed, as are anatomically relevant 
“scaffolds” on which cells can be distributed or that allow for the migration and 
proliferation of cells in vivo as a way to replace damaged tissue.

The introduction of cellular material for the purpose of regeneration or 
replacement arguably can be a natural extension of the current donation system 
underlying modern transplantation. Indeed, it has been recognized that transplantation 
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shares many of the same guiding principles that now guide developing TE 
methodologies [7]. For example, the idea of replacing diseased tissue by the direct 
administration of bioactive, cellular material underlies present surgical transplanta-
tion. A TE alternative may merely involve seeding cellular material within a 
biocompatible, organ- shaped scaffold to bioengineer a functional organ for use as a 
replacement [8]. Further, whether by direct healing, via administration of cellular 
material and biomaterials, or ex vivo fabrication of whole organs for subsequent 
transplantation, TE—though still its early stages—enjoys the advantage of not 
being limited by organ shortage because cell cultures can be expanded in the 
laboratory and biomaterials can be manufactured on industrial scales without donor 
morbidity or mortality.

8.2  Major Challenges in Transplantation

8.2.1  The Organ Shortage

The dramatic success of organ transplantation for the treatment of organ failure 
has stoked an overwhelming demand without a corresponding supply for donor 
grafts. Kidney transplantation, for example, has proven itself to be superior to 
dialysis as a modality of renal replacement therapy in terms of both cost-
effectiveness and clinical outcomes [9, 10]. Life expectancy for dialysis patients 
in the United States is approximately 8  years for patients between 40 and 
44  years and 4.5  years for patients between 60 and 64  years. Transplantation 
offers a superior life expectancy profile of 85% at 5 years, 70% at 10 years, and 
44% at 20 years postoperatively.

Thus, modern transplantation can be considered a victim of its own success [11]. 
In 2014, only 15,700 patients received a kidney transplant, while over 100,000 
remained on waiting lists at the end of the year [12, 13]. According to the Global 
Observatory on Donation and Transplantation (GODT), approximately 114,690 
solid organs were transplanted worldwide in 2012, representing a modest increase 
of 1.8% from the previous year. The effort fell short, however, and met less than 
10% of the global need [14].

To offset some of the growing demand, transplant operators have widened the 
donor pool by expanding the criteria for acceptable donors with limited success. 
For example, the expansion of living and deceased donor acceptance criteria to 
include donation after cardiac death, paired donations, altruistic donations, immu-
nologically suboptimal donations, and donation from people with comorbidities 
has helped improve the probability of receiving an organ in the critical time frame 
while on a waiting list [15, 16]. Nevertheless, the rising incidence of chronic non-
communicable diseases such as diabetes and hypertension—leading causes of 
kidney disease—is projected to limit supply further and exacerbate discrepancy 
with demand [17].
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8.2.2  A Halfway Technology

Though representing one of the greatest achievements of modern medicine, 
transplantation can be usefully described as a “halfway technology” in light of inherent 
major obstacles. Lewis Thomas, a renowned pathologist, first articulated this concept 
by referring to technologies that compensate for the adverse sequelae of various dis-
ease processes as opposed to actually curing them [18]. He anticipated the laborious 
burden of “incomplete” technologies that complicates the overall treatment regimen.

It is readily apparent how modern transplantation in its current state fits Thomas’ 
description of an “incomplete” technology [19]. For example, although replacing 
native kidneys with donor grafts reconstitutes the filtration and hormonal functions 
of a healthy kidney, intervention does not eradicate the baseline disease that first led 
to the procedure in the first place: thus the stage remains set for secondary organ 
failure. Preventing graft failure, moreover, requires a lifelong commitment to antire-
jection medications, which also cause acute and/or chronic toxicity, leading to addi-
tional clinical syndromes [20]. Consequently, meticulous long-term management is 
necessary to prevent side effects or graft failure and to optimize quality of life.

A clear example of the incompleteness of transplantation is seen in transplants 
performed for end-stage kidney disease caused by diabetes mellitus [21]. Although 
transplantation is a lifesaving intervention in these cases, it does not cure the base-
line disease which instead will recur after the operation.

Disease recurrence after liver transplantation is, in fact, virtually inevitable. 
Histological evidence of infectious damage is detectable often within weeks, and 
progression to cirrhosis requiring another transplant occurs in 25% of cases within 
5–10 years following transplantation. Consequently, the recurrence of hepatitis C 
presents one of the major challenges to successful modern liver transplantation and 
is one of the most frequent causes of recurrent disease resulting in graft failure, for 
all organs [22]. Naturally, the chief exacerbating factor in recurrent hepatitis C cases 
is immunosuppression secondary to antirejection therapy. There is, indeed, evi-
dence to suggest that weaning from antirejection therapy in hepatitis C liver trans-
plant recipients delays the recurrence of disease and consequently improves overall 
morbidity and mortality outcomes [23]. Although there are rare cases in which 
transplantation has been fully curative without the need for immunosuppression, 
that technology is entirely consistent with Thomas’s description.

Thomas’s concept of a “halfway” or “incomplete” technology is useful because 
it provides boundaries and benchmarks by which alternative solutions can be mea-
sured. TE, for example, can be compared to transplantation and profitably evaluated 
using Thomas’s conceptual framework because it shares with transplantation over-
lapping ancestry and methodology [24, 25]. The essential goal to restore tissue and 
organ function via the introduction of bioactive materials is a shared attribute, albeit 
with different parameters.

As will be discussed in later sections, TE allows for the use of recipient-derived 
cellular material to manufacture functional tissues and organs ex vivo for autologous 
reimplantation thereby obviating the need for toxic immunosuppressive therapy. 
Without transplantation’s associated side effects, a TE-derived graft would be more 
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temporally durable and less susceptible to complications resulting in graft failure. 
TE methods could move transplantation closer to being a “complete” technology 
than organs obtained from conventional sources presently allow.

8.2.3  The Burden of Immunosuppression

Although advances in the transplantation sciences have dramatically improved mor-
bidity and mortality outcomes, subsequent immunosuppressive protocols remain a 
massive burden for patients following surgery because of the need to address associ-
ated infectious, neoplastic, and end-organ complications [26, 27]. For this reason, 
tolerance to organ allografts has traditionally been the ultimate goal for transplant 
practitioners and researchers. Indeed, achieving an immunosuppression-free state 
(IFS) that avoids all complications and costs associated with lifelong immunosup-
pression is often referred to as the “Holy Grail” among affiliated clinicians [28].

Infections are among the most common causes of hospitalization following kid-
ney transplantation and are, in fact, the major cause of hospitalization in pediatric 
transplant patients postoperatively [29]. Chronic immunosuppression also contrib-
utes to adverse cardiovascular events, which represent the chief cause of death in 
recipients [30]. Solid organ transplant recipients also have a higher risk of develop-
ing cancer because of immunosuppression and oncogenic viral infections.

Engels et al. evaluated medical data from over 175,000 transplant recipients from 
1987 to 2008 (approximately 40% of all organ recipients in the United States) and 
found an overall doubling of cancer risk compared with the general population [31]. 
Standardized incidence ratios were significantly elevated for most infection-related 
malignancies including non-Hodgkin’s lymphoma, Kaposi sarcoma, Hodgkin lym-
phoma, and cancers of the stomach, oropharynx, anus, vulva, and penis in kidney, 
liver, heart, and lung recipients. The risk of liver cancer was only elevated among 
liver recipients, partly because of recurrent hepatitis B or C or diabetes—showing 
the efficacy of Thomas’s concept of the halfway technology.

Ultimately, the duration of immunosuppression along with the intensity of treat-
ment is the most powerful predictor of malignancy [32]. Achieving a balance 
between the risk profile of antirejection therapy and the need to prevent graft rejec-
tion is a supremely difficult task of critical importance. In this context, it is no won-
der that the IFS is considered the Holy Grail among transplant clinicians.

To ensure graft survival and function, patients must adhere to long-term immu-
nosuppression. It can be estimated that over 300,000 patients in the United States 
alone are currently transplant recipients committed to brutal immunosuppressive 
regimens, with the attendant burden of close and frequent monitoring, which 
adversely impact health and quality of life in an unusually severe manner. There are 
over 1000 individuals presently living with an intestinal transplant, approximately 
14,000 patients with pancreas grafts, 11,000 with lung transplants, 27,000 with 
heart transplants, almost 200,000 with kidney transplants, and over 59,000 with 
liver transplants [33–38].
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Organ transplantation is also one of the most expensive medical therapies currently 
available and has a major impact on hospital and health system expenditures, in addi-
tion to a patient’s personal finances. Countries in which national health services are 
overburdened by the increasing medical needs of aging populations resort to strict 
cost-optimizing policies to limit access to organ transplantation and to limit expenses 
[39]. Thus, one of the primary challenges associated with transplantation is devising 
management strategies that lower the cost of the procedure without adversely 
impacting clinical outcomes [40].

The cost of immunosuppressant drugs and requisite frequent follow-up visits con-
stitute an immense financial burden. For those without long-term insurance coverage, 
drug costs may represent a significant out-of-pocket expense that is unaffordable. 
Patients who depend on Medicare for health insurance face a coverage cliff at 
36 months after transplant for immunosuppression drugs, a policy widely regarded as 
shortsighted given the massive expense incurred in the case of graft failure [41, 42]. 
Evans et al. surveyed kidney transplant programs in the United States and found that 
70% reported that their patients have an extremely or very serious problem paying for 
their medications [43]. Astoundingly, 68% of the programs reported deaths and graft 
losses attributed to cost-related nonadherence to immunosuppressive medications.

8.3  Tissue Engineering Solutions in Transplantation

TE efforts have resulted in successful manufacture of relatively simple, hollow 
organs (e.g., bladder, airway, etc.) from autologous cellular sources and subsequent 
implantation in over 200 patients with various medical conditions without the need 
for subsequent antirejection therapy. (In contrast, the number of transplant recipients 
who have been successfully weaned off of immunosuppressive drugs in the postop-
erative period is much lower.) At present, the production of more complex, modular, 
solid organs such as the kidney, liver, pancreas, heart, and lung has not yet occurred 
to a clinically relevant degree. Nevertheless, methods in TE are constantly being 
refined and updated; consequently, the field offers a promising new arena for trans-
plant research that could ultimately undergo a paradigm shift as it seeks to remove 
the obstacles described above. Proof of concept has already been established, and 
the transition from hollow to solid, complex organs should be the next milestone.

8.3.1  Cell-Scaffold Technology

TE approaches typically involve the use of cellular material either alone or in 
conjunction with a supporting scaffold [44]. The latter approach typically involves the 
manipulation of biomaterials into geospatially appropriate scaffolds. When seeded with 
cells and allowed to mature, these constructs are implanted as functional organoids 
with the bioengineered graft assuming the role of the transplanted organ. The use of 
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autologous cellular material circumvents immunosurveillance, and, thus, antirejection 
therapy is not warranted: a theoretically supported concept that has been observed 
empirically [45].

Determining the cell type most suitable for regeneration and/or reseeding onto a 
scaffold remains a critical objective for investigators in each organ system. 
Experimental and clinical investigations have commonly employed fully differentiated 
adult cells, organ-specific progenitor cells, or pluripotent stem cells [46], all of which 
can be acquired from a recipient.

Natural biomaterial scaffolds can be fabricated by perfusion of detergents 
through animal- or human-derived organs. This method removes the cellular 
compartment from the organ and leaves behind an extracellular matrix (ECM). 
These ECM-based scaffolds are highly biomimetic because they retain their original 
structural architecture in three dimensions including the intricate, internal vascular 
networks, adhesion molecules, and cellular signaling proteins [47–51]. Thus, natu-
rally derived scaffolds are particularly suited for cellular seeding.

The idea of fabricating natural ECM scaffolds was pioneered by Harvard 
researchers Vacanti et al. in the 1980s. In one of the earliest investigations, fetal 
and adult rat cells, mouse hepatocytes, pancreatic islet cells, and cells from the 
small intestine were seeded onto synthetically derived scaffolds [52]. The sup-
porting materials consisted of synthetic polymers organized into fiber networks 
that simulated the intertwining branching networks of the connective tissue pres-
ent in all organs that allows cells to remain viable by diffusion, promoting vascu-
lar ingrowth and encouraging proliferation [53]. After allowing the cells to culture 
on the synthetic scaffolds for 4 days, these constructs were then implanted into 
animals of varying species. The investigators recorded six cases of successful 
engraftment, each of which demonstrated viable cells, mitotic figures, and vascu-
larization of the cell mass. This was the first report of ex vivo manufacture of 
implantable organoid constructs consisting of cellular material seeded on artificial 
supporting scaffolds. The report paved the way for further studies that ultimately 
led to the first clinical application: a tissue-engineered vascular graft that was 
used to replace an intermediate pulmonary artery in a child with right ventricular 
and pulmonary atresia [54].

In all successful ECM cases reported to date, autologous cells were isolated and 
expanded in  vitro prior to seeding. In some cases, multipotent stem cells were 
isolated and differentiated toward specific somatic cell types prior to seeding on 
scaffolds [55–57]. Macchiarini et al. removed cells and MHC antigens from a human 
donor trachea and repopulated the ECM scaffold with epithelial cells and stem cell- 
derived chondrocytes that had been cultured from cells acquired by the recipient. 
This graft was then used to replace the patient’s left main bronchus. At 5-year follow-
 up, the tissue-engineered trachea remained open over its entire length, was well-
vascularized, was completely recellularized with respiratory epithelium, and had 
normal ciliary function and mucus clearance [58]. Thus, the investigators provided a 
solid foundation for further research into potentially groundbreaking cell- scaffold 
technology. Comparable success using biodegradable non-ECM-based scaffolds has 
been reported in the urethra [59], the bladder [60], and the vagina [61].
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8.3.2  ECM-Based Scaffolds

The ideal scaffold in the context of organ transplantation is biomaterial-based and 
approximates the three-dimensional structure of the organ to be transplanted. It 
should also lend biological and mechanical signals to induce cell growth and 
differentiation [62]. Generally, applicable design considerations include minimal 
immunogenicity, a degradation profile which parallels tissue regeneration, the 
presence of environmental factors appropriate for the seeded cell type, and 
appropriate mechanostructural parameters such as stiffness and tensile strength. In 
fact, ECM- based scaffolds are an attractive option because they include these con-
siderations and support cells in vivo.

In recent decades, it has become increasingly clear that ECMs play a fundamen-
tal role in the viability and functionality of cells, tissues, and organs. Indeed, one of 
the primary goals of TE investigators is to elucidate fully the relationship between 
ECMs and cells to facilitate the manufacturing of better cell-scaffold grafts. 
Decellularized tissue matrices obtained via detergent perfusion carry the benefit of 
preserving the native architecture and mechanical properties of the original tissue, 
i.e., the ECM remains virtually intact. These frames can be obtained autologously 
and reseeded with autologous cells. They also have been shown to support cellular 
regeneration without immunologic rejection: a feature of tremendous importance to 
transplant investigators [63].

ECM technology is able to drive differentiation of progenitor cells into organ- 
specific phenotypes, indicating the potential use of stem cells for cell-scaffold tech-
nology [64]. Indeed, Remuzzi et  al. recently reported on the successful 
recellularization of acellular rat kidney scaffolds using embryonic stem cells via 
infusion through the renal artery and subsequent pressure-controlled perfusion with 
recirculating culture medium [65].

Variations in ECM are likely to parallel the specializations of their corresponding 
organ systems. As such, the design of a single, all-encompassing biomaterial is not a 
practical design goal. To design the next generation of advanced biomaterial scaffolds, 
current investigators must take into consideration that body tissues and organs are 
highly specialized in structure and function. Decellularization, recellularization, and 
maturation protocols should, instead, be optimized and recent successes expanded on.

8.4  Organ Bioengineering

8.4.1  Cell Types

There are a number of potential approaches that can be used to fabricate organs 
ex vivo for eventual implantation into patients. Cell-scaffold technology consists of 
seeding cellular material on supporting scaffolds. Determining the proper cell type 
most suitable for regeneration and/or seeding on a scaffold remains a chief objective 
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for each organ system investigated. Experimental and clinical investigations have 
commonly involved fully differentiated adult cells, organ-specific progenitor cells, 
or pluripotent stem cells.

Adult somatic cells hold the advantage of being well-defined and readily iso-
lated, but, compared with progenitor and stem cells, their lifespan and regenerative 
potential are limited. Further, they lose function and differentiability when removed 
from the native environment. Their use is confined to the specific organ from which 
they are obtained. For example, cultured hepatocytes or renal tubular epithelial cells 
can be used only for liver scaffolds or kidney scaffolds, respectively, and they would 
likely be minimally proliferative.

Stem cells, however, possess the notable capacity of self-renewal and differentia-
bility. Their applicability has a broader range than adult somatic cells. Within the 
category of stem cells, the two types most commonly utilized are adult stem cells 
and embryonic stem cells [66].

Embryonic stem cells (ESCs) are pluripotent stem cells derived from the inner 
cell mass of the embryo during the blastocyst stage that have the ability to differenti-
ate into any cell type when induced with specific environmental cues or stimuli. 
Furthermore, they can self-renew indefinitely [67]. Researchers have successfully 
induced their differentiation into cell types from all three germ layers in  vitro 
including cardiac cells [68], endothelial cells [69], neurons [70], insulin-producing 
cells [71], and renal tubular cells [72]. In the context of abdominal bioengineering, 
the use of embryonic stem cells would find wide applicability for experimental and 
clinical purposes. Nevertheless, their use is significantly limited by ethical issues 
along with potential teratogenicity [73, 74].

Induced pluripotent stem cells (iPSCs) are generated via special reprogramming 
of adult cells resulting in their dedifferentiation into pluripotent stem cells. This 
process does not involve manipulation or destruction of primordial embryos, thus 
avoiding the ethical issues posed by ESCs. iPSCs have been derived from several 
cell types in experimental investigations, including human keratinocytes and umbil-
ical cord blood mononuclear cells [75, 76].

Adult stem cells, in contrast to ESCs, benefit from wide availability in the adult 
organism and relative ease of acquisition. They are thought to perform a major role 
in cellular repopulation and the replenishment process over time [77]. Indeed, adult 
stem cells residing in anatomical “niches” are responsible for the continual replace-
ment of damaged or dead tissue compartments in response to microenvironmental 
cues [78]. Wound healing and bone remodeling are familiar examples of tissue 
 systems with high turnover. Adult tissue systems with recognized niche populations 
of stem cells include the skin, fat, intestine, and kidney, among others [79–82].

Unlike somatic cells, adult stem cells can be induced to differentiate along lin-
eages other than the organ system from which they are derived. For example, fat 
stem cells have been successfully differentiated into cartilage cells, hematopoietic 
cells, neurons, bone cells, and skeletal muscle cells [83]. Nevertheless, their differ-
entiation potential is generally recognized to be limited to the germ layer from 
which they are derived, unlike the pluripotency of the ESC.
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Adult cells harvested for regenerative purposes can be heterologous (e.g., porcine), 
allogeneic (from a donor patient), or autologous (from the patient). Autologous cells 
are beneficial because they are shielded from the recipient patient’s immune system 
because they are not recognized as nonself. Given their ability to circumvent rejec-
tion, autologous cells represent the most desirable cell type in TE investigations. 
Allogeneic cells are another option; acquired from another individual, their use is 
complicated by potential immunogenicity [84]. Heterologous cells derived from non-
human organisms (e.g., porcine) represent another option under investigation.

Ideally, adult stem cells used for TE purposes would be expanded ex vivo and 
either (1) introduced directly into the patient to repair the damaged organ system or 
(2) seeded onto a supporting scaffold for eventual reimplantation in the patient. 
Isolating and expanding these cells at clinically relevant levels remain a challenge 
for current investigators.

8.4.2  Gastrointestinal Tract

The intestinal conduits are complex, hollow structures involved in nutrient passage 
and absorption, digestion, excretion, and the innate immune system. The human 
tract undergoes continuous turnover and renewal throughout life. This process is 
governed by the activity of resident stem cells in the gut wall [85].

The preexisting process of regeneration and renewal in the gastrointestinal tract 
underscores the unique applicability of methods in tissue engineering for repairing 
and regenerating segments of the GI tract. Given the microanatomical and func-
tional characteristics of the gut, such an endeavor would require regenerating 
smooth muscle, specialized neuronal tissue, and a mucosal-epithelial bilayer and 
meeting one of the most challenging tasks—recapitulating the diverse motility pat-
terns that are essential to proper intestinal functioning. Nevertheless, preliminary 
investigations have been quite promising [86].

Speer et al. isolated organoid units from mouse glandular stomach and seeded 
them onto biodegradable scaffolds composed of polyglycolic acid (PGA) coated 
with poly-l-lactic acid (PLA) and type I collagen [87]. The seeded scaffolds were 
implanted into the omentum of adult mice and harvested at designated time points 
for analysis. The constructs were found to grow and proliferate as expanding spheres 
with simple columnar epithelium organized into gastric glands and an adjacent 
muscularis. Mucous, enteroendocrine, chief, and parietal cells were all expressed in 
the regenerated epithelium.

Maemura et  al. have employed biodegradable polymers seeded with stomach 
epithelial organoid units obtained from neonatal rats in various investigations [88]. 
They replaced recipient rat stomachs with tissue-engineered stomachs and discov-
ered no evidence of stenosis or obstruction at the sites of anastomoses. Histological 
evaluation demonstrated well-developed vascularized tissue and stratified smooth 
muscle layers [89]. They also used their seeded scaffolds to patch gastric wall 
defects in rat models with considerable success [90].
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The small intestine is the primary segment for nutrient absorption within the 
gastrointestinal tract. This process depends on the integrity of microvilli structures 
that line the intestinal epithelium. Early regenerative investigations employed 
autologous tissue patches to repair defects in the intestinal wall, but later studies 
underscored the potential use of absorbable biomaterials as a patch scaffold to facil-
itate tissue ingrowth [91]. Commonly used biomaterials have been collagen 
scaffolds, PLA, and PGA, among others. Fibrin hydrogels have demonstrated the 
sufficient mechanical rigidity to allow self-organization of circular sphincteric and 
intestinal smooth muscles, even in humans [92, 93].

The Vacanti group has employed intestinal organoid units acquired from the 
small intestine and remodeled them on biocompatible matrices [94]. These 
implants were able to reduce morbidity associated with massive bowel resection 
in rat models. Chen et al. implanted ECM-derived submucosal tubes in canine 
models with small bowel resections without seeding material to ascertain any 
regenerative potential [95]. The investigation used four dogs and concluded 
that this method was not efficacious, although patch repair showed potential for 
wall regeneration.

Numerous studies have reported the use of bone marrow-derived mesenchymal 
cells (MSCs) for the regeneration of intestinal tissue. Hori et  al. were able to 
regenerate intestinal segments by seeding MSCs onto collagen scaffolds [96]. Their 
constructs showed a transient distribution of alpha-smooth muscle actin-positive 
cells but failed to regenerate a muscle layer, which is essential for peristalsis.

ESCs have also been used to regenerate functional or semi-functional 
intestinal tissue, under proper induction by growth factors [97, 98]. Watson et al. 
recently reported on the generation of human intestinal organoids procured 
in  vitro from human embryonic stem cells or pluripotent stem cells that they 
were able to engraft and vascularize in mouse models [99]. In vivo transplanta-
tion resulted in marked expansion and maturation of differentiated epithelium 
and mesenchyme and even demonstrated digestive functions. Wieck et  al. 
showed in a recent report that human- derived tissue-engineered colon can be 
populated with nervous tissue when cultured with enteric nervous system 
progenitor cells to reconstitute motility functions impaired in conditions such as 
Hirschsprung’s disease [100].

Detergent-based organ decellularization allows for the manufacture of ECM- 
based intestinal scaffolds. Notably, the ECM preserves the villus-crypt architecture 
and vasculature that supports intestinal epithelial regeneration [101]. Though clini-
cal translation has not yet proven feasible, recent findings and ongoing studies are 
showing great promise.

Given the limited successful results of employing cells or biodegradable scaf-
folds alone, adult or stem cell seeding on ECM-based scaffolds will likely help to 
achieve optimal results in future investigations. Identifying the most suitable cell 
type remains a primary challenge for future studies, along with establishing a scaf-
fold that recaptures the microenvironmental cues of native intestine.
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8.4.3  Kidney

The kidney is a complex solid organ with important roles in endocrine, metabolic, 
and immunologic homeostasis. Functions include filtering the blood, maintaining 
adequate blood pressure and volume, and excreting toxic metabolic waste products, 
highlighting the crucial role of the kidney.

At present, dialysis and transplantation represent the gold standard treatment 
modalities for chronic kidney disease. Dialysis as a modality of renal replace-
ment therapy does not, however, cure kidney damage. Rather, it assumes a por-
tion of the kidney’s functions, particularly filtration. As such, dialysis leaves 
much to be desired.

Replacing the organ with a healthy, functioning graft, on the other hand, is a much 
more effective treatment. With the worldwide burden of hypertension and diabetes 
growing, the prevalence of chronic kidney disease is reaching epidemic proportions, 
and the need for functional kidneys is rising correspondingly [102, 103].

Contemporary investigators agree that significant progress for TE approaches to 
renal replacement therapy will require further elucidation of the native repair and 
regeneration processes occurring in vivo at the cellular and molecular levels [104, 
105]. Because of the proportionally increased metabolic demand of the kidney 
itself and its waste and toxin filtration functions, renal tubular cells are constantly 
under the threat of acute injury and oxidative stress. It has been stipulated that, for 
this reason, these cell populations feature unique regenerative abilities to compen-
sate for continuous insult. Indeed, surviving renal tubular cells have been observed 
to give rise to a new population of the cells following physiologic kidney damage 
[106].

Nagaike et  al. observed that unilateral nephrectomy induces mitogenesis and 
hypertrophy in the contralateral kidney [107]. When Cochrane et al. created ureteral 
obstructions in murine models of renal injury to induce cortical tubular cell atrophy, 
tubular dilation, and interstitial macrophage infiltration, they observed a rapid pro-
cess of reconstruction and interstitial matrix expansion upon reversal of the obstruc-
tion which ultimately restored the glomerular filtration rate [108]. However, 
continuous and supraphysiologic damage characteristic of chronic kidney disease 
overpowers the regenerative properties of these cells, and the growth of new neph-
rons, i.e., frank nephrogenesis, has not been shown to occur [109]. But nephron 
progenitor cells derived from human pluripotent stem cells are currently under 
investigation for TE purposes given their nephron-forming capacity [110].

Researchers have explored the potential of cell therapy to restore kidney function 
in the face of widespread damage. Cell-based approaches seek to achieve kidney 
repair and regeneration in situ upon therapeutic administration. They are based on 
the observation that exogenously supplied cells can stimulate and/or contribute to 
repair and proliferative processes [111]. Progenitor cells harvested from the proxi-
mal tubules, glomerulus, peritubules, and papillae have all demonstrated some level 
of regenerative capacity in recent investigations [112, 113]. Stem cells obtained 
from the urine have also shown some potential to reverse kidney damage and aid in 
the repair process [114].

R. Katari et al.



193

A recent study, for example, demonstrated that cultured mesenchymal stem cells 
injected into mice with ischemia-induced kidney injuries resulted in improved renal 
function, promoted macrovasculature repair, attenuated kidney peritubular capillary 
loss, increased the proliferation of parenchymal cells, and significantly reduced 
overall mortality [115]. Such approaches are attractive because of the ease of isola-
tion and expansion of mesenchymal stem cells and their potentially autologous use 
to reduce the risk of immunogenic rejection. Furthermore, the use of adult cells 
circumvents the ethical obstacles encountered when using ESCs. The results of 
investigations utilizing amniotic fluid-derived stem cells and induced pluripotent 
stem cells have been similarly encouraging [116–119].

Enhanced understanding of the regenerative properties of renal cells has led to 
another avenue for treatment of kidney damage: the use of embryonic kidney tissue. 
These primordial cells have been shown to integrate within adult organ systems, 
richly vascularize, and form new, mature nephrons (i.e., result in frank nephrogen-
esis) [120, 121]. Ureteric bud and metanephric mesenchyme cultures retain the 
capability to form collecting ducts through tubulogenesis and epithelization by vir-
tue of the inherent developmental capacities of the mesonephric duct tissue.

Investigators prepared the kidney tissue in vitro and subsequently implanted it in 
mice models that survived for over 5 weeks. Microstructural analysis revealed glo-
merular vascularization in  vivo, lending support for the therapeutic potential of 
these primordial tissues [122]. Imberti et al. implanted renal primordia under the 
kidney capsule of male rats with kidney injury [123]. The grafts developed glom-
eruli and tubuli that filtered blood and produced urine in cyst-like structures. 
Additionally, newly developed metanephroi initiated a process of regeneration in 
host tissue segments, as indicated by increased cell proliferation and vessel growth.

Preliminary and animal model investigations into kidney bioengineering using 
cell-scaffold technology also have been highly encouraging. ECM scaffolds pro-
duced from animal and human kidneys have been shown to retain their innate bio-
molecular and biophysical properties in addition to their native external anatomy 
[124, 125]. Orlando et al. successfully fabricated renal ECM scaffolds from porcine 
kidneys by pumping an aqueous detergent solution through the renal artery, thereby 
decellularizing the organ [126]. These scaffolds achieved total cell clearance and 
retained their essential architectures. The injection of contrast media through the 
renal artery confirmed preservation and potency of a vascular network with hierar-
chical branching structures without extravasation into the parenchymal compart-
ment. Seeded endothelial cells demonstrated steady growth and adherence to 
structures on the bioscaffolds. Finally, unseeded scaffolds were successfully 
implanted in pigs to assess their in vivo biocompatibility. They were easily reper-
fused, sustained blood pressure, and were tolerated for 2 weeks.

The same group identified the approximately 2600 human kidneys originally 
intended for transplant purposes but discarded each year due to anatomical or patho-
logical anomalies as a platform for kidney bioengineering at clinically relevant 
scales. Given their human origins, the potential for use of these discarded grafts in 
TE investigations is monumental, at least as a stepping stone to realizable clinical 
translation. In 2013, they successfully produced ECM scaffolds using these 
discarded kidneys [127]. These human scaffolds, like their porcine analogs, were 
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completely decellularized and maintained their structural composition. HLA anti-
gen molecules were notably absent: an important indicator of the potential immuno-
compatibility of these constructs. They were able to induce vessel formation in 
chick chorioallantoic membranes, suggesting strong angiogenic properties. Lastly, 
the innate vascular system was able to resist pressure treatment at physiological 
levels, as a marker of compliance. Using a resin casting methodology to carry out 
deeper microanatomical analysis, they observed that glomerular shape and capillary 
width were preserved following decellularization (Fig.  8.1). Furthermore, the 
branching pattern and vessel integrity were unchanged. Protein analysis confirmed 
the retention of several growth factors implicated in renal repair and angiogenesis 
within the scaffolds [128].

Investigators seeded human amniotic fluid-derived stem cells onto discarded kid-
ney ECM scaffolds and observed their attachment and proliferation thereafter [129]. 
Furthermore, they synthesized and secreted various growth factors and chemokines 
involved in angiogenesis and matrix remodeling, indicating a dynamic, stimulatory 
relationship between ECM and seeded cells.

In 2013, Song et al. reported on the novel orthotopic transplantation of bioengi-
neered kidneys in rat models [130]. Acellular rat kidneys were seeded with endothe-
lial and epithelial cells through the renal artery and ureter. Epithelial cells showed 
engraftment along with organization into tubular structures expressing Na/K- -
ATPase and aquaporin similar to native proximal tubular epithelium. Electron 
microscopy showed perfused glomerular capillaries with engrafted podocytes and 
formation of foot processes. These bioengineered grafts were perfused by recipient 
circulation and produced rudimentary urine via the ureteral conduit in vivo when 
transplanted orthotopically.

Fig. 8.1 Acellular ECM scaffolds obtained from a discarded human kidney (a–d) and related 
vascular corrosion cast (e–h) (From Peloso et al., Transplantation, 2015, Reprinted with permis-
sion of the American Journal of Transplantation. Copyright © 2017 American Journal of 
Transplantation) [128]
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8.4.4  Pancreas

The pancreas is functionally composed of two parts, the exocrine pancreas and 
endocrine pancreas. Despite deriving from the same embryologic cells, these com-
ponents are structurally different and serve important functions for different physi-
ological systems. Despite accounting for 90–95% of the pancreas mass, the exocrine 
pancreas is not essential for survival because of exogenous pancreatic digestive 
enzyme replacement therapy [131]. In contrast, the endocrine pancreas only 
accounts for roughly 2% of the pancreas mass while serving a vital physiological 
role. The endocrine pancreas is not localized to a specific region of the pancreas but 
is interspersed around islets of Langerhans (highly vascularized centers) over the 
entire tissue. Although here are five main types of endocrine pancreatic cells (alpha, 
beta, delta, gamma, and epsilon), the beta cell plays a particularly vital role in glu-
cose homeostasis and energy metabolism, drawing the most attention from bioengi-
neering research related to endocrine pancreatic deficiencies.

One of the most common pathologic endocrine deficiencies is type 1 diabetes 
mellitus in which beta cells are destroyed by the host’s own immune system. About 
1 in 300 individuals in the United States is diagnosed with type 1 diabetes mellitus 
by the age of 18 [132]. Therapies for type 1 diabetes mellitus focus on the supple-
mentation of exogenous insulin that is normally produced by the beta cells. This 
method requires strict patient compliance, however, and adequate patient education. 
Recent innovations remove the need for conscious dosing. Although exogenous 
insulin therapy is effective at preventing acute decompensation, less than 40% 
achieve and maintain therapeutic targets [133]. The most commonly accepted treat-
ment regimens lower the incidence of diabetic emergency, but they require lifelong 
pharmacologic intervention without the possibility of remission. Beta cell replace-
ment, whether by whole pancreas or individual islet cell transplantation, is currently 
the only method to restore long-term, stable euglycemia in type 1 diabetics.

Pancreatic transplantation is an invasive option that provides the patient an opportu-
nity to be free from strict glycemic control by way of exogenous insulin. It is, however, 
typically only offered to adults in conjunction with kidney transplants because of the 
high risk of surgical complications and the subsequent necessity for immunosuppres-
sant medications [134]. Nevertheless, recipients exhibit greater improvements in the 
micro- and macro-vascular complications of diabetes while enjoying a better quality of 
life. The 5-year organ survival rate for pancreatic transplantations is roughly 50% [34].

An alternative solution involves the ectopic implantation of purified islet cells 
and simultaneous depletion of T cells to recapture beta cell function while suppress-
ing the autoimmune component of the disease [135, 136]. Although human islet cell 
purification and implantation show the same 5-year insulin independence rate as 
pancreatic transplantation, ectopic implantation has been found to have a lower risk 
of complication and represents a less invasive solution [137].

Contemporary investigations employ TE solutions for treatment of the disease with-
out the need for lifelong pharmacologic intervention. One of the most heavily 
researched areas involves the induction of beta cell regeneration within host islets. 
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There is a current debate in the research community regarding the source material of 
endogenous beta cell regeneration: it is still unknown whether the existing beta cells or 
resident stem cells are primarily responsible [138, 139]. Insulin-producing cells derived 
from ESCs are physiologically closer to beta cells than any adult stem cell-based beta 
cell. The conversion of human embryonic stem cells toward beta cell phenotypes has 
been achieved through the initial differentiation into endodermal cells which can be 
further differentiated into insulin-producing endoderm derivatives [140, 141].

To avoid the controversy of ESC procurement, recent advancements in beta cell 
replacement have turned toward induced pluripotent stem cells. By using retrovi-
ruses to manipulate gene expressions, adult somatic cells can be reprogrammed and 
individualized to specific patients. In animal models, experimental therapy has 
already demonstrated long-term correction of hyperglycemia [142]. Though prom-
ising, further success with these cells is challenged by premature senescence, sub-
chromosomal abnormalities, and destruction of patient-derived cells due to 
autoimmune phenomena.

The recellularization of ECM-based scaffolds has also been under investigation 
for the de novo fabrication of pancreas organs. It has been observed that islets cul-
tured in vitro on ECM increase the longevity of insulin production in response to 
glucose, likely because of natural growth factors within the ECM that direct cell 
lines toward beta cells [143]. In addition, recent studies have hinted at the potential 
use of xenographic transplants. Mirmalek-Sani et al. decellularized the porcine pan-
creas and showed that the ECM scaffold had a patent vasculature and could be 
subsequently seeded with human amniotic fluid-derived stem cells [144]. The 
seeded islets demonstrated the ability to support normal pancreatic function by 
showing an increased metabolic rate and insulin secretion over isolated islets in 
culture. Later, similar data were confirmed by the same team on ECM scaffolds 
obtained from the human pancreas (Fig. 8.2) [145]. Goh et al. successfully decel-
lularized mouse pancreata and recellularized them with acinar and beta cell lines 
[146]. They showed successful engraftment within the three-dimensional decellu-
larized pancreas along with strong upregulation of insulin gene expression. Their 
findings supported the utility of whole pancreas ECM for enhancing pancreatic cell 
functionality. De Carlo et al. reported similar findings [147].

Although all of these technologies may restore the functionality of destroyed 
islets, the primary pathology of type 1 diabetes is autoimmune, which will remain a 
persistent obstacle if left unaddressed. Future strategies must incorporate adjuvant 
immunomodulation or autologous tissue in current technologies to terminate the 
chronic disease state and preserve endocrine pancreas function.

8.4.5  Liver

Liver disease morbidity and mortality outcomes are increasing worldwide. The total 
deaths caused by cirrhosis and liver cancer have increased by 50 million per year 
since 1990 [148]. At present, liver transplantation is the only curative option for 
patients with end-stage liver disease. Twenty percent of this patient population dies 
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while on a waiting list, however, due to the shortage of transplantable organs [149]. 
Alternative modalities such as bioartificial livers and hepatocyte transplantation 
have been investigated, but without successful yield [150–152]. Given the obstacles 
currently facing end-stage liver patients, TE strategies for liver repair and regenera-
tion are particularly attractive for contemporary investigators.

The liver has an innate capability to regenerate beyond the potential of other 
abdominal organs. In the event of injury to less than 70% of the organ, the liver can 
fully regenerate within 6 months of the trauma [153]. Regeneration occurs through 
cellular hyperplasia of the residual liver, however, and is not considered true regen-
eration [154]. Instead, there is an observed compensatory enlargement of the rem-
nant liver to meet the functional demands of the body. From an evolutionary 
perspective, liver hyperplasia is a mechanism of repair designed to restore function, 

Fig. 8.2 Endothelial cell seeding on acellular ECM scaffolds obtained from the human pancreas. 
The ECM scaffold was seeded with human pancreatic endothelial cells and cultured for 6 days in 
a bioreactor, consisting in a closed circuit with one chamber for organ housing, a reservoir for 
medium oxygenation, and a peristaltic pump (Ismatec), connected by tubing (ID 1/16″, Pharmed 
BPT). Pancreatic tail was surgically isolated in order to obtain a smaller volume to seed keeping at 
the same time an inflow (SA – red connector) and an outflow (splenic vein –SV – blue connector) 
(Panel a). Panel b indicates a schematic representation of the perfusion circuit for seeded pancre-
atic scaffold culture. Panel c shows a representative image of H&E stain showing localization of 
infused cells in vessels. Boxes indicate areas reported with high magnification in the panel below. 
Panel d illustrates representative images of H&E (left), CD31 (middle), and Ki67 (right) matrix 
staining (From Peloso et al., Ann Surg, 2016, Reprinted with permission of the American Journal 
of Transplantation. Copyright © 2017 American Journal of Transplantation) [145]

8 Tissue Bioengineering in Transplantation



198

not anatomy. When damage to the liver reaches a critical threshold, compensatory 
regeneration is no longer sufficient, and transplantation is the usual approach in 
these circumstances.

Nevertheless, the regenerative properties of the liver make it uniquely amenable 
to methods in liver bioengineering. Current investigations involve two distinct 
regenerative pathways. One involves the manipulation of the existing cellular physi-
ology in liver hepatocytes to induce regeneration. The other option, similar to 
approaches used in other organ systems, is use of synthetic scaffolds or ECM-based 
liver scaffolds obtained via decellularization technology. These scaffolds would 
then be reseeded with host cells and allowed to regrow either in vivo or in vitro.

Unfortunately, the actual system that regulates hepatic regeneration follow-
ing injury remains poorly characterized and obscure. During the native regen-
eration process, cellular hyperplasia occurs spontaneously through a complex 
cascade of events and signals. This pathway involves inflammatory signaling, 
cellular proliferation, cell migration, and neoangiogenesis. If mature hepato-
cytes are unable to proliferate sufficiently via division, liver progenitor cells 
known as oval cells intervene to compensate [155, 156], thereby hinting at 
potential TE interventions. In addition, studies have shown that bone marrow 
stem cells are also involved in the regeneration and differentiation of functional 
hepatocytes [157, 158].

Observations on the natural regenerative capacity of injured livers led to the use 
of progenitor liver cells for bioengineering research. As previously mentioned, cel-
lular hyperplasia replaces the lost volume following liver amputation, and current 
studies attempt to enhance the innate regenerative ability of the liver through termi-
nal differentiation via resident bone marrow-derived or liver progenitor cells [159–
161]. Infusing autologous bone marrow cells into patients with decompensated 
liver cirrhosis has already been demonstrated to be safe and, in some cases, clini-
cally beneficial [162, 163]. Another avenue is the use of cytokine granulocyte-col-
ony stimulating factor (G-CSF) for the activation of hematopoietic stem cell 
differentiation and mobilization, increasing the ability of resident progenitor cells 
to respond to injury [164]. Stem cells isolated from the peripheral bloodstream of 
liver disease patients infused with G-CSF were isolated and infused back into the 
patients. These patients showed significant improvements in liver enzyme levels as 
well as serum bilirubin when compared with the control group [165, 166]. It is 
thought that G-CSF is able to mobilize bone marrow cells and circulating progeni-
tor cells while increasing hepatocyte growth factor, which is prominently involved 
in liver regeneration [167]. Despite these findings, researchers are unable to deter-
mine the specific progenitor cell type that is actually aiding, or is primarily 
responsible, in the regeneration process.

Recent work has also highlighted the use of cell-scaffold technology for liver bio-
engineering [168]. As in other organ systems, the chief objectives include demonstrat-
ing successful organ decellularization, successful seeding of acellular scaffolds with 
hepatocytes or hepatocyte progenitors, and recapitulation of original liver functions 
including protein synthesis/breakdown, detoxification, and bilirubin metabolism.
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Investigators successfully converted the murine liver into acellular scaffolds via 
perfusion with SDS detergent to remove cellular material and debris. The remaining 
constructs retained proper collagen structure, laminin basement membranes, and 
internal vascular networks [169]. In the same study, the scaffold had enough 
structural integrity to withstand cannulation and perfusion with the reseeding cells. 
A follow-up study illustrated the ability of the perfused cells to leave the vasculature 
and distribute among the matrix [170]. Using electron microscopy, it was observed 
that rodent hepatocytes migrated into decellularized sinusoidal spaces and displayed 
levels of urea synthesis, albumin synthesis, and cytochrome P450 expression com-
parable to sandwiched hepatocyte cultures. This is particularly important because 
the liver requires a wide range of enzymes, cofactors, serum proteins, and acute 
phase reactants to be fully functional. This graft was able to withstand transplanta-
tion for 8 h in a rat host prior to harvesting, which showed that the hepatocytes 
retained their morphology, position, and integrity.

Yagi et al. recently reported on the successful decellularization of porcine liv-
ers, thereby producing ECM scaffolds at scales relevant to humans. These scaf-
folds were capable of supporting hepatocyte engraftment and reorganization in 
three dimensions [171]. Baptista et al. also observed that it is possible to decellu-
larize whole liver in mice, rats, ferrets, rabbits, and adult pigs and also that they can 
be successfully seeded with human hepatocyte progenitors [172]. This study uti-
lized the inferior vena cava for decellularization and used the portal vein, as well 
as the vena cava, for perfusion of cells. The decellularized vascular network was 
able to withstand fluid flow that entered through a central inlet vessel, branched 
into an extensive capillary bed, and coalesced in a single outlet vessel. Discrete 
populations of human fetal liver and endothelial cells were found throughout the 
matrix in their putative native locations, suggesting that the retention of glycosami-
noglycans and collagen structure provides the necessary environmental signaling 
to regulate cell differentiation.

Wang et al. demonstrated that progenitor cells seeded onto a scaffold could 
differentiate into hepatocytes and cholangiocytes, illustrating that the scaffold 
could dictate the differentiation toward distinct cell lineages [173]. Barakat 
et  al. decellularized porcine livers and successfully repopulated the scaffolds 
with human cells [174]. Analysis revealed that the cells were induced to differ-
entiate into mature hepatocytes while maintaining active metabolism, the ability 
to withstand physiologic shear stress from blood flow, and the ability to synthe-
size albumin.

Most recently, Mazza et al. demonstrated the complete decellularization of dis-
carded whole human liver and lobes to form ECM scaffolds with preserved archi-
tecture [175]. These scaffolds were repopulated with human hepatic cells that 
thereafter showed excellent viability, motility, and proliferation and remodeling of 
the ECM. The group demonstrated biocompatibility by both omental and subcuta-
neous xenotransplantation of liver scaffold cubes into immune-competent mice. No 
foreign body response was observed, dramatically underscoring the clinical poten-
tial of bioengineered organs.
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8.4.6  Heart

The inability of cardiomyocytes to regenerate following infarction remains the 
primary cause of congestive heart failure [176]. Infarct scar tissue has long been 
believed to be acellular and physiologically inert. Recent studies, however, suggest 
that cardiac scar tissue is composed of phenotypically transformed fibroblast-like 
cells which behave dynamically and undergo continuous turnover. Such bioactivity 
suggests possible intervention using TE strategies in order to regenerate functional, 
healthy cardiac tissue and minimize adverse accumulation of fibrous tissue. At pres-
ent, there are no available therapies which prevent or reverse cardiac damage and 
adverse ventricular remodeling following infarction.

The fabrication of engineered heart tissue was demonstrated for the first time 
over 20 years ago using embryonic chicken cardiac myocytes [177]. Since then, 
investigators have made enormous strides in the field of stem cell biology suggest-
ing that widespread clinical translation may be rapidly approaching. Recent studies 
have demonstrated the therapeutic potential of stem cells to regenerate contractile 
cardiac tissue [178]. Contemporary investigators must determine the most appropri-
ate cell type to use to achieve regeneration and choose the most efficacious engraft-
ment technique. During the early years of cardiac restoration research, a common 
technique involved a direct bolus of cardiac cells suspended in saline directed into 
regions of infarcted tissue [179]. Other cell types used with this technique include 
skeletal myoblasts, neonatal cardiomyocytes, fibroblasts, smooth muscle cells, 
embryonic stem cells, and bone marrow progenitors with varying improvements in 
cardiac function [180]. Nevertheless, the proportion of cells successfully engrafting 
at the infarct site tends to be very low using this method [181].

Recently, investigators have improved engraftment rates by using cultured car-
diomyocytes seeded on biomaterial scaffolds to create transplantable cardiac 
“patches.” Scaffolds are not always necessary since cardiac myocytes cultured on 
standard plastic dishes tend to detach as intact monolayers. Serially stacking mul-
tiple sheets on top of one another creates three-dimensional tissues that “beat” and 
generate force [182]. Cardiac tissue segments thus engineered in vitro demonstrate 
organized sarcomeres, electrical conductivity, and contractile characteristics resem-
bling native adult myocardium [183]. These “patches” have been shown to improve 
left ventricular performance when implanted in doxorubicin-treated rats as models 
of dilated cardiomyopathy [184].

Ott et  al. produced acellular ECM-based scaffolds from rodent hearts which 
were subsequently recellularized using neonatal rat cardiomyocytes and endothelial 
cells [185]. These constructs were then subjected to perfusion treatment in bioreac-
tors for 28 days. By day 4, investigators observed macroscopic contractions, and by 
day 8, the maturing organoids were able to sustain pump function under physiologi-
cal load and electrical stimulation.

Biomaterials used to enhance engraftment and regeneration have also been an 
important parameter in cardiac tissue engineering. Recent investigators have incor-
porated solidifying gel polymers such as fibrin glue and PEGylated fibrinogen 
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hydrogels [186, 187]. The advantage of this technique consists in the ability to 
fabricate any three-dimensional architecture and manipulate the structure prior to 
implantation. Furthermore, certain biomaterials are able to protect seeded cells from 
host inflammation and facilitate functional integration within native myocardium at 
the injury site.

8.4.7  Airway

Approximately 2000 lung transplants were performed in 2013 to treat various 
diseases including alpha-1 antitrypsin deficiency, primary pulmonary hypertension, 
cystic fibrosis, emphysema, and others [188]. TE approaches for airway repair could 
potentially improve patient survival and reduce waiting times for transplantation. 
Among tissue engineering approaches to transplantation, the airway was one of the 
first systems in which clinical success was demonstrated. Macchiarini et  al. per-
formed the first bioengineered trachea transplantation in humans [55]. The team 
removed cells and MHC antigens from a human donor trachea and reseeded the 
resultant scaffold with epithelial cells and MSC-derived chondrocytes which were 
acquired autologously. The engineered graft was then used to replace the left main 
bronchus in a 30-year-old woman with end-stage bronchomalacia.

Progress with the bioengineered trachea has alluded to potential inroads for lar-
ynx and lung transplantation investigations. At present, only two human laryngeal 
allotransplants have been reported, and both patients required lifelong immunosup-
pression regimes thereafter. Baiguera et al. successfully decellularized human lar-
ynxes enzymatically to obtain acellular scaffolds [189]. Electron microscopy 
confirmed that their matrices retained the hierarchical structures of the native larynx. 
Mechanical testing demonstrated intact biomechanical integrity. Furthermore, cho-
rioallantoic membrane analysis showed that their constructs induced a strong in vivo 
angiogenic response, underscoring their integration and engraftment potential. Lung 
transplantation, too, is a field particularly amenable to TE strategies for currently 
existing problems. Given the limited regenerative potential of the adult lung, investi-
gators have sought to determine whether lung tissue can be regenerated in vitro for 
potential subsequent implantation. Petersen et al. decellularized the lungs of adult 
rats to obtain acellular matrix scaffolds [190]. They then used a bioreactor to culture 
pulmonary epithelium and vascular endothelium on the acellular matrices. Subsequent 
analysis showed that the seeded epithelium displayed robust hierarchical organiza-
tion within the matrix. Furthermore, the seeded endothelial cells efficiently repopu-
lated the vascular compartment of the decellularized constructs. In vitro testing 
demonstrated that the engineered lungs possessed biomechanical parameters similar 
to those of native lungs. These seeded scaffolds were then implanted in rats for 
in vivo testing and were observed to participate in gas exchange, remarkably.

Bioengineering strategies for the trachea and larynx differ from those for the 
lung given their relatively simpler, hollow architectures. Furthermore, their purpose 
is mainly derived from their structural characteristics (i.e., as air conduits) rather 
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than their cellular functions, unlike complex solid organs. Synthetic scaffolds, such 
as those involving polyester urethane, polypropylene mesh, alginate gel, or 
PEGylated hydrogels, were used initially to integrally replace the trachea as they 
benefit from not requiring a donor and being easily modified to conform to recipient 
anatomy. Nevertheless their use is limited due to their having different biomechani-
cal properties, being more susceptible to infection, and not vascularizing [191]. 
Vascularization is critical to maintain the vitality of seeded or recruited cells and 
subsequent proliferation [192].

Recellularization strategies in these contexts seek to recover the chondrocyte and 
epithelial compartments of the native airway. Stem cells, appropriately selected, 
have the potential to differentiate into both of these cell types. Berg et al. repopu-
lated a detergent-decellularized human cadaveric donor trachea with autologous 
stem cells and implanted the resulting airway construct into a 76-year-old patient 
with tracheal stenosis [193]. Within a week the graft was compromised by a thick 
fungal infection which nevertheless controlled with local and systemic antifungal 
therapy. The patient eventually died after 3 weeks due to cardiac arrest, but the air-
way graft was found to be patent, open, and stable with intact anastomoses. 
Histopathological analysis during autopsy showed squamous but not ciliated epithe-
lium, neovascularization, nerve fibers in the submucosa, and intact chondrocytes in 
the cartilage. Investigators have also experimented with other stem cell types includ-
ing iPSCs [194], marrow-derived MSCs [195], human ESCs [196], and amniotic 
fluid-derived stem cells [197] for regeneration of airway tissue.

8.5  Conclusion

The use of autologous cellular material has the potential to obviate the need for 
lifelong antirejection therapies. De novo organ fabrication using cell-scaffold tech-
nology could, theoretically, provide a limitless supply of transplantable organs for 
waiting list patients, thus circumventing the challenge of organ shortage.

Large-scale clinical translation of abdominal organ bioengineering remains a 
distant possibility, however, because substantial work remains to be done in the 
laboratory. The chief obstacles posed by current medical and surgical modalities 
(particularly transplantation) are quite concerning and have created a pocket of 
necessity within which TE investigations are being conducted.

Further research is needed to identify the most suitable cell type for regenerative 
investigations in each organ system. Although adult somatic cells specific to the 
organ system being treated have shown promise, stem cells have the advantage of 
being multipotent and renewable, which are particularly attractive qualities in the 
context of TE. The risks associated with their use, however, need to be further char-
acterized before they can be used safely in patients on a large scale.

The immunogenicity of decellularized scaffolds is another issue that needs to be 
assessed. Though their tolerability has been recognized both empirically and theo-
retically, suboptimal decellularization protocols can leave behind residual antigen 
activity, triggering an immune response in the host.
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Investigators must also seek to understand better the interaction between ECM 
and cells, both endogenous and exogenous. The improved knowledge base would 
likely result in improved cellular engraftment, improved migration, and improved 
differentiation within the acellular matrix. The source of new understanding could 
very well lie in developmental biology and organogenesis, in which ECM-guided 
differentiation is paramount.

Though TE solutions for abdominal organ engineering show great promise, cur-
rent researchers must also keep an eye toward research funding limitations and the 
role of commercial entities in bringing their innovations from bench to bedside. 
With these last obstacles addressed, TE solutions for transplantation may very well 
bring about a paradigm shift in the modern era for the treatment of end-stage organ 
diseases.
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Chapter 9
New Strategies in Composite Tissue 
Allotransplantation

Gerald Brandacher, Maria Chicco, and W.P. Andrew Lee

Abstract Over the last two decades, composite tissue allotransplantation (CTA), 
more recently referred to as vascularized composite allotransplantation (VCA), has 
become a valid therapeutic and restorative option for patients with severe tissue 
defects. While functional outcomes are such that recipients’ quality of life is signifi-
cantly improved and in some cases even dramatically enhanced, long-term risks are 
still difficult to evaluate in a precise fashion. Strategies have been devised, and new 
ones are being explored, in order to minimize or, if possible, eliminate the need for 
immunosuppression while keeping rejection under control. Success in these efforts 
would ultimately tilt the risk versus benefit balance, so that VCA may become 
widely adopted and a standard therapeutic option. This chapter introduces a brief 
historical perspective as well as a description of the current state of play within the 
discipline. It examines emerging challenges and then focuses on novel research 
avenues and clinical perspectives for the future.

9.1  Introduction and Historical Perspective

Vascularized composite allotransplantation (VCA) is the transplantation of entities, 
such as the hand, face, abdominal wall, or urogenital organs such as the uterus and 
penis, which consist of different types of tissues, e.g., skin, muscle, bone, nerves, 
and blood vessels with the goal to restore both form and function by replacing “like- 
with- like” tissue.

This discipline clinically evolved from attempts at skin transplantation to treat 
severely burnt soldiers, in the wake of World War II. However, negative outcomes 
led Medawar to the conclusion that allogeneic skin transplants could never be per-
manently accepted [48, 49]. This initial observation resulted in the long-lived 
assumption that no skin-bearing structure could be successfully transplanted.
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With the advent in the 1960s of the first immunosuppressive drugs, VCA was 
attempted: hand transplantation was performed in 1964 by Gilbert in Ecuador. 
Despite the availability of these new medications, the graft was lost 3 weeks after 
surgery due to acute rejection [27].

While these disappointing experiences led to the temporary abandonment of 
VCA, the second half of the twentieth century saw the rise of solid organ transplan-
tation (SOT). The development of novel more potent and targeted immunosuppres-
sive agents in the 1980s and 1990s brought about excellent short-term survival in 
SOT, and as a consequence, VCA was reattempted: the first successful hand trans-
plant was performed in 1998 [18]. Since then, more than 60 and 35 patients received 
upper limb/hand and face transplants, respectively, and new types of VCA such as 
the larynx, abdominal wall, knee, uterus, and penis were also developed [51].

9.2  Risk Versus Benefit Balance

The first successful cases of VCA generated considerable enthusiasm, but this 
resurgence was also met with strong criticism. The transplants are life-enhancing, 
but not lifesaving per se; this fact gives a unique dimension to the fundamental 
question in transplantation: can benefits compensate the side effects caused by 
immunosuppressive drugs required to prevent rejection? While in SOT the answer 
is clear, as benefits mean life over death, in VCA, the answer comes with a high 
dose of uncertainty [33].

Supporters of the practice argue that VCA bestows functional and esthetic recov-
ery that cannot be achieved with other conventional techniques. Critics adduce that 
the unavoidable risks far outweigh the uncertain benefits. It is clear therefore that 
the risk versus benefit balance constitutes the central issue [5]. As a consequence, 
VCA is currently a clinical reality only for the most severe impairments. In this 
chapter, we briefly outline the context in which novel challenges are emerging and 
then focus on new therapeutic strategies, developments, and indications aimed at 
tilting the risk versus benefit balance in favor of establishing VCA as a standard 
procedure.

9.3  Immunosuppression and Side Effects

The skin is considered a potent immunogenic entity, to the point that, as we have 
seen, skin-bearing structures were deemed to be not permanently transplantable. 
Early evidence from animal models suggested, however, that a weaker immune 
response is elicited by the skin when transplanted as part of a VCA graft [41]. This 
could explain why, contrary to initial expectations, most VCA recipients are suc-
cessfully maintained on the same immunosuppressive regimens as used in kidney 
transplantation.
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These regimens consist of a triple therapy combining a calcineurin inhibitor, a 
corticosteroid, and an antiproliferative agent. Experience in SOT showed that 
immunosuppression involves substantial morbidity including infections, malignan-
cies, metabolic complications, and nephrotoxicity; the International Registry on 
Hand and Composite Tissue Transplantation (IRHCTT) confirms that VCA recipi-
ents share these side effects [57].

9.4  Acute Rejection

Within a VCA graft, the skin elicits the strongest immune response. This is illustrated 
by the phenomenon of split tolerance observed in animal models, whereby the skin 
component is rejected, while other elements are accepted long term [47]. In humans, 
a similar finding was evidenced in post-explantation specimens from the firsthand 
transplant recipient, who required amputation after voluntary cessation of immuno-
suppression. Histopathological analysis revealed severe immune-mediated damage 
to the skin, with relative sparing of other structures [35]. Furthermore, in patients 
maintaining their graft, the skin proves the focus of acute rejection episodes.

More than 85% of VCA patients experience at least one episode of acute rejec-
tion within the first year posttransplant [57]; this rate is substantially higher than the 
one registered for SOT, e.g., 10% in kidney transplantation [62]. These episodes can 
usually be reversed so that few, if any, grafts have been lost to acute rejection in 
patients adherent to immunosuppressive treatment [56]. However, the possible 
long-term consequences of high acute rejection rates in VCA represent an important 
concern, since experience from SOT demonstrates that acute rejection increases 
risks of chronic graft dysfunction and rejection [55].

9.5  Chronic Rejection

Chronic rejection is a well-described phenomenon in SOT and currently represents 
the leading cause of late graft loss [55]. It consists in a clinical picture of progressive 
graft dysfunction, combined with specific histopathological changes: parenchymal 
tissue fibrosis and graft vasculopathy, characterized by myointimal hyperplasia and 
vascular narrowing. Some authors suggested that VCA might enjoy immune privi-
lege from chronic rejection, in view of an initial absence of case reports [58]. 
However, these optimistic conjectures must be considered with a grain of salt, given 
the small patient cohort and the relatively short follow-up. In fact, as VCA patients 
increase in number and monitoring periods lengthen, case reports suggestive of 
chronic rejection are emerging.

Graft vasculopathy was identified in animal models of chronic rejection [52, 53, 
74], as well as in clinical cases of vascularized knee and hand transplantation [17, 
36]. The Louisville group examined six hand transplant recipients by means of 
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high-resolution ultrasound and deep tissue biopsy: all patients presented a degree of 
myointimal hyperplasia, in the absence of suggestive clinical signs and histopatho-
logical features on standard skin biopsy. The authors therefore concluded that cur-
rent VCA monitoring practices may not be adequate for detecting early signs of 
chronic rejection [37].

The Lyon group recently reported an intriguing case of suspected chronic rejec-
tion in face transplantation. Histopathological analysis revealed extensive epider-
mal and adnexal atrophy with diffuse dermal sclerosis; however, graft vasculopathy 
was not observed [60].

9.5.1  Antibody-Mediated Rejection

Antibody-mediated rejection (AMR) is a diagnosis characterized by high donor- 
specific antibodies (DSAs) and evidence of complement activation, in the context of 
graft dysfunction. AMR could constitute a concern in VCA: in fact, the limited 
donor pool available, combined with restrictions posed by blood group and by 
esthetic considerations such as donor age, gender, and ethnicity, renders donor- 
recipient HLA matching arduous. Transplantation therefore occurs across important 
HLA barriers, a circumstance which in theory would favor the development of DSA 
[77]. Until recently, DSA and C4d deposition were only sporadically detected in 
VCA, prompting some authors to suggest that AMR may not play a significant role 
[50]. In 2013, however, the first AMR case was reported by the Innsbruck group: a 
double hand transplant recipient presented, at 9 years postsurgery, substantial de 
novo DSA production, C4d deposition, and cutaneous lymphoid nodules strongly 
positive for B cells. The episode proved refractory to conventional therapy, but 
resolved with rituximab administration [75].

Formation of DSA can also be induced by so-called sensitizing events, such as 
blood transfusions and temporary skin allografts. The initial management of major 
trauma such as burns often involves sensitizing events: many patients who could 
benefit from VCA are therefore sensitized and considered ineligible by most centers 
[42]. In fact, sensitized patients are at risk of hyperacute AMR, whereby preexisting 
DSAs cause graft failure within minutes to hours posttransplantation.

In 2014, the Harvard group performed the first fullface transplant in a highly sen-
sitized patient with a positive donor-recipient crossmatch. Desensitization was started 
the day after transplantation. However, the patient developed high DSA titers and 
C4d deposition; treatment combining plasmapheresis, intravenous immunoglobulin, 
eculizumab, bortezomib, and alemtuzumab eventually reversed the episode [11].

Incidence of rejection remains as yet difficult to evaluate and to weigh in the risk 
versus benefit balance. In 2007, the VCA Banff working group acknowledged that 
not enough information was available to draw precise conclusions and to set criteria 
for chronic rejection and AMR [9]. As new cases emerge and understanding of 
mechanisms increases, our appreciation of the risks will improve. In the meantime, 
novel strategies are being explored as a means to reduce and, ideally, remove both 
the need for immunosuppression and the risks of rejection.
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9.6  Immune Tolerance in VCA

Medawar’s seminal experiments with skin transplantation laid the foundation for 
transplant immunology; subsequent experimentation in animals led to the discovery 
of “acquired immune tolerance” [4]. This phenomenon was defined as “a state of 
donor-specific hyporesponsiveness, in the absence of immunosuppression,” while 
maintaining adequate immune responses to third-party antigens [78]. In other 
words, the recipient’s immune system does not recognize donor antigen as foreign 
and therefore does not mount a response against the graft while still identifying 
other antigens, such as those derived from pathogens, as foreign and therefore 
mounting an adequate response against these immune challenges.

This initial discovery was later complemented by the observation that some 
transplant patients, who for various reasons had ceased immunosuppressive therapy, 
survived with intact graft function – this phenomenon was designated as “opera-
tional immune tolerance” [44]. This finding paved the way for what is now unani-
mously recognized as the “holy grail” of transplantation: a method to iatrogenically 
induce such a state of immune tolerance. Recently, Kawai et al. compared long-term 
outcomes between tolerant patients and patients treated with conventional immuno-
suppression: they conclusively demonstrated the decisive benefits of immune toler-
ance [39]. Induction of immune tolerance in VCA would therefore obviate concerns 
about immunosuppression side effects as well as rejection: it would ultimately tilt 
the risk versus benefit balance. Consequently, it represents one of the major research 
avenues in VCA.

9.7  Mixed Chimerism

To this day, immune tolerance was successfully induced in humans only via “mixed 
chimerism.” Mixed chimerism refers to a state in which donor and recipient cells 
coexist within the recipient: the term was coined as an analogy with the chimera, a 
mythical figure often depicted in classical literature as a lion with a goat’s head. This 
state is established in clinical practice via donor hematopoietic stem cells (HSCs), 
mobilized from the donor bone marrow, collected from peripheral blood, and then 
administered to the recipient as an intravenous infusion. Donor HSCs engraft into 
the recipient’s bone marrow and, in conjunction with recipient HSCs, guarantee the 
constant production of myeloid and lymphoid cell lineages: the recipient’s immune 
system is now composed of cells both of donor and of recipient origin.

The specific mechanisms through which mixed chimerism leads to immune tol-
erance are an active area of research in transplant immunology. Central to this 
research is the notion of “clonal deletion.” Clonal deletion is an established mecha-
nism of tolerance to self: immature T cells are exposed to self-antigen by antigen- 
presenting dendritic cells within the thymus and, if they exhibit a strong response, 
are selectively eliminated. In a similar fashion, following the establishment of 
mixed chimerism, donor-derived dendritic cells travel to the recipient’s thymus and 
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conduct the specific elimination of immature T cells that exhibit strong response to 
donor antigen. This entire process renders the recipient specifically tolerant to donor 
antigen and therefore to the graft.

Immune tolerance was achieved via mixed chimerism in a variety of animal 
models; clonal deletion was demonstrated as an important mechanism in this pro-
cess. In humans, mixed chimerism was achieved, in the vast majority of cases, only 
as a transient state; however, in certain patients, immune tolerance persists long 
after the loss of mixed chimerism: this indicates that mechanisms other than clonal 
deletion might be at play [64]. Peripheral mechanisms, mediated in particular by the 
regulatory function of various cell types, were demonstrated to be of importance in 
both induction and maintenance of immune tolerance in various SOT and VCA 
experimental models [22].

9.8  Conditioning Regimens

Mixed chimerism was established in humans via donor HSC administration only in 
the context of a conditioning regimen. Conditioning is necessary in order to immuno-
suppress the recipient and prevent immune-mediated destruction of donor HSCs, as 
well as to free niche space within the recipient bone marrow and allow for donor HSC 
engraftment [13]. So far, successful conditioning regimens involve the use of irradia-
tion, either thymic or systemic, as well as of a T cell-depleting agent [38, 43, 66].

Clinical experience with conditioning regimens derives from the field of hema-
tological oncology; while the use of these highly toxic regimens can be justified in 
the context of hematological malignancies and, more recently, for the purpose of 
tolerance induction in kidney transplantation [38], they cannot be applied for a simi-
lar purpose in VCA.  Strategies to reduce conditioning regimens’ toxicity are an 
active area of research in both SOT and VCA: they include, among others, the use 
of co-stimulation blockade [76] and the development of monoclonal antibodies 
which allow for depletion of bone marrow progenitors [13].

9.9  Delayed Tolerance

Beyond the development of an irradiation-free regimen, another obstacle remains: 
current tolerance-inducing regimens span a period from days to weeks prior to 
transplantation. While this is appropriate in the context of live donor transplantation, 
it would not be applicable to the deceased donor context imposed on VCA. Efforts 
to circumvent this issue have led to the emergence of “delayed tolerance,” whereby 
the patient receives a transplant, followed later on by conditioning and donor HSC 
administration. A theoretical downside to this strategy is possible sensitization and 
in particular the generation of donor-specific T memory cells (Tmem cells), in the 
interval between transplantation and donor HSC administration [79]: Tmem cells 
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are increasingly recognized as a barrier to successful donor HSC engraftment [70]. 
However, several studies in SOT animal models have demonstrated that delayed 
tolerance via mixed chimerism induction can be achieved [10, 73, 80].

Recently, a delayed tolerance induction protocol was tested in a rat model of 
heterotopic osteomyocutaneous transplant. VCA recipients, maintained on cyclo-
sporine, received donor bone marrow cells with a conditioning regimen at 2 months 
posttransplant. The authors reported successful engraftment and induction of tran-
sient mixed chimerism in all animals, except those receiving minimal irradiation. 
Immunosuppression was discontinued after donor bone marrow cell administration, 
and a majority of recipients accepted the graft for more than 6 months [12]. This 
study still required the use of irradiation, but it provides proof of principle that 
delayed tolerance induction is a promising strategy in VCA: patients would have 
time to recover after surgery, and establishment of mixed chimerism could be under-
taken as an elective procedure by means of cryopreserved donor HSCs.

9.10  Vascularized Bone Marrow

Some VCA grafts present a unique characteristic: they include a vascularized bone 
component, which contains bone marrow – rendering them equivalent to a vascular-
ized bone marrow transplant and prone to mixed chimerism induction. Stromal cells 
present within the bone marrow play an essential role in maintaining the appropriate 
microenvironment for hematopoiesis [23]. Thus, transferring donor HSCs within 
their physiological milieu offers an evident advantage and constitutes an important 
strategy in order to unleash the immunomodulatory potential of donor HSCs, even 
in the absence of a conditioning regimen.

To investigate this potential, Barth et al. compared outcomes between groups of 
nonhuman primates receiving a face transplant, either with or without a donor man-
dible segment. The recipients were not conditioned and were maintained on stan-
dard immunosuppressive treatment. The four animals receiving a transplant with a 
bone segment experienced prolonged graft survival, while those who did not receive 
a bone component suffered early graft loss. In the surviving grafts, viable donor 
bone marrow was present and contained both donor and recipient cell populations. 
Three of the four animals developed varying degrees of mixed chimerism; however, 
they all rejected the graft after cessation of immunosuppression [3].

In a more recent study, mice received a heterotopic hind limb, either with or 
without a bone component, as well as co-stimulation blockade and rapamycin. 
Eighty percent of animals receiving a bone component developed long-term graft 
acceptance after treatment cessation. Prolonged graft survival was associated 
with both in  vivo and in vitro evidence of donor-specific hyporesponsiveness. 
Tolerant mice presented higher donor cell levels within both graft and native 
femur bone marrow compartments as well as within the thymus: more intense 
cell trafficking facilitated by the vascularized bone marrow may promote, given 
the right conditions, the establishment of immune tolerance [45]. These studies 
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confirm the immunomodulatory potential of the vascularized bone marrow. In 
healthy adults, however, hematopoiesis is largely restricted to the pelvis, verte-
brae, sternum, and cranium. It remains uncertain, at present, to what extent the 
vascularized bone marrow contained in some VCA grafts exerts an immunomod-
ulatory effect.

9.11  Donor Hematopoietic Stem Cells

The immunomodulatory potential of various cellular therapies constitutes a promis-
ing strategy in order to minimize the need for immunosuppression in VCA. The first 
face transplant patient received two donor HSC infusions, harvested from the 
donor’s iliac crest, at postoperative days 4 and 11 [19]. Initial monitoring revealed a 
low level of mixed chimerism at 2 months: 0.1% of CD34+ cells were of donor 
origin [29]. However, the patient was not weaned from immunosuppression, and 
mixed chimerism was lost on subsequent follow-up [59]. Retrospectively, the team 
expressed their suspicion that the loss of chimerism was caused by poor engraft-
ment, as a consequence of low donor HSC quality [29].

More recently, the Johns Hopkins/Pittsburgh protocol allowed for successful 
maintenance of five upper limb/hand transplant recipients on low-dose tacrolimus 
monotherapy [68]. The protocol consists of alemtuzumab and methylprednisolone 
induction as well as unprocessed donor bone marrow cell infusion. The cells were 
harvested from donor vertebral bodies and infused at 2 weeks posttransplantation 
[28]. Mixed chimerism was not evidenced in the peripheral blood; nonetheless, the 
authors suggest that the immunomodulatory properties of the protocol may account 
for the patients’ stable condition while on minimal immunosuppression. Recipients 
experienced similar rates of acute rejection as patients on standard immunosuppres-
sive regimens, successfully treated with conventional therapy and did not have any 
infectious side effects of complications [68].

9.12  Mesenchymal Stem Cells

Mesenchymal stem cells (MSCs) are multipotent stem cells which hold potential to 
differentiate into various cell types such as osteoblasts, chondrocytes, and myo-
cytes. MSCs modulate immune responses via a variety of mechanisms, including 
cytokine production and expansion of T regulatory cells [61]. They can be derived 
from bone marrow or adipose tissue and harvested from either the recipient (autolo-
gous) or the donor (allogeneic) [69]. While the former presents the advantage of 
avoiding an immune response, the latter might be necessary in order to facilitate 
immunomodulation toward donor antigen and therefore the graft. In 2013, the 
Milan/Monza group reported the first clinical case of MSC administration in VCA: 
the patient, a double hand amputee, received an infusion of autologous MSCs at 12 
h posttransplantation. Over the following year, steroid therapy was weaned, and she 
remained on low-dose double therapy [15].
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9.13  T Regulatory Cells

T regulatory cells (Treg cells) are a subpopulation of T cells which possess a distinc-
tive ability to modulate the immune system: they are characterized by expression of 
the transcription factor forkhead box protein3 (Foxp3), as well as of the surface 
markers CD4 and CD25. Treg cells play an important role in the maintenance of 
tolerance to self and thus in the prevention of autoimmunity [63]. Their potential to 
modulate the alloimmune response has long been recognized and has formed the 
object of numerous studies. Eljaafari et al. identified Foxp3 expression among graft- 
infiltrating cells in a clinically stable hand allograft, 6 years posttransplantation 
[20]; since then, several animal studies suggested an association between Treg cell 
presence and long-term graft survival and acceptance [32].

Adoptive transfer of Treg cells could prove an effective means to prevent rejec-
tion and allow for maintenance on reduced-intensity immunosuppression. Various 
methods are available for the isolation and in vitro expansion of human Treg cells. 
Two clinical trials are at present examining the safety and feasibility of Treg cell 
adoptive transfer: the ONE and ThRIL studies evaluate its impact as an adjunctive 
treatment in kidney and liver transplantation, respectively [26, 65]. The results of 
the phase I and II clinical trials, if positive, might prompt similar efforts in VCA.

9.14  A Caveat

The potential benefits of sharp reduction in immunosuppressive therapy are excit-
ing: experience from SOT informs that side effects of immunosuppression are 
strongly correlated with both dose and length of exposure. VCA patients are, on 
average, younger, and these new strategies represent an important means for 
decreasing cumulative exposure and therefore side effect incidence  – however, 
potential long-term consequences are unknown. This dilemma was stressed by the 
Louisville group: conventional immunosuppression, while far from ideal, delivers a 
consistent performance, which risks being jeopardized by attempts to withdraw 
medication [62]. Moreover, as noted by Morelon et al., “given the very small patient 
cohorts, it is impossible to perform randomized studies, and our ability to rationally 
optimize patient immunosuppression is therefore limited”; it is currently “impossi-
ble to establish the optimum benefit-risk ratio for these new immunosuppressive 
regimens” [51].

9.15  Current Outcomes

There is a consensus among many patients that VCA delivers considerable improve-
ments in function, independence, and quality of life (Fig.  9.1). Functional and 
esthetic gains allow these patients to perform a variety of daily activities while, in 
some cases, dramatically improving their social life [51].
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The hand and face are the most common transplants performed to date, and 
detailed functional outcomes are available: they demonstrate consistent restoration 
of protective sensation, adequate recovery of temperature, and vibration senses as 
well as proprioception, with more modest results for discriminative sensation [57]. 
However, restoration of muscle function has proved more challenging and currently 
constitutes an important hurdle to overcome [8]. Success depends on reinnervation 
of donor muscles via peripheral nerve regeneration. Experiences with limb replanta-
tion demonstrate that, when regeneration must occur over longer distances, out-
comes correspondingly worsen [34]. Enhancing peripheral nerve regeneration would 
maximize VCA functional benefits, as well as expand its indications to include, e.g., 
full-arm transplants at the shoulder level or the transplantation of lower limbs.

9.16  Enhancing Nerve Regeneration

VCA involves end-to-end coaptation of donor and recipient peripheral nerves. This 
can be achieved without tension, as additional donor nerve length can be easily 
harvested. Nerve regeneration occurs at a rate of approximately 1–3 mm per day: 
new strategies aim at increasing both speed and adequacy of reinnervation. These 
include pharmacotherapy such as administration of hormones and growth factors, as 
well as cell-based therapies [21]. After nerve injury, Schwann cells (SCs) convert to 

Fig. 9.1 Bilateral upper extremity transplant recipient 6  years postsurgery. The left hand was 
transplanted at the level of the wrist, while on the right side, an above elbow-level transplant was 
performed. The patient has regained a high level of both motor and sensory functions and is com-
pletely independent and able to perform all tasks of daily life
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a regenerative phenotype and upregulate various molecules, thus forming a permis-
sive environment for axonal regeneration. This characteristic accounts, in part, for 
the superior regenerative potential of the peripheral as compared to the central ner-
vous system [67]. SCs can be harvested, expanded ex vivo, and readministered by 
local delivery. This approach generated encouraging results in various experimental 
models; however, SCs have proven difficult to substantially expand in vitro.

Embryonic, induced pluripotent and mesenchymal stem cells all possess the abil-
ity to differentiate into SC-like precursors and can be easily expanded in  vitro. 
Furthermore, they can be genetically engineered so as to express specific growth 
factors and further improve their regenerative potential [21]. The use of embryonic 
and induced pluripotent stem cells raises, however, safety concerns over undesirable 
cell differentiation.

MSCs display a narrower differentiation potential, which is nonetheless adequate 
for the purpose of nerve regeneration. In various experimental models, both sys-
temic and local MSC administrations improved neuronal growth [14, 46]. 
Furthermore, as we have seen, MSCs can be harvested from accessible sources such 
as adipose tissue and also hold potential for immunomodulation: the use of adipose- 
derived MSCs is considered one of the most promising strategies to reduce risks and 
maximize benefits in VCA.

9.17  Uterine Transplantation

Given the highly encouraging outcomes seen in upper limb/hand and face transplan-
tation, indications for VCA to reconstruct other devastating tissue defects or organ 
losses are rapidly expanding. Two isolated cases of uterine transplantation were 
reported in 2000 and 2011 by teams in Saudi Arabia and in Turkey. While both sur-
geries were initially successful, the first patient lost the graft at 3 months due to 
uterine artery thrombosis, and the second patient suffered two early miscarriages 
after embryo transfer [6].

In 2013, a team in Sweden reported the first birth of a child to a uterine transplant 
recipient, who had undergone single embryo transfer 1 year posttransplantation [7]. 
To date, 12 uterine transplants have been performed in five countries: four grafts 
failed, while five successful pregnancies were reported, all of them in Sweden. 
Teams in various other countries are developing dedicated programs [2].

Uterine transplantation represents the first “ephemeral” type of transplantation. 
Since hysterectomy could be performed after successful pregnancy, concerns about 
side effects from long-term immunosuppression would not apply [6]. Uterine trans-
plantation achieved, in some cases, full functionality and holds therefore clear ther-
apeutic potential; it also raises a series of ethical questions. For instance, Huet et al. 
reviewed potential candidates for transplantation: some presented with complete 
androgen insensitivity syndrome [31]. These patients are phenotypically and psy-
chosocially female but genetically male – the question that has been posed was: 
should they be considered eligible? This question can further be extended to trans-
gender individuals and will require further sensitive discussion.
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9.18  Penile Transplantation

The first penile transplant was performed in 2006 by a team in China: a patient who 
sustained traumatic amputation received a transplant from a deceased donor. The 
surgery involved microsurgical anastomoses of the urethra, deep and superficial 
dorsal veins, dorsal arteries, and dorsal nerves, as well as of the corpus spongiosum 
and corpora cavernosa. Despite encouraging early results, the graft was explanted 
because of “severe psychological problem of the recipient and his wife” [30]. The 
second and third cases were performed in 2014 and 2016 in South Africa and in the 
USA, respectively [1]. Extensive coverage was given by the lay press, but scientific 
reports on outcomes have not yet been published.

The three transplants performed to date provide proof of principle that penile 
transplantation is feasible and constitutes a promising option for repair of extensive 
urogenital tissue loss. Nevertheless, it remains uncertain at present to what extent 
functions such as micturition, sexual intercourse, and reproduction can be achieved. 
Several animal models have been developed; however, they do not allow for func-
tional evaluation [40, 71]. Recently, the Johns Hopkins group designed an ex vivo 
model aimed at investigating the impact of immune responses on erectile tissue func-
tion. Contractile response was assessed by electrical field stimulation: rejected cor-
pora cavernosa tissues demonstrated impaired contraction and relaxation. 
Interestingly, addition of cyclosporine prevented rejection, while impaired relaxation 
persisted. This effect was specific to cyclosporine, but absent with tacrolimus [72].

9.19  VCA from Living Donors and the “Aggregate Risk 
Versus Benefit Balance”

In 2013, the US Department of Health and Human Services (DHHS) adopted a final 
rule modifying its definition of “covered human organ” so as to include VCA grafts, 
defined in a broad manner on the basis of eight functional and structural criteria 
[16]. It also entrusted the Organ Procurement and Transplantation Network (OPTN) 
with the oversight of VCA donations, transferring this competence from the Food 
and Drug Administration (FDA).

With the development of new types of VCA, new perspectives arise: e.g., uterine 
transplantation opens the possibility of live donation. In its guidelines, the OPTN 
remarked the success of upper limb/hand and face transplantation, as well as “the 
use of different, less extensive types of VCA”; it considered therefore that “the pos-
sibility of utilizing a living VCA donor is now medically feasible and may be ethi-
cally appropriate for both reconstructive and non-reconstructive (e.g. reproductive 
organ) types of VCA transplantation” [54].

The OPTN recognized, however, that the use of VCA grafts from living donors 
posed a series of specific ethical issues, with regard in particular to the protection of 
donors, and concluded that “the concept of living VCA donation can be supported 
only as long as an unacceptably severe permanent disability or disfigurement to the 
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donor does not occur.” Therefore, the analysis of the risk-benefit balance should be 
extended to both donor and recipient: VCA from living donors should only be con-
ducted “when the aggregated benefits to the donor-recipient pair out-weigh the risks 
to the donor-recipient pair” [54], for instance, in the setting of uterus transplantation 
or other free tissue transfers, such as a vascularized fibula graft for extremity recon-
struction, from a parent to their child.

9.20  Novel Technologies and Future Outlook

Novel technologies such as tissue engineering and regenerative medicine will also 
play a significant role in the future development of VCA. Regenerated nerves, ves-
sels, bone, etc. will allow to eventually perform transplants in a more rapid, safer, 
and successful fashion. Along those lines, 3D bioprinting could help us further opti-
mize outcomes by enhancing the graft or advancing rehabilitation strategies and 
approaches currently in use for upper extremity transplantation. Ultimately bioengi-
neering technologies, which are currently developed in advanced prosthetic pro-
grams, could further help to improve outcome efforts and even augment or enhance 
function after VCA in the future.

Another exciting aspect of the future of VCA is the potential for noninvasive 
immune monitoring technologies (Fig. 9.2). The skin component of these types of 
transplants lends itself as a perfect scenario to advance such novel noninvasive mon-
itoring technologies in the form of multimodal imaging technologies including IR, 
near IR, or 3CCD camera devices [24].

Finally, novel drug delivery routes and systems such as the use of hydrogels and 
nano- or microparticles will be another technology that will significantly shape the 
future of the field of VCA. First studies, such as the one from the group in Bern, 
Switzerland, in collaboration with bioengineers at MIT, have shown proof of con-
cept that these technologies could replace the need for systemic immunosuppression 
and thereby significantly contribute to favor the risk versus benefit balance [25].

9.21  Conclusion

Basic science and translational and clinical research efforts are at present focused 
on tilting the risk versus benefit balance in VCA, so that it may become a standard 
therapeutic option. In this chapter, we have reviewed new strategies, developments, 
and indications explored to this effect.

As fittingly enunciated by Carty, “the boundaries of VCA continue to be both 
defined and refined” [8]: more and more transplants are being carried out, and new 
types of VCA are being performed. However, it seems likely that, in the foreseeable 
future, VCA will remain a procedure based on individual choice, in which subjec-
tive factors play a decisive role.

9 New Strategies in Composite Tissue Allotransplantation
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Well-informed patients who opt for this procedure may have in mind the quote 
attributed to the Roman philosopher Seneca: “the part of life we really live is small. 
For, all the rest of existence is not life, but merely time.”
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Chapter 10
Ex Vivo Organ Repair  
(Drug and Gene Delivery)

Daisuke Nakajima, Marcelo Cypel, and Shaf Keshavjee

Abstract Lung transplantation is a life-saving intervention for patients with end- stage 
lung diseases. However, ultimately, the success of lung transplantation is dependent on 
the quality and function of the transplanted donor lungs, which are frequently sub-
jected to multiple different injuries. Recent innovations, in particular the development 
of ex vivo lung perfusion (EVLP) in which donor lungs are preserved under normo-
thermic conditions outside the body, have enabled clinicians to more accurately evalu-
ate the donor lung function prior to transplantation and have significantly impacted 
donor lung assessment and utilization worldwide. The advancement of EVLP from 
organ assessment to organ repair will be the next important and challenging step not 
only to expand the donor lung pool but also to improve graft survival and long-term 
outcomes after transplantation. The application of enhanced EVLP techniques com-
bined with targeted repairs and molecular therapeutic strategies, including gene and 
cell-based therapy, will result in improved rehabilitation of injured donor lungs and 
provide a framework for the application of a personalized medicine approach in lung 
transplantation.

10.1  Introduction

Lung transplantation is a life-saving therapy for patients with end-stage lung dis-
eases. Organ donor rates still remain low, and subsequent shortfalls in organ dona-
tion have led to shortages in the number of transplants performed [42]. This issue is 
further exacerbated by the susceptibility of donor lungs to intensive care unit (ICU)-
related complications and injuries acquired during brain death, which have resulted 
in a further obstacle for a clinical use [72]. Worldwide donor lung utilization rates 
are estimated at only 20% since many lungs are ultimately declined for transplanta-
tion due to multiple different injuries or uncertain lung function [42, 72]. A number 
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of events occurring in donor lungs prior to retrieval, such as brain death, trauma, 
mechanical ventilation, infection, and aspiration, could amplify the ischemia- 
induced lung injury following lung transplantation [72]. Severe ischemia- reperfusion 
injury is a major cause of primary graft dysfunction (PGD) which affects 15–20% 
of lung transplant patients and is associated with the early posttransplant morbidity 
and mortality and an increased risk of acute rejection and chronic lung allograft 
dysfunction [18].

Ex vivo lung perfusion (EVLP) has recently been advanced to be able to address 
these issues. EVLP supplies donor lungs with oxygen and nutrients under normother-
mic conditions (37  °C), which enables lungs to maintain active aerobic cellular 
metabolism ex vivo, keeping them functional for periods as long as at least 12 h [14, 
15]. This achievement has set EVLP as an excellent platform to assess lung function, 
treat lung injury, and facilitate lung repair before transplantation [13, 80]. This chapter 
will focus on the recent enhanced EVLP techniques combined with targeted pharma-
cologic and molecular therapeutic strategies, including gene and cell-based therapy.

10.2  Development of EVLP for Donor Lung Assessment 
and Preservation

Since the original concept of ex vivo organ perfusion emerged as early as 1935 by 
Alexis Carrel and Charles Lindbergh [60], isolated lung perfusion systems have 
been adopted to study pulmonary physiology for most of the past century [27, 44, 
46, 47, 93]. In 2000, Steen successfully transplanted lungs donated after cardiac 
death (DCD), following a short-period assessment of lung function ex vivo with a 
low-potassium extracellular solution including dextran 40 and human albumin 
(Steen solution, XVIVO Perfusion, Sweden) [94]. Dextran 40 as a colloid compo-
nent can protect endothelium from interaction with leukocytes and prevent both the 
coagulation cascade and platelet aggregation [54, 104]. Albumin helps maintain 
optimal colloid osmotic pressure and inhibits pulmonary edema formation [7, 50]. 
In 2008, we developed a successful prolonged EVLP technique, using acellular 
perfusion and protective mechanical ventilation and perfusion strategy with a low 
tidal volume (7 mL/kg) and low perfusion flow rate (40% of estimated cardiac out-
put) in a preclinical pig model, where 12 h of extended normothermic EVLP resulted 
in superior lung function during EVLP and after transplantation and preserved lung 
histology [15].

A critical contributing factor to keep the lungs functional on the EVLP circuit as 
long as possible is to maintain a positive physiological left atrial pressure during 
EVLP [15, 59]. Several lung transplant centers however have employed a simpler 
strategy of leaving the left atrium open with the left atrial pressure being 0 mmHg 
during EVLP [94, 98]. It has been demonstrated in an isolated rat lung perfusion 
model that such lack of pulmonary venous pressure, caused by a simple open atrium 
system, could lead to unstable microvascular circulation around the alveolar wall 
[84]. The Toronto EVLP technique uses a closed left atrial circuit, keeping the left 

D. Nakajima et al.



237

atrial pressure physiologically positive between 3 and 5 mmHg, which theoretically 
avoids the cyclical collapse of alveolar capillaries during the inspiratory and expira-
tory phases of respiration (Fig. 10.1).

We recently studied this in detail by comparing pig lung performance during 
12 h of EVLP between a simple open left atrium (left atrial pressure 0 mmHg) and 
closed (left atrial pressure 3–5 mmHg). Although both strategies showed the similar 
lung function during the first 6 h of EVLP, the physiological parameters, including 
airway pressure, pulmonary compliance, and pulmonary vascular resistance, strik-
ingly deteriorated due to severe pulmonary edema after 7 h in the lungs with open 
left atrium. This finding suggests that the open left atrium technique leads to injury 
that can only be tolerated by the short-term perfused donor lung. The closed atrium 
strategy and the closed EVLP system with physiological normal left atrial pressure 
can not only evaluate function of injured donor lungs for a longer time period but 
also provide the opportunity to treat and repair the lungs before transplantation [59].

10.3  Clinical Application of EVLP Protocols

There have currently been published three major EVLP techniques applied to vari-
ous clinical trials: the Toronto (Fig. 10.2), Lund, and portable organ care system 
(OCS) (TransMedics, Andover, MA, USA) methods (Table 10.1).

Fig. 10.1 A straight cannula is inserted into the pulmonary artery (PA) and secured with a tie 
suture, or a cone-shaped cannula is sutured to the PA cuff in cases when the main PA is cut very 
short (Arrow #1). A cone-shaped cannula is attached to the left atrial cuff with a running 4-0 
Prolene suture. (Arrow #2). A standard endotracheal tube is inserted into the trachea and secured 
with a tie suture (Arrow #3). (a) Bilateral lung ex vivo lung perfusion (EVLP) of injured human 
lungs; (b) Single-lung EVLP (left in this case)
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Fig. 10.2 The basic components of the Toronto ex vivo lung perfusion (EVLP) system. In this 
completely closed system, the perfusate is circulated by a lung protective centrifugal pump (A), 
passing through the gas exchange membrane (B) and leukocyte filter (C), and enters the lung 
through the pulmonary arterial (PA) cannula. The gas exchange membrane is connected to a gas 
tank which has a deoxygenating gas mixture with added CO2 (D) and heat exchanger (E). The 
perfusate flows out of the lung through the left atrial (LA) cannula and returns to the hard shell 
reservoir (F). The minimal perfusate that might leak from the lung is salvaged from the chamber 
to the hard shell reservoir by a roller pump (G). The lung is ventilated with a state-of-the-art lung 
protective clinical ICU ventilator (H)
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10.4  The Toronto EVLP Protocol

The first successful clinical trial in Toronto was reported in the New England 
Journal of Medicine in 2011, demonstrating that there was no significant difference 
in either the primary end point (primary graft dysfunction, PGD, grade 2 or 3 at 
72 h) or the secondary end points (PGD grade 2 or 3 at ICU arrival, 24 and 48 h; 
extracorporeal membrane oxygen (ECMO) requirement; duration of mechanical 
ventilation, ICU stay, and hospital stay; 30-day mortality) between 20 EVLP-treated 
marginal donor lungs and 116 non-EVLP standard donor lungs [16]. In 2012, these 
results were updated with the first 50 consecutive transplants following EVLP 
(EVLP lung utilization rate for transplant of 86%) showing that EVLP-treated cases 
showed posttransplant outcomes equivalent to 367 conventional non-EVLP cases 
[17]. Notably, the incidence of PGD 3 at 72 h was lower in the EVLP-treated cases 
(2.0%) than the conventional non-EVLP cases (8.5%), indicating that reparative 
processes could take place during EVLP. A more recent report focused on the long- 
term outcomes of 63 EVLP-treated allografts, showing that the allograft survival 
was 79%, 71%, and 58% at 1, 3, and 5  years after transplantation, respectively, 
which was also similar to standard non-EVLP lungs [95].

In 2012, the Vienna group reported 13 clinical EVLP cases with initially unac-
ceptable donor lungs for transplantation [1]. EVLP lung function deteriorated in 
four cases, which were subsequently declined for transplantation. The other nine 
transplanted cases (utilization rate: 69%) had no incidence of PGD 2 or 3 within 
72 h after transplantation and showed early posttransplant outcomes (duration of 

Table 10.1 Comparison between the clinically used EVLP protocols

Variable Toronto Lund OCS

EVLP time 4–6 h; up to 12 h 2 h Transport time
Perfusion
Perfusate Steen solution

acellular
Steen solution + RBC 
(Hct 14%)

OCS solution + blood 
(Hct 15–25%)

Flow characteristic Centrifugal pump Roller pump Roller pump
Target flow 40% CO 100% CO 2.0–2.5 L/min
PA pressure (mmHg) ≤15 ≤20 ≤20
LA pressure (mmHg) Atrium closed, 

3–5
Atrium open, 0 Atrium open, 0

Ventilation ICU ventilator ICU ventilator Bellows pump
Temperature at start 
(°C)

32 32 34

Tidal volume (mL/kg) 7 5–7 6
Respiratory rate (bpm) 7 20 10
FiO2 0.21 0.50 0.21
PEEP (cmH2O) 5 5 5–7

OCS organ care system, RBC red blood cells, Hct hematocrit, CO cardiac output, PA pulmonary 
artery, LA left atrium, bpm breaths per minute, PEEP positive end-expiratory pressure
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mechanical ventilation, ICU and hospital stay, and 30-day mortality) comparable to 
119 standard non-EVLP cases. The Harefield hospital also presented their experi-
ence in 13 EVLP cases, initially considered unsuitable for transplantation [105]. Six 
cases were eventually transplanted (utilization rate: 46%) and showed hospital 
length of stay and 3- and 6-month survival comparable to 86 standard non-EVLP 
cases. Of note, in this study, two cases were turned down for transplantation, because 
of technical issues, including too short left atrial cuff for transplant and misconnec-
tion of the EVLP circuit.

In 2014, the Torino group compared early posttransplant outcomes between the 8 
EVLP-treated and 28 conventional non-EVLP cases [5]. EVLP was conducted for 11 
marginal donor lungs, and 3 cases were rejected for transplantation due to infection 
(n  =  2) or emphysema (utilization rate: 73%). The early posttransplant outcomes, 
including incidence of PGD 3, ECMO requirement, duration of mechanical ventilation 
and ICU stay, and 30-day mortality, did not differ between the groups. The Hospital 
Foch group in Paris, France, has also reported their experience with 32 EVLP-treated 
cases, initially rejected for transplant by all the French lung transplant centers [91]. 
Among 32 EVLP-treated cases, 31 lungs were used for bilateral lung transplant with 
their favorable lung function during 4 h of EVLP (utilization rate: 96%) and demon-
strated similar incidence of PGD 3 at 72 h to 81 conventionally transplanted lungs 
without EVLP. Furthermore, there was no significant difference in duration of mechan-
ical ventilation, ICU and hospital stay, and 30-day mortality between the groups.

10.5  The Lund EVLP Protocol

The Lund EVLP method was developed and used for the first time to evaluate 
ex vivo lung function of a Maastricht category II DCD donor in 2001 by Steen [94]. 
The same group adapted this technique to recondition the nine marginal donor 
lungs, primary deemed unsuitable for clinical use, and reported that six lungs 
improved their performance toward transplantable quality during short-period 
EVLP (median EVLP time 1 h 29 min), which contributed to the significant increase 
over the previous transplant activity in this group [41].

Using the same Lund method, the University of Gothenburg has compared early 
clinical outcome between 11 EVLP-treated cases for marginal donor lungs and 47 
regularly transplanted non-EVLP (control) cases [97]. The incidence of PGD 2 or 3 
at 72 h was 18% in EVLP-treated cases vs. 12% in control. Although duration of 
mechanical ventilation and ICU stay was longer in the EVLP-treated group than the 
non-EVLP control, length of hospital stay was similar between the groups.

10.6  The Portable Organ Care System (OCS) Protocol

The two lung transplant centers in Hanover and Madrid have reported their joint 
pilot study in a series of 12 patients, where they preserved the donor lungs using 
the portable device shortly after donor lung retrieval of standard donor lungs [98]. 
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The early posttransplant outcomes (PGD grade, ECMO requirement, duration of 
mechanical ventilation, and length of ICU stay) were favorable. Although EVLP 
has generally been adopted to expand donor lung pool through the assessment and 
reconditioning of marginal or extended criteria donor lungs ex vivo, this group has 
focused on the feasibility and safety of the preservation method using OCS for 
donor lungs meeting the current standard criteria.

10.7  Mechanisms of Action in Lung Repair: Biomarker 
Discovery

Under our current clinical decision-making algorithm, based on the physiological 
lung function during 4–6 h of EVLP, approximately 20% of donor lungs have been 
turned down for transplantation [17]. Furthermore, donor lungs, showing favorable 
lung function during EVLP, still have an incidence of PGD after transplantation in 
a small percentage of cases. Recognizing that some components of PGD can be 
attributable to recipient factors, we believe that it should be possible to abrogate 
most, if not all, donor-related factors leading to posttransplant graft dysfunction.

EVLP can be utilized not only to facilitate the ex vivo assessment of physiologi-
cal lung function, but if we understand the underlying mechanisms of injury, EVLP 
can be used as a platform for the ex vivo treatment and repair of the organ. Taken a 
step further, it can be used to pre-prepare the organ in anticipation of the transplant 
procedure. It is therefore important to elucidate the underlying mechanisms of 
actions of the associated injuries to develop specifically targeted therapies to treat 
the injured lungs. This is critical to fully realize the therapeutic potential of 
EVLP. Biomarkers in EVLP perfusate and donor blood or donor lung tissue could 
be used to fine-tune diagnostic accuracy by objectively revealing donor lungs with 
poor prognosis to avoid high-risk transplants or identify severely injured lungs that 
will require further advanced ex vivo therapy before transplantation.

Pro-inflammatory cytokines and chemokines play a crucial role in severe 
ischemia- reperfusion-induced lung injury which is involved in the pathogenesis of 
PGD [18]. Elevated expression of tumor necrosis factor (TNF)-α, interleukin 
(IL)-1β, IL-6, and IL-8 in donor lung tissues, collected at the end of cold preserva-
tion, has been shown to be associated with 30-day mortality after transplantation or 
non-utilization of donor lungs for transplantation [10, 16, 45]. We have recently 
reported the correlation between EVLP perfusate levels of cytokines, chemokines, 
and growth factors and graft performance either during perfusion or after transplan-
tation in 50 clinical EVLP cases [63]. IL-8 and growth-regulated oncogene (GRO)-α 
levels at 4 h of EVLP were identified to predict PGD 3 within 72 h. Stem cell growth 
factor (SCGF)-β was significantly higher in the declined lungs than the non-PGD 
lungs at both 1 and 4 h, suggesting that SCGF-β could be used as a biomarker to 
select poor prognostic lungs which will require advanced therapeutic intervention 
early in the EVLP course to save the lungs.
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Ischemia followed by reperfusion induces apoptosis rapidly, and extracellular 
release of adenosine triphosphate (ATP) from apoptotic cells acts as one of the “dan-
ger signals” or damage-associated molecular patterns (DAMPs) that augment the 
inflammatory response through toll-like receptor (TLR) signaling [24, 25, 96]. M30 
is a major marker of epithelial cell apoptosis, which reflects soluble caspase- cleaved 
keratin 18 [51]. We have recently described a significant correlation between EVLP 
perfusate M30 levels and PGD 3 within 72 h, as well as long-term survival, in 79 
clinical EVLP lung transplant cases [34]. We have previously demonstrated in animal 
studies that caspase inhibitors reduced the caspase activity that is increased during 
ischemia, which contributed to a significant decrease of apoptotic cell death and an 
improvement in lung function after transplantation [86]. Therefore, the detection of 
cell death signals during EVLP could be used to implement targeted anti-apoptotic 
therapy pretransplantation during EVLP to improve posttransplant outcomes.

Endothelin-1 (ET-1) is a potent vasoconstrictor polypeptide, well known for its 
pathogenetic involvement in pulmonary hypertension and acute lung injury [9, 30, 
53, 74]. In clinical lung transplantation, increased ET-1 expression in donor lung 
tissues just before reperfusion is strongly correlated with severe PGD after trans-
plantation [92]. We have demonstrated the association of ET-1 and big ET-1, a pre-
cursor of ET-1, circulating in the EVLP perfusate with lung performance during 
EVLP and posttransplant outcomes in 48 clinical EVLP cases [64]. ET-1 and big 
ET-1 levels were significantly increased in the declined lungs both at 1 and 4 h of 
EVLP, compared to the lungs with good posttransplant outcome. This finding also 
indicates that these mediators could be useful biomarkers to point out, early in the 
EVLP process, the severely injured donor lungs which would either be rejected for 
transplant or subjected to an advanced targeted therapeutic intervention.

We have used microarrays to determine differential mRNA expression in human 
donor lung tissues taken at the end of cold preservation. A number of different genes 
were identified in the lungs failing to complete 12 h of EVLP that differentiated them 
from the lungs which stably completed 12 h of EVLP and the lungs which showed 
good posttransplant outcome after 4 h of clinical EVLP [103]. The validation of these 
mRNA biomarkers will be required to clarify the role of the genes in lung perfor-
mance to direct the development of future therapeutic targets during EVLP.

10.8  Ex Vivo Personalized Treatment and Repair

The advancement of EVLP from organ assessment to organ repair is the next step 
toward realizing what we have termed a “personalized medicine approach to man-
agement of the donor organ.” There are several benefits of treating injured donor 
lungs ex vivo: (1) EVLP allows us to perform invasive and time-consuming proce-
dures, which might be difficult in vivo in multi-organ donors with severe deteriora-
tion in lung function, (2) EVLP allows us to specifically treat and repair lungs in 
isolation without collateral toxicity of the treatment to other organs, and (3) EVLP 
allows us to confirm the effect of treatment and ultimately to transplant an organ 
with a known and predictable good function.
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The donor lung is subject to multiple different injuries, caused by brain death, 
trauma, mechanical ventilation, infection, aspiration, etc. Thus, each lung needs to 
be diagnosed and subsequently treated individually in a personalized approach to 
significantly increase the donor lung pool. Preclinical studies have started to target 
and treat different forms of donor lung injury with favorable results. This strategy 
will ultimately yield an arsenal of ex vivo therapy strategies tailored to each uniquely 
injured donor lung. This process will lead to clinicians being able to apply a person-
alized medicine approach, just as we do with our patients, to the management of 
each injured donor lung during EVLP.

10.9  Infection

Lungs from multi-organ donors managed in the ICU are exposed to the risk of 
ventilator-associated pneumonia (VAP) [8, 85]. Several clinical studies have 
reported that 46 to 89% of donor lungs had positive bacterial cultures in bronchoal-
veolar lavage (BAL) and that frequent bacterial transmission from donor to recipi-
ent may put the recipients at higher risk of subsequent lung infection and poor 
outcomes after transplantation [3, 6, 90]. In fact, concern about infection is one of 
the main reasons for which donor lungs are turned down for transplantation when 
evaluated. Prolonged EVLP is potentially an ideal platform for the administration of 
high-dose, broad-spectrum antibiotics to treat infected donor lungs. Broad-spectrum 
antibiotic therapy during 3–6  h of EVLP was associated with a decrease in the 
microbial load in human marginal donor lungs intended for clinical use [2].

We have recently demonstrated the therapeutic benefit of broad-spectrum anti-
biotics during 12 h of extended EVLP in human donor lungs rejected for transplant 
due to infectious concerns [80]. Three types of high-dose antibiotics were added to 
the 1500 mL of perfusate: ciprofloxacin 400 mg or azithromycin 500 mg, vanco-
mycin 15 mg/kg, and meropenem 2 g. The high-dose antibiotic therapy during 12 h 
EVLP significantly reduced the BAL bacterial count (Fig. 10.3a), suppressed endo-
toxin release, and improved lung function. Further investigation is required to 
 fine- tune the assessment and treatment of infected donor lungs for safe future clini-
cal translation.

10.10  Gastric Acid Aspiration

Gastric acid aspiration is a common event in organ donors who suffer from a neuro-
logic insult and DCD donors after withdrawal of life support [72]. Aspiration of gas-
tric content results in an intense chemical pneumonitis, which can subsequently lead 
to surfactant dysfunction with impairment of endogenous surfactant [66, 87]. Thus, 
gastric acid aspiration or even suspicion that it has occurred is a very common reason 
to decline donor lungs for transplantation. The presence of surfactant dysfunction in 
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Fig. 10.3 Examples of effective donor lung treatment and repair using ex vivo lung perfusion 
(EVLP) as a platform for advanced targeted therapies. (a) Antibiotic therapy – decreasing bronchoal-
veolar lavage (BAL) bacterial counts (log10[cfu/L]) over time. A, antibiotic group; B, control group 
without antibiotics [80]. (b) Treatment of gastric acid aspiration with lavage + surfactant, showing 
superior posttransplant pulmonary oxygenation (A) and static pulmonary compliance (Cstat) (B). A: 
*P < 0.05 vs. control group; †P < 0.05 vs. lavage group; §P < 0.05 vs. surfactant group. B: *P < 0.05 
by post hoc test between the groups. SF surfactant [81]. (c) Fibrinolytic treatment of pulmonary 

0
1
2
3
4
5
6
7
8
9

1h 6h 12h

P. aeruginosa

0
1
2
3
4
5
6
7

1h 6h 12h

E. coli

0
1
2
3
4
5
6
7
8
9

1h 6h 12h

S. aureus

0
1
2
3
4
5
6
7
8

1h 6h 12h

S. aureus

0
1
2
3
4
5
6
7

1h 6h 12h

P. aeruginosa

0
1
2
3
4
5
6
7
8

1h 6h 12h

E. coli

A
a

B

Control

Lavage

Surfactant

Lavage + Surfactant
Control Lavage SF Lavage+SF

0

5

10

15

20

*
*

*

0
50

100
150
200
250
300
350
400
450
500

1h 2h 3h 4h

PaO2/FiO2 after Tx (mmHg)  

* * * *

†

† † † †

Ab

c

B Csta after br. clamp (mL/cmH2O)

Treatment

Response monitoring

Diagnosis

Alteplase

1
0

10

200
20

0 1 2 3 4 5 6

25

30

m
m

H
g

35

40

400

600

800

1000sPAR

PVR

PVR
 dynes.sec.cm

–5

sP
AP

 m
m

H
g

20

30

2 3
hours EVLP

hours EVLP

PAP at 100% CO

25 mmHg

38 mmHg

4 5 6



Donor PaO2/FiO2 230 mmHg 1h EVLP

3h EVLP

Transplant

EVLP

Recipient PaO2/FiO2 420 mmHg

PaO2/FiO2

-100

0

100

200

300 *

C
ha

ng
e 

 fr
om

  B
as

el
in

e
(m

m
H

g)

PVR

-600
-400
-200

0
200
400
600

*

(d
yn

es
.s
ec

.c
m

-5
)

A

IL-6

Co
ntr
ol

Ad
hIL
-10

-6000

-4000

-2000

0

2000

4000

C
ha

ng
e 

fr
om

 b
as

el
in

e 
(p

g/
m

g 
pr

ot
ei

n)

IL-8

-4000

-2000

0

2000

4000

6000

*

IL-1b

-150

-100

-50

0

50

100

*
TNF-a

Co
ntr
ol

Ad
hIL
-10

-40

-20

0

20

IL-10

-20

0

20

40

60 *

IL-12p40

Co
ntr
ol

Ad
hIL
-10

-40

-20

0

20

EVLP EVLP/AdhIL-10

B

d

e

Fig. 10.3 (continued) embolism. Decreasing pulmonary vascular resistance (PVR) over time on EVLP. 
PAP pulmonary arterial pressure, CO cardiac output [65]. (Reprinted with permission of the American 
Thoracic Society. Copyright © 2018 American Thoracic Society. The American Journal of Respiratory 
and Critical Care Medicine is an official journal of the American Thoracic Society). (d) Treatment of 
neurogenic pulmonary edema in the donor lung with EVLP, reducing congestion on chest X-ray [11]. 
(e) Human lung IL-10 gene therapy, demonstrating improved pulmonary oxygenation and pulmonary 
vascular resistance (PVR) (A) and inflammatory cytokine profile (B). *P < 0.05 [13]
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aspiration injured donor lungs rationalizes the administration of exogenous surfactant 
to improve their performance.

The Leuven group has developed a clinically relevant pig aspiration model by 
injecting gastric juice into the airways [73]. It has been reported that the administra-
tion of exogenous surfactant immediately before EVLP in pig lungs injured by gas-
tric juice is beneficial [48]. Although exogenous surfactant improved physiologic 
parameters during 4 h of EVLP, they failed to show decrease in lung tissue inflam-
matory mediators elevated by gastric acid aspiration. Lung lavage with diluted sur-
factant during EVLP in a pig acid aspiration model has been shown to reduce BAL 
inflammatory mediators and improve lung function during 2 h of EVLP [38]. In a 
pig model of gastric juice aspiration followed by EVLP treatment and lung trans-
plant, we have recently proven the posttransplant efficacy of whole lung lavage 
followed by exogenous surfactant replacement (lavage + surfactant) performed dur-
ing EVLP [81]. The idea being to remove lung soiling and inflammatory mediators 
then replace the surfactant deficiency related to the gastric aspiration. Indeed, the 
combined lavage + surfactant treatment significantly reduced perfusate inflamma-
tory mediators (IL-1β, IL-6, IL-8, and secretory phospholipase A2) during 6 h of 
EVLP and provided significantly better lung function after transplantation [81] 
(Fig. 10.3b). Although the surfactant administration alone significantly improved 
lung function during EVLP, it was not enough to reduce inflammatory activity and 
sustain the improved lung function after transplantation.

10.11  Pulmonary Embolism

Pulmonary embolism (PE) detected in donor lungs is associated with PGD and poor 
early posttransplant outcomes [82] and hence is a frequent reason for declining the 
lungs for transplantation [72]. Donor lung pulmonary arterial obstruction due to PE 
leads to ventilation-perfusion mismatch after transplantation, resulting in elevated 
pulmonary vascular resistance and impaired pulmonary oxygenation. We have dem-
onstrated that EVLP allows for clot lysis treatment and monitoring of the therapeu-
tic response, including the reduction of pulmonary vascular resistance and 
improvement of pulmonary oxygenation and for histopathological examination of a 
lung biopsy to rule out fixed pulmonary hypertension [65] (Fig. 10.3c). There have 
been two additional clinical EVLP case reports published, in which a fibrinolytic 
agent (alteplase or urokinase) was administered into the perfusate for donor PE dur-
ing EVLP, followed by successful lung transplantation without any fibrinolytic 
complications such as bleeding ([39, 62]).

DCD donors carry a risk of the intravascular formation of microthrombi during 
prolonged agonal hypotension or warm ischemia after cardiac arrest. Several studies 
have demonstrated the efficacy of fibrinolytic treatment during EVLP in DCD animal 
models [40, 78]. Although most clinical case reports and animal studies used a plas-
minogen activator and showed its therapeutic effects during EVLP and after trans-
plant, some suggest the use of a direct fibrinolytic agent, such as plasmin, during the 
ex vivo acellular perfusion with less plasminogen in the perfusate [78].
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Computed tomography (CT) scanning during EVLP has recently been demonstrated 
to add useful evaluation information of donor lungs. Furthermore, the recent advances 
in multidetector CT scanners provide simultaneous acquisition of images at two differ-
ent kilovoltages for dual-energy scanning. Dual-energy CT (DECT), thus, can provide 
both anatomic and functional information about the lungs in a variety of pulmonary 
diseases based on a single contrast-enhanced CT examination [61]. In fact, this quality 
has been shown to improve the assessment of acute PE [88]. Hence, DECT could be a 
useful tool to evaluate impaired regional lung function due to PE and the fibrinolytic 
therapeutic effects during ex vivo perfusion treatment of donor lungs with PE.

10.12  Pulmonary Edema

Pulmonary edema is a condition very frequently encountered in donor lungs sec-
ondary to acute lung injury or neurogenic pulmonary edema in brain death donors 
(Fig. 10.3d). β2-Adrenergic receptors are present in the alveolar walls and play an 
important role on regulating the alveolar fluid clearance (AFC) [79]. β2-Adrenergic 
agonists can enhance the cyclic adenosine monophosphate (cAMP)-dependent AFC 
through the upregulation of epithelial Na+ channel and cystic fibrosis transmem-
brane conductance regulator (CFTR) and increased Na,K-ATPase activity [71].

A significant increase in the AFC with the β2-adrenergic agonist (terbutaline) 
instilled into the airways during EVLP has been demonstrated in 70% of cases in a 
study of human lungs declined for lung transplantation [28]. The efficacy of β2- 
adrenergic agonist (procaterol) inhalation during EVLP has also been demonstrated 
in an animal DCD model [49]. The inhaled β2-adrenergic agonist significantly ele-
vated lung tissue cAMP levels and CFTR gene expression, which contributed to a 
significant decrease in the wet to dry lung weight ratio (a pulmonary edema index) 
and improved lung function during 4 h of EVLP.

10.13  Donation After Cardiac Death (DCD)

DCD donors fall into two general categories, according to the Maastricht classifica-
tion: controlled DCD (Maastricht category 3 and 4) and uncontrolled DCD 
(Maastricht category 1 and 2). Although the early and long-term posttransplant out-
comes are generally equivalent between the controlled DCD donors and donation 
after brain death (DBD) donors [12], controlled DCD donors still have a potential 
risk of injuries related to prolonged agonal hypotension and hypoxia until cardiac 
arrest (shock lung) or gastric acid aspiration after the withdrawal of life support. 
Thus, EVLP could offer the opportunity to assess and treat the lungs from such 
controlled DCD donors to improve the safety and predictability of outcomes. 
Uncontrolled DCD donors are clearly considered to be extended donors in that they 
are definitely subjected to a longer warm ischemia after cardiac arrest, which could 
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contribute to the high incidence of severe PGD after transplantation without the 
assessment and treatment by EVLP [32].

The lung has the advantage of being able to have therapeutic agents delivered not 
only through the vascular route but also through the airway. Several therapeutic 
gases, including nitric oxide (NO), carbon monoxide (CO), and hydrogen (H2), have 
been administered directly into the airways for the ex vivo prevention of ischemia- 
reperfusion- induced lung injury in animal DCD models [22, 23, 33]. NO stimulates 
soluble guanylate cyclase and increases cyclic guanosine monophosphate (cGMP) 
in vascular smooth muscle, which leads to the relaxation of vascular smooth muscle 
[25]. NO also has significant anti-inflammatory properties which inhibit neutrophil 
and platelet activation [31, 52]. It has been shown in a rat EVLP-transplant model 
that posttransplant pulmonary vascular resistance and pulmonary oxygenation were 
improved by the 40 ppm NO inhalation during warm ischemia, during EVLP, and 
after transplant [23].

CO has anti-inflammatory and cytoprotective effects mediated through the 
hypoxia-inducible factor (HIF) stabilization and activation of HIF-dependent tran-
scriptional response [25]. CO inhalation (500  ppm) has been shown to improve 
posttransplant pulmonary oxygenation and the decrease in the expression of pro- 
inflammatory cytokines in a rat lung EVLP-transplant model [22].

Hydrogen gas (H2) can bond with hydroxyl radicals to produce water, acting as a 
potent free radical scavenger [25]. Oxidative stress is an important contributing mech-
anism of ischemia-reperfusion injury [18], and the antioxidant effects of H2 have been 
elucidated in the ischemia-reperfusion injury in many organs [37]. It has been reported 
in a pig DCD model that the ventilation with 2% H2 significantly improved lung func-
tion and reduced inflammatory mediators during 4 h of EVLP [33].

10.14  Gene Therapy

Donor organs cannot avoid undergoing the process of ischemia and reperfusion, 
which is associated with an early and rapid release of pro-inflammatory cytokines 
and chemokines, such as IL-6 and IL-8 [19, 68, 77]. The balance between pro- 
inflammatory and anti-inflammatory cytokines can predict the posttransplant out-
comes [45]. Ischemia-reperfusion injury elicits a strong inflammatory innate 
immune response mediated through various pathways that manifest as acute post-
transplant lung injury or PGD. The acquired immune (alloimmune) response is also 
activated and likely further fueled by innate immune-related inflammation to worsen 
chronic lung rejection leading to chronic lung allograft dysfunction (CLAD).

IL-10 is a key cytokine central to the regulation of the innate and acquired 
immune responses – both of which play a central role in the transplant process and 
transplant-related lung injury (Fig.  10.4). IL-10 acts as an immune suppressor 
through the downregulation and inactivation of inflammatory and antigen- presenting 
cells, and it also inhibits the secretion of pro-inflammatory cytokines [75]. We have 
previously demonstrated significant success and provided proof of concept that 
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adenoviral-mediated IL-10 (AdIL-10) gene therapy to upregulate IL-10 expression 
in the donor lung prior to implantation can prevent the inflammatory response 
related to ischemia-reperfusion-induced lung injury in both small and large animal 
transplant models [26, 43, 67] (Fig. 10.5). However, gene delivery in vivo in a donor 
before organ retrieval is not always practical in the clinical setting, since we do not 
often have sufficient time for the transgene to be expressed in the donor lung in suf-
ficient quantities prior to retrieval, implantation, and reperfusion. Hence, we devel-
oped our prolonged EVLP technique, which can maintain the lungs for over 12 h at 
normothermia without adding injury, to create the platform to effectively geneti-
cally modify the lung prior to transplantation.

We have reported the efficacy of AdIL-10 gene therapy intrabronchially deliv-
ered during 12 h of EVLP in human lungs rejected for transplantation and in a pig 
EVLP-transplant model [13]. Administered IL-10 gene was expressed in human 
lung tissue in a time-dependent manner and required at least 6–9  h to be fully 
expressed in human lungs. The AdIL-10 gene-treated human lungs showed signifi-
cant improvement in lung function, including pulmonary oxygenation and pulmo-
nary vascular resistance, a favorable shift from pro-inflammatory to anti-inflammatory 
cytokine expression, and recovery of alveolar-blood barrier integrity during EVLP 
(Fig. 10.3e). We also found similar functional and biochemical effects of IL-10 gene 
therapy after transplantation in a pig transplant model. Although vector-associated 
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inflammation can be an obstacle to the use of adenoviral vectors for gene therapy in 
general, we have confirmed that ex vivo AdIL-10 gene therapy is superior to in vivo 
therapy in terms of less vector-related inflammation and superior lung function after 
transplantation [101]. Further safety and immunologic benefits of ex vivo AdIL-10 
gene therapy will be elucidated in a preclinical pig survival model toward its clinical 
application in the near future.

IL-10 also plays a key immunomodulatory role in the acquired immune response 
in transplantation (Fig. 10.4). T cells infiltrate the transplanted graft rapidly after 
reperfusion and contribute to various posttransplant injuries and graft dysfunction 
[20]. T-helper (Th) 1 cells secrete pro-inflammatory cytokines such as interferon 
(IFN)-γ and IL-12 and exacerbate the injury, whereas Th2 cells release anti- 
inflammatory cytokines such as IL-10, IL-4, and IL-13 and play a protective role in 
posttransplant injury. Hence, the administration of IL-10 during EVLP could induce 
a favorable shift toward Th2 cells during the early phase of reperfusion, which could 
eventually reduce the incidence or severity of ischemia-reperfusion injury, acute 
rejection, and chronic lung allograft dysfunction (CLAD) [4, 35, 36]. Furthermore, 
it has been reported that CD4+ T cells could induce IL-10 producing Type 1 T regu-
latory 1 (Tr1) cells in the presence of IL-10 and induce antigen-specific tolerance 
that is the ultimate goal of organ transplantation [58, 89]. These promising immu-
nomodulatory effects of ex vivo IL-10 gene therapy need to be further elucidated in 
preclinical and clinical studies.
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10.15  Mesenchymal Stem Cell (MSC)-Based Therapy

MSCs are multipotent adult cells, identified by criteria established by the International 
Society of Cellular Therapy, with the capacity to differentiate into mesenchymal 
lineages, including bone, cartilage, fat, and fibroblasts [21]. The constitutive low 
expression levels of major histocompatibility complex (MHC) Class I and II anti-
gens and the lack of T cell co-stimulatory molecules, such as CD80 and CD86, 
empower allogeneic MSCs to be well tolerated by the host immune system, sugges-
tive of their potential use for organ transplantation [83]. The major beneficial effects 
of MSCs derive from their capacity to migrate to the site of injury, interact with vari-
ous host cells, and release a range of optimal paracrine soluble factors which could 
regulate alveolar fluid clearance (AFC), epithelial and endothelial permeability, and 
immune responses, suppress inflammation and cell apoptosis, and improve bacterial 
clearance [56, 69]. Therefore, there are several potential benefits of administration of 
MSCs during EVLP: (1) repair of donor-related injuries, such as inflammation, 
infection, and pulmonary edema before transplantation, and (2) immunomodulation 
of subsequent ischemia-reperfusion-induced lung injury, related to innate and adap-
tive immune responses after transplantation.

Matthay’s group at the University of California has studied the potential thera-
peutic role of MSCs administered during EVLP, using human lungs declined for 
transplantation [29, 55, 57, 70]. Either intrabronchial or intravenous administration 
of MSCs during EVLP restored AFC, decreased pulmonary edema, suppressed 
inflammation, and reduced bacterial load through the secretion of keratinocyte 
growth factor (KGF) in an acute lung injury model induced by endotoxin or 
Escherichia coli bacteria [55, 57]. Furthermore, they have recently reported the 
similar therapeutic effects of 5 × 106 MSCs or microvesicles derived from MSCs 
added to the perfusate in declined donor lungs subjected to prolonged cold preserva-
tion [29, 70]. Although AFC and pulmonary edema were significantly improved by 
the MSC administration during 4–6 h of EVLP in their studies, there was no effect 
of MSCs on physiological lung function during EVLP. They also rightly suggested 
that the effects of MSCs should be evaluated using a clinical-grade EVLP system 
with appropriate perfusate and perfusion-ventilation strategies.

We have recently investigated the optimal route and dose of MSCs to treat pig 
lungs after 18 h of cold ischemic storage during 12 h of EVLP [76]. The administra-
tion of MSCs into the perfusate through the pulmonary artery was significantly 
associated with significantly superior retention of MSCs in the pulmonary paren-
chyma, compared to the intrabronchial administration. The administered dose of 
150 × 106 MSCs (5 × 106 cells/kg) was found to be the optimal dose and was associ-
ated with a significant increase in vascular endothelial growth factor (VEGF) levels 
in lung tissues and a decrease in EVLP perfusate IL-8 levels [76]. Further transplant 
studies will be required to determine the anti-inflammatory and immunomodulatory 
effects of MSCs delivered during EVLP.
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10.16  The Organ Repair Center Concept

The current advancement in normothermic perfusion technology will ultimately be 
incorporated into a national and international organ transplantation strategy [99]. One 
strategy is to develop a small number of specialized “organ assessment and regenera-
tion centers,” where there is a concentration of personnel with expertise in using nor-
mothermic ex  vivo organ perfusion to deliver advanced repair therapies. In this 
hub-and-spoke model, injured or marginal donor organs would be transported to an 
“organ assessment and regeneration center” for organ rehabilitation. When the 
assessed and repaired organs are deemed acceptable for transplant, they could then be 
allocated to the most suitable recipients in other transplant centers. Currently pro-
longed organ preservation, using the conventional static cold storage combined with 
the normothermic ex vivo perfusion, could allow for this broad and individualized 
matching. In fact, in the first clinical case of its kind, we described the first remote 
EVLP assessment and treatment of marginal donor lungs. Donor lungs retrieved in the 
USA were assessed and treated during 4 h of EVLP in Toronto and then transported to 
a transplant center in Chicago, followed by successful transplantation. The total isch-
emic time was 15 h in this case [100]. Furthermore, we have recently demonstrated in 
a pig EVLP-transplant model that an extended cold preservation time of 10 h follow-
ing 6 h of EVLP did not affect posttransplant function, which indicates that the com-
bination of static cold storage and normothermic ex vivo perfusion techniques could 
safely extend the total preservation time for donor lungs using cold when required for 
protection and normothermia when required for assessment and repair [102].

10.17  Conclusion

EVLP has been successfully translated into clinical practice with expansion of 
donor lung pool leading to favorable posttransplant outcomes in a growing number 
of transplant centers worldwide. More than evaluating the donor lung function, 
EVLP provides an excellent platform to treat lung injury and facilitate lung repair. 
EVLP can provide the opportunity to accurately define the specific diagnosis using 
biomarkers and deliver appropriately targeted treatment to each injured donor lung. 
It is anticipated that EVLP technology will be further developed to preserve lungs 
for extended periods, perhaps days, in organ repair centers, which would provide a 
larger time window to allow for more complex targeted therapies and repairs toward 
organ regeneration, providing a revolutionary transformation in organ transplanta-
tion and tissue engineering in the near future.
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Chapter 11
3D Bioprinting in Transplantation

Armando Salim Munoz-Abraham, Christopher Ibarra, Raghav Agarwal, 
John Geibel, and David C. Mulligan

Abstract The continued rise in patients suffering from organ failure has raised the 
need for additional sources for replacement organs to improve the quality of life for 
these patients. Organ transplantation is the standard of care for end-stage organ 
disease, and as such, there has been an ever-increasing need worldwide to find suit-
able grafts for those patients.

In the last decade, the field of biomedical engineering has made important tech-
nological advances in tissue bioengineering through the use of three-dimensional 
bioprinting. These innovative advances have contributed to developing biocompat-
ible materials and supporting scaffolds that allow the production of functional tis-
sues and printed organ models. 3D printing in medicine could eventually allow the 
application of printed tissues and organs to replace damaged or irreparable grafts 
from trauma or disease. Using these new and emerging additive-manufacturing 
technologies, it is hoped to be able to implant printed synthetics for end-stage organ 
disease (ESOD) and help with the shortage of viable organs for transplantation.

Multiple bioprinter configurations for tissue printing along with printing tech-
niques have emerged to revolutionize the creation of 3D biostructures. Current 
advances of tissue bioengineering strive to allow for self-assembly of cells and tis-
sues to become a reality, which would augment the possibility of generating new 
graft models. Around the world, scientists have developed vascular grafts, liver, 
kidney, and heart models that are in various stages of development and in some 
cases have been implanted in animal models. Many years of work are still to come 
in order for these basic models to be useful for human implantation.
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Ultimately, the goal of developing bioprinted tissues and organs is to overcome 
the shortage of available grafts. Furthermore, these replacement tissues could be 
made of cells from the donor, thereby reducing the risk of rejection and the levels of 
immunosuppressive agents being used.

11.1  Introduction

For more than three decades, the field of organ transplantation has made great 
strides on improved organ graft outcomes, saving thousands of patients with end- 
stage organ disease (ESOD) [27]. Improved surgical techniques and new antirejec-
tion drugs have helped pave the way toward increased success in organ transplantation. 
Yet, even with these advancements, the waiting list for transplantation remains 
extremely long and outpaces the number of donations. Organs continue to be a 
scarce resource, and even with potential changes in organ allocation in the United 
States and in some areas in the world, the number of people in need far exceeds the 
availability of these limited assets.

However, recent innovations in technology and new developing fields in science 
can potentially bring a change to the unmet organ demand. The field of biomedical 
engineering is among the most important areas, already bringing new solutions to 
medicine and will potentially provide game-changing results to the transplantation 
world. Creation of functional tissues in the lab setting became a reality by the end 
of 1980s. With this basis, the concept of organogenesis was born with the idea of 
creating not only tissues but also whole organs with the use of cells and a support 
system to allow them to thrive. Since then, tissue graft assembly employing syn-
thetic materials for the creation of synthetic scaffolds became a reality. This process 
called decellularization functions as the support system that designates specific 
roles to living cells [29].

Most recently, a new concept, known as 3D bioprinting (3DB), where the use of a 
3D printer is capable of transferring cellular material onto an extracellular matrix in 
a tridimensional fashion, has become the most modern technology for tissue bioen-
gineering. Multiple research centers around the world are adopting this technique for 
research with the idea of building a biostructure that resembles and works as a real 
organ [21]. This chapter will focus on the origins of 3DB and the basics of how bio-
printing works and will describe the current efforts and early developments in 3DB.

11.2  Background

Charles Hull described a technique known as stereolithography, which dates back 
to the 1980s and is considered the early origins of 3D printing. Stereolithography 
is a form of printing, where a laser is used to solidify a polymer material being 
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extruded from a needle to form a solid 3D structure. The instructions for the 
design of the 3D-printed structure come from computer software connected 
directly to the printer [17].

The field of medicine originally adopted 3D printing from the basic anatomical 
standpoint. One of the early purposes for the use of 3D printing was for presurgical 
evaluation based on imaging models that would allow an integral visualization of 
the organs [6]. The ability to reproduce an organ in a 3D digital format based on 
computed tomography (CT), magnetic resonance imaging (MRI), or ultrasound 
images led to the idea of printing synthetic organs (e.g., hepatic models) with the 
primary purpose of reproducing the internal anatomy of the organ to determine 
surgical approaches [25]. The digitized information of the CT or MRI is transferred 
to standard 3D printer computer software that allows printing the organ as desired 
[31]. In the field of transplantation, this allows an ideal preoperative evaluation of 
patients that are candidates for living donor liver transplantation, for example, the 
assessment of the liver anatomy, its biliary system, and blood supply before taking 
the donor to the operating room [1].

Parallel to printing synthetic organs for presurgical evaluation, 3D printing 
of synthetic organs or bone structures has been adopted by fields such as ortho-
pedics; ears, nose, and throat; and facial and dental surgery, for the creation of 
anatomic molds, devices, and implants that can replace anatomical parts [14, 
25, 32].

With the creation of 3D-printed synthetic organs, a step further was taken. 
3D-printed synthetic scaffolds were created, seeded with live cells, and used for 
implantation in the human body with the ability to function as a tissue or organ. 
The first successful attempt at this approach was on patients with bladder can-
cer, with the use of a synthetic scaffold of human bladder by the Wake Forest 
group [2, 22]. Decellularization came along, a technique that involves the use of 
natural or biological scaffolds obtained from allogenic or xenogeneic organs or 
tissues. Along with the application of a detergent that removes the cellular ele-
ments, decellularization maintains the extracellular matrix and provides a sup-
port structure that can be seeded with new cells and create a new functional 
organ [29].

Finally, in the early 2000s, the group of Forgacs et al. from the University of 
Missouri-Columbia and Mironov from the University of South Carolina began 
working on the idea of 3D organ printing with a three-step principle: preprocess-
ing or development of blueprints for organs, processing or actual organ printing, 
and post-processing or organ conditioning and accelerated organ maturation [12, 
19]. The first patent application for a bioprinting platform was filed based on this 
initial work, and in 2007, Organovo, Inc. was established as the first 3D bioprint-
ing company. Based on the research performed by Mironov and Forgacs’ group, 
they soon devised the first commercially available 3D bioprinter. In 2010, with the 
support of an NIH grant, Organovo was able to print the first fully cellular blood 
vessel [20].

With this brief review on the recent history of 3DB, we continue to the next sec-
tion where we describe the basic principles of how 3DB works.

11 3D Bioprinting in Transplantation
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11.3  Basic Principles

The bases for reconstruction of tissues and organs through 3DB consist of a set of 
techniques that transfer biologically active material onto a substrate. These tech-
niques should include a high-resolution tridimensional printer able to inject or 
deposit cellular structures and biocompatible materials (e.g., agar gels) that can 
support building blocks of cells. The use of microstructures with simple geometry 
planning and orientation, along with computerized technology, helps create a mac-
rostructure that is functional [19]. The basic concept of 3DB allows the building 
process to be able to create cellular patterns, which are the systematical organiza-
tion of cell-to-cell interactions and produce mechanical and chemical signaling. 
These patterns confined in a tridimensional structure hope to achieve cellular func-
tionality and become a viable tissue or whole organ.

Important concepts to understand the basics of 3DB are described in this follow-
ing section.

11.3.1  Basic Components of 3DB

11.3.1.1  3D Bioprinter

Hardware

• Printer head: Metal plate with attached printheads that are remotely controlled 
by a series of motors that allow them to function along the x, y, and z axes. The 
printhead function is to inject or deposit the bioink (biomaterial composed of 
living cells, intended to create the 3D structure) or biogel (extracellular matrix, 
agar gel to provide support to the cells). The printheads (syringe shaped) contain 
either a glass capillary that works as a fine needle that will deposit or inject the 
biomaterial. Depending on the manufacturer, the printer heads can contain a res-
ervoir where the bioink/biogel is contained. Other manufacturers rely on con-
tinuous reloading of glass capillaries or needles.

• Printing platform: Flat surface where the biogel container (or petri dish) is placed 
to allow the printer heads to deposit the bioink/biogel (Fig. 11.1).

Biologic Material

• Bioink: Biomaterial composed of living cells intended to be the main functioning 
cells of the 3D structure.

• Biogel: Supporting extracellular matrix that is present in the container where the 
3D biostructure is created. This biogel is also injected or deposited by the printer 
head to support the cellular layers in order to support the tridimensional 
structure.
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11.3.2  Types of Bioprinters

Currently, the 3DB process can be achieved through three different modalities:

• Micro-extrusion bioprinting: Characterized by a temperature-controlled bioma-
terial dispensing system, based on a standard 3D printer, contains a fiber-optic 
light-illuminated deposit in area for photo-initiator activator and a piezoelectric 
humidifier. The system generates continuous biomaterial beads that are depos-
ited in two dimensions; layers are placed along the x- and z-axes and then move 
higher in the y-axis. The final product is a tridimensional structure. The process 
is guided by computational software. The micro-extrusion printers have proven 
its value for creation of aortic valves and vascular structures [30].

• Inkjet bioprinting: Works by thermal or acoustic forces that promote the ejection 
of the bioink onto a scaffold or biogel base [9]. Thermal inkjet printers produce 
pulses of pressure via electricity to heat the printhead and thus stimulate droplets 
of bioink to fall from the nozzle into the biogel. These printers are high speed and 
low cost and they are widely available. Acoustic inkjet bioprinters have a piezo-
electric crystal that creates an acoustic wave in the printhead that stimulates the 
deployment of cells into the biogel base. Printers such as these are very precise 
and uniform in terms of the bioink droplet deposition size. Overall, inkjet bio-
printers are limited to low cell density deposition in order to prevent nozzle clog-
ging. They have proven their value for printing functional skin and cartilage.

• Laser-assisted bioprinting: Consists of a pulsed laser beam that promotes the 
deployment of the bioink into the biogel plate. The laser bioprinter is compatible 

Fig. 11.1 Various methods of gel placement on hydrogel scaffolds (Permission to use image 
granted by the author under license number 4003381457926 [20])
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with a wide range of bioink viscosities. These printers are high cost, and their 
availability is limited (Fig. 11.2).

11.3.3  Creation of 3D Biostructures

Although each type of printer might have slight differences in the steps of creating 
a tridimensional biostructure, the common basic steps of fabricating a 3D tissue or 
organ are described below [4]:

 1. Preprocessing: Creation of a biological structure in a computer software, also 
considered the “blueprint.”

 2. Processing: Consists of preparing the materials that will be required to create the 
biostructure, as well as the steps to produce it.

 (a) Layer of hydrogel or hydrogel container – Series of steps to create an extra-
cellular matrix structure that is contained in a petri dish or container that will 
serve as the foundation base or support where the desired printer tissue will 
be deposited.

 (b) Bioink – Cultured cells or tissue spheroids that are obtained from standard-
ized methods for tissue/cell cultures. The bioink is loaded into the printer 
heads or printer head needles (glass capillaries). The bioink is eventually 
disposed on the hydrogel container.

 (c) Hydrogel – The same material used to support the cells that are in the con-
tainer will also be used for dispensation in between the layers of bioink in 
order to support the multiple cellular layers.

 (d) Bioink dispensation process – The bioink or hydrogel is dispensed repeat-
edly depending on the amount of desired layers based on the blueprint 
design. As the layers are deposited, the bioink will fuse, eventually forming 
a 3D structure containing cells and extracellular matrix.

 3. Maturation: The 3D biostructure is placed in an incubator and left to mature for 
a certain period of time (will depend on the materials and type of tissue 
created).

Fig. 11.2 Comparison of material deposition between inkjet, micro-extrusion, and laser-assisted 
bioprinters (Reprint permission by Murphy and Atala [22]. Copyright (2016))

A.S. Munoz-Abraham et al.



267

 4. Application: Once the printed biostructure is mature, it can be used for pharma-
ceutical drug testing, in vitro models or animal models. Eventually the printed 
tissues/organs will potentially be used for human transplantation.

11.4  Current Research on 3DB

The field of tissue engineering and the recent application of 3D printing to medicine 
can potentially provide game-changing solutions to transplantation in the near 
future. Several examples of tissue and organ replacements are being described, 
designed, and applied around the world [12, 21]. As already mentioned in this chap-
ter, multiple approaches are being investigated such as the use of natural or artificial 
scaffolds, decellularized organs to ultimately build 3DB. The key for success seems 
to be providing an ideal microenvironment allowing integration of tissue cells and 
development of a full organ. Although scaffolds provide an adequate structure for a 
3D organ, they can be problematic in terms of immunological reactions and degra-
dation of the extracellular matrix. Thus, the ideal approach is to rely on self- 
assembly and self-organization of the cells and tissues, which can be achieved with 
3DB [12]. The field of whole-organ bioprinting is still in early stages, and many 
years of complex research will be required to obtain substantial results. Fortunately, 
multiple institutions around the world are focusing on different aspects of tissue 
engineering and 3DB process, which could lead to future applications. We continue 
to describe some of the relevant aspects that are being researched by different groups 
around the world including the aforementioned scaffolds, decellularization, and the 
advances achieved in some areas of real 3DB.

11.4.1  Steps Toward 3D Bioprinting

The advances on scaffolding and decellularization are described below as they have 
set the foundation for ideas to further develop the 3DB grounds.

One of the earliest stories of success in scaffolding development was achieved by 
one of the leading groups in 3D printing in medicine. The Wake Forest group [2] 
was able to engineer a three-dimensional bladder scaffold intended for patients with 
nonfunctional bladders. A biodegradable 3D scaffold was created and then seeded 
with autologous bladder urothelial and muscle cells grown in vitro, and once mature, 
the structure was anastomosed to the native bladder. Another example by Mannoor 
et al., with the use of cybernetics and tissue engineering, proved they were able to 
create a three-dimensional bionic ear, by printing a hydrogel matrix, seeding cells, 
and inter-wined conducting polymers with infused silver nanoparticles. This 
allowed in vitro culturing of cartilage tissue around an inductive coil antenna in the 
ear that was capable of detecting sound waves [16] (Fig. 11.3).
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Another school of thought focuses on the use of scaffolds as template for devel-
oping 3D tissues/organs based on a decellularization technique, which is based on 
the use of detergents that are perfused through the vasculature of the organ/tissue to 
remove cellular elements, but the extracellular matrix remains intact. The scaffold 
obtained after decellularization can then be seeded combined with cellular compo-
nents with different techniques (including 3D bioprinters) in order to incorporate 
epithelial cells (liver, lung, heart) and endothelial (intra-organ vasculature). Song 
et al. developed an in vitro model and were able to incorporate endothelial and epi-
thelial cells into a decellularized kidney scaffold with promising results [28]. Yagi 
et al. described a technique on a porcine liver model that can support functional 
hepatocytes maintaining the vascular and biliary network of the original organ [34].

Various approaches that preceded 3DB have been developed for vascular grafts. 
Niklason et al. developed a human-cultured smooth muscle cell model with a poly-
glycolic acid scaffold to generate a functional artery, demonstrating the importance 
of pulsatile stretching and improving strength of the vessel, but limitations were 
noted with the polymer remnants [8]. Dahl et al. reported a human vascular graft 
using cadaveric smooth muscle cells and the implantation onto baboon vessels after 
decellularization; these vessels were able to maintain blood flow for 6 months; after 
their animal model, a clinical trial in human was started in Poland in 2012 in patients 
with kidney failure as AV grafts [7].

Although animal tissues and organs are widely available for the use of scaffold 
techniques, it comes with the caveat that these scaffolds can potentially host infec-
tious agents or trigger an immune response. Unrecovered organ donor organs could 
serve as a source of scaffolds as well, but ethical issues could potentially set a barrier. 
In terms of synthetic scaffolds, limitations due to polymer/synthetic available materi-
als will remain. Overall, the use of scaffolds has been great in setting the scenario for 
creating 3D biological tissues and organs, but the use of these synthetic or natural 
scaffolds comes with their own limitation. Ideally the 3D biostructure should be 
allowed a natural interaction between the epithelial cells and the support cells, with 
a natural maturation process of the tissue in order to become fully functional.

Fig. 11.3 (a) Computer software used to design the bionic ear, (b) material mixtures used in 3D 
printer, (c) printing of a bionic ear (Reprinted with permission from Mannoor et al. [16]. Copyright 
(2016) American Chemical Society)
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11.4.2  True 3D Bioprinting Advances

The use of scaffoldings to develop 3D biostructures has set the scenario for real 3D 
bioprinting, since, for an organ to really achieve its functions, it requires an intricate 
network of tridimensional systems in order to thrive. Thus, the idea of creating tis-
sues and organs from scratch to create a native functional biostructure is now fea-
sible with the transformation of 3D printers to 3D bioprinters. Here we review the 
work of several institutions on bioprinting technologies and their strategies.

11.4.2.1  Vascular

One of the most important challenges of successful bioprinting for organ creation is 
the establishment of vascular networks that are essential to the organ, since without 
adequate organ supply, the desired tissue cannot survive. Kolesky et al. described a 
method for fabricating 3D biostructures with vasculature, multiple types of cells, 
and ECM, with the use of four different bioinks in vitro [15]. They designed a 2D 
vascular network with bifurcations found in natural biostructures that provide nutri-
ent transportation and waste removal. Their model was originally proposed for drug 
screening, wound healing, and angiogenesis, but it also sets the scenario for manu-
facturing 3D tissues and organs.

In the field of transplantation, one of the determinant factors for a successful 
graft implantation is to have optimal vascular structures attached to the donor organ 
in order to perform an adequate anastomosis and to prevent thrombosis, stenosis, or 
leaks in the implanted organ. Often the vasculature of these organs is not usable due 
to their length, diameter, and integrity or due to inherent disease of the vessel. With 
the development of bioengineered constructs and the special interest in developing 
vessels for many vascular diseases, synthetic vascular grafts were created for repair-
ing or replacing vessels. However, synthetic grafts often come with complications, 
thrombosis, and infection in the majority of cases. Tissue-specific engineered vas-
cular grafts offer an attractive alternative.

In terms of 3DB vascular structures, some centers have developed their own 
models. Norotte et al. [23] described a layer-by-layer printing technique with the 
use of multicellular spheroids containing smooth cells and fibroblasts along with 
agarose rods, resulting in single- and double-layer small diameter vascular struc-
tures. This is one of the early examples of fully biological vascular tubular grafts 
and provides high expectations for the advancement in the vascular areas that will 
benefit the cardiovascular and transplantation field. Potential applications of 
3D-bioprinted vascular grafts in the field of transplantation are meso-rex bypass 
from the superior mesenteric vein to left portal vein for the treatment of portal vein 
thrombosis. These vascular grafts could also prove useful in living donor liver trans-
plantation where many times there is a need to extend vasculature for the drainage 
of segments V and VIII of the liver to the middle hepatic vein or vena cava to pre-
vent outflow issues in right lobe grafts (Fig. 11.4).
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11.4.2.2  Liver

The importance of the liver in terms of its role in drug metabolism has fueled mul-
tiple interests around the world to develop liver biostructures to test the biopharma-
cology of many drugs. Research to develop 3D liver structures will eventually 
benefit the field of transplantation. To date, only reports of early data in in vitro 
models are available. Robbins et  al. [26] with the use of the NovoGen MMX 
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Bioprinter ™ printed a metabolically functional 3D liver biostructure that showed 
cell-to-cell interaction, protein production, and enzymatic activity [24]. Their struc-
ture also contained stellate cells as well as endothelial cells. Chang et al. [5] created 
an in vitro device that had a 3D liver biostructure housed in a chamber that resem-
bled the natural microenvironment of the hepatocyte, including a perfusion system 
that allowed assessing the metabolic function of the biostructure as well as the inter-
action with drugs. This model was developed with NASA support to assess drug 
pharmacokinetic profiles in planetary environments. As mentioned above, the suc-
cess of these 3D liver biostructures relies on providing a vascular network. Miller 
et al. [18] were able to print 3D filament networks made of carbohydrate glass in a 
cylindrical shape that were lined with endothelial cells and perfused with blood. 
This model was tested in a rat hepatocyte model, maintaining the metabolic func-
tion of the cells.

11.4.2.3  Intestine

Although GI tract models have been developed with diverse bioengineering tech-
niques, the 3D bioprinting world has not focused on the development of GI tract 
models. The complexity of creating an intestine requires the creation of vasculature, 
neural, and lymphoid tissue along with epithelial tissue with absorptive and secre-
tory functions. At our institution, efforts are being focused on the creation of a 
muscular graft onto which all the functions previously mentioned are added [33].

11.4.2.4  Kidney

Drug nephrotoxicity is estimated to cause 25% of acute renal failure. However, this 
is just an estimated number, and the real percentage is hard to determine. As in liver, 
the creation of 3D-bioprinted kidney models is being fueled by the need to under-
stand better the interaction between the kidney and multiple drugs. This again will 
benefit the field of kidney transplantation with the subsequent development of fab-
ricated human kidney tissue models.

King et al. [13] created an in vitro model of multicellular, 3D-bioprinted proxi-
mal tubules. In their model, the interface between tubular epithelium and renal 
interstitial cells was observed. Also an extensive endothelial network was described. 
Homan et  al. [11] created a 3D-bioprinted human renal proximal tubule model 
in vitro within an extracellular matrix and housed in perfusable tissue chips that 
allowed the model to survive for more than 2 months. Their model exhibits enhanced 
epithelial morphology and functional properties. Cyclosporine (known nephrotoxin 
but also used for immunosuppression in transplantation) demonstrated disruption of 
the epithelial barrier in a dose-dependent manner, proving the utility of the in vitro 
model. Even with these advances, the development of a kidney model is far from 
being accomplished (Fig. 11.5).
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11.4.2.5  Heart

The complexity of the heart tissue poses a barrier that only few researchers are 
willing to confront. Zhang and Zhang [35] created a hybrid strategy based on 3D 
bioprinting and scaffolding with an Organovo NovoGen MMX Bioprinter 
(Organovo Holdings) [24]. First with the use of bioink containing endothelial 
cells, they injected microfibrous hydrogel scaffolds. The endothelial cells 
migrated toward the periphery to form a layer of endothelium. This endothelial 
layer was then seeded with cardiomyocytes in order to generate aligned myocar-
dium capable of spontaneous and synchronous contractions. Even though cell 
migration was achieved, the overall composite demonstrated a lack of structure 
and functionality. This is one of the earliest demonstrations of 3D-bioprinted 
heart tissue [36] (Fig. 11.6).
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11.5  Barriers to Overcome

Every organ with potential 3DB creation presents with its own complex barriers. 
Replicating the cell-to-cell interaction requires establishment of a vascular network 
and neurohumoral response. Efforts to achieve organogenesis, as it occurs in the 
human body, must be attempted. More “out of the box” approaches might need to 
be performed along with much needed interinstitutional collaborations.

Currently, bioprinters are able to deliver biomaterials, micromolecules, and via-
ble cells to generate experimental constructs, but lack sufficient organizational 
integrity and stability for surgical graft replacement. Experimental biomaterial mix-
tures are still being tested to find the adequate median for cell carriers and to provide 

Fig. 11.6 (a) Photograph of an Organovo Bioprinter setup, (b) metallic cylinder immersed in a 
vial containing cells and a hydrogel precursor. (c) Upward aspiration of the cell-laden hydrogel. (c) 
Precise printing of cell-laden hydrogel fibers [3]
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appropriate machine-driven support and cell-specific cues and eliminate toxicity. 
The requirements to fulfill a stable construct are limited by the small amount of 
biomaterials available in our era to apply in 3DB. Such requirements comprehend 
thermoregulation, gel stabilization, and an adequate environment for cell adhesion 
and proliferation, which should be accomplished with dispensing uniformity and 
preventive nozzle clogging.

With the eventual development of mature bioengineered tissues or organs for 
transplantation, addressing the implantation stage will be a complex task as well. 
New drugs will have to be tested and developed to promote the adaptation and func-
tion of the implanted tissue or organ to fully achieve what is desired.

11.6  Conclusion

Although most of the aforementioned advances in the 3DB field are in the early 
stages, the current improvements achieved every year in different aspects of 3D 
biostructure development are remarkable. So far, achievements in synthetic 3D 
printing, scaffolds, gel prints, and cellular prints have allowed significant progress 
of 3DB. We hope in a near future to achieve structure stability and develop organs 
that will be used as universal replacements. The next step for tissue engineering and 
3DB is to establish networks of collaboration between interested groups to merge 
the areas of research that will allow the integration of fully functional 3D biostruc-
tures, first at the in vitro stage and eventually at the in vivo stage. Academic institu-
tions interested in physiology and transplantation, as well as private entities, share a 
final endpoint, the creation of 3D-bioprinted tissues and organs that can address 
unmet needs for the patients with ESOD.
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Chapter 12
Xenotransplantation

J.A. Shah, B. Ekser, and P.A. Vagefi

Abstract Shortages in the number of available donor organs continue to force the 
transplant community to seek alternative options in an effort to meet the high 
demand. Cross species, or xenotransplantation, using swine as potential donors, has 
long been hypothesized as a potential attractive strategy for solving the organ short-
age crisis due to the supply of available donors, as well as anatomical and physio-
logical similarities between swine and humans. Early studies with wild-type swine 
donors were limited due to shortened survival as a result of acute humoral xenograft 
rejection due to circulating preformed antibodies. The eventual development of 
α-1,3-galactosyltransferase knock-out swine donors in the early 2000s has been 
critical in advancing preclinical xenotransplantation research, and more recently 
through significant improvements in genetic engineering technology such as 
CRISPR/Cas9, the development of multitransgenic swine donors has allowed xeno-
transplantation to progress closer to becoming a clinical reality. Here, we provide a 
brief overview of early clinical xenotransplantation experience, followed by major 
technological advances and current barriers to solid organ (kidney, liver, heart, and 
lung) and islet cell xenotransplantation.

12.1  Introduction

The continued need for an increased supply of donor organs remains a critical 
area of research in the field of organ transplantation. Despite the utilization of 
“extended criteria” and living donors, in 2015 alone approximately 34 patients 
each day were removed from the waiting list in the United States due to either 
dying while waiting for an organ or being too sick to be transplanted at the time 
an organ became available [1]. Furthermore, despite efforts to increase the number 
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of transplants performed annually, totaling over 650,000 since 1988 [1], the num-
ber of patients added to the wait-list continues to outpace those that ultimately 
achieve transplantation. When we look at transplantation statistics from around 
the world, this discrepancy between supply and demand only continues to worsen. 
Indeed, the disparity between those transplanted versus those waiting for organs 
continues to be a prominent issue, one which faces many ethical, social, and 
humanitarian concerns.

One potential solution to this crisis is cross-species transplantation, or xeno-
transplantation, utilizing organs from pigs (Fig. 12.1). Pigs remain the current best 
option for clinical xenotransplantation given their anatomical and physiological 
similarities to humans [2–4], favorable breeding characteristics [5], and their ability 
to undergo genetic modification, thus overcoming immunological hurdles due to 
their phylogenetic distance. Prior to the use of pigs, much of the early work pio-
neered in the field of xenotransplantation was performed using a more concordant 
species, nonhuman primates (NHPs), in an effort to overcome many of the immu-
nological barriers inhibiting long-term survival. However, concerns over deadly 
infectious complications led to a moratorium in 1999 [6] banning further clinical 
NHP xenotransplantation research. Extensive preclinical work using pigs for xeno-
transplantation has been performed since the enactment of these guidelines, with 
slow, but steady progress being made in an effort to one day make clinical xeno-
transplantation a reality. This chapter will focus on providing the history and an 
update on progress made in solid organ and islet cell xenotransplantation, without 
discussing tissue (i.e. cornea) or other cell type (i.e. hepatocyte or neuronal cell) 
xenotransplantation.

12.2  Brief History of Clinical Xenotransplantation

The first experiences with clinical xenotransplantation date back to the early 1960s, 
with the first kidney xenotransplantation being performed by Reemtsma et al. from 
Tulane University in 1963 using a rhesus monkey [7], with subsequent experience 
utilizing a chimpanzee, allowing for the recipient to return to work and remain 
healthy for 9 months before succumbing to pneumonia. In 1964, the world’s first 
heart xenotransplantation was attempted by Hardy et  al. at the University of 
Mississippi Medical Center, again using a chimpanzee as the source for the donor 
organ, with survival lasting a couple of hours [8]. Subsequent efforts using a baboon 
heart in a neonate by Bailey et al. from Loma Linda University Medical Center in 
1984 allowed for 20-day survival with graft loss due to worsening humoral rejec-
tion. With improvements in allotransplantation outcomes due to significant advance-
ments in immunosuppression, mainly the widespread use of tacrolimus, in 1993 
Starzl et al. from the University of Pittsburgh successfully transplanted a baboon 
liver into a patient with cirrhosis due to chronic hepatitis B virus infection. The 
patient survived for 70 days, ultimately succumbing to diffuse subarachnoid hemor-
rhage due to invasive aspergillosis [9].
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Fig. 12.1 Pigs as potential donors for xenotransplantation. (Adopted from: Ekser et al. [3]. 
Permission to use image granted by the author under license number 4235430612018)
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Shortly after this, the Food and Drug Administration established a ban on any 
future clinical NHP xenotransplantation research, thus shifting the focus of research 
to swine as the main source of organs for xenotransplantation. Initial attempts dem-
onstrated shortened survival due to acute rejection because of preformed antibodies 
to α-galactose-1,3-galactose (α-gal) antigens on circulating pig cells. This sugar 
moiety, which is not present in humans or Old World monkeys due to a frameshift 
mutation in α-1,3-galactosyltransferase (GalT), would eventually require subse-
quent genetic modification in porcine donors to obtain long-term success.

12.3  Genetic Engineering of Swine Donors

A major breakthrough in the field of xenotransplantation came in 2002 when Lai 
et al. were able to delete the α-gal antigen through homologous recombination [10], 
a process in which nucleotide sequences are exchanged between similar DNA mol-
ecules. Although the creation of the GalT gene knock-out (GalT-KO) pig allowed 
investigators to eliminate the problem of hyperacute rejection [11], additional com-
plications such as acute humoral xenograft rejection (AHXR), thrombotic microan-
giopathy (TMA), and coagulation dysregulation were discovered, mainly due to the 
presence of preformed circulating non-Gal antibodies against the pig endothelium, 
thus limiting further long-term survival [12, 13] .

Since the introduction of homologous recombination, other approaches applied 
to further modify the genome of donor pigs have included the process of random 
integration through embryo microinjection in 1997, somatic cell nuclear transfer in 
2000, nuclease editing through double-strand breaks and nonhomologous end join-
ing zinc-finger nucleases in 2010, transcription activator-like effector nucleases in 
2011, and more recently, the development of the clustered randomly interspaced 
short palindromic repeats and the associated protein 9 (CRISPR/Cas9) nuclease 
method in 2013 [14]. The CRISPR/Cas 9 method currently represents the most 
efficient and widespread technology used for gene editing in donor swine. The tech-
nology relies on a bacterial (Streptococcus pyogenes) defense mechanism to create 
CRISPR RNA (crRNA) and subsequent double-strand breaks [15, 16]. Due to its 
untethered method of DNA cleavage, the CRISPR system has allowed for the effi-
cient combination of multiple knockouts through targeting several loci with a single 
transfection, creating multiple genetic knockouts on a single cell line [17].

With the development of these aforementioned methods, multitransgenic donor 
pigs have been created to overcome complications related to human complement 
regulation proteins (hCRP; CD46 – membrane cofactor protein, CD55, CD59 – pro-
tectin), anticoagulation, and anti-inflammatory gene expression (human tissue fac-
tor pathway inhibitor – hTFPI, human thrombomodulin – hTBM, human endothelial 
protein C receptor – hEPCR, human A20 – hA20, and human signal regulatory pro-
tein α (SIRPα) – CD47) [18] (Table 12.1). In addition, the deletion of potentially 
deleterious porcine retroviruses (PERVs) shown by Ramsoondar et  al. [19] and 
Dieckhoff et  al. [20] may eliminate potential infectious complications that have 

J.A. Shah et al.



281

been raised as a potential barrier for successful clinical pig xenotransplantation. 
More recently, Yang et al. [21] showed the genome-wide inactivation of PERV virus 
deleting 62 copies of genes from porcine kidney epithelial cells using CRISPR/cas9 
technology. In the following sections, we will discuss the progress that has been 
made with each specific solid organ in the field of xenotransplantation using organs 
from the genetically modified pig donors that have been previously mentioned.

Table 12.1 Porcine genetic modifications for xenotransplantation

Complement regulation by human complement regulatory gene expression

  CD46 (membrane cofactor protein)
  CD55 (decay-accelerating factor)
  CD59 (protectin or membrane inhibitor of reactive lysis)
Gal or non-Gal antigen “masking” or deletion

  Human H-transferase gene expression (expression of blood type “O” antigen)
  Endo-β-galactosidase C (reduction of Gal antigen expression)
  α1,3-Galactosyltransferase gene-knockout (GalT-KO)
  Cytidine monophosphate-N-acetylneuraminic acid hydroxylase (CMAH)
  Β1,4-N-acetylgalactosaminyltransferase (β4GalNT2) gene-knockout (β4GalNT2-KO)
Suppression of cellular immune response by gene expression of downregulation

  CIITA-DN (MHC class II transactivator knockdown, resulting in swine leukocyte antigen 
class II knockdown)

  Class I MHC-knockout (MHC-IKO)
  HLA-E/human β2-microglobulin (inhibits human natural killer cell cytotoxicity)
  Human FAS ligand (CD95L)
  Human N-acetylglucoaminyltransferase III (GnT-III) gene
  Porcine CTLA4-Ig (cytotoxic T-lymphocyte antigen 4 or CD152)
  Human TRAIL (tumor necrosis factor-α-related apoptosis-inducing ligand)
Anticoagulation and anti-inflammatory gene expression or deletion

  von Willebrand factor (vWF)-deficient (natural mutant)
  Human tissue factor pathway inhibitor (TFPI)
  Human thrombomodulin
  Human endothelial protein C receptor (EPCR)
  Human ectonucleoside triphosphate diphosphohydrolase-1 (CD39)
Anticoagulation, anti-inflammatory, and antiapoptotic gene expression

  Human tumor necrosis factor-α-induced protein 3 (A20)
  Human heme oxygenase-1 (HO-1)
  Human CD47 (species-specific interaction with SIRP-α inhibits phagocytosis)
  Porcine asialoglycoprotein receptor 1 gene-knockout (ASGR1-KO; decreases platelet 

phagocytosis)
  Human signal regulatory protein-α (SIRP-α; decreases platelet phagocytosis by “self” 

recognition)
Prevention of porcine endogenous retrovirus (PERV) activation

  PERV siRNA

Adopted from: Cooper et al. [88]
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12.4  Kidney Xenotransplantation

Much of the successes with preclinical models of pig-to-NHP xenotransplantation 
have relied on the advances made in genetic engineering of the donor pigs with 
survival increasing as genetically modified donors became available. In 1989, long 
before the development of GalT-KO donors, early experience with genetically 
unmodified (wild-type) pig kidneys was poor with survival limited to only 23 days 
[22]. However, with the introduction of GalT-KO/human complement decay- 
accelerating factor (hDAF; CD55) donors in 2004, survival improved to 90 days 
[23]. Around the same time, Yamada et  al. from Boston, utilizing a tolerance 
approach involving the cotransplantation of donor-specific thymic tissue from 
GalT-KO donors at the time of pig-to-baboon renal xenotransplantation, achieved 
survival of 83 days following GalT-KO pig kidney xenotransplantation [24]. Further 
genetic modification eventually led to the development of multitransgenic GalT-KO/
CD55/CD46/CD39/hTBM/EPCR pig donors, with survival in a baboon reaching 
136 days. In this report, induction immunosuppression consisted of thymoglobulin 
(ATG), anti-CD20 monoclonal antibody (mAb), cobra venom factor (CVF) for 
complement inactivation, and maintenance therapy with anti-CD40 mAb, rapamy-
cin, corticosteroids as well as anti-TNF-α and anti-IL-6R mAbs. Despite the 
improved survival following the production of GalT-KO pigs, longer survival would 
be necessary in order for kidney xenotransplantation to become a destination ther-
apy. The utilization of newer clinically applicable immunosuppressive agents, such 
as costimulation blockade of the CD28/B7 or CD40/CD154 pathways [25] as well 
as use of an anti-CD154 mAb [24], CTLA4-Ig, and anti-CD40 [26], may eventually 
help in achieving prolonged survival to a point where human trials are warranted.

It deserves to be mentioned that with the development of the both GalT-KO 
donors and newer methods to dampen the recipient immune response, both AHXR 
and hyperacute rejection appear to be avoidable, thus leading to the discovery of 
additional barriers, namely the development of TMA [27] within the xenografts and 
systemic consumptive coagulopathy [28] within the recipients. Research efforts 
focused on these barriers may allow for improved outcomes. The likely etiology of 
these coagulation disturbances are related to the incompatibilities between the 
donor and recipient endothelium, with the recipient coagulation system becoming 
activated upon graft reperfusion. Once activated, recipient platelets and tissue factor 
pathways begin to increase local and systemic inflammatory responses, releasing 
pro-inflammatory cytokines and leading to activation of the coagulation cascade 
and production of thrombin, the latter leading to TMA within the graft. The produc-
tion of multitransgenic pigs (hCRPs, TBM, TFPI, EPCR, and CD39) have demon-
strated the ability to regulate the procoagulant activity following xenotransplantation 
[29], and further improvements have been observed following the administration of 
antiplatelet and anticoagulant administration [30].

With progress in overcoming both the immune and coagulation disturbances fol-
lowing pig-to-NHP xenotransplantation, physiological incompatibilities also con-
tinue to be problematic; however, continued work has demonstrated that many of 
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these barriers can be overcome. Although the initial incompatibilities between pigs 
and NHP’s with regards to uric acid metabolism, the renin–angiotensin–aldosterone 
system, and erythropoietin production [4] seem to be surmountable, it is the devel-
opment of postoperative proteinuria and hypoalbuminemia that appears to be the 
greater limiting factor following xenotransplantation [24]. However, with the use of 
genetically modified donors, this phenomenon also appears to be controllable as the 
use of GalT-KO/CD55/CD46/CD39/hTBM/EPCR pig donors appeared to prevent 
protein losing nephropathy following xenotransplantation [31, 32]. Furthermore, 
the use of rituximab has also been shown to delay and control the onset of protein-
uria, possibly by preventing damage to podocytes due to the loss of sphingomyelin 
phosphodiesterase acid-like 3b activity within the Bowman’s capsule [33].

Lastly, if kidney xenotransplantation were to become a widely accepted practice, 
investigation into the growth of the xenograft following transplantation is war-
ranted. Indeed early research by Soin et al. has demonstrated that hDAF pig kidney 
xenografts grow according to the rate of the donor pig for 2 weeks following xeno-
transplantation, but then growth slows down considerably, thus preventing compli-
cations related to constriction and compartment syndrome [34]. Overall, these 
results thus far provide optimism that the immunological and physiological incom-
patibilities are surmountable and that clinical kidney xenotransplantation will one 
day become a reality.

Most recently, the selection of recipient baboons with low antibody titer and the 
use of anti-CD154 mAb included immunosuppressive regimen extended the sur-
vival of GalT-KO.hCD55 pig-to-NHP life-supporting kidney xenotransplantation 
up to 310 days [35] . In this experiment, there was no documented proteinuria, as 
was seen previously in shorter survival experiments.

12.5  Liver Xenotransplantation

Early experiences following pig-to-NHP liver xenotransplantation (LXT) date back 
to the early 1960s, with work by Calne et al. demonstrating survival of only a few 
hours following reperfusion of the xenoliver due to catastrophic hemorrhage [36]. 
Following the development of genetically engineered donors, Ramirez et al. were 
able to improve survival to 8 days with the use of pig livers expressing human CD55, 
with death occurring due to sepsis and coagulopathy [37]. Despite this improvement, 
thrombocytopenia following xenograft reperfusion remained a critical barrier to suc-
cess. With the introduction of GalT-KO pigs, the Pittsburgh group demonstrated in a 
large study of 10 orthotopic liver xenotransplantations (2 GalT-KO and 8 GalT-KO/
CD46) adequate liver function, with the exception of cholestasis occurring due to 
interspecies incompatibilities, in all of their recipients of a xenoliver [38] with sur-
vival ranging from 4 to 7 days. Of importance, the work done by the Pittsburgh group 
demonstrated sufficient production of important hepatic- produced pig proteins 
(albumin, plasminogen, fibrinogen, and haptoglobin) in baboon blood [39] along 
with adequate production of coagulation factors with clinically applicable 
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immunosuppressive regimen; however, recipients still succumbed to consumptive 
coagulopathy and internal bleeding due to profound thrombocytopenia.

Following this work, the Massachusetts General Hospital group was able to improve 
survival to 9 days with the use of GalT-KO donors and immunosuppression consisting 
of induction with ATG, CVF, and anti-CD154 mAb and maintenance with tacrolimus. 
The administration of aminocaproic acid as well as the transfusion of platelets allowed 
for partial control of coagulopathy and limited thrombocytopenia [40] with evidence of 
adequate liver function but decreased coagulation factor production following xeno-
transplantation. Given these findings, the Boston group went on to develop a novel 
approach of exogenous human coagulation factor administration following pig-to-
baboon LXT.  In a series of six orthotopic pig-to-baboon LXTs performed using 
GalT-KO donors and immunosuppression consisting of thymoglobulin and CVF induc-
tion and maintenance therapy with corticosteroids and tacrolimus, a continuous, low-
dose administration of either human factor VIIa or human prothrombin concentrate 
complex appeared to control coagulopathy, maintain circulating platelets and prevent 
TMA without the need for the administration of antifibrinolytic agents or platelet trans-
fusions [41], and survival up to 7 days was achieved. Furthermore, the effects of exog-
enous human coagulation factor administration appeared to delay and decrease the 
overall blood transfusion requirement following LXT with experimental baboons 
requiring an average of 208 mL of blood compared with historical controls that required 
626 mL over a similar time period. Additionally, for the first time, xenograft histology 
in recipients of continuous coagulation factors appeared to demonstrate the absence of 
TMA when compared with recipients of bolus administration, which demonstrated 
widespread TMA and graft necrosis [41] (Fig. 12.2).

Given these initial encouraging results, the Boston group then added belatacept 
for costimulation blockade to their immunosuppressive regimen given the encour-
aging results reported following heart xenotransplantation [26] and were able to 

Fig. 12.2 Comparison of intraoperative porcine livers following pig-to-baboon liver xenotrans-
plantation and varying coagulation factor protocols. (a) Bolus administration of exogenous human 
coagulation factors (postoperative day 1), demonstrating diffuse necrosis and widespread throm-
bosis. (b) Continuous, low-dose administration of exogenous human coagulation factors (postop-
erative day 4), demonstrating a pink, healthy appearing liver without evidence of necrosis or 
thrombosis
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achieve 25-day survival, along with the spontaneous recovery of circulating plate-
lets on postoperative day (POD) 12, reaching a maximum of 614,000 on POD 21 
[42]. Of note, the recipient baboon never required re-exploration due to bleeding, 
which was commonly seen in previous studies of LXT, and required euthanasia on 
POD 25 due to worsening cholestasis and bleeding due to plantar ulcers. As previ-
ously demonstrated, the need for blood transfusions was again limited over the 
25-day survival, and liver function tests remained normal or near-normal, with the 
exception of a mild increase in the transaminases on POD 7 due to a mild case 
transaminitis due to presumed mild rejection as evidenced by improving LFT’s fol-
lowing a 3-day pulse of corticosteroids. POD 25 histology again demonstrated the 
absence of TMA and no evidence of rejection (Fig. 12.3). The cholestasis observed 
was similar to that experienced by the Pittsburgh group. [39], indicating a difference 
in bile viscosity as a cause, rather than a mechanical obstruction. Indeed work by 
Kobayashi et al. has demonstrated that pig and human bile have similar characteris-
tics and may not be an issue following pig-to-human LXT [43]. More recently, the 
replacement of belatacept with anti-CD40 mAb for costimulation blockade has 
allowed for even further prolongation of survival to 29 days, representing a new 
world record for hepatic xenotransplantation, with recipient euthanasia again 
required due to worsening plantar ulceration and posttransplant histology demon-
strating an absence of inflammation, necrosis, or TMA (Shah et  al., American 
Journal of Transplantation – In Press).

Although the etiology of the thrombocytopenia occurring following reperfusion 
of the xenoliver remains yet to be elicited, multiple groups have made progress in 
identifying several key responsible factors. It is thought that the thrombocytopenia 
and consumptive coagulopathy occurring as early as 2 h following xenograft reper-
fusion is due to activation of recipient platelets [44] and not due to immunological 
phenomenon. Additionally, differences in human and porcine platelet oligosaccha-
rides causing activation of the liver sinusoidal endothelial cells can lead to platelet 
phagocytosis [45], as well as platelet phagocytosis due to activation of porcine aor-
tic endothelial cells [46].

Fig. 12.3 Postoperative day 25 histology following pig-to-baboon liver xenotransplantation, (a) 
Hematoxylin & Eosin staining (100×), and (b) Hematoxylin & Eosin staining (200×), demonstrat-
ing intact hepatic architecture, no evidence of rejection, mild (30%) focal hepatic necrosis, and 
absence of thrombotic microangiopathy
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Evidence suggests that the immunological hurdles preventing long-term success 
following pig LXT are indeed surmountable [47], and with the introduction of mul-
titransgenic GalT-KO donors, especially those expressing TBM, TFPI, CD55, CD46, 
and CD39, may allow for successful hepatic xenotransplantation utilizing conven-
tional immunosuppression. Indeed, consistent achievement of 4-week survival in a 
preclinical model of pig-to-baboon LXT could justify human trials with pig livers 
serving as a bridge to allotransplantation for patients with acute hepatic failure.

12.6  Heart Xenotransplantation

Work in the field of heart xenotransplantation, unlike kidneys and livers, has been 
performed in three categories: a heterotopic abdominal approach, a heterotopic 
intrathoracic approach, and an orthotopic (intrathoracic) approach, with survival 
varying depending on the site of transplantation. Progress in the field of immuno-
pharmacology as well as experience with genetically engineered donors has allowed 
for >2-year survival in a heterotopic abdominal fashion, 50 days in a heterotopic 
intrathoracic fashion, and 57 days in an orthotopic fashion [48]. Barriers to pro-
longed survival rest mainly on hyperacute rejection due to complement-mediated 
vascular injury and thrombocytopenia, both of which have been extensively 
researched in an effort to bring cardiac xenotransplantation to a clinical reality.

Heterotopic abdominal cardiac xenotransplantation remains the primary model 
of research for pig-to-NHP cardiac xenotransplantation given its nonlife supporting 
nature and the ability to follow the graft even in the face of organ failure, with the 
organ anastomosed to the recipient inferior vena cava and the xenograft aorta to the 
recipient abdominal aorta. Early studies were limited due to anti-Gal antibodies 
causing damage to the recipient endothelium and initiating a robust immune 
response [49]; however, with the creation of CD55-expressing donors, survival 
improved to 27 days in 2004 [50] and further improved to 179 days, with a median 
survival of 78 days in 2005 following the creation of GalT-KO donors [51, 52] with-
out any evidence of hyperacute rejection. Further improvements following the cre-
ation of GalT-KO donors expressing hCRPs came with immunosuppression 
regimens consisting of anti-CD154 and anti-CD40 with survival up to 236  days 
(median 71) with GalT-KO/CD46 donors and an anti-CD154-based regimen [53], 
149 days (median 84 days) with GalT-KO/CD46 donors and an anti-CD40-based 
regimen [54], and up to 945 days (median 298 days) with GalT-KO/CD46/hTBM 
donors and an anti-CD40-based regimen [55], the latter of which surpassed survival 
well beyond 2 years. More recently, Iwase et al. have provided their initial experi-
ence with GalT-KO/CD46/hTBM donors, comparing three different costimulation 
blockade regimens, the results of which demonstrate that an induction immunosup-
pression regimen consisting of thymoglobulin and methylprednisolone and a main-
tenance regimen consisting of anti-CD40 mAb, belatacept, rapamycin/tacrolimus, 
methylprednisolone, and low molecular weight heparin is able to demonstrate up to 
130-day survival without evidence of invoking a T-cell response, preventing the 
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development of thrombocytopenia and delaying the development of TMA and con-
sumptive coagulopathy [56].

Despite this progress, the aforementioned model is not life-supporting; thus, 
efforts at achieving success following life-supporting cardiac xenotransplantation 
are underway, both in an intrathoracic heterotopic (“piggy-back”) model, where the 
donor organ is anastomosed to the left and right atria, the ascending aorta, and the 
pulmonary artery, and an orthotopic model utilizing a conventional technique. The 
intrathoracic approach was first described in 1977 by Barnard et al. [57] with the 
advantage of providing temporary support or as a bridge to transplantation, and 
research in a large animal model demonstrated survival of up to 50 days using a 
GalT-KO/CD46 donor with a mild rejection crisis amenable to treatment with 
immunosuppression and immunepheresis [58]. Further studies utilizing multitrans-
genic donors and protocols previously shown in a heterotopic abdominal model to 
prolong survival are currently underway [59].

With preclinical heterotopic cardiac xenotransplantation studies now achieving 
median survival greater than the recommended 3 months prior to the development 
of clinical cardiac xenotransplantation protocols, as suggested by the 2000 
International Society for Heart and Lung Transplantation advisory committee [60], 
the focus is shifting toward replicating these results in an orthotopic, life-supporting 
model. Although studies with this model are limited given high perioperative mor-
tality due to ischemia/reperfusion injury and cardiogenic shock, survival ranged 
between 1 day (GalT-KO/CD55 donors) and 57 days (Gal+/CD46/TPC α-gal poly-
ethylene glycol polymer treatment) [61]. With progress made in controlling the 
recipient immune response following cardiac xenotransplantation [62], attention 
should now focus on developing methods to enhance xenograft resistance to isch-
emia/reperfusion injury, for example through the use of donors expressing CD39 
[63] as well as trials utilizing immunosuppression regimens based on anti-CD40 
mAb and multitransgenic GalT-KO donors in an orthotopic model, as continued 
success in a preclinical pig-to-NHP models could one day pave the way for future 
clinical applications.

12.7  Lung Xenotransplantation

Human lung allotransplantation remains limited due to the endothelium’s suscepti-
bility to cytokine release causing ischemia/reperfusion injury during the procure-
ment and the transplantation period, as well as alveolar barotrauma due to mechanical 
ventilation [64, 65]. The applicability of lung xenotransplantation would be espe-
cially advantageous due to the ability to use organs from donors that are otherwise 
healthy and devoid of complications related to sepsis, hypotension, prolonged 
mechanical ventilation, etc. Initial experience with wild-type pig lung xenotrans-
plantation, similar to the kidney, liver, and the heart, was met with disappointing 
results, mainly due to circulating antibodies against pig Gal antigens, the effects of 
which resulted in activation of the complement cascade and rapid rise in the 
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pulmonary vascular resistance due to widespread thrombosis [66]. Initial results 
with GalT-KO donors was poor as well, with survival limited to just 225 min fol-
lowing pig-to-baboon lung xenotransplantation [67] due to tracheal edema caused 
by capillary leakage and increased pulmonary vascular resistance. As a result of 
these initial findings, most of the significant work done in the field of lung xeno-
transplantation has been done in an ex vivo model by the group from the University 
of Maryland using genetically modified porcine lungs perfused with human blood, 
thus closely imitating a clinically applicable scenario [68].

The University of Maryland ex vivo model relies on the left and right lung inde-
pendently ventilated and perfused with human blood, thus allowing the delivery of 
experimental drug therapies and the ability to measure and study each lung against 
the other [69, 70], the results of which identified four key barriers to success: (a) the 
innate immune response, (b) coagulation dysregulation, (c) the adaptive immune 
response, and (d) the inflammatory response [68]. Extensive work in overcoming 
these four key barriers has demonstrated that the activity of the complement system 
appears to be blunted through the use of GalT-KO donors expressing hCRP (CD46 
and CD55) [71]. Additionally, the administration of liposomal clodronate pretrans-
plant appears to be effective in depleting porcine pulmonary macrophages and pro-
longing graft survival by decreasing thrombosis [72], and costimulation blockade 
through the administration of CTLA4-Ig may inhibit the T-cell response [73]. 
Furthermore, coagulation dysregulation and platelet activation/sequestration may 
be overcome through the depletion of pig VWF via the administration of desmo-
pressin [74], use of transgenic pigs expressing hTFPI [75], human TBM, and 
hEPCR [73].

In an orthotopic, life-supporting model, a single lung is transplanted into the 
recipient NHP with the placement of either a snare around the pulmonary artery 
allowing intermittent occlusion or a flow probe into the recipient aorta and donor 
pulmonary artery providing researchers the ability to measure blood flow and evalu-
ate graft function [68]. Using this model, consistent achievement of graft survival 
beyond 24 hours has been achieved, with maximum survival lasting 8 days follow-
ing pig-to-NHP lung xenotransplantation using a multitransgenic GalT-KO/CD46/
CD55/EPCR/TFPI donor and the administration of desmopressin. Further work in 
this life-supporting model is underway in an effort to further prolong survival and 
hopefully achieve consistently achieve 3-month survival, the latter of which has 
been recommended by the International Society for Heart and Lung Transplantation 
before considering human trials [60].

12.8  Islet Xenotransplantation

With the successful reports of allogeneic islet transplants coming from the Edmonton 
group in 2000, demonstrating successful elimination of exogenous insulin require-
ments for 1 year [76], there has been growing interest in the use of xenogeneic islets 
for the treatment of diabetes. Initial xenotransplantation results by Bottino et  al. 
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have determined that adult pigs seem to demonstrate a beneficial advantage as 
donors given the increased yield of islets isolated and the rapid function (within 
hours) when compared with fetal and neonatal pigs, which deliver a lower yield and 
take a longer period to function following transplantation [77, 78]. These results, in 
conjunction with the development of transgenic donor animals, have accelerated the 
possibility of clinical pig islet xenotransplantation.

The earliest reports of preclinical pig-to-NHP islet xenotransplantation date back 
to 2006 with the use of wild-type pigs and demonstrating survival (i.e. insulin inde-
pendence) for >6 months using an immunosuppression regimen consisting of anti- 
IL- 2R, anti-CD154, and rapamycin [79, 80]. With the development of transgenic 
animals, survival improved to 396 days (CD46 donor) using thymoglobulin, anti-
 CD154, and mycophenolate mofetil [81] and 249 days (GalT-KO donor) using anti-
 CD154, anti-LFA-1, CTLA4-Ig, and mycophenolate mofetil (MMF) [82]. Although 
encouraging, these protocols cannot be applied to a clinical setting given the con-
cern over thrombotic complications related to the use of anti-CD154. Furthermore, 
as seen in solid organ xenotransplantation where recipient thrombocytopenia and 
consumptive coagulopathy predominate, cellular islet xenotransplantation is 
uniquely complicated by an instant blood-mediated inflammatory reaction (IBMIR) 
when using wild-type donors, resulting in a considerable loss of islets immediately 
following transplantation [83]. With the advent of newer multitransgenic GalT-KO/
CD55/CD59 donors, Hawthorne et  al. have been able to demonstrate minimal 
IBMIR; however, with an inability to demonstrate prolonged survival, further stud-
ies are warranted [84]. It deserves to be mentioned that the development of GalT-KO 
donors has allowed for the elimination of immediate problems related to hyperacute 
rejection and that chronic rejection still remains a concern. Given this, Thompson 
et al. have demonstrated that through the use of costimulation blockade, the T-cell 
response can be effectively diminished and survival can be prolonged [85].

Of final note, novel strategies, using wild-type pig donors, such as the intraperi-
toneal (rather than an intraportal) administration of islets encapsulated in alginate 
and polyethylene glycol membranes have allowed for islet survival and insulin pro-
duction for up to 804 days in the absence of immunosuppression [86], thus provid-
ing alternative avenues for further research in xenoislet transplantation. These 
strategies, in conjunction with continued efforts at establishing consistent prolonged 
graft survival, along with clinically acceptable immunosuppressive protocols will 
hope to soon bring make islet xenotransplantation a clinical reality.

12.9  Summary

Since the early experiences with wild-type donors, advances in xenotransplantation 
have made significant progress due to advances in gene editing and the development 
of multitransgenic pig donors, such as triple knock-out pigs [87]. In vitro studies 
using triple knock-out pigs (i.e. GalT-KO.CMAH-KO.B4GalNT2-KO) showed 
very promising results in response to minimizing antibody response even with 
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highly sensitized human serums (Estrada et al.) and in vivo studies are currently 
ongoing. The use of these multitransgenic GalT-KO donors, along with improve-
ments in available immunosuppressive agents, has allowed for progress in overcom-
ing the otherwise robust immunological barriers preventing long-term survival 
following solid organ xenotransplantation. The addition of hCRPs as well as genes 
regulating coagulation will hopefully allow further success in controlling additional 
limiting factors such as thrombocytopenia and coagulopathy. It is imperative that 
for future success in the field of xenotransplantation research that increased funding 
opportunities become available to improve outcomes at large animal research facili-
ties, as well as help facilitate collaborative efforts between xenotransplantation 
research institutions. It is hopeful that with the demonstration of consistently 
improved survival in a pig-to-NHP model, human clinical trials with xenotransplan-
tation may be possible in the not so distant future, initially as a bridge to allotrans-
plantation for those with acute organ failure, and hopefully eventually as destination 
therapy.
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Chapter 13
Big Data and Kidney Transplantation: Basic 
Concepts and Initial Experiences

David J. Taber, Amit K. Mathur, and Titte R. Srinivas

Abstract We live in a data-rich world that is ever expanding, and the field of medi-
cine has become particularly enriched with data from the electronic health record 
(EHR) and from sensors such as EKG monitors, glucometers, and pacemakers. Big 
Data is a term that is now frequently encountered in both the lay press and the tech-
nical literature and is best defined by the extreme volume, variety, or velocity of 
data. Large relational databases alone do not equate to Big Data (Table 13.2 and see 
discussion that follows). The magnitude of the data explosion that we live in con-
sciously or unconsciously is underscored, which is outlined throughout this chapter. 
As a specific example this ever-growing field can have, we will use our recent 
inquiry into predicting kidney transplant outcomes using a big data approach and 
discuss the applicability of big data techniques in clinical transplantation.
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eGFR Estimated Glomerular Filtration Rate
EHR Electronic Health Record
GL Graft Loss
HGB Hemoglobin
ICD-9 International Classification of Diseases
KDRI Kidney Donor Risk Index
Max Maximum
MI Myocardial Infarction
NLP Natural Language Processing
OR Odds Ratio
PCR Polymerase Chain Reaction
SBP Systolic Blood Pressure
SRTR Scientific Registry of Transplant Recipients
Tx Database Transplant Database
UNOS United Network for Organ Sharing

13.1  Introduction

The field of transplantation is particularly rich in data such as data resident in large 
national databases (Tables 13.1 and 13.2). However, even though these databases 
capture donor and recipient data at the time of transplant, graft loss, and death, they 
lack patient-level data that reflect longitudinal clinical evolution [1]. National trans-
plant registry data do not contain real-time dynamic data, thus, not fulfilling all of 
the requirements of Big Data (Table 13.2). With the massive amounts of patient- 
level data embedded within the EHRs, analyses could potentially incorporate 
dynamically evolving clinically relevant patient-level data that could be used to tar-
get care and prevent graft loss and death. We tested this hypothesis through incorpo-
ration of manually abstracted dynamic patient-level data into predictive models 
aimed at 30-day readmissions after kidney transplantation and were able to show a 
significant increase in predictive efficacy over what is possible with national data [2, 
3]. However, such an approach is seldom feasible outside the research setting as 
several data elements that reside in EHRs are unstructured, such as clinician notes, 
pathology reports, and radiology reports (The term “unstructured data” is applied to 

Table 13.1 Scope of Big Data in health care [5]

Walmart’s Data warehouse hosts upwards of 2.5 petabytes of information, a volume estimated 
as 160 times larger than the U.S. Library of Congress.
US Health care data, in 2011, were estimated at 150 exabytes. Five exabytes (1018 gigabytes) of 
data would contain all the words ever spoken by human beings on earth. It has been estimated 
that big data in US health care will soon reach zetabyte (1021) scale and even yottabytes (1024 
Gigabytes) very shortly
Kaiser Permanente, the California-based health network with more than 9 million covered 
lives manages between 26.5 and 44 petabytes of patient data just from electronic health 
records (EHR), including images and annotations. The scope of their data approximates the 
holdings of 4440 Libraries of Congress
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data that cannot be readily applied in analyses without prior abstraction). Patient- 
level data in EHRs are also characterized by their volume, velocity, and variety, all 
of which fit the definition of Big Data [4]. The field of Natural language processing 
(NLP) encompasses computational methods that bridge the interaction between 
computers and human (natural) language. NLP techniques can be used to extract 
information from text fields and export them to data sets as structured variables 
without the need for manual abstraction. In addition to this fundamental ability of 
computers to be able to read human language, computing systems that would be 
expected to have relevance to medicine need to be able to ingest not only words but 
also make sense of the various corpora of information that constitute what we col-
lectively and colloquially refer to as the knowledge base in medicine. For computing 
systems to be able to do this, a process termed “deep learning,” several core require-
ments need to be met. One such example is afforded by a proprietary solution that is 
marketed by International Business Machines Corporation (IBM), termed Watson 
[25]. Watson is endowed with massive parallelism, wherein a large number of com-
puting processes work in parallel to optimize analytical speed and performance. 

Table 13.2 Large structured databases that inform on transplantation [25]

Database
Population 
addressed Strengths Limitations

Structured 
data

Unstructured 
data

UNOS Transplant 
candidates, 
transplant 
recipients, 
live and 
deceased 
donors

Represents entire 
US transplant 
population; 
longitudinal 
follow-up

Poor graft loss 
ascertainment 
(see SRTR); 
comorbidity 
data may be 
limited

Yes No

USRDS ESRD 
patients; 5% 
sample of 
Medicare 
claims and 
prescription 
data

Data on ESRD 
patients regardless 
of whether they 
had access to 
transplantation or 
were transplanted; 
claims data allow 
linking of outcome 
to claims 
(approximation of 
cost)

Claims data 
restricted to a 
5% sample of 
Medicare 
beneficiaries

Yes No

SRTR Live and 
deceased 
donors, 
transplant 
candidates, 
transplant 
recipients

Represents entire 
US transplant 
population; some 
longitudinal 
follow-up; graft 
loss ascertained 
through multiple 
sources with 
consequent 
increase in 
accuracy

Comorbidities 
may be 
missing; 
patient-level 
data are sparse; 
real time 
clinical 
evolution 
cannot be 
tracked

Yes No
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Using massive parallelism enables the system to scrutinize vast sources of informa-
tion, evaluate different interpretations of analyses, and test alternate hypotheses at 
extremely fast speeds. Algorithms are also deployed in such a manner as to provide 
accurate solutions that are based on the corpus of knowledge previously ingested. 
Shallow learning provides answers to limited questions. In our case, we used a small 
application to interrogate the EHR to identify acute rejection episodes based on 
pathology reports and answer the additional question as to grade and severity of 
rejection. We were also able to generate lesion scores based on text documentation 
of rejection grades. This ability to infer lesion scores and grades in isolation from 
NLP searches of the EHR constitutes a very narrow example of shallow learning. If, 
however, the system is able to also provide answers with varying degrees of confi-
dence on how best to treat the rejection that is discovered by the NLP search, the 
expected side effects and the latest scientific paper describing a novel treatment or 
prognostic biomarker for the particular type of rejection at hand, the ability of the 
system to establish connections across multiple domains of knowledge is the funda-
mental underpinning of deep knowledge. In a deep learning system, answers to que-
ries are then provided with multiple levels of confidence with their always being 
multiple answers. The hierarchy of these answers and their associated level of con-
fidence can be optimized to a particular field of knowledge such as disease state, a 
tumor family, a genomic database, investment banking, or consumer choice [25].

With the recent availability of high-throughput Big Data approaches to collect 
and curate structured and unstructured data and the ability to couple such data with 
high-throughput statistical analytical solutions, we felt that the promise of incorpo-
rating large datasets in analyses in near real-time fashion and thereby bringing pre-
dictive models with improved accuracy to the bedside to target preventive or 
therapeutic interventions in the clinic was feasible in the clinical environment [4]. 
Furthermore, within kidney transplantation, structured laboratory data including 
creatinines, glomerular filtration rates (GFRs), and hemoglobin results are obtained 
frequently in a longitudinal manner, as are unstructured data components contained 
in text form (e.g., biopsy reports, dictated vital signs, clinician notes). Such data 
also fit the characteristics of Big Data, viz., volume, variety, and velocity.

We began with the premise that this abundance of patient-level data in the kidney 
transplant clinic afforded the ideal stage to prove the concept that incorporating longi-
tudinally evolving structured and unstructured patient-level data into analyses using 
Big Data approaches could improve our ability to predict graft loss and mortality 
among kidney transplant recipients compared with what is possible with national data.

We directed our attention toward prediction of 1- and 3-year graft loss and mor-
tality among kidney transplant recipients using dynamic models that utilized base-
line clinical data and patient-level information acquired in the context of routine 
clinical care, and compared these models with those derived using only structured 
static variables. The population and methods pertinent to our study are described in 
detail elsewhere [24].

In brief, we examined adult solitary kidney transplant recipients ≥18 years of age 
transplanted at our institution, between 2007 and 2015. We excluded patients who 
(1) had a graft loss (GL) or death in first 7 days’ post-transplant or (2) did not have 
a GL or death recorded nor any other data during the first year or the first three 
years’ post-transplant for the 1 and 3 year models, respectively.
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Data Sources Detailed structured data were directly acquired from electronic med-
ical records and United Network for Organ Sharing (UNOS) database elements. 
Our Center’s Transplant Database (Tx Database) (Velos, Inc., Fremont) was lever-
aged to extract key social determinants of health. Data sources and flow are depicted 
in figure. Hadoop clusters were deployed in the context of our EDW architecture to 
allow access of data with minimal latency across multiple applications including 
“deeper dive” analyses to validate results flowing from automated statistical algo-
rithms. Natural language processing (NLP) was applied to unstructured text fields 
using proprietary NLP solutions in the proprietary IBM Watson Content Analytics 
(IBM Corporation, Armonk) to extract Banff scores and vital signs from records 
that predated automated electronic capture [5]. Using NLP algorithms, we extracted 
Banff lesion scores from the text of pathology reports. As an example, lesion scores 
transcribed as g0, t0, i2, t2, v0  in free text pathology reports were extracted and 
transferred to analytical databases (as an example, g = 0, t = 0, i = 2 and t = 2 would 
constitute Pathological grade, Type-IIa rejection). Furthermore, we applied seman-
tic analyses wherein, lesions transcribed in error as “tII” were deemed semantically 
equivalent to t2 and were automatically applied in analyses without manual input.

Primary Outcome Measures Account of any graft loss (GL) in UNOS data within 
1-year or 3-year post-transplant was, defined as a return to chronic dialysis, re- 
transplantation, or death. We used a 90-day exposure period for 1-year GL and 
mortality models, and a 1-year exposure period was used to derive 3-year GL and 
mortality models.

Covariates UNOS data elements were utilized for key demographic and 
transplant- related variables in accordance with published methodology used by 
the SRTR (see supplemental file). The Transplant database (Tx database) was to 
extract key social determinants of health (see supplemental file). EHR data were 
utilized to supplement obesity data and vital signs, as well as to provide comor-
bidities, cardiovascular events, laboratory data, transplant length of stay, and post-
transplant acute care utilization data, both inpatient (INP) and emergency 
department (ED).

Means, standard deviations, maximums, and regressed slopes were used to portray 
dynamic variables, in effect, capturing effects of change, direction of change, and 
magnitude of change throughout the exposure period. We applied this approach to 
estimated GFRs, pulse rates, blood pressures, and hemoglobin levels to incorporate 
measures reflective of the biological function of the transplant kidney (see below).

Using enhanced ICD-9-CM codes, we derived comorbidity from a modified 
Elixhauser coding algorithm and selected Charlson comorbidities [6].

In conceiving our model build, we used severable variables as surrogates to 
capture the many risk domains for graft loss and mortality with a view to utility at 
the bedside [7]. For instance, KDRI and evolution of blood pressures were used as 
surrogates for kidney quality. Hemoglobin slopes, eGFR evolution, delayed graft 
function served as physiological surrogates for graft function. Post-transplant car-
diovascular events such as arrhythmias and myocardial infarction captured car-
diovascular risk. Immunological risk was depicted by rejection rates (Banff 
scores), CMV infection, BK infection, and tacrolimus trough concentrations. 
Social determinants of health were incorporated through demographics, caregiver 
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status, education level, and income. Unplanned acute care utilization served as a 
measure of access to care, unresolved acuity, and post-transplant clinical course.

Three predictive risk models were developed, using baseline and follow-up data 
(up to 90-day post-transplant exposure period for the 1-year model (1 year GL), up 
to 365-day post-transplant exposure period for the 3-year models (3-year GL & 
3-year mortality), from both structured and unstructured data formats. The Firth 
multivariable logistic regression method which accounts for low event densities was 
employed [8–10]. Statistical significance was determined at the two-sided 5% level. 
A combination of statistical and clinical information was used for variable selec-
tion. Clinical adjudication was used if discrepancies of variables were revealed 
between methods. To assess and adjust for potential model overfitting, we used the 
Harrell Optimism Correction [11]. Once the final model was selected, bootstrapping 
methodology (1000 iterations) was used for model internal validation, and AUC 
was used to determine and compare model accuracy. We used IBM Watson Content 
Analytics Suite IBM SPSS Modeler (Version 17) and IBM SPSS Statistics  – 
Essentials for R (IBM Corporation, Armonk, NY) for the statistical analysis.

13.2  Results

13.2.1  Donor Quality, Blood Pressures, and Pulse Rates 
Impact Graft Loss

A one-unit increase in donor’s KDRI score increased the patient’s likelihood of a 
3-year GL by over 3 times (3.06 OR; (1.49, 6.28) 95% CI). Greater variability in 
pulse pressures was associated with significantly higher GL odds at 1 and 3 years 
(1.14 OR each; (1.04, 1.25), and (1.06, 1.22) 95% CI, respectively) while control-
ling for systolic blood pressure. A one-unit increase in mean pulse rate over the first 
year post-transplant was associated with a 3% increase in odds of 3-year GL (1.03 
OR; (1.00, 1.07) 95% CI) and a 4% increase in the odds of 3-year mortality (1.04 
OR; (1.00, 1.07) 95% CI).

13.2.2  Post-transplant Clinical Evolution of Graft Function 
Predicts Graft Loss

Patients with delayed graft function (DGF) had substantially higher risk of death 
within 3 years of transplant (2.48 OR; (1.20, 5.00) 95% CI). Patients with improv-
ing GFR during the first 90 days after transplant had a significantly lower risk of 
1-year graft loss. Higher peak values of eGFR during the early post-transplant 
period, the exposure periods, were associated with lower risk of 1- and 3-year graft 
loss rates (0.97 and 0.99 OR; (0.95, 0.99) and (0.98, 1.00) 95% CI, respectively). 
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Concurrently, an increasing GFR slope during the first year after transplant was 
associated with 13% lower odds of 3-year mortality (0.87 OR; (0.73, 0.98) 95% CI). 
Further, an increased hemoglobin slope starting at day 7 post-transplant also 
decreased the risk of graft loss, both in the short and long term (0.78 and 0.72 OR; 
(0.58, 0.93) and (0.56, 0.87) 95% CI, respectively). Finally, 1-year GL increased the 
odds of 3-year mortality by nearly threefold (2.77 OR; (1.13, 6.54) 95% CI).

13.2.3  Demographic and Waitlist Characteristics

Recipient age was significantly associated with lower odds of developing graft loss 
at 3 years; conversely, age slightly increased the risk of 3-year mortality (0.98 and 
1.03 OR; (0.96, 1.00) and (1.00, 1.05) 95% CI, respectively). African Americans 
had a significantly lower risk of death at 3 years’ post-transplant (0.46 OR; (0.26, 
0.81) 95% CI). Female sex had more than 40% lower risk of graft loss at 3 (0.57 
OR; (0.32, 0.99) 95% CI). Time on the waiting list was actually associated with 
lower likelihood of graft loss at 1 year, whereas recipient blood type-B patients had 
more than 3 times the odds of graft loss at 1 year (3.41 OR; (1.55, 7.35) 95% CI).

13.2.4  Associations of Immunological Risk Predict Graft Loss

Acute rejection at 1 year, as captured through acute Banff lesion scores, was associ-
ated with a higher 3 year GL (1.37 OR; (1.22, 1.54) 95% CI). Those with at least 
one positive cytomegalovirus PCR (CMV-PCR) (copy number > 500) by 90 days’ 
post-transplant exhibited 75% lower relative odds of 1 year GL (0.20 OR; (0.02, 
0.88) 95% CI) than those with no positive CMV-PCR. In contrast, we noted a trend 
for those with a positive BK virus PCR in the first year to have almost double the 
odds of 3-year mortality (1.93 OR; (0.90, 3.88) 95% CI).

13.2.5  Social Determinants of Health Impact Graft Loss

Caregiver status and insurance type were important correlates of graft loss. Those 
with private insurance associated with lower risk of 3-year mortality (0.46 OR; 
(0.21, 0.91) 95% CI) and patients that finished high school were significantly less 
likely to develop graft loss at 1-year past-transplant (0.47 OR; (0.23, 0.97) 95% CI). 
Caregiver support was also substantially associated with 3-year graft loss (0.40 OR; 
(0.23, 0.69) 95% CI).
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13.2.6  Cardiovascular Risk and Post-transplant 
Cardiovascular Events Predict Graft Loss

As a general theme, we noted that both cardiovascular morbidity at transplant 
and that at post-transplant cardiovascular event density were important corre-
lates of graft loss and mortality. Pretransplant cardiovascular comorbidity was 
associated with post-transplant cardiovascular events. Those that developed an 
acute myocardial infarctions (MI) within the first year had more than 11 times 
the odds of graft loss (11.14 OR; (2.15, 54.30) 95% CI). Concurrently, those that 
experienced a cardiac or vascular event early post-transplant had almost 2.5 
times the odds of graft loss within 1 year of transplant. (2.48 OR; (1.06, 5.66) 
95% CI), almost 3 times more likely for a 3 year GL (2.98 OR; (1.74, 5.10) 95% 
CI), and greater than 2 times more likely to experience 3-year mortality (2.23 
OR; (1.21, 4.08) 95% CI).

13.2.7  Acute Care Utilization Increases Graft Loss Risk

Each additional day of the initial transplant hospitalization period was associated 
with higher odds of 3-year mortality (1.08 OR; (1.01, 1.26) 95% CI); prehospital-
ization after discharge within 90 days was also associated with mortality (1.42 OR; 
(1.03, 1.93) 95% CI).

13.2.8  Layering of Data Sources Augments Predictive 
Accuracy

Figure 13.1 demonstrates the added value of data sources and variable construc-
tion on the predictive accuracy of the iterative predictive models. For the 1-year 
GL model, if only UNOS data were used in the predictive model, the AUC-ROC 
was 0.716 (0.641, 0.790 95% CI; Model 1). With the addition of caregiver data 
from the transplant database, the predictive performance improved, with an AUC 
of 0.741 (0.669, 0.814 95% CI; Model 2). EHR comorbidity data further 
improved the accuracy of the models predictive capability, with an AUC of 0.769 
(0.692, 0.845 95% CI; Model 3). Finally, with addition of trajectory and NLP 
variables to the model, the AUC significantly improved to 0.873 (0.807, 0.939, 
95% CI; Model 4). Similar improvements in iterative model accuracy with layer-
ing of data sources were demonstrated for the outcomes of 3-year GL and 3-year 
mortality [24].
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13.3  Discussion

At this time, our work has enable us to furnish proof of concept of an approach to 
modeling transplant outcomes using data that are available in the EHRs that sub-
stantially improve the accuracy of predictive models for GL and mortality over the 
current predictive ability of the national models is modest, with the most recently 
published c-statistic standing at 0.68 [12].

Our approach was able to capture the dominant mechanistic underpinnings of 
the biology of transplantation and how they relate to the environment of care that 
the transplanted organ and the patient interact with, in turn, discernible as clinical 
outcomes. The significance of higher KDRI as a strong correlate of graft loss 
reflects kidney quality; higher kidney quality associates with lower risk of GL [13]. 

Fig. 13.1 Layering of data sources in the form of social determinants of health, comorbid condi-
tions, NLP variables, and trajectory variables leads to significant improvements in model perfor-
mance over that achievable with national data alone. (Reprinted with permission of the American 
Journal of transplantation. Copyright © 2018 American Journal of transplantation)
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Higher variability in pulse pressure correlated with higher odds of 1- and 3-year 
GL, and higher pulse rates correlated with 3 year GL and mortality in the first three 
years, likely reflecting nonresolution of the microvascular milieu in the renal vas-
culature and heightened sympathoadrenal activity underlying chronic kidney dis-
ease and its associated cardiovascular risk [14–17]. Transplants with better eGFRs 
and a continued upward trend in eGFR in the first 90 days post-transplant as well 
as those with a continued upward trend in hemoglobin were significantly associ-
ated with lower risk of GL. We were thus able to capture evolution of allograft 
function in a granular manner by leveraging abundant eGFRs as a trajectory vari-
able in our models. Our findings are consistent with those of other groups that used 
traditional modeling approaches [18]. Our findings relating to eGFR and resolution 
of anemia of renal disease further reflect a robust resolution of uremic pathobiol-
ogy as a harbinger of better graft survival and a possibly a better composite marker 
of allograft function than eGFR in isolation. We submit that our approach owes 
some of its value by bringing in an auxometric (variables reflecting growth or 
change in biology) dimension to the model as was first articulated by Feinstein 
et al. in 1974; addition of functional substrates reflecting biology adds predictive 
efficiency [7].

Clinically actionable models should reflect transplant biology. The accompani-
ment of under-immunosuppression, acute rejection, was associated with increased 
risk of 3-year graft loss. We also looked for consistency in the associations that we 
discerned with prior experiences. In this regard, the relationship between viral 
infections, a correlate of over-immunosuppression in these models, serves as an 
example. CMV infection was protective for early graft loss, a seemingly counterin-
tuitive association which may suggest that clinicians are reacting to these early 
CMV infections by significantly reducing immunosuppression and likely reducing 
the risk of early graft loss [19]. As such, we feel that the interpretation of models 
such as ours should be rooted in biological plausibility.

Despite the primacy of rejection prophylaxis in the medical management of the 
transplant recipient and the relevance of histological lesions to outcome, large 
national databases are remarkably limited in their capture of rejection, its treatment, 
and post-rejection evolution of renal function [1, 20]. We were able to surmount this 
deficiency by incorporating data on histological lesion scores from pathological 
reports on allograft biopsies using NLP techniques.

Cardiovascular disease is a major driver of post-transplant mortality and costs. 
Our approach was able to consistently identify this association and its contribution 
to the force of mortality in a direction consistent with prior experiences. In addition, 
our results underscore the importance of robust social support and a greater degree 
of educational attainment as being protective for graft loss, which is again consis-
tent with our prior observations and those of others [21, 22].

Taken together, our work suggests that several actionable windows of opportu-
nity exist in mutable domains such as cardiovascular disease, immunological risk, 
or social determinants of health. The event dense and data-rich clinical environ-
ment of transplantation is served by a manpower structure that is already well 
positioned with care coordination resources unlike many other clinical scenarios. 
Such an approach can thus be customized to the unique demographic, clinical, and 
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socioeconomic characteristics of patients at individual transplant centers so as to 
accurately and prospectively identify groups of patients at risk for graft loss or 
death by allowing post-transplant clinical evolution to inform the workflow.

The overall concept of such a workflow as applicable to the transplant clinic is 
presented in Fig. 13.2. We are currently in the process of building EHR-based work-
flows in which data structures and analytical solutions power an automated daily 
capture of model variables, calculate and update individual patient risk (probability 
of event), and push these model-derived risk scores (predictive analytics) in a clini-
cian facing interface that is daily refreshed and drives clinical practice (Prescriptive 
analytics). This workflow is aimed at triggering actions by appropriately skilled 
teams (Primary Care vs. Transplant Focused) as opposed to making all tasks parts 
of the transplant team’s workflow. Such an approach has been used successfully to 
reduce readmissions among heart failure patients at our institution [23].

There are several limitations to our work. The first is that it is a retrospective proof 
of concept. As such, validation across periods other than that studied and prospective 
experiences would be needed for external validation. Importantly, the impact of such 
an approach on actual patient outcomes will need careful study. Even more impor-
tantly, such an approach will need to be replicated by other centers with differing 
populations. Furthermore, linkage to prescription and payer databases could provide 
further insights into the impact of behavioral, economic, and transactional data on 
transplant outcomes. We are also looking at ways to link clinical situations to optimal 
treatment approaches that are evidence based and vetted by peer review.

We hope that several centers will be prompted to conduct inquiries along the 
lines of what we have reported as our approach is feasible in any center that has an 
EHR and some type of analytical capability along the lines described previously 
(Table 13.3, Fig. 13.2). In brief, the steps would include understanding the biology 
of the problem, formulating a research or quality improvement question around the 
problem, understanding the data needed to answer the underlying questions, an 
understanding in depth of the data structure within the institution, and design, test-
ing, and deployment of analytical solutions based on this type of understanding. 
Such an approach will necessarily require transplant teams to work in extremely 
close collaboration with IT teams in institutions, and such collaborations will 
require project management, infrastructure, and dedicated personnel as part of 
robust institutional support to ensure success. We hope that the attainment of a 
working vocabulary as summarized in Table 13.3 will help transplant professionals 
explore this burgeoning field and conduct critical conversations with their 
 informatics colleagues at their respective institutions to start fruitful forays into big 
data analytics (Table 13.4).

We further submit that such an approach is easily translated to other situations in 
medicine in which structured care is applied to well-managed populations such as 
oncology, heart failure, diabetes, and critical care units.

Prospectus:

In the most famous example popularized in the lay press, Watson handily beats human 
players in the game of Jeopardy. Structured questions such as the ones used in 
Jeopardy constitute the basis for the inductive and deductive logic that powers 
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clinical medicine. Although we are not yet at the stage where we have the ability 
to use deep learning systems in the clinic, we submit that transplantation is ripe for 
this approach as it is a field where the date that a disease starts is known as also the 
date that it ends and the disease state exists in an environment of care where the 
processes of care are well defined. Given the complexities involved, the existing 
systems of data and a practicing community that embraces, lives, and breathes 
innovation, the prospect of big data based innovative solutions powering the field 
to ever greater achievements and in turn, helping medicine at large elevate the 
human condition is not a farfetched expectation.
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Fig. 13.2 Automated capture and curation of structured and unstructured data power analytical 
workflows. Quotidian push of model output to clinician facing interfaces triggers workflows 
appropriate to the individual patient’s clinical needs. (Reprinted with permission of the American 
Journal of transplantation. Copyright © 2018 American Journal of transplantation)
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Table 13.3 Selected definitions of terms used in the context of big data [25]

Term Definition Comment

Algorithm A step-by step description of a 
specific process, procedure or method

Can be embedded by programming 
or embedded within the system to 
learn from patterns that are 
observed as data are ingested and 
analyzed

Advanced 
analytics

Algorithms for complex analyses of 
either structured or unstructured data. 
Protocols may include sophisticated 
statistical models, machine learning, 
neural networks, text learning, and 
other advanced data mining 
techniques

Does not include database queries, 
reporting and visual tabulations of 
data

Big data This is a relative term that describes 
data that are difficult to process with 
conventional technology due to 
extreme values in one of three 
attributes: Volume (How much data 
needs to be processed? ), Variety (The 
complexity and heterogeneity of the 
data to be processed; e.g. 
combinations of unstructured text, 
structured data, images, sensor data as 
may be accrued in the context of 
clinical care and available in 
electronic form) and Velocity (the 
speed at which it is produced and/or 
arrives for processing; e.g.; laboratory 
data, organ offers, clinic notes in a 
transplant clinic)

As data management techniques, 
both hardware and software 
improve the threshold for what 
would constitute Big Data rises. A 
terabyte of slow moving data was 
once considered Big Data but is 
now easily managed in a palm- 
sized portable storage device. In 
the future, yottabyte magnitude 
data sets may be handled on 
desktops but for now are 
considered big data given 
complexities in processing

Data mining The process of exploring and 
analyzing large amounts of data to 
find pattern

In the purest instance, it implies 
some form of automated 
deployment of algorithms to 
analyze data and present results

Enterprise Data 
Warehouse 
(EDW)

A large data store containing the 
organization’s historical data. The 
primary purpose is to serve as a data 
system of record.

Most hospitals feed the EDW on a 
daily basis. In addition to 
patient-level data, data pertaining 
to financial transactions between 
the organization and patient and 
organization and payer reside here. 
This “backup system of record” 
can be a treasure trove for data 
analysis and data mining

ETL (Extract, 
Transform, Load)

A set of tools and procedures for 
locating and accessing data from a 
data store (data extraction), changing 
the structure or format of the data so 
that it can be used by the business or 
patient care application (data 
transformation) and sending the data 
to the business or analytical 
application (data load)

Understanding the structure of data 
within an institution will make 
clear what ETL procedures are 
needed to power Big Data projects

(continued)
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Table 13.3 (continued)

Term Definition Comment

Infrastructure Hardware and software elements that 
are necessary for the operation of a 
service, a dedicated application or an 
enterprise. The term encompasses 
basic computer hardware, networks, 
operating systems, and other software 
that applications run on top of.

An understanding of infrastructure 
in an institution is critical to 
determine feasibility of Big Data 
projects and will require clinical 
experts to collaborate with experts 
in IT to determine solutions. It is 
best that infrastructure that is 
newly erected be scalable in terms 
of ability to handle future data 
storage that an analysis needs.

Hadoop A software framework that 
parallelizes data processing across 
computing nodes on large clusters of 
commodity hardware to speed up 
computations and optimize delays 
(latency) in processes. The two major 
components include a massively 
scalable distributed file system that 
can support petabytes of data and a 
computing engine that computes 
results in batch.

Hadoop clusters can feed deep 
dives into data to follow up on 
observed patterns.

Machine learning A discipline grounded in computer 
science, statistics, and psychology 
that employs algorithms that learn or 
improve their performance based on 
exposure to patterns in data rather 
than by explicit a priori programming

(a) This is especially important in 
medicine as data will change with 
respect to both explanatory 
variables and outcomes based on 
changing population 
characteristics, era changes in 
treatment effects, and changes in 
processes of care
(b) Clinicians need to validate 
model output in context to train the 
algorithms

Metadata The definitions, mappings, and other 
characteristics used to describe how 
to find, access, and use an institution’s 
data and software components

Understanding metadata and 
cataloging and mapping their 
anatomy and functions 
meticulously are critical to the 
design, execution, and sustained 
success of analytics initiatives in 
an institution.

Neural networks Neural network algorithms are 
designed to emulate the human brain 
using variably weighted input nodes, 
mutilayered operations, and output 
nodes. Iterative processes are used to 
analyze data.

Interaction with clinicians needed 
to train models as output needs to 
be considered in context and 
weights re-adjusted till optimal 
results are adjudicated.
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Table 13.3 (continued)

Term Definition Comment

Natural Language 
Processing (NLP)

NLP describes the capability of 
computer systems to process text 
written or recorded in a language 
written for human communication. 
NLP can be used to identify the 
semantics of words, phrases, and 
other linguistic units in documents or 
other unstructured sources within a 
knowledge base (corpus).

Context is critical to NLP as are 
statistical patterns and linkages. 
Example: When extracting Banff 
lesion scores from pathology 
reports in text form lesion scores 
transcribed as g0, t0, i2, t2, v0 
need to be extracted and 
transferred to analytical databases 
(wherein, g = 0, t = 0, i = 2 and 
t = 2 would constitute Pathological 
grade, Type IIa rejection). 
Furthermore, values transcribed in 
error as “tII” can be deemed 
semantically equivalent to t2 and 
so extracted and analyzed.

Predictive 
analytics

A statistical or data mining solution 
consisting of algorithms and 
techniques that can be used on both 
structured and unstructured data to 
help determine future outcomes.

Applications include prediction 
and optimization. Just as in the 
clinical context, users should be 
aware of the constraints of internal 
and external validities of analytical 
results for optimal utility.

Structured data Data that have a defined length and 
format.

Examples of structured data 
include numbers, dates, groupings 
of numbers, and words (strings) 
such as addresses. In the medical 
context, discrete numerical 
biochemical laboratory result 
values and manually inputted 
demographic data, ICD-10 codes, 
and CPT codes would be 
considered structured data

Unstructured data Information that does not follow a 
specified data format.

Startifying

Supervised 
learning

An approach that teaches a system to 
detect or match patterns in data based 
on examples that it encounters during 
training with sample data

Can be valuable in stratifying 
patients by outcomes or defining 
characteristics.

Unsupervised 
learning

Machine learning approaches that use 
inferential statistical modeling 
algorithms to discover rather than 
detect patterns or similarities in data.

An unsupervised system should be 
able to identify a new pattern 
rather than merely match a set of 
patterns that were presented in 
training.

(continued)
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