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Preface 

In human life, there exists a profound interdependence that moves beyond the 
boundaries of biology into the realm of profound kindness. Nowhere is this more 
evident than in the act of organ donation, a selfless gesture that transforms lives, 
bringing hope to the waiting and renewal to the weary. Yet, amidst this transfor-
mative potential, a pressing challenge persists: the lingering shortage of available 
organs. The scarcity is not merely a statistical concern; it touches lives, casting 
uncertainty over countless individuals and families. Resolving this crisis demands 
innovation and empathy in equal measure. Bridging the chasm between supply and 
demand involves not just awareness and willingness to donate, but also embrac-
ing advances in medical technology. Emerging techniques, such as normothermic 
machine perfusion, offer promising avenues to rejuvenate and preserve organs, 
extending their viability and availability. Such technologies, alongside concerted 
efforts to refine logistical frameworks, amplify outreach, and foster a robust donor 
community, are pivotal in expanding the organ donor pool. As we journey through 
this narrative, we uncover how science, compassion, and global cooperation con-
verge to forge a hopeful path forward, one where each generous gift helps weave a 
future filled with possibilities. 

Organ donation sits at the intersection of science, ethics, and humanity. It embodies 
the gift of life and second chances, yet complex decisions and profound emotions 
often accompany it. In this book, we seek to unravel the intricacies of organ donation, 
from medical procedures and public policy to the personal stories that breathe life 
into statistics and data. 

This book is designed for everyone, from healthcare professionals seeking deeper 
insights to individuals contemplating the incredible act of donation, and for 
recipients who wish to understand the journey their new organs have undertaken. 
Together, we will explore advances in transplantation technology, the ethical con-
siderations that shape donor systems worldwide, and effective strategies to increase 
donation rates. 

However, more than that, this book is a testament to human resilience and the 
extraordinary bonds formed through the act of giving and receiving. It highlights the 
triumphs of successful transplants and the poignant tales of those waiting in hope. 
We aim to inspire informed conversations, encourage awareness, and advocate for 
compassionate action to ensure that no life poised for a second chance is left waiting 
in vain. 



This book not only bridges knowledge gaps but also fosters a deeper appreciation for 
the lives being saved every day through organ donation. Together, we can transform 
understanding into action, hopes into reality, and contributions into life-saving 
outcomes. 

Samuel Jacob, MD, FRCS, FACS 
Chief of Surgical Operations, 

Heart and Lung Transplant National Recovery Program, 
Jacksonville, USA 
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Chapter 1

Perspective Chapter: 
Self-Sufficiency and Equitable 
Access in Organ, Tissue, and Cell 
Transplantation
Ehtuish F.A. Ehtuish

Abstract

This chapter, “Self-sufficiency and Equitable Access in Organ, Tissue, and Cell 
Transplantation,” examines the critical issues of achieving self-sufficiency and 
ensuring equitable access within the transplantation field. The global demand for 
transplantable organs far exceeds the available supply, leading to severe shortages 
and disparities influenced by socio-economic factors, geographic locations, and 
healthcare infrastructure differences. Methodology used is a comprehensive literature 
review and policy analysis for analyzing case studies, stakeholder opinions, and an 
ethical review. These approaches were employed to understand the successful strate-
gies and barriers in achieving self-sufficiency and equitable access, autonomy, and 
transparency. Results indicate significant disparities in transplantation access due to 
economic inequalities, geographic barriers, and variations in healthcare systems. The 
chapter concludes with actionable recommendations for policymakers, healthcare 
providers, and stakeholders. It aims to guide the development of more effective and 
equitable global transplantation systems. The chapter underscores the necessity of 
ethical frameworks, community engagement, and technological advancements in 
addressing the challenges of self-sufficiency and equitable access in organ, tissue, and 
cell transplantation. By implementing the recommended strategies, policymakers and 
healthcare providers can work towards reducing disparities, improving donor sys-
tems, and enhancing public awareness. These efforts are crucial for creating a more 
balanced and fair transplantation system worldwide, ensuring that all individuals 
have access to the life-saving treatments they need.

Keywords: organ donation, transplantation, self-sufficiency, ethical polices, 
equitable access, organ allocation

1. �Introduction

The chapter “Self-sufficiency and Equitable Access in Organ, Tissue, and
Cell Transplantation” addresses two pivotal issues in transplantation medicine: 
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achieving self-sufficiency and ensuring equitable access. The global demand for 
transplantable organs, tissues, and cells far exceeds the available supply, leading 
to critical shortages and significant disparities. These disparities are often influ-
enced by socioeconomic factors, geographic location, and differences in health-
care infrastructure [1–3].

Self-sufficiency in transplantation refers to a country or region’s ability to meet 
its transplant needs through effective donor registration, allocation systems, and 
national policies. Achieving self-sufficiency is crucial to reducing dependency on 
international donations and ensuring a reliable supply of transplantable materials. 
However, this goal is complicated by various challenges, including cultural attitudes 
toward donation, regulatory and logistical barriers, and the need for sustained public 
awareness and education campaigns [4–7].

One of the primary motivations behind pursuing self-sufficiency is reducing 
dependency on international donations. While global cooperation is invaluable, 
reliance on organs from other countries can create unsustainable dependencies 
and introduce complexities in logistics, ethics, and equity. Self-sufficiency allows 
countries to develop and refine transplantation programs within their unique 
legal and ethical contexts, tailoring approaches to their population’s needs and 
values [8–10].

The pursuit of self-sufficiency is also linked to combating organ trafficking, a 
grim and unethical practice of exploiting vulnerable populations. Ensuring a suf-
ficient supply of legally donated organs within a country can significantly reduce the 
demand that fuels the black market, addressing critical ethical concerns and safe-
guarding the dignity and rights of all individuals, especially those most vulnerable to 
exploitation [11, 12].

Equitable access involves ensuring that all individuals have fair opportunities 
to receive transplants, regardless of socioeconomic status or geographic location. 
Achieving equitable access requires addressing systemic inequalities and implement-
ing policies promoting fairness and inclusivity within the transplantation system. 
Factors such as economic disparities, rural-urban divides, and varying levels of 
healthcare development can all hinder equitable access to transplantation services 
[13–15].

This chapter explores these interconnected challenges, examining the strategies 
and policies that have been successful in promoting self-sufficiency and equitable 
access. By reviewing best practices from different regions [16–18], it seeks to provide 
a comprehensive understanding of how to build more effective and just transplanta-
tion systems. The ultimate goal is to offer actionable recommendations for policymak-
ers, healthcare providers, and stakeholders to enhance the sustainability and fairness 
of transplantation practices globally (Figure 1).

In summary, self-sufficiency and equitable access in transplantation are multi-
faceted goals that touch on logistics, ethics, and social justice. Achieving these goals 
requires a concerted effort from governments, healthcare providers, and the com-
munity at large. Through initiatives aimed at increasing donor registration, improv-
ing medical technologies for transplantation, and fostering a culture of altruism and 
informed consent, countries can move closer to this ideal. The benefits of such efforts 
extend beyond the immediate recipients of transplants to society as a whole, reinforc-
ing ethical standards in medical practice, combating illegal organ trafficking, and 
promoting equality in healthcare access (Figure 2).
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2. �Strategies for achieving self-sufficiency

2.1 �Improving donation rates

•	 Public awareness campaigns to educate on the importance of organ and tissue 
donation [1, 19].

•	 Implementing and promoting opt-out donation policies to increase potential 
donor pools [5–7, 20, 21].

•	 Enhancing the donor registration process to make it more accessible and 
straightforward.

2.2 �Utilizing living donors

•	 Encouraging living donations for organs where possible (e.g., kidney, liver seg-
ments) through education and support programs for donors [1, 2, 9, 22, 23].

•	 Developing policies to protect and support living donors, including covering 
medical expenses and ensuring job security [9].

Figure 1. 
Organ transplantation from living donors, 2022.
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2.3 �Developing regenerative medicine

•	 Investing in research on stem cells and tissue engineering to create lab-grown 
organs and tissues.

•	 Collaborating with biotech firms to accelerate the development of regenerative 
solutions.

2.4 �Optimization of organ allocation systems

•	 Employing more efficient and equitable organ allocation systems to reduce wast-
age and improve transplant success rates.

•	 Utilizing technology and artificial intelligence to match donors with recipients 
more effectively [16, 18, 24–26].

3. �Challenges to achieving self-sufficiency

3.1 �Ethical challenges

•	 Balancing the need for more organs with the ethical treatment of donors, espe-
cially in the context of living donations and experimental treatments.

•	 Addressing disparities in access to transplantation services within the 
population.

Figure 2. 
Global activity in organ transplantation estimations 2022.
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3.2 �Logistical challenges

•	 Ensuring the infrastructure is in place for a timely and efficient transplant 
process, from donor registration to organ transplantation.

•	 Overcoming geographical and regional disparities in organ availability and 
transplantation services.

3.3 �Medical challenges

•	 Addressing the limitations of current medical technology in organ preservation 
and compatibility testing.

•	 Overcoming challenges in regenerative medicine, including ethical concerns and 
technical limitations in growing functional organs.

The push for self-sufficiency in organ donation is also fraught with ethical 
considerations. While the goal is to meet the transplant needs within a country or 
region to avoid exploiting international donors, questions about the means to achieve 
self-sufficiency arise. For instance, the ethics of implementing incentive programs 
for donors or the use of organs from executed prisoners are contentious issues that 
challenge ethical norms and principles.

4. �Equitable access in transplantation

Equitable access in transplantation is a cornerstone of a just and effective health-
care system, ensuring that organs, tissues, and cells are distributed fairly and without 
bias to all individuals in need. This principle rests on the ethical, social, and medical 
foundations that recognize the intrinsic value of every human life, irrespective of 
socioeconomic status, geography, or ethnicity. The pursuit of equitable access is not 
only a moral imperative but also a practical necessity to improve health outcomes 
across all segments of society [27–29].

Achieving equitable access in transplantation involves dismantling systemic barriers 
that impede fair access to transplant services. This requires policies that address not only 
medical suitability but also social determinants of health that may disadvantage certain 
groups. Efforts to create equitable access must grapple with the allocation policies that 
inadvertently favor certain populations over others, such as those with better access to 
healthcare or those more likely to be listed as candidates for transplant.

4.1 �Foundational principles

The importance of equitable access is underpinned by ethical considerations of jus-
tice and fairness, ensuring that no individual is disadvantaged in their access to life-sav-
ing treatments. Socially, it addresses the broader determinants of health, acknowledging 
that disparities in healthcare access and outcomes often reflect underlying inequalities. 
Medically, equitable access is crucial for maximizing the utilization of available organs 
and tissues, ultimately saving more lives and reducing overall morbidity and mortality.
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4.2 �Goals of equitable access

The primary objectives include reducing health disparities across different 
population groups and ensuring that allocation systems are fair and transparent, 
and prioritize medical needs over other factors. Achieving these goals can lead 
to improved transplantation outcomes, a more trustful public perception of the 
transplantation system, and increased willingness among the public to donate 
organs.

4.3 �Barriers to equitable access

Several barriers hinder the achievement of equitable access in transplantation.

4.3.1 �Socioeconomic disparities

Individuals from lower-income backgrounds often face challenges in accessing 
transplantation services due to lack of insurance coverage, financial constraints, and 
limited access to information about transplantation [27–29].

4.3.2 �Geographic disparities

People living in rural or remote areas may have limited access to specialized 
transplantation centers and face additional logistical challenges, such as the need for 
long-distance travel and accommodation near transplant centers [30].

4.3.3 �Racial and ethnic disparities

Historical and systemic inequalities have led to lower transplantation rates among 
racial and ethnic minority groups. These disparities are compounded by biases in the 
healthcare system, cultural and linguistic barriers, and differences in organ donation 
rates.

4.4 �Strategies to improve equitable access

Addressing these barriers requires a multifaceted approach.

4.4.1 �Policy recommendations

Advocating for healthcare reforms to ensure comprehensive insurance cover-
age for transplantation and follow-up care. Policies should also aim to standardize 
transplantation practices across regions and healthcare providers to eliminate biases 
in the allocation process.

4.4.2 �Awareness campaigns

Implementing targeted campaigns to raise awareness about organ donation and 
transplantation, especially in underserved communities. Efforts should focus on 
debunking myths, addressing fears, and highlighting the impact of transplantation on 
recipients’ lives.

6
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4.4.3 �Changes in allocation systems

Revising organ allocation policies to prioritize medical urgency and compatibility 
over factors that may indirectly reflect socioeconomic status. The adoption of new 
technologies and data analytics can help create more sophisticated and fairer match-
ing algorithms.

4.4.4 �Strengthening community and healthcare provider education

Educating healthcare providers on the importance of equitable access and strate-
gies to address their own biases. Additionally, empowering patients and families with 
comprehensive information about the transplantation process can help demystify it 
and encourage informed decision-making.

By addressing these barriers and implementing strategies for improvement, the 
healthcare community can make significant strides toward achieving equitable 
access in transplantation. This endeavor requires collaboration among policymak-
ers, healthcare providers, patient advocacy groups, and the community at large. 
Ultimately, the goal is to create a transplantation system that serves all individuals 
fairly, respects their dignity and rights, and works tirelessly to save as many lives as 
possible [1, 2, 30].

5. �Case studies and models of success

5.1 �Case study 1: Spain’s national transplant organization

5.1.1 �Background

Spain is recognized globally for its success in organ donation and transplantation, 
consistently achieving one of the highest donation rates in the world. The foundation 
of its success lies in the national coordination system managed by the Organización 
Nacional de Trasplantes (ONT) [7, 10, 31–33].

5.1.2 �Strategies

5.1.2.1 �Opt-out donation policy

Spain operates an “opt-out” system, where all citizens are considered potential 
donors unless they have expressly registered their decision not to donate [33–35].

5.1.2.2 �Decentralized coordination

The ONT works closely with regional coordinations and hospital transplant 
coordinators, ensuring a seamless process from donation to transplantation.

5.1.2.3 �Public awareness

Continuous public education campaigns emphasize the importance of organ dona-
tion, fostering a culture of donation across the population.
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5.1.3 �Outcomes

Spain has sustained high rates of organ donation, significantly reducing waiting 
times for transplant surgeries. The model has demonstrated the effectiveness of com-
bining legislative support with strong public education and a coordinated healthcare 
approach to improve organ donation rates.

5.1.4 �Lessons learned

The importance of a well-organized, centrally coordinated transplant system that 
is integrated into the healthcare infrastructure. The role of societal attitudes and 
awareness in supporting organ donation [33, 35–37].

5.2 �Case study 2: The US national kidney registry’s paired exchange program

5.2.1 �Background

The National Kidney Registry (NKR) in the United States has implemented an 
innovative paired kidney exchange program, aiming to increase the number of living 
donor kidney transplants and improve access for hard-to-match patients [38–40].

5.2.2 �Strategies

5.2.2.1 �Paired kidney exchanges

The program facilitates transplants by matching incompatible donor-recipient 
pairs with other pairs in similar situations.

5.2.2.2 �Voucher program

The NKR introduced a “voucher” system, allowing donors to donate their kid-
ney before their intended recipient needs the transplant. The recipient receives a 
“voucher” for priority in receiving a compatible kidney in the future.

5.2.2.3 �Advanced matching algorithms

Utilizes sophisticated computer algorithms to identify potential matches across a 
wide network, optimizing the chances of finding compatible pairs.

5.2.3 �Outcomes

Increase in the number of living donor transplants, particularly benefiting 
patients with rare blood types or antibodies that make finding a match challenging. 
The program has helped reduce waiting times and improve transplant outcomes by 
providing more timely access to compatible kidneys.

5.2.4 �Lessons learned

Innovative approaches, such as paired exchanges and voucher programs, can 
significantly expand access to transplantation for patients facing barriers to finding a 
8
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compatible donor. Leveraging technology for matching algorithms can optimize the 
pairing process, making transplantation more efficient and equitable [41].

6. �Ongoing challenges in achieving equitable access

6.1 �Resistance to policy changes

Efforts to reform organ donation and transplantation policies often encounter 
resistance from various quarters, including political entities, certain segments 
of the public, and even within the medical community. This resistance can 
stem from ethical concerns, cultural or religious beliefs about organ donation, 
and apprehensions about the implications of new policies, such as presumed 
consent or compensation for living donors. Overcoming this resistance requires 
sustained advocacy, transparent dialog, and education to build consensus and 
understanding.

6.2 �Funding limitations

Transplantation programs require substantial financial investments in infrastruc-
ture, technology, and personnel. In many regions, funding limitations constrain the 
expansion of transplantation services, research into new technologies, and public 
education campaigns. These financial constraints are particularly acute in low- and 
middle-income countries, where the disparity in access to transplantation services is 
most pronounced. Addressing this challenge necessitates innovative funding models, 
international cooperation, and prioritization of healthcare resources to support 
transplantation services.

6.3 �Need for ongoing education and advocacy

Public and professional education on organ donation and transplantation is 
critical for overcoming myths and misconceptions that hinder donation rates. 
Moreover, advocacy is needed to push for policy reforms, address disparities, and 
support research into new transplantation technologies. Continuous efforts are 
required to engage communities, empower patients and families, and educate 
healthcare providers about the latest advancements and ethical considerations in 
transplantation.

7. �Future trends in transplantation medicine

7.1 �Advancements in regenerative medicine

The burgeoning field of regenerative medicine, including stem cell therapy 
and tissue engineering, holds the promise of generating bioengineered organs for 
transplantation. These technologies could potentially alleviate the shortage of avail-
able organs, offering a renewable source of transplantable materials. However, their 
impact on equitable access will depend on the affordability and availability of such 
treatments, necessitating policies to ensure these innovations benefit all segments of 
society.
9
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7.2 �Precision medicine and immunomodulation

Future advancements in precision medicine and immunomodulation promise to 
enhance the success rates of transplants and reduce the need for lifelong immunosup-
pression, which carries significant side effects and costs. Personalized approaches to 
matching donors and recipients, based on genetic and immunological profiles, could 
improve outcomes and efficiency. Ensuring that these sophisticated technologies are 
accessible to diverse populations will be crucial for equitable access.

7.3 �Global collaboration and ethical frameworks

As transplantation medicine advances, international collaboration will become 
increasingly important for sharing best practices, resources, and innovations. Ethical 
frameworks that guide the global exchange of organs, technologies, and knowledge 
will be essential to prevent exploitation and ensure that advancements in transplanta-
tion benefit humanity as a whole.

7.4 �Challenges of new technologies

The integration of new technologies, such as artificial intelligence (AI) and 
machine learning, in the matching and allocation processes could improve effi-
ciency and fairness. However, these technologies also raise ethical and privacy 
concerns that must be addressed. Ensuring that AI algorithms are transparent, 
unbiased, and designed with ethical considerations in mind will be paramount 
[42–44].

8. �Ethical considerations

8.1 �Ethical dilemmas in transplantation and allocation of scarce resources

The heart of the ethical dilemma in organ allocation lies in the principle of dis-
tributive justice––how to fairly distribute a very limited resource. The ethical chal-
lenge is not only in deciding who gets an organ but also in determining the criteria for 
that decision. Age, life expectancy, quality of life post-transplant, and the concept of 
“fair innings” often come into play. These considerations raise ethical questions about 
preferential treatments and the role of social worth assessments, such as prioritizing 
patients based on their perceived contribution to society or penalizing them based on 
lifestyle choices.

8.2 �Consent for donation

The ethical terrain of consent in organ donation is nuanced by cultural, legal, and 
personal beliefs. Informed consent is a cornerstone, requiring transparency about the 
process, risks, and potential outcomes. The transition to presumed consent in some 
jurisdictions aims to increase organ availability but introduces ethical concerns about 
autonomy and the right to choose. The role of the family in the consent process adds 
another layer of complexity, especially in cases where the donor’s wishes are unknown 
or conflicted with the family’s sentiments [42, 44].

10
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8.3 �Living donations

Living donation poses unique ethical challenges, particularly concerning the 
potential coercion of donors and the risks they face. The ethical principle of non-
maleficence must be carefully weighed against the potential benefits to the recipient. 
Ethical scrutiny is required to ensure that decisions are free from undue influence, 
especially in situations where there might be emotional, financial, or social pressure 
to donate. The advent of paired kidney exchanges and altruistic donations expands 
the ethical discourse around living donation, introducing questions about anonymity, 
reciprocity, and the role of incentives [9].

Living donations raise ethical concerns regarding potential harm to the donor, 
the voluntariness of the donation, and the risk of coercion. Ensuring the donor’s 
informed consent and safeguarding their well-being is paramount, alongside evalu-
ating the ethical implications of donations directed to specific recipients versus 
non-directed, altruistic donations. Ethical Frameworks and Principles Guiding 
Ethical Decision-Making Four principal ethical frameworks guide decision-making in 
transplantation.

8.4 �Autonomy

Respecting the decision-making capacities of individuals, requiring that donors 
and recipients are informed and consent freely [30, 42].

8.5 �Beneficence

Acting in the best interest of the patient, which includes both saving lives and 
ensuring the well-being of donors.

8.6 �Non-maleficence

“Do no harm” principle, emphasizing the need to minimize risks and harm, 
especially to living donors.

8.7 �Justice

Ensuring fair and equitable access to transplantation resources, including fair 
allocation systems.

8.8 �Ethical frameworks and principles

The ethical landscape of transplantation is navigated using key frameworks and 
principles, providing a structured approach to ethical decision-making.

9. �Navigating ethical dilemmas “case studies”

In-depth case studies can provide insights into how these ethical principles are 
applied in real-world scenarios. For example, the debate around pediatric vs. adult 
liver transplant candidates offers a window into how ethical principles clash and 
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coalesce in practice. Similarly, the use of organs from high-risk donors, such as those 
with a history of drug use, presents ethical dilemmas in balancing the risk of disease 
transmission with the urgent need for organs.

Certainly, providing in-depth case studies within the ethical landscape of organ, 
tissue, and cell transplantation can illuminate the practical applications of ethical 
principles and the real-world challenges encountered. Here are two hypothetical case 
studies that explore these dynamics.

9.1 �Case study 1: The allocation of a pediatric liver transplant

9.1.1 �Background

In a large metropolitan hospital, two candidates are awaiting a pediatric liver 
transplant: an 8-year-old child with rare genetic liver disease and a 17-year-old 
teenager who developed liver failure due to a history of substance abuse. Both are 
in urgent need of a transplant, but there is currently only one liver available from a 
pediatric donor [43, 44].

9.1.2 �Ethical dilemmas

9.1.2.1 �Justice and fairness

How to equitably allocate the available liver when both candidates have pressing 
needs but different circumstances leading to their conditions. Allocation policies are 
crucial for ensuring that organs are distributed equitably among patients in need. 
Criteria such as medical urgency, waiting time, and compatibility are commonly 
used to prioritize recipients. However, disparities can arise from socioeconomic 
factors, geographic location, and systemic biases. Policies that prioritize local or 
regional recipients can hinder equitable access and self-sufficiency at a national 
level [30, 33, 45].

9.1.2.2 �Social worth and medical history

Considering the teenager’s substance abuse in the decision-making process raises 
questions about responsibility, social worth, and the potential for recurrence of liver 
failure post-transplant.

9.1.2.3 �Beneficence and non-maleficence

Balancing the benefits of the transplant to each candidate against the potential 
risks, including the risk of transplant rejection and the ethical imperative to do no 
harm.

9.1.3 �Resolution

The hospital’s transplant ethics committee, comprising healthcare profession-
als, ethicists, and patient advocates, convenes to review the cases. They decide to 
prioritize based on medical urgency and the likelihood of transplant success, as 
determined by objective clinical criteria. The committee emphasizes the importance 
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of nondiscrimination and the principle that past behavior should not penalize candi-
dates in the allocation process. After careful consideration, the liver is allocated to the 
teenager due to a slightly higher urgency level and compatibility match, coupled with 
a comprehensive post-transplant support plan to address substance abuse issues.

9.1.4 �Lessons learned

This case study highlights the complexities of organ allocation decisions and 
the importance of applying ethical principles such as justice, non-maleficence, and 
beneficence. It also underscores the need for support systems that address underlying 
issues facing transplant recipients [40, 41].

9.2 �Case study 2: Consent in living donor kidney transplantation

9.2.1 �Background

A 30-year-old woman with end-stage renal disease is informed that her best 
chance for a quality life is to receive a kidney transplant. Her 55-year-old mother, in 
excellent health, immediately offers to donate one of her kidneys. The transplantation 
center’s protocol requires thorough medical and psychological evaluation of potential 
living donors to ensure informed consent and minimize risks.

9.2.2 �Ethical dilemmas

9.2.2.1 �Autonomy and informed consent

Ensuring that the mother’s decision to donate is free from coercion and that she 
fully understands the risks involved in the donation [44, 45].

9.2.2.2 �Beneficence and non-maleficence toward the donor

Balancing the potential benefits to the recipient against the risks to the donor, who 
will have to live with one kidney after the surgery [30].

9.2.2.3 �Family dynamics

Navigating the emotional and psychological complexities inherent in family dona-
tions, where familial pressure or a sense of obligation might influence the decision to 
donate.

9.2.3 �Resolution

The transplantation center conducts comprehensive evaluations, including medi-
cal, psychological, and social assessments, to ensure the mother is a suitable donor 
and is making an informed decision. Ethical consultations are offered to discuss 
the potential risks and benefits, and family counseling is provided to address any 
underlying pressures or concerns. Following a thorough review process, the mother 
is cleared to donate her kidney, and the transplant proceeds successfully with both 
parties fully informed and consenting.
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9.2.4 �Lessons learned

This case underscores the critical importance of autonomy and informed consent 
in living donor transplants, highlighting the need for rigorous evaluation processes to 
protect the well-being and rights of donors. It also demonstrates the value of psycho-
logical and social support services in navigating the emotional complexities of living 
donations.

9.3 �Case study 3: Utilizing organs from high-risk donors

9.3.1 �Background

A regional hospital faces a significant shortage of organs for transplantation. A 
potential donor, who recently passed away, was identified, but the individual had a 
history of intravenous drug use, raising concerns about the risk of transmitting infec-
tions such as HIV or Hepatitis C to the recipient. Advances in medical treatments have 
made it possible to treat these infections more effectively than in the past, yet the use 
of organs from high-risk donors remains a contentious issue.

9.3.2 �Ethical dilemmas

9.3.2.1 �Beneficence vs. non-maleficence

Weighing the potential benefit of saving a life with the transplant against the risk 
of transmitting a serious infection to the recipient.

9.3.2.2 �Autonomy and informed consent

Ensuring that recipients are fully informed about the risks associated with accept-
ing an organ from a high-risk donor and are able to make a voluntary, informed 
decision [30, 44, 45].

9.3.2.3 �Justice and equity

Addressing potential biases and stigmas that may influence the decision-making 
process, such as unfairly devaluing the lives of individuals with histories of substance 
abuse [42, 43].

9.3.3 �Resolution

The transplant ethics committee, along with infectious disease specialists, reviews 
the case, considering recent medical advancements in treating and managing HIV 
and Hepatitis C. They develop guidelines for the use of organs from high-risk donors, 
emphasizing informed consent and the autonomy of recipients to accept or decline such 
organs based on a clear understanding of the risks and benefits. The committee decides 
to offer the organ to a recipient who has been waiting for a transplant for an extended 
period and for whom the risk of waiting longer for another organ outweighs the 
potential risk of infection. The recipient is provided with detailed information about 
the donor’s history, the risks involved, and the availability of treatments for infections. 
After thorough counseling and consideration, the recipient consents to the transplant.
14
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9.3.4 �Lessons learned

This case highlights the importance of balancing ethical principles when consider-
ing the use of organs from high-risk donors. It underscores the necessity of informed 
consent, where recipients are empowered to make decisions based on comprehensive 
information. Furthermore, it illustrates the potential to expand the donor pool and 
save more lives by carefully assessing and managing the risks associated with high-
risk donors, coupled with advancements in medical treatments for infections. The 
case also stresses the importance of nondiscrimination and ensuring equitable access 
to transplantation opportunities, regardless of a donor’s past behaviors or health 
history.

These case studies illustrate the multifaceted nature of ethical dilemmas in 
transplantation, offering insights into the application of ethical principles and the 
importance of a holistic, patient-centered approach in resolving these challenges.

10. �Legal and policy frameworks

10.1 �Legal and policy frameworks in transplantation: A comparative analysis

The legal and policy frameworks governing organ transplantation vary sig-
nificantly across the globe, deeply influencing the success of national programs in 
achieving self-sufficiency and equitable access. These frameworks encompass consent 
laws, allocation policies, and regulations on living donations, each tailored to address 
the ethical, cultural, and logistical challenges inherent in transplantation. By examin-
ing the approaches of different countries, we can gain insights into the effectiveness 
of various legal and policy strategies [30, 45].

10.2 �Consent laws and their impact opt-in vs. opt-out systems

Countries typically follow either an opt-in system, where individuals must 
actively register their consent to donate organs, or an opt-out system, where consent 
is presumed unless an individual has registered their refusal. Spain and Austria, for 
example, employ opt-out systems and boast high donation rates, suggesting that such 
frameworks can significantly enhance organ supply. Conversely, countries like the 
United States and Canada, which use opt-in systems, face challenges in meeting the 
demand for organs, despite extensive public awareness campaigns [30, 44, 46].

10.3 �Legal implications

The choice between opt-in and opt-out systems has profound legal and ethical 
implications, influencing public perceptions of autonomy and state authority over 
individuals’ bodies. The effectiveness of either system in achieving self-sufficiency 
in organ donations is also influenced by cultural attitudes, healthcare infrastructure, 
and the implementation of supportive policies. The United States operates the United 
Network for Organ Sharing (UNOS), which manages a complex, data-driven alloca-
tion system designed to maximize the fairness and efficiency of organ distribution. In 
contrast, countries like India have implemented a tiered system that allocates organs 
first to local, then regional, and finally national recipients, aiming to balance local 
needs with broader access.
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11. �Regulations on living donations

11.1 �Safeguarding donors

Living donations, particularly of kidney and liver segments, play a crucial role in 
transplantation. Legal frameworks that protect living donors are essential for ensur-
ing that donations are voluntary and free from coercion or financial inducement. 
Many countries have established rigorous screening and consent processes for living 
donors, as well as policies to provide donors with healthcare support and financial 
protection against the costs associated with donation [9, 36].

11.2 �International policies

Iran’s regulated system for compensated kidney donations from living donors is 
unique, allowing for direct financial compensation to donors within a legal and regu-
lated framework. This approach has virtually eliminated the waiting list for kidney 
transplants in Iran but remains controversial internationally due to ethical concerns 
about commodification and exploitation [30, 31, 44, 45].

12. �International cooperation and standards

12.1 �Sharing best practices

International cooperation is pivotal for advancing global transplantation 
medicine. Organizations such as the World Health Organization (WHO) and the 
Transplantation Society work to promote ethical standards and share best practices 
among countries. The Declaration of Istanbul on Organ Trafficking and Transplant 
Tourism represents a significant international effort to combat illegal practices and 
promote ethical donation and transplantation policies.

12.2 �Cross-border organ sharing

Some regions have established cross-border organ-sharing agreements to enhance 
access to transplantation. The European Union, for example, has mechanisms in place 
for sharing organs across member states, facilitating better matches and improving 
patient outcomes (Figure 3) [16–18].

13. �Future directions

Legal and policy frameworks in transplantation are continually evolving to address 
new ethical dilemmas, technological advancements, and changes in societal attitudes. 
The future of transplantation law and policy will likely focus on enhancing global 
cooperation, refining consent and allocation systems to increase organ supply, and 
ensuring that innovations in transplantation medicine are accessible to all, regardless 
of geographical or socioeconomic barriers.
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14. �Recommendations

14.1 �For policymakers

14.1.1 �Implement opt-out consent laws

Countries should consider adopting opt-out consent frameworks and customizing 
them with their religion and culture to increase organ donation rates, supported by 
public education campaigns to ensure community understanding and acceptance.

14.1.1.1 �Detail

Opt-out consent laws, also known as presumed consent, automatically register all 
citizens as potential organ donors unless they choose to opt out. This approach has 
been successful in countries like Spain and Belgium, significantly increasing organ 
donation rates.

14.1.1.2 �Challenges

Resistance may come from cultural, religious, or personal beliefs about organ 
donation. There is also the need to ensure that the public is fully informed and that 
the system respects individual autonomy in religion, culture, and choice.

14.1.1.3 �Solutions

Public education campaigns are critical in addressing concerns and misinforma-
tion. These campaigns can highlight the personal stories of donors and recipients, 
showcasing the life-saving impact of organ donation. Additionally, making the 

Figure 3. 
Transplants from deceased donors vs. transplants from living donors.
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opt-out process straightforward and accessible ensures that those who wish to opt out 
can easily do so.

14.1.2 �Enhance legal and financial protections for living donors

Establish comprehensive policies that safeguard living donors from financial 
burden and health risks, encouraging more individuals to consider living donation.

14.1.2.1 �Detail

Providing comprehensive health coverage and financial compensation for 
expenses incurred due to donation can encourage living donations. Iran’s system 
offers an example, where living donors receive compensation and health coverage, 
contributing to a high rate of living donations.

14.1.2.2 �Challenges

There’s a fine line between compensating donors for their expenses and 
unethical payments that could coerce individuals into donating. Additionally, 
such programs require substantial funding and oversight to ensure fairness and 
transparency.

14.1.2.3 �Solutions

Establishing clear guidelines and caps on compensation can help avoid ethi-
cal pitfalls. Implementing robust oversight mechanisms and ensuring transparent 
communication about the compensation process can build trust in the system. 
Fundraising efforts and government subsidies could support the financial aspects of 
these protections.

14.1.3 �Promote international collaboration

Foster partnerships between countries to share best practices, innovations, 
and resources, and work toward harmonizing legal and ethical standards in 
transplantation.

14.1.3.1 �Detail

International collaboration can take the form of shared databases for organ 
matching across borders, joint research projects on transplantation technologies, and 
harmonized standards for donor care. The Euro-transplant and Scandia-transplant 
networks provide successful models of regional collaboration, enhancing organ 
allocation efficiency and outcomes.

14.1.3.2 �Challenges

Differences in legal, ethical, and medical standards can complicate international 
cooperation. There’s also the risk of unequal benefits, where wealthier countries 
might disproportionately benefit from shared resources.
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14.1.3.3 �Solutions

Establishing international agreements that outline shared principles and goals 
can provide a foundation for collaboration. Mechanisms for equitable sharing of 
resources, along with joint funding models for research and development, can ensure 
that all participants benefit. Regular meetings and conferences can facilitate ongoing 
dialog and adjustment of collaborative efforts.

14.1.4 �Invest in healthcare infrastructure

Ensure that all regions within a country have access to transplantation services, 
reducing geographic disparities in access. Investing in healthcare infrastructure to 
ensure equitable access to transplantation services across all regions addresses one 
of the critical challenges in the field of organ transplantation is geographic dispari-
ties in access. This recommendation focuses on the development and distribution of 
resources and facilities that can support transplantation services, from donor identifi-
cation and organ procurement to post-transplant care.

14.1.4.1 �Details

Investment in healthcare infrastructure encompasses building or enhancing trans-
plant centers, laboratories for immunological testing, organ preservation facilities, 
and transportation systems for organs. It also involves training medical personnel 
specialized in transplant medicine, including surgeons, immunologists, coordinators, 
and support staff. An integrated approach ensures that patients, regardless of their 
geographic location, have timely access to transplantation services.

14.1.4.2 �Challenges

1.	High costs: The establishment and maintenance of transplantation infrastructure 
require significant financial investment. In resource-limited settings, prioritizing 
such investment can be challenging.

2.	Distribution and maintenance: Ensuring even distribution of facilities and ser-
vices across urban and rural areas is complex. Additionally, maintaining state-of-
the-art facilities and technologies outside major urban centers can be challenging 
due to lower patient volumes and revenue.

3.	Workforce training and retention: Training healthcare professionals in transplant 
medicine is resource-intensive, and retaining these highly specialized profes-
sionals in less urbanized regions poses an additional challenge.

14.1.4.3 �Solutions

1.	Public-private partnerships (PPPs): Leveraging PPPs can mobilize additional 
funding sources for infrastructure development and operational costs. Collabo-
rations with non-governmental organizations (NGOs) and international health 
organizations can also support infrastructure development, especially in under-
served areas.
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2.	Telemedicine and mobile units: Implementing telemedicine programs can extend the 
reach of transplant services, allowing for remote consultations, patient monitor-
ing, and even remote participation in transplant evaluations. Mobile units equipped 
with necessary medical technologies can travel to remote areas for screening, evalu-
ation, and follow-up care, reducing the need for patients to travel.

3.	Decentralized training programs: Developing decentralized training programs for 
transplant specialists can help address workforce challenges. Utilizing online educa-
tion and remote mentorship programs can facilitate the training of medical person-
nel in less urbanized areas. Offering incentives, such as loan forgiveness, scholar-
ships, or guaranteed positions, can attract and retain talent in these regions.

4.	National and regional coordination: Establishing a national coordination body 
can help oversee the equitable distribution of resources and services. This body 
can work alongside regional coordinations to identify needs, allocate resources 
effectively, and ensure that all regions have access to transplantation services. 
Implementing a centralized organ allocation system that operates transparently 
across the entire country can also help minimize geographic disparities in access.

5.	Community engagement: Engaging local communities in the planning and de-
velopment of healthcare infrastructure can ensure that the services meet the 
specific needs of the area. Community involvement can also promote organ 
donation awareness and support for transplantation programs.

By addressing these challenges with targeted solutions, countries can work toward 
reducing geographic disparities in access to transplantation services. Investing in 
healthcare infrastructure is not only a commitment to improving health outcomes for 
patients in need of transplants but also a step toward achieving greater equity within 
the healthcare system.

14.2 �For healthcare providers

14.2.1 �Strengthen education on ethical allocation

14.2.1.1 �Details

Strengthening education on ethical allocation involves creating comprehensive 
training programs for healthcare providers, focusing on the ethical principles that 
should guide the allocation of organs. This includes understanding the principles of 
equity, justice, and nondiscrimination, as well as the application of these principles 
in the complex decision-making process of organ allocation. Training should cover 
the ethical frameworks used to prioritize patients, the importance of transparency 
in the allocation process, and the role of healthcare providers in advocating for fair 
practices.

14.2.1.2 �Challenges

a.	Complexity of ethical decision-making: The multifaceted nature of ethical 
decision-making in organ allocation poses a challenge. Healthcare providers must 
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balance medical urgency, patient compatibility, and broader ethical considera-
tions, sometimes under pressing time constraints [30, 44].

b.	Varied interpretations of equity: Different stakeholders may have varied interpre-
tations of what constitutes equitable access, leading to disagreements and ethical 
dilemmas in the allocation process.

c.	Resistance to change: Established practices and ingrained biases may lead to resist-
ance among healthcare professionals to adopt new ethical guidelines or allocation 
principles.

d.	Lack of standardized training: The absence of standardized, universally accepted 
training programs on ethical allocation can result in inconsistent practices and 
understandings among healthcare providers across different institutions and 
regions.

14.2.1.3 �Solutions

a.	Development of standardized curriculum: Collaborate with ethical bodies, trans-
plantation societies, and educational institutions to develop a standardized cur-
riculum for training healthcare providers. This curriculum should cover ethical 
theories, principles of equitable allocation, and practical case studies to illustrate 
ethical dilemmas and resolutions.

b.	Continuing education programs: Implement mandatory continuing education 
programs for all healthcare professionals involved in the transplantation 
process. These programs can be delivered through workshops, online courses, 
and annual conferences to ensure ongoing learning and adaptation to new 
ethical guidelines.

c.	Interdisciplinary collaboration: Foster interdisciplinary collaboration among 
ethicists, transplant coordinators, surgeons, and other healthcare providers to 
facilitate a holistic understanding of ethical allocation. Such collaboration can 
promote a shared commitment to equity and justice in organ allocation.

d.	Simulation-based training: Utilize simulation-based training tools to allow 
healthcare providers to practice decision-making in hypothetical scenarios. This 
method can help participants understand the consequences of different alloca-
tion decisions and the importance of adhering to ethical principles.

e.	Promote ethical leadership: Encourage the development of ethical leadership 
within transplant teams, where senior members model ethical decision-making 
and mentor junior staff. Ethical leaders can also serve as advocates for fair alloca-
tion policies within their institutions and the broader medical community.

f.	Evaluate and refine practices: Regularly evaluate the effectiveness of training 
programs and the impact on allocation practices. Use feedback from healthcare 
providers and outcomes data to refine training programs and address emerging 
ethical challenges in organ allocation.
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By addressing these challenges with comprehensive solutions, the transplantation 
community can enhance the understanding and implementation of ethical allocation 
principles. Strengthening education on ethical allocation is essential for building a 
fair and transparent transplantation system that upholds the dignity and rights of all 
patients.

14.2.2 �Implement culturally sensitive outreach programs

14.2.2.1 �Details

Implementing culturally sensitive outreach programs entails designing and 
delivering education initiatives that are specifically tailored to the cultural, linguistic, 
and social contexts of diverse communities. These programs aim to address and 
dismantle cultural barriers, myths, and misconceptions about organ donation and 
transplantation, thereby increasing awareness and willingness to donate. Effective 
outreach involves collaboration with community leaders, use of culturally relevant 
materials, and respectful communication strategies that honor the values and beliefs 
of each community.

14.2.2.2 �Challenges

1.	Cultural diversity and sensitivity: Communities are culturally diverse, with vary-
ing beliefs, practices, and attitudes toward organ donation and transplantation. 
Designing programs that respect this diversity while effectively conveying the 
importance of organ donation is challenging.

2.	Language barriers: Providing information in multiple languages and ensuring 
that the messaging is not only translated but also culturally nuanced can be 
resource-intensive.

3.	Myths and misconceptions: Deeply ingrained myths and misconceptions about 
organ donation can be difficult to overcome, particularly when they are tied to 
religious or cultural beliefs.

4.	Trust in healthcare systems: Historical or ongoing healthcare disparities and injus-
tices can lead to mistrust in healthcare messages and initiatives, making commu-
nity engagement challenging.

14.2.2.3 �Solutions

a.	Community engagement and partnerships: Partner with community leaders, 
religious organizations, and cultural institutions to co-create outreach programs. 
Their endorsement can lend credibility and facilitate deeper engagement with 
community members.

b.	Culturally tailored materials: Develop educational materials that are culturally 
relevant and sensitive, including testimonials and stories from community mem-
bers who have been donors or recipients. Ensure materials are available in the 
predominant languages of the community and are accessible in various formats 
(print, digital, and video). Training for cultural competency: Train healthcare 
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providers and outreach staff in cultural competency to ensure they can effec-
tively communicate with and engage diverse communities. Understanding 
cultural nuances can help tailor conversations about organ donation in a respect-
ful and impactful manner.

c.	Leveraging social media and technology: Use social media platforms popular within 
specific communities to spread awareness and counter myths about organ dona-
tion. Technology can also facilitate virtual discussions and Q&A sessions with 
healthcare providers, donors, and recipients.

d.	Addressing mistrust: Acknowledge and address historical mistrust in healthcare 
systems by being transparent about the organ donation and allocation process. 
Collaborate with trusted community healthcare providers to deliver messages 
about organ donation.

e.	Monitoring and evaluation: Continuously monitor and evaluate the effectiveness 
of outreach programs in different communities. Use feedback to refine strategies 
and ensure that the programs are meeting the needs and addressing the concerns 
of each community.

By overcoming these challenges with thoughtful and inclusive solutions, health-
care systems can significantly improve organ donation awareness and consent 
rates among diverse communities. Culturally sensitive outreach programs not only 
promote equity in organ donation but also strengthen community relations with the 
healthcare sector, fostering a more inclusive and understanding environment for all.

14.2.3 �Adopt precision medicine approaches in transplantation

Utilize advances in genetic and immunological testing to improve matching 
processes and outcomes in transplantation, making the best use of available organs.

14.2.3.1 �Detail

Precision medicine involves tailoring medical treatment to the individual char-
acteristics of each patient, which in transplantation could mean detailed genetic and 
immunological matching between donors and recipients. This approach can increase 
transplant success rates and reduce rejection incidents.

14.2.3.2 �Challenges

Implementing precision medicine in transplantation requires advanced technology 
and significant investment in research. There is also the need for specialized training 
for healthcare providers in genetics and immunology.

14.2.3.3 �Solutions

Governments and healthcare institutions can invest in the necessary technologies 
and training programs. Collaborations with academic institutions and private sector 
partners can accelerate research and development. Public-private partnerships might 
offer a viable model for funding precision medicine initiatives in transplantation.
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14.3 �For communities

14.3.1 �Engage in public awareness campaigns

Communities should actively participate in campaigns that promote organ dona-
tion awareness, highlighting the impact of transplantation on individuals’ lives and 
the societal benefits of increased donation rates.

14.3.1.1 �Detail

Effective public awareness campaigns can demystify organ donation and address 
misconceptions, using various media platforms to reach broad audiences. The “Don’t 
take your organs to heaven, heaven knows we need them here” campaign in the 
United States serves as a poignant example of leveraging emotional appeal and humor 
to promote organ donation.

14.3.1.2 �Challenges

Crafting messages that resonate across diverse cultural and demographic groups 
can be challenging. There is also the potential for campaign fatigue if messages 
become too repetitive or are not effectively targeted.

14.3.1.3 �Solutions

Tailoring campaigns to specific communities using cultural insights can enhance 
relevance and impact. Employing a mix of traditional and social media platforms 
ensures broader reach. Engaging influencers, religious and community leaders as 
campaign ambassadors can lend credibility and foster grassroots support.

14.3.2 �Support transplant recipients and donors

Establish community-based support networks for individuals and families navi-
gating the transplantation process, offering emotional, logistical, and informational 
support.

14.3.3 �Advocate for equitable access

Community leaders and patient advocacy groups should lobby for changes in poli-
cies and practices that currently hinder equitable access to transplantation services.

15. �Conclusions

This chapter explored the multifaceted challenges and opportunities in achieving 
self-sufficiency and equitable access in organ, tissue, and cell transplantation. From 
the foundational understanding of transplantation’s significance in modern medicine 
to the intricate legal and policy frameworks governing it globally, several key themes 
have emerged.
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15.1 �The vital role of transplantation

Transplantation stands as a critical life-saving intervention, offering hope to those 
with organ failure or tissue damage. Despite advancements, a gap remains between 
the demand for and the supply of transplantable organs and tissues.

15.2 �Barriers to equitable access

Socioeconomic status, geographic location, and racial or ethnic disparities sig-
nificantly impact access to transplantation. These barriers underscore the need for 
systemic changes to ensure fairness in transplantation services, along with recapitula-
tion of the imperative for equitable access in transplantation and the multifaceted 
approach required to overcome existing barriers.

15.3 �Self-sufficiency

Achieving self-sufficiency in organ donation within countries or regions is essen-
tial to reduce reliance on international donations, address organ trafficking, and 
improve equitable access to transplantation services (Figure 4) [16–18].

15.4 �Legal and policy frameworks

Diverse approaches to consent laws, allocation policies, and regulations on living 
donations illustrate the complexity of creating effective systems that balance ethical 
considerations with the goal of increasing organ availability, that needs a call to action 
for policymakers, healthcare providers, and the community at large to commit to the 
principles of equity and justice in the provision of life-saving transplantation services.

Figure 4. 
Kidney transplants by WHO regions 2022.
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15.5 �Innovations and challenges ahead

Emerging technologies and treatments promise to revolutionize transplantation. 
However, ethical, logistical, and financial challenges must be navigated to realize 
their full potential.

The ethical considerations in transplantation are deeply complex, touching on 
profound questions about life, death, and what it means to act justly within a con-
strained system. As transplantation medicine continues to advance, the ethical frame-
works that guide it must be continually revisited and refined. Through ongoing dialog 
among ethicists, medical professionals, patients, and the public, the field can strive to 
uphold the principles of justice, autonomy, beneficence, and non-maleficence at the 
heart of ethical medical practice.

© 2024 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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Chapter 2

Desensitization Strategies in 
Kidney Transplantation
Mohsen Nafar and Shiva Samavat

Abstract

Desensitization protocols offer a promising approach to increase the pool of 
kidney transplant recipients by enabling transplantation with HLA-incompatible 
kidneys. This chapter explores the rationale for desensitization, considering the 
growing number of highly sensitized patients and the limitations of compatible donor 
availability. We discuss various desensitization strategies, including plasmapheresis, 
intravenous immunoglobulin, B-cell targeting agents, proteasome inhibitors, costim-
ulatory blockers, and CAR T-cell therapy. Each strategy has its own mechanisms 
of action, efficacy rates, and potential complications. The chapter also highlights 
the challenges associated with desensitization, including limited efficacy, antibody 
rebound, increased risk of infections and malignancies, and significant treatment 
costs. Cost-effectiveness analyses of desensitization remain a subject of debate. The 
decision to pursue desensitization requires careful consideration of various factors, 
including patient characteristics, transplant center expertise, and the availability of 
safe and effective protocols. While advancements in virtual crossmatch techniques 
and allocation systems represent the most cost-effective approaches to transplanta-
tion, desensitization offers a valuable tool for expanding access to transplantation for 
patients with limited options.

Keywords: kidney transplantation, desensitization, highly sensitized, apheresis, 
memory B-cell, costimulatory blocker, anti-CD38, interleukin-6, treatment strategies, 
complications

1. �Introduction

Sensitization, defined by the presence of antibodies against Human Leukocyte 
Antigens (HLA), is a major barrier to kidney transplantation. Individuals waiting for a 
kidney transplant are considered sensitized if their calculated panel-reactive antibody 
(cPRA) is greater than 1%. According to the OPTN/SRTS 2022 annual data report, 
38.6% of adults on the kidney transplant waiting list are sensitized, and 11% have 
a cPRA above 80% [1]. Eurotransplant (ET) data from 2019 indicates that 5.6% of 
adults waiting for a transplant had a cPRA ≥85% [2]. Patients with a cPRA ≥80% 
are classified as highly sensitized, and those with a cPRA ≥98% are considered very 
highly sensitized, placing them in the category of un-transplantable patients [2–4].
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Factors contributing to sensitization include previous transplantation, prior 
pregnancies and abortions, transfusion, and rarely, bacterial or viral infec-
tions like COVID-19. Recently, SARS-CoV-2 vaccination has also been linked to 
sensitization [5]. Different sensitizing events have various effects on anti-HLA anti-
body formation and the outcome of transplantation. The strongest sensitizing event 
is prior transplantation; even transplant nephrectomy shortly after graft loss due to 
vascular thrombosis may result in detectable class I and class II anti-HLA antibodies 
in 60% of patients [6]. Additionally, when comparing miscarriage and pregnancy as 
sensitizing events, prior miscarriage results in lower alloimmunization than a success-
ful pregnancy [7]. Previous transplantation results in a vigorous antibody response 
compared to pregnancy, which in turn causes a stronger response than transfusion. It 
also leads to antibody formation against both class I and class II, while pregnancy and 
transfusion predominantly result in anti-class I antibodies [8]. In a recent study using 
machine learning consensus clustering, highly sensitized kidney transplant recipients 
who were younger, male, and had a history of previous transplantation had lower 
graft survival and higher rejection rates than those who were older with no history of 
transplantation [4]. These studies point out the fact that the type of sensitizing event 
has an impact on the degree of sensitization, type of antibody, and even the prognosis 
of the patient and graft after transplantation.

2. �Immunologic basis of sensitization

When the body is exposed to HLA antigens, a series of cells and mediators work 
together to produce antibodies and cause sensitization, regardless of how the expo-
sure occurs. Upon recognition of HLA antigens by antigen-presenting cells (APCs) 
such as B cells in the indirect pathway and dendritic cells in direct and semidirect 
pathways, the alloantigen is presented to CD4+ T cells. The indirect pathway leads 
to the activation of follicular helper CD4+ T cells (Tfh), which in turn activate 
antibody-producing B cells and CD8+ cytotoxic T cells. Interestingly, while direct 
pathway-activated CD4+ T cells can activate cytotoxic T cells, they are not capable of 
helping B cells to produce alloantibodies. T-cell activation requires both T-cell recep-
tor and costimulatory signaling. This costimulation occurs via CD80/86 and CD28 
interaction. Indirect pathway-activated Tfh migrate to follicular regions in secondary 
lymphoid organs, where they interact with pre-germinal center (pre-GC) B cells and 
promote the proliferation of antigen-specific B cells in the germinal center (GC). 
The effect of Tfh on B cells is mediated by IL-6 and IL-21. The activated GC B cells 
can then differentiate into either low-affinity antibody-producing plasmablasts or 
memory B cells and long-lived plasma cells (LLPCs). B-cell maturation, development, 
and hemostasis are regulated by the interaction of BAFF (B-cell activating factor) and 
APRIL (a proliferation-inducing ligand) with BCMA (B-cell maturation antigen) on 
B cells (Figure 1).

Memory B cells remain in circulation for years, independent of the antigen’s 
presence, and can respond to future exposures even years later [9]. Long-lived plasma 
cells (LLPCs) residing in bone marrow niches continue antibody production for 
decades [10]. Additionally, the type of sensitizing event influences the persistence of 
memory B cells. There would be no or little detectable memory B cells after transfu-
sion when compared to transplantation or pregnancy [11]. All these players in the 
process of sensitization could be potential targets for desensitization, and we may 
need to hit multiple targets to overcome the immunologic barriers in transplantation.
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3. �Choosing the best candidate for desensitization

To achieve successful transplantation outcomes, careful selection of both the 
patient and the antibody is crucial. Two categories of transplant candidates may 
benefit from desensitization: (1) patients on the waiting list with cPRA >85% and a 
low likelihood of finding an HLA-compatible donor. Desensitization might increase 
the chance of transplantation for these patients. (2) Patients with only one positive 
crossmatch HLA-incompatible living donor who cannot be changed [12, 13].

Once we have identified a patient who might benefit from antibody removal strat-
egies, we need to determine which antibody characteristics can predict the response 
to treatment. One of the predictors is antibody strength measured by single antigen 
bead (SAB) assay or mean fluorescence intensity (MFI). However, the SAB assay 
has limitations that can lead to overestimation of the amount of antibodies. These 
limitations include decreased antigen density on the beads, which can underestimate 
antibody titer, interfering factors such as high-titer antibodies or the prozone effect, 
nonspecific binding to the beads, and shared epitopes that can result in a lower esti-
mated MFI of an antibody. Dilution of the sample is one way to overcome the prozone 
effect, potentially providing a better estimation of antibody level than the absolute 
MFI [14]. Furthermore, diluted titers might be a predictor of response to antibody 
removal processes. In a study by Pinelli et al., antibodies with an initial titer greater 
than 1:512 did not respond to repeated cycles of treatment [15]. Therefore, dilution 
can be used to predict response, especially when the undiluted antibody titer is more 
than 12,000 [16].

One of the flaws of antibody titer is the lack of a standardized solid-phase assay, 
which results in inconsistency in test results. To address this, Cedars-Sinai Medical 
Center developed a scoring system based on the MFI of DSAs, called DSA-RIS (Relative 
Intensity Scale). The scale assigns zero points for no DSA, 2 points for each DSA with 
MFI < 5000, 5 points for each DSA between 5000 and 10,000, and 10 points for each 
DSA with MFI above 10,000. This scale helps predict treatment response and define a 
threshold for successful desensitization. A DSA-RIS score ≤ 17 is considered a positive 
determinant for response, as scores above 17 have been shown to have a 91% positive 
predictive value for antibody-mediated rejection (AMR) after transplantation [17, 18].

Figure 1. 
Immunologic basis of sensitization and potential treatments.
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Another factor influencing treatment response is the HLA loci targeted by the 
antibodies. Several reports suggest that HLA antibodies against DQ and DP anti-
gens are more resistant to desensitization strategies than DR and class I anti-HLA 
antibodies [19]. However, further investigation is warranted, as the Pinelli study 
showed similar response rates for HLA-B, DR, and DQ antibodies, though HLA-A 
antibodies had a lower response rate [15]. Additionally, C1q-positive antibodies have 
been shown to have a weaker response to desensitization strategies [15].

Based on current data, low titer, C1q-negative, and class I anti-HLA antibodies 
appear to be more favorable candidates for desensitization.

4. �Treatment strategies

The current standard of care desensitization protocol typically includes apheresis 
and rituximab, with or without intravenous immune globulin (IVIG). Based on what 
was discussed earlier, treatment strategies can be categorized into four sections: (I) 
antibody removal, (II) targeting B cells and maturation factors like BAFF and APRIL, 
(III) targeting plasma cells and CD38+ cells, and (IV) inhibition of cytokines such as 
IL-6.

One of the main challenges we face during the process of desensitization is the 
“transient” effect of desensitization, which is particularly problematic for patients 
on deceased donor waiting lists. The other limitation in this process is variability 
in response and lack of specific tests to precisely predict the response rate. High 
cost and complications of overimmunosuppression are other major drawbacks 
of desensitization [20]. Thus, a treatment strategy with a durable and sustained 
response and a low rate of complication is the aim of most studies.

The following section will discuss ongoing clinical trials aimed at achieving these 
goals and introduce some novel desensitization strategies currently in the early stages 
of investigation.

4.1 �Antibody removal techniques

Apheresis and imlifidase are two available options for antibody removal.

4.1.1 �Apheresis

Three apheresis techniques are available for antibody removal: therapeutic 
plasma exchange (TPE), double-filtration plasmapheresis (DFPP), and semi-spe-
cific immunoadsorption (IA). The choice of apheresis technique and subsequent 
response depends on factors like the MFI, class, and HLA locus of the targeted 
HLA antibodies. HLA antibodies with MFI > 20,000 are generally considered 
resistant to all removal techniques. Removing class II antibodies, particularly 
HLA-DQ antibodies, appears more challenging with apheresis techniques [21]. 
However, this may be due to their higher MFI, requiring longer removal sessions 
for significant reduction [22].

The TPE technique (either centrifugal or membrane) is readily available, inex-
pensive, and removes ABO, HLA, and non-HLA antibodies like vascular endothelial 
cell antibodies. However, its nonspecific nature leads to the loss of essential compo-
nents like coagulation factors, antimicrobial antibodies, and hormones. DFPP, while 
depleting coagulation factors and immunoglobulins, requires less replacement fluid 
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compared to TPE, resulting in a lower risk of allergic reactions and infections. The 
IA technique utilizes specific columns designed to adsorb HLA antibodies, avoiding 
coagulopathy and infection risks associated with other methods [23]. Each technique 
is typically implemented daily or every other day for five sessions, with MFI reassess-
ment after the fifth session. Malvezzi et al. proposed an algorithm based on initial 
MFI to guide apheresis technique selection. IA, DFPP, and TPE are recommended for 
antibodies with MFI > 12,000, 9000 < MFI < 12,000, and MFI ≤ 9000, respectively 
(Figure 2) [24].

Apheresis alone is insufficient because it removes the inhibitory effects of antibod-
ies on B cells, lifting the negative feedback and leading to a rapid rise in antibody pro-
duction (rebound). However, recent data suggest this increase in antibody levels after 
apheresis is due to a decreased catabolism rate rather than increased production [15]. 
Regardless of the mechanism, additional strategies are necessary to reduce antibody 
levels alongside apheresis.

The advantage of apheresis in addition to decreasing antibody level is its immuno-
modulatory effects. It increases regulatory T cells (Tregs) and sensitizes B cells and 
plasma cells to immunosuppressants [25]. The consequences of apheresis on cytokines 
are unclear, though some studies revealed increased plasma levels of IL-10 and IL-6 
and decreased levels of IL-8 and TNF-α [20].

Figure 2. 
Choosing the appropriate apheresis technique. ATG: anti-thymocyte globulin; DFPP: double filter plasmapheresis; 
DSA: donor specific antibody; FCX: flowcytometric crossmatch; IA: immunoadsorption.
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4.1.2 �Imlifidase

Imlifidase is a cysteine protease that specifically cleaves the heavy chain of all IgG 
subclasses but not IgM, IgA, or IgE. This rapid removal of IgG anti-HLA antibodies 
inhibits antibody-dependent cellular cytotoxicity (ADCC) of natural killer (NK) 
cells and complement-dependent cytotoxicity (CDC). Imlifidase has a half-life of 
8–12 hours, and its activity persists for up to 4 days. During this period, it cleaves all 
IgG antibodies in the circulation, including IVIG, rituximab, and anti-thymocyte 
globulin (ATG), except for horse ATG [10]. Therefore, administration of these 
medications should be delayed for at least 4–5 days after imlifidase to avoid potential 
interference. The drug’s primary purpose is to induce an antibody-free window. 
However, antibody rebound typically occurs within 3–7 days after drug elimination, 
especially in patients who have not received pre-transplant IVIG and rituximab 
[12, 26]. Imlifidase can also be immunogenic, making re-administration challenging 
and typically restricted to the first 24 hours after the initial dose [13].

In addition to IgG destruction, imlifidase cleaves B-cell antigen receptors on 
memory B cells, limiting their antigen recognition capacity and differentiation 
into plasma cells [27]. A study by Kjellman et al. reported promising 3-year post-
transplant outcomes in positive crossmatch recipients desensitized with imlifidase 
before transplantation. Among 39 patients, 15 experienced AMR, with most episodes 
occurring within the first post-transplant month. Overall patient and graft survival at 
3 years were 90 and 84%, respectively. Even patients with AMR had a favorable out-
come, with 93% death-censored graft survival and 85% patient survival [28]. These 
promising results suggest that imlifidase can be a potent and rapid-acting option for 
desensitization, particularly for highly sensitized patients on deceased donor waiting 
lists.

To overcome the post-imlifidase DSA rebound, Kanbay et al. proposed an immu-
nosuppressive protocol combining high-dose steroids (500 mg on day 0, 250 mg on 
days 1–3, 125 mg on day 4, 20 mg on day 5), rabbit ATG 1.5 mg/kg/day for five daily 
doses starting on the fourth post-transplant day, 2 g/kg IVIG on days 4–5, Rituximab 
375 mg/m2 on the seventh post-transplant day, and a standard triple maintenance 
regimen with prednisolone, tacrolimus, and mycophenolate mofetil [27]. While this 
approach appears promising, clinical trials are ongoing to explore the efficacy, cost-
effectiveness, and safety of imlifidase in both desensitization protocols and treatment 
of AMR after transplantation.

4.2 �B-cell targeting strategies

The humoral immune response relies heavily on the specialized functions of B 
cells. These versatile lymphocytes play a critical role in three key processes:

•	 Antigen presentation: B cells can act as antigen-presenting cells (APCs), 
capturing and displaying foreign invaders (antigens) on their surface to T cells. 
This crucial step initiates the adaptive immune response by allowing T cells to 
recognize and eliminate the pathogen.

•	 Antibody production: Upon activation by T cells and antigen binding, B cells 
differentiate into antibody-secreting plasma cells. These plasma cells churn out 
vast quantities of highly specific antibodies that can directly neutralize patho-
gens or flag them for destruction by other immune cells.
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•	 Memory B-cell survival: A subset of activated B cells develop into memory B 
cells. These immunological “reservoirs” persist long after the initial infection. 
Upon encountering the same antigen again, memory B cells can rapidly mount a 
stronger and more targeted antibody response, providing long-term immunity.

Consequently, due to their central role in both the primary and secondary immune 
response, B cells have become a major target for therapeutic strategies, including 
desensitization protocols.

4.2.1 �Rituximab

For decades, rituximab has been a cornerstone of desensitization protocols. A 2014 
systematic review, although based on limited-quality evidence, suggested that ritux-
imab was comparable to splenectomy in reducing panel-reactive antibodies (PRA) 
and offered benefits in terms of graft survival and rejection prevention [29].

4.2.2 �Obinutuzumab

Obinutuzumab, a third-generation anti-CD20 monoclonal antibody, induces 
B-cell destruction primarily through antibody-dependent cellular cytotoxicity. A 
phase 1b study showed that obinutuzumab resulted in more effective depletion of B 
cells in the peripheral blood and lymph nodes compared to rituximab. Obinutuzumab 
combined with IVIG also appeared to reduce the population of memory B cells and 
plasmablasts [30]. NasrAllah et al. demonstrated that obinutuzumab had a B-cell 
depleting effect and, unlike rituximab, did not lead to a false-positive B-cell CDC 
crossmatch [31]. While obinutuzumab offers a more durable and complete impact on 
B cells compared to rituximab, its effect on cPRA and anti-HLA antibodies remains 
limited, similar to rituximab [17, 30].

4.2.3 �Belimumab and atacicept

B-lymphocyte stimulator (BLyS)/BAFF and APRIL are factors that influence 
B-cell activation, development, and homeostasis. These factors bind with the BAFF 
receptor (BAFF-R), B-cell maturation antigen (BCMA), and transmembrane activa-
tor and CAML interactor (TACI) on B cells. Premature B cells require BLyS binding 
to TACI for their development. Memory B cells express TACI independent of BLyS or 
APRIL, and long-lived plasma cells (LLPCs) express BCMA and depend on APRIL 
for survival [32]. Because memory B cells and LLPCs can hinder the elimination 
of anti-HLA antibodies by anti-CD20 therapies, targeting BLyS or specific B-cell 
receptors, particularly APRIL and TACI, might be a promising approach. Belimumab, 
a monoclonal antibody that blocks BLyS, and Atacicept, a fusion protein that blocks 
both BAFF and APRIL, are being explored for this purpose. Belimumab is already 
approved for the treatment of systemic lupus erythematosus (SLE), and Atacicept is a 
fusion protein that blocks not only BAFF but also APRIL [33].

The research on belimumab for desensitization shows mixed results. In a study by 
Banham et al. belimumab used as an add-on therapy to standard immunosuppression 
in low immunological risk kidney transplant recipients resulted in a decline in both 
naive and memory B cells, plasmablasts, and preformed IgG levels [34]. However, 
a pilot trial by Agrawal et al. using belimumab to desensitize patients failed to show 
a reduction in cPRA [35]. The authors suggest that the lack of effect might be due 
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to the presence of APRIL or IL-21, which can work with BAFF to maintain humoral 
immunity and support the survival of LLPCs. Targeting both APRIL and IL-21 might 
be necessary for a more significant reduction in alloantibodies. This hypothesis 
is supported by a rat model experiment where dual knockout of APRIL and BLyS 
resulted in a significant decrease in DSA generation [36]. Similarly, Atacicept showed 
a drop in the B-cell population and lower DSA levels in a murine model [37]. These 
findings suggest promise, but further studies and clinical trials are needed to confirm 
the efficacy of Belimumab, Atacicept, or a combination approach in desensitization 
strategies.

4.3 �Plasma cell targeting strategies

Long-lived plasma cells (LLPCs) residing in bone marrow niches are a major chal-
lenge in desensitization because they can continue antibody production even without 
antigen exposure. These anti-HLA-specific memory B cells and LLPCs are considered 
the Achilles’ heel of desensitization therapies. Cytokines like IL-6, IL-21, and factors 
such as BAFF and APRIL play a role in the development, maturation, and bone mar-
row homing of LLPCs [20].

Anti-plasma cell therapies, including proteasome inhibitors (bortezomib and 
carfilzomib) and anti-CD38 antibodies (daratumumab, felzartamab, and isatux-
imab), are being explored to overcome this transplant barrier.

4.3.1 �Proteasome inhibitors

4.3.1.1 �Bortezomib

Bortezomib is the most studied agent among proteasome inhibitors for desensi-
tization. Its inhibitory effect on proteasomes is reversible, leading to more neuro-
toxicity compared to carfilzomib, an irreversible proteasome inhibitor [12]. Woodle 
et al. reported a promising outcome in 2015 using desensitization with rituximab, 
plasmapheresis, and 6–8 doses of bortezomib. This approach resulted in a durable and 
consistent reduction in anti-HLA antibodies [38]. Similar to treatment for multiple 
myeloma, intravenous methylprednisolone is administered before bortezomib to sen-
sitize plasma cells [20]. However, using higher or more frequent doses of bortezomib 
is associated with increased toxicity without a significant additional decrease in cPRA 
[39]. The response to bortezomib therapy can also depend on the underlying cause of 
sensitization. For instance, chronic sensitization due to previous transplantation or 
pregnancy is more resistant to treatment because of a larger number of bone marrow 
LLPCs [20].

4.3.1.2 �Carfilzomib

Carfilzomib, a new-generation proteasome inhibitor with potentially less neu-
rotoxicity, is being studied for desensitization due to its irreversible potency and 
potential to reduce antibody relapse. This is because it offers irreversible inhibition of 
proteasomes compared to bortezomib’s reversible effect.

Tremblay et al. conducted the only study on kidney transplant recipients using 
carfilzomib. While they observed a significant reduction in incompatible antibodies, 
there was a rapid rebound within 81 to 141 days [40]. Other studies using carfilzomib 
are ongoing in heart transplant candidates [41, 42]. The limited sample sizes and 
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conflicting results from these studies highlight the need for further investigations on 
carfilzomib for desensitization.

However, preclinical studies on non-human primates (NHP) using carfilzomib 
in combination with lulizumab (a costimulatory blocker) showed promising results. 
This combination led to a decrease in DSA, Tfh cells, and B cells, while preserving 
regulatory T cells (Tregs) [43]. A clinical trial named Carfilzomib and Belatacept for 
Desensitization (ADAPT) (NCT05017545) is currently underway to evaluate this 
approach in highly sensitized prospective kidney transplant recipients.

4.3.2 �Anti-CD38 antibodies

Anti-CD38 antibodies represent another strategy for targeting plasma cells. 
Studies on daratumumab, an anti-CD38 antibody, have shown a significant decrease 
in bone marrow plasma cells and natural killer (NK) cells. However, this treatment 
also depletes Tregs and regulatory B cells (Bregs) [10, 44]. The depletion of Tregs and 
Bregs raises concerns about an increased risk of T-cell-mediated rejection following 
transplantation [12].

4.3.2.1 �Daratumumab

Data on the use of daratumumab in desensitization is scarce, primarily limited to 
case reports involving highly sensitized heart and lung transplant candidates [45]. 
A case report described a successful kidney transplant in a third-time recipient 
with cPRA >99% who received daratumumab, plasmapheresis, and IVIG to achieve 
a significant reduction in anti-HLA antibodies [46]. The most recent case report 
details a successful desensitization approach in an ABO-incompatible (ABOi) and 
HLA-incompatible (HLAi) second transplant candidate. This approach involved 
imlifidase followed by daratumumab, a single dose of rituximab, IVIG, and a second 
dose of daratumumab administered after transplantation [47]. Overall, daratu-
mumab appears to be more effective than bortezomib in depleting DSA-producing 
cells [10]. Two ongoing clinical trials are investigating the role of daratumumab in 
highly sensitized kidney transplant recipients: Desensitization in Kidney Allograft 
Using Daratumumab (DARDAR) (ClinicalTrials.gov ID NCT04204980) and the 
Safety/Efficacy of Daratumumab with Belatacept in Highly HLA-Sensitized Patients 
Awaiting Kidney Transplantation (COMBAT) (ClinicalTrials.gov ID NCT05145296). 
The results of these trials will be crucial in determining the efficacy of daratumumab 
for desensitization.

4.3.2.2 �Isatuximab

Isatuximab is another anti-CD38 monoclonal antibody with the potential for a 
sustained depleting effect on LLPCs. An open-label, single-arm phase 1/2 study inves-
tigated isatuximab in two cohorts of highly sensitized kidney transplant candidates 
with cPRA ≥99.9% and 80- < 99.9%. The drug demonstrated an acceptable safety 
profile with no reports of treatment-related infections. The study results showed a 
significant decrease in plasmablasts, plasma cells, NK cells, and memory B cells [48]. 
While proteasome inhibitors can lead to a compensatory increase in memory B cells 
after treatment, potentially hindering sustained reductions in antibody levels [30], 
the effect of isatuximab on memory B cells appears to lead to a more sustained (at 
least 26 weeks after stopping treatment) decline in the mean fluorescence intensity 
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(MFI) of anti-HLA antibodies, even if the change in cPRA is minimal. The risk of 
T-cell-mediated rejection with isatuximab therapy requires further investigation 
because the drug efficiently depletes CD38+ Tregs and Bregs, potentially increasing 
this risk [10, 48]. Given that isatuximab monotherapy results in partial desensitiza-
tion, combining it with other strategies like anti-IL-6 therapy might be a promising 
approach. Felzartamab, another anti-CD38 antibody, has not yet been studied in 
desensitization protocols.

4.4 �Cytokine targeting strategies

IL-6 and IL-21 are two key cytokines involved in sensitization and memory B-cell 
development. IL-6 plays a critical role in sensitization and memory B-cell develop-
ment. In the presence of IL-6, naive CD4+ T cells differentiate into Tfh cells. Tfh 
cells then release IL-21, which promotes B-cell maturation and the development of 
memory B cells, plasmablasts, and plasma cells. Additionally, IL-6, in cooperation 
with TGF-β, promotes Th17 cell formation. On the other hand, IL-6 prevents naive T 
cells from differentiating into regulatory T cells (Tregs). The combined effects of IL-6 
lead to antibody formation, impaired tolerance, and allograft rejection. Because of 
this central role, IL-6 has become a target of interest in desensitization strategies and 
rejection treatment [49].

Tocilizumab (anti-IL-6 receptor antibody) and clazakizumab (anti-IL-6 antibody) 
are being studied in desensitization protocols.

4.4.1 �Tocilizumab (TCZ)

A single-center uncontrolled trial by Vo et al. evaluated the efficacy and safety 
of TCZ in desensitization. The study involved 10 highly sensitized kidney trans-
plant candidates who did not respond to standard treatments. They received 8 mg/
kg monthly doses of TCZ. Five patients received a transplant within an average 
of 8.1 months after starting TCZ treatment. One patient experienced colonic 
diverticulitis, a possible side effect of TCZ. Encouragingly, no DSA or antibody-
mediated rejection (AMR) was reported 6 months post-transplantation in these 
patients [50].

Following these promising initial results, TCZ was studied as a monotherapy in 
patients who had not undergone prior desensitization attempts. However, the clini-
cal results were disappointing, with only one patient receiving a kidney transplant. 
Additionally, TCZ showed only a marginal effect on the mean fluorescence intensity 
(MFI) of anti-HLA antibodies [51].

Jouve et al. later investigated the immune response to TCZ. They concluded that 
while TCZ treatment hindered B-cell maturation in germinal centers (GCs), it did 
not significantly affect Tfh cells or IL-21 levels. Interestingly, the study also observed 
an increase in soluble IL-6 receptor (s-IL6R) and IL-6 levels [52]. These findings 
suggest that TCZ monotherapy may not be sufficient for desensitization. Recently, 
researchers have explored combining TCZ with agents that target other aspects of the 
immune response. A study on highly sensitized non-human primates (NHPs) showed 
that dual treatment with carfilzomib (a proteasome inhibitor) and TCZ resulted 
in a decline in DSA compared to carfilzomib alone. This combination therapy also 
prevented B-cell expansion. However, it was not effective in preventing antibody 
rebound after transplantation [53].
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4.4.2 �Clazakizumab

Tocilizumab (TCZ) blocks the IL-6 receptor, which can lead to a paradoxi-
cal increase in IL-6 levels, potentially dampening the intended effects of TCZ. 
Clazakizumab, an anti-IL-6 antibody, directly targets IL-6 and might offer improved 
efficacy over TCZ [53].

A single-arm trial investigated the effectiveness of clazakizumab in desensitiza-
tion. The study included patients with cPRA ≥50% who received the drug alongside 
five sessions of plasmapheresis and high-dose intravenous immune globulin (IVIG). 
The clazakizumab treatment involved 25 mg subcutaneous injection every 4 weeks 
for up to 270 days before transplantation, followed by continuation for at least 6 
months post-transplantation. The treatment was well-tolerated, and both classes of 
anti-HLA antibodies significantly decreased. Additionally, no DSA was detected up 
to 6 months post-transplantation. Interestingly, the study also observed a significant 
increase in both Tregs and Bregs after transplantation, which could contribute to 
improved graft tolerance [54].

These promising initial findings from a single-arm trial warrant further evaluation 
in larger, randomized controlled trials to confirm the efficacy and safety of clazaki-
zumab for desensitization.

4.5 �Novel strategies

The limitations of current desensitization strategies include limited efficacy, lack 
of complete target specificity, and the involvement of multiple factors in the immune 
response to HLA antigens. These limitations highlight the need for novel therapeutic 
approaches, including the development of new therapies and combination regimens.

4.5.1 �Complement inhibitors

Complement activation can lead to tissue damage, making complement inhibi-
tors a potential therapeutic target in highly sensitized patients. However, results 
so far have been mixed. Eculizumab, a terminal complement pathway inhibitor, 
reduced the incidence of AMR episodes during the first post-transplantation year but 
failed to prevent chronic AMR in crossmatch-positive kidney transplant recipients. 
Additionally, the five-year death-censored graft survival rates were not significantly 
different from historical controls [55]. C1-esterase inhibitor, on the other hand, 
showed promise in a preventive study. This placebo-controlled trial investigated the 
use of C1-esterase inhibitor in 20 highly sensitized transplant recipients who had 
undergone desensitization with plasmapheresis, IVIG, and rituximab due to posi-
tive crossmatches. The study reported no AMR episodes, and there was a decrease in 
C1q + HLA antibodies [56].

4.5.2 �Costimulatory blockade

4.5.2.1 �Belatacept

Since activation of naive B cells by Tfh cells in germinal centers (GCs) requires 
a costimulatory signal (signal 2), costimulatory blockers are a potential target in 
desensitization protocols. Following treatment with plasma cell-depleting agents like 
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proteasome inhibitors or anti-CD38 antibodies, the removal of negative feedback can 
lead to germinal center activation. Therefore, a dual blockade targeting both plasma 
cells and the costimulatory signal has gained attention [44]. Studies on non-human 
primates (NHPs) have explored the effects of combining belatacept (a costimulatory 
blocker) with carfilzomib or bortezomib (proteasome inhibitors) [10, 57, 58]. Early 
results from the ATTAIN trial (ITN090st) are promising. This trial investigated the 
safety and efficacy of daratumumab (anti-CD38 antibody) and belatacept in kidney 
transplant candidates with cPRA = 100%. The treatment resulted in a significant and 
sustained decline in anti-HLA antibodies, with no observed rebound [59].

4.5.2.2 �Lulizumab and iscalimab

Lulizumab, another costimulatory inhibitor, has been studied in combination 
with either carfilzomib or tocilizumab (IL-6 receptor antibody) for desensitization 
[43, 60]. However, the lulizumab plus TCZ study in highly sensitized patients failed 
to show efficacy, likely due to a low Treg count. This is because anti-CD28 agents like 
lulizumab can suppress Tregs, which play a crucial role in inducing tolerance to the 
graft [60].

Iscalimab, an anti-CD40 monoclonal antibody, offers a different approach. 
CD40-CD154 interaction is a key part of the costimulatory pathway, and its inhibition 
in GCs can prevent memory B-cell differentiation. Additionally, CD40 signaling also 
induces cytokine secretion that contributes to dendritic cell maturation. A significant 
advantage of iscalimab is the non-B lymphocytes depleting effect. It does not activate 
platelets, thereby reducing the risk of thromboembolic events [61]. A combination 
therapy involving iscalimab, belatacept, and bortezomib in NHP desensitization 
demonstrated improved graft survival, a lower risk of rejection-related graft loss, but 
also a higher incidence of cytomegalovirus (CMV) infection [62].

Further human clinical trials are needed to evaluate the efficacy and safety of 
costimulatory inhibitors for desensitization in kidney transplantation.

4.5.3 �CAR T-cell therapy

Chimeric antigen receptor (CAR) T-cell therapy represents a cutting-edge tech-
nology in immunomodulation. CAR T cells are engineered T cells equipped with 
synthetic receptors that allow them to recognize and attack specific target cells. 
These engineered T cells possess unique immunological properties, enabling them 
to react against target cells, proliferate, and potentially provide long-term protec-
tion. Compared to monoclonal antibodies, CAR T cells offer a potential advantage 
of a longer half-life, potentially leading to a more durable and sustained effect. 
CAR T-cell therapy has been successfully implemented for the treatment of certain 
malignancies [63].

Preclinical studies have explored the use of CAR T cells targeting CD19 and BCMA 
in patients with multiple myeloma. However, the results were not conclusive. CAR 
T-cell therapy targeting CD19 did not significantly reduce anti-HLA antibodies in 
sensitized patients. The study on BCMA-targeted CAR T cells involved non-sensitized 
patients, so the effects on anti-HLA antibodies could not be evaluated [60].

A recent study by Jarmi et al. investigated the potential of MC10029 CAR T cells, 
which recognize the B-cell activating factor receptor (BAFF-R), to target B cells 
in highly sensitized kidney transplant candidates. The study’s preliminary results 
demonstrated the cytotoxicity of these CAR T cells against autologous B cells. The 
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investigators have received FDA approval for MC10029 CAR T-cell therapy and 
are planning to launch a clinical trial to assess its efficacy and safety in transplant 
patients [64]. While these initial findings are promising, CAR T-cell therapy for 
desensitization in transplantation is still in its early stages of development.

5. �Cons, complications, and costs

Despite the advancements in desensitization strategies and medications, there are 
still limitations and challenges associated with this approach.

5.1 �Lack of efficacy and antibody rebound

One of the major drawbacks of desensitization is its limited efficacy and, more 
importantly, the potential for antibody rebound after transplantation. This rebound 
can lead to acute and chronic rejection episodes, ultimately decreasing graft survival. 
However, the use of newer agents with potentially more durable effects, such as 
isatuximab and CAR T-cell therapy, might offer solutions to overcome this issue.

Meticulous monitoring of DSA levels and regular protocol biopsies are crucial 
tools for identifying rejection episodes early during the post-transplant period. Early 
detection and effective treatment interventions can improve response rates and graft 
survival [18].

5.2 �Complications

Desensitization protocols can also lead to several concerning complications, 
including post-transplant infections, malignancies, and drug-specific adverse effects.

5.2.1 �Infections

The reported incidence, causative agents, and severity of infections following 
desensitization vary significantly. These variations are often linked to differences 
in the intensity of desensitization protocols and the specific immunosuppressive 
agents used. Generally, more intense desensitization regimens are associated with 
a higher risk of infections. This includes an increased incidence of urinary tract 
infections, other bacterial infections like pneumonia and surgical site infections, 
and even opportunistic infections. Patients who receive more than ten sessions of 
plasmapheresis, with or without additional agents, appear to be at a higher risk of 
developing infections. Importantly, recurrent infections, particularly during the first 
post-transplantation year, are associated with a significant increase in death-censored 
graft loss [65].

To mitigate the risk of infections, several key strategies are crucial:

•	 Thorough screening for latent infections before desensitization.

•	 Complete vaccination of the recipient prior to desensitization.

•	 Implementation of appropriate prophylactic measures.

•	 Careful monitoring for infections following treatment [66].
43



Bridging the Gap and Saving Lives – A Comprehensive Guide to Organ Donation

14

5.2.2 �Cancer

The use of intensive immunosuppressive therapy before and after transplantation 
with HLA-incompatible (HLAi) kidneys is a theoretical concern, as it could increase 
the risk of malignancies by impairing the body’s immunosurveillance mechanisms. 
However, existing research provides mixed results. A study on ABO-incompatible 
(ABOi) transplant recipients did not observe an increased incidence of cancer [67].

A more recent study by Motter et al. compared the risk of cancer in HLAi-
desensitized patients to HLA-compatible living donor kidney recipients. The study 
followed patients for a median of 6.7 years and found no significant differences in 
the overall risk, type, or stage of cancers. However, the study did report a higher 
incidence of colorectal cancer in the HLAi recipient group. This finding suggests that 
more intensive screening for colorectal cancer might be warranted for HLAi trans-
plant recipients while acknowledging the importance of routine cancer screening for 
all transplant patients [68]. It is important to note that this data was collected before 
the widespread use of some newer desensitization agents. Therefore, further research 
is needed to assess the long-term cancer risk associated with these newer therapies.

5.2.3 �Drug-related adverse events

Beyond infusion-related side effects, desensitization protocols can lead to drug-
specific adverse events that are often dose-dependent. Examples of reported compli-
cations include:

•	 Lung disease after repeated rituximab doses

•	 Gastrointestinal symptoms and peripheral neuropathy associated with bortezo-
mib use

•	 Diverticulitis and spondylolisthesis linked to TCZ treatment

•	 Bleeding complications can occur soon after plasmapheresis [66]

5.2.4 �Cost

The cost-effectiveness of desensitization strategies remains a subject of debate. A 
key factor influencing success is the likelihood of achieving durable desensitization 
and ultimately, transplantation. As discussed earlier, the rate of successful desensi-
tization depends on various patient-specific characteristics, the type of antibodies 
present, the desensitizing agents used, and the overall treatment strategy employed.

Studies investigating the survival benefit of incompatible kidney transplantation 
have yielded conflicting results. A study in the United States reported a significant 
survival advantage for recipients of HLA-incompatible transplants compared to those 
who remained on the waiting list. However, a study in the United Kingdom did not 
observe a similar survival benefit. These discrepancies likely stem from differences in 
study design [69].

The financial burden of desensitization treatment is another critical consideration 
when deciding between desensitization and remaining on dialysis. A recent study in 
Japan evaluated the two-year medical costs associated with maintenance hemodi-
alysis and transplantation in highly sensitized patients. The desensitization protocol 
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included plasmapheresis, intravenous immune globulin (IVIG), and rituximab. The 
findings demonstrated favorable outcomes in terms of both patient and graft survival. 
However, due to the higher risk of antibody-mediated rejection (AMR) and the 
associated costs of DSA monitoring and AMR treatment, the initial post-transplan-
tation year resulted in higher transplantation costs than hemodialysis. Interestingly, 
the study showed that by year three, the cost of maintenance hemodialysis became 
equivalent to the cost of HLA-incompatible transplantation, suggesting that the 
financial burden of desensitization might be acceptable in the long term [70].

6. �Conclusion

The increasing number of highly sensitized patients and retransplant candidates, 
coupled with the limited pool of HLA-compatible donors, creates a significant chal-
lenge in kidney transplantation. Several options exist to expand access to transplanta-
tion, including kidney-paired exchange programs, transplants from HLA-matched 
siblings, acceptable mismatch program, revisions in allocation systems, and virtual 
crossmatch techniques.

The decision to pursue desensitization requires careful consideration of several 
factors, including cost-effectiveness, the limited donor pool, potential long-term 
outcomes, and the safety of the desensitization protocol itself. The expertise of the 
transplant center, patient preferences, the capacity to monitor and manage potential 
complications, and the availability of safe and effective desensitization protocols all 
play a crucial role in this decision-making process.

While virtual crossmatch techniques, improved allocation systems, and acceptable 
mismatch programs represent the most cost-effective approaches to transplantation, 
considering the recent advancements in therapeutic options, desensitization offers 
a viable option for patients with little to no chance of receiving an HLA-compatible 
donor kidney.
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A Comprehensive Guide to 
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Abstract

This section delves into the concept of Donation After Circulatory Determination 
of Death (DCDD) as a way to tackle the severe shortage of organs for transplantation. It 
explains the key differences between DCDD and traditional Donation after Brain-Death 
(DBD) and how they help address the organ shortage. The section also outlines the 
criteria for selecting suitable DCDD donors and discusses the two main types of DCDD, 
along with the ethical considerations and protocols for each type. The focus then shifts 
to thoracic organs, specifically lungs and increasingly hearts due to advancements in the 
field. It highlights the challenges of warm ischemia time in traditional DCD and delves 
into recent breakthroughs in organ preservation techniques. These include Ex-situ 
perfusion with EVLP (static), EVLP (mobile) such as TransMedics OCS, and NRP, as 
well as advancements in transportation using devices like Paragonix Lung guard. These 
advancements pave the way for the potential expansion of DCD transplantation.

Keywords: donation after circulatory death (DCD), organ transplant, organ 
preservation, organ perfusion, innovation transplant

1. �Introduction

Organ transplantation is a lifesaving intervention and has become a successful
worldwide practice with improved outcomes due to increasingly refined surgical tech-
niques, the evolution of immunosuppressive therapy, and other medical advances. 
As transplantation outcomes improve, the number of transplant candidates listed 
for transplantation has increased dramatically. According to the United Network 
for Organ Sharing (UNOS), in 2023, more than 100,000 patients were added to the 
transplantation waitlist, while more than 46,000 organs were transplanted, and 
more than 6000 patients died while waiting for a suitable organ [1]. With this high 
mortality rate on the waiting list, searching for new sources of transplantable organs 
is a necessity. Thus, centers are accepting more expanded criteria donors to enhance 
organ transplantation of patients who need transplants.

Various approaches have been implemented to expand the organ donor pool as organ 
scarcity remains a challenge. One means of extending the donor pool is to use donations 
after circulatory death (DCD) organs for transplant. Presently, deceased donors comprise 
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seventy percent of organ donors, and 35 percent of the deceased donors are DCDs; thus, 
DCD is a potential source of transplantable organs that has yet to be fully utilized [1].

2. �Deceased donors

2.1 �Donation after brain death (DBD)

Traditionally, death is characterized by the permanent cessation of the three vital 
functions: circulation, respiration, and brain function [2]. This definition of death 
changed after the development of cardiopulmonary resuscitation (CPR) and positive 
pressure ventilation (PPV), which could allow the maintenance of respiratory and 
circulatory functions in the presence of the irreversible cessation of brain function [3]. 
This led to the development of criteria for brain death because of the loss of the inter-
dependence of the three vital functions. In the context of donation after brain death, 
brain death is declared once a physician has established the irreversible cessation of 
brain function, including the brainstem, in the absence of any factor that could affect 
the assessment, such as abnormal temperature or blood pressure, the influence of 
toxins or medications or electrolyte or acid-base imbalances [4]. Ancillary testings are 
performed if confounding factors cannot be eliminated or the examination cannot be 
safely or entirely performed. These tests include Transcranial Doppler (TCD), digital 
subtraction cerebral angiography and single photon emission computed tomography 
(SPECT), and electrophysiological tests such as electroencephalography (EEG) and 
evoked potentials (EPs) [5]. Ancillary testing can also be done to supplement the clini-
cal examination in young children. Cerebral angiography best approximates a “gold 
standard” test but has some limitations. In addition to being invasive and risky, it may 
be inaccurate in cases of profound hypotension and breached cranial vault, as seen in 
trauma, open cranial sutures, post-surgery, and ventricular drain placement. Under 
these conditions, an electrophysiologic test may be superior to cerebral angiography 
[6]. The use of therapeutic hypothermia or extracorporeal membrane oxygenation 
complicates but does not preclude the determination of brain death. See Table 1 for 
prerequisites and criteria for diagnosis of brain death.

2.2 �Donation after circulatory determination of death (DCD)

DCD was formally known as non-heart-beating-donation and later donation after 
cardiac death. The current term, donation after circulatory death, refers to donation 
after ‘permanent cessation of circulatory and respiratory function [7]. DCD donors 
were the source of organ transplantation in the early years before brain-death criteria 
were defined in the 1960s. The first human clinical lung and heart transplantations, 
in 1963 by James Hardy and in 1967 by Christian Barnard, respectively, used DCD 
donors [8, 9]. However, the definition of brain death criteria, together with the better 
outcomes from using organs retrieved from cadavers with a heartbeat, resulted in 
the initial cessation of most of the early DCD programs. With the increasing organ 
shortages, there has been a rekindled interest in DCD donors to help reduce the dif-
ference between the supply of organs and the demand for organs for transplantation. 
This is illustrated by the over 9000 DCD donors reported globally [10]. The persisting 
shortfall in the availability of organ transplants and the repeated demonstration of 
comparable outcomes from DCD donors have fueled the growing interest in DCD 
transplants [11, 12]. Not only are the numbers of DCD donations increasing [10], but 
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the transplantable organs from DCD donors have also extended beyond kidneys and 
livers to the pancreas [13], lungs [14], and, most recently, hearts [11]. In addition, 
DCD makes it possible for patients who did not meet the criteria for neurological 
death to meet their wish to donate their organs after death [15].

Potential DCD donors are patients who would die within 60 minutes after removal 
of life support in the presence of irreversible cerebral injuries, high spinal cord injuries, 
or end-stage musculoskeletal disorders [16]. The United Network for Organ Sharing 
(UNOS) oversees organ transplantation and donation in the United States. As a federal 
entity, UNOS ensures best practices for organ transplant programs and organ procure-
ment organizations (OPOs). Table 2 shows the potential DCD donor characteristics 
and contraindications. The latter includes some infective and malignant conditions.

An international workshop on non-heart-beating donors (NHBD) in Maastricht 
(Netherlands) in 1995 defined the original four-category classification of DCD 
(Table 3) [19]. This was subsequently revised to include the location of cardiac arrest 
and a fifth category (Table 3) [18]. The change was made because the location of 
cardiac arrest is linked to different additional health conditions and varying durations 
of warm ischemia time in potential donors.

2.2.1 �Controlled DCD (cDCD)

cDCD refers to organ donation from persons following the decision to withdraw 
life-sustaining treatments (WLST), which are no longer considered to be in the best 
interests of the patients (Maastricht III, IV& V) [18]. These donors include patients 
with non-recoverable neurologic damage who are dependent on advanced life support 
therapies but do not fulfill all brain-death criteria [20] Figures 1 and 2 show the clinical 
pathway of controlled DCD. The decision to withdraw life-supporting treatment may 
be based on a patient’s advance directive or the decision of a surrogate decision-maker.

Following withdrawal of life-sustaining treatment (WLST), transplant teams wait 
for the donor to progress to circulatory arrest. This must occur within a specific time, 

Prerequisites

1.	 Clinical or neuroimaging evidence of an acute central nervous system (CNS) condition(e.g., traumatic 
brain injury, subarachnoid hemorrhage)

2.	 Exclusion of medical conditions that may confound clinical assessment (severe electrolytes, acid–base, 
endocrine, etc.).

3.	 No drug intoxication or poisoning that can confound the clinical assessment.

4.	 Core temperature > 36°C

5.	 Systolic blood pressure >100 mmHg 

Examination findings

1.	 Coma

2.	 Absence of brain-originating motor response, including response to pain stimulus above the neck or 
other brain-originating movements (e.g., seizures, decerebrate or decorticate posturing)

3.	 Absence of brain stem reflexes, including pupillary, corneal, oculocephalic, and oculovestibular, gag 
reflexes.

4.	 Apnea as demonstrated by apnea test

Adapted from: Ref. [6].

Table 1. 
Clinical diagnosis of brain death: Prerequisites and criteria.
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or the organ is declined. The maximum time teams are willing to wait to follow the 
WLST varies between countries, as does the designated stand-off period and defini-
tions of functional warm ischemic time [21].

Thus, in the cDCD setting, circulatory death is defined as the permanent cessa-
tion of circulation (which will not return) rather than the irreversible (which cannot 

Categories The original Maastricht 
Classification

Modified Maastricht

I Dead on arrival at hospital Found dead:

•	 IA - Out of hospital

•	 IB - In-hospital

II Death with unsuccessful 
resuscitation

Witnessed cardiac arrest

•	 IIA - Out of hospital

•	 IIB - In-hospital

III Awaiting cardiac death WLST

IV Cardiac arrest while brain-dead Cardiac arrest in a brain-dead patient prior to organ 
recovery

V Euthanasia

Categories I and II - Uncontrolled donation after circulatory death. Categories III, IV, and V - Controlled donation 
after circulatory death. Adapted from: Ref. [18].

Table 3. 
Donation after circulatory death classification.

Potential DCD donor characteristics [17]

Any mechanically ventilated patient with any of the following:

1.	 Glasgow Coma Scale s,m,core <5 without sedation due to catastrophic brain injury or other illness such as 
end-stage musculoskeletal disease, pulmonary disease, or spinal cord injury

2.	 Patients in consideration for Brain death examinations, Withdrawal of life support, Do-not-resuscitate, 
or comfort care order.

3.	 The family brings up the topic of organ donation.

4.	 Brain death criteria are not met (except in rare circumstances), although a potential DCD donor may 
progress to become a DBD donor.

5.	 No expectation of meaningful survival, as determined by the patient’s treating physician

6.	 Medically suitable for donation

The contraindications of deceased organ donation include 

1.	 Age >90 years

2.	 Not on a ventilator

3.	 history of active metastatic cancer

4.	 active hematologic malignancy

5.	 active melanoma

6.	 Creutzfeldt-Jakob disease

Adapted from Ref. [16].

Table 2. 
DCD donor characteristics and contraindications.
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return) cessation of circulation [22]. Following circulatory arrest, an ethically neces-
sary “no-touch” period is required between the occurrence of circulatory arrest and 
declaration of death to ensure permanence. The no-touch period of at least 2 minutes 
and not more than 5 minutes is observed for autoresuscitation. The Society of Critical 
Care Medicine recommends at least 2 min, while the Institute of Medicine recom-
mends 5 min [23]. Of interest, some countries have extended periods ranging from 
10 minutes (Austria, Czech Republic, and Switzerland) to 20 minutes for transplant 
programs in Italy [24]. Although adequate time is needed to ensure the permanent ces-
sation of circulatory function, this period must be balanced with the need to minimize 
the ischemic insult to the organs. After 5 minutes of circulatory arrest following the 
withdrawal of life-sustaining therapies, no autoresuscitation has been described [25].

After this period, death is declared after the clinician reassesses the patient for the 
permanence of circulatory arrest, apnea, and unresponsiveness [22]. This is followed 
by expeditious organ harvesting. Depending on the local protocol, if the patient does 
not expire after a particular timeframe from the withdrawal of ventilatory support, 
the patient is no longer considered a potential donor; they are returned to the inten-
sive care unit, and comfort care is continued.

Depending on the hospital’s facilities and policy, the transplant team must be 
available before extubation, which can occur in the operating room, perioperative 

Figure 1. 
The clinical pathway for controlled DCD. 

Figure 2. 
Clinical protocol for DCD. Adapted from: Ref. [18].
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area, or intensive care unit (ICU). Transplant surgical teams are not only prohibited 
from the patient’s room but also not involved in the comfort care or death declaration 
of the patient [17].

2.2.2 �Uncontrolled DCD (uDCD)

uDCD is defined as an organ donation from a person who was unsuccessfully resus-
citated and died following an unexpected uncontrolled cardiac arrest (CA) [4, 18]. 
It is less common than controlled DCD and is more common in European countries, 
including France, Spain, and Russia, where it has been used to expand the donor pool 
[26]. In the United States, only a few studies have been reported [27]. Some programs 
initiated uDCD practices in the late 1990s and early 2000s but have discontinued them 
for different reasons. uDCD has a vast potential to help bridge the organ donor–recipi-
ent deficit, as the EuReCa study showed. This study identified almost 7000 cases of 
out-of-hospital cardiac arrest in 27 European countries treated by emergency medical 
services (EMS) over a month [28]. Successful CPR was recorded in only 28.6% of these 
patients, revealing a considerable missed potential for uDCD. Despite its potential, 
UDCD practices are on the decline after peaking in 2010 [29], even in the European 
countries that have established practice, which is surprising given the clear recommen-
dation of the European Resuscitation Guidelines. The guideline recommends consider-
ing uDCD when advanced cardiopulmonary resuscitation (aCPR) is terminated [30].

For a patient to be considered a potential uDCD donor, they must have had unsuc-
cessful advanced CPR and met strict inclusion criteria, as shown in Table 2. After a 
witnessed cardiac arrest outside the hospital, CPR is done according to national proto-
cols that are aligned with international standards aiming for a return of spontaneous 
circulation (ROSC) [31]. If the CPR is unsuccessful, the emergency care services will 
contact the donor coordinator at the recipient hospital for a joint evaluation to deter-
mine the suitability of the donation [29]. The uDCD protocol is only activated after 
the donor suitability is determined and family consent is obtained. Countries have 
different practices for consent. For instance, Spain does not require family consent 
for uncontrolled donation [32], whereas in Canada, family consent is required even 
for registered donors [33]. After obtaining or waiving family consent, the potential 
donor is reintubated, allowing for mechanical ventilation and oxygenation (to mini-
mize lung ischemia). Mechanical ventilation and cardiac compression are continued 
during transfer to the hospital and thus retain the option of organ donation until their 
wishes are known [34]. The uDCD protocol is only activated in some countries for 
cardiac arrest that occurs in-hospital settings following the transfer of the patient to 
the hospital for treatment [29]. In the Spanish program, mechanical ventilation and 
cardiac compressions are continued until legal permission for in-situ organ preserva-
tion is obtained [35]. Once consent has been obtained and legal permission granted, 
organ recovery is performed. Organs are validated similarly to donation after brain 
death (DBD) donor organs, based on function, macroscopic appearance, and histol-
ogy, when appropriate [29]. See the process of uncontrolled DCD Figure 3.

2.3 �Thoracic organs suitable for DCD donations

2.3.1 �Heart transplants from DCD donors

The first adult heart transplantation in 1967 in South Africa was performed using 
a DCD donor as the procurement strategy; since then, brain-dead donors have been 
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the only donors for heart transplantation until recently. Brain death donors have two 
advantages over DCD donors. Firstly, it allows in-situ assessment of the graft viability 
and function of the heart. Secondly, the grafts are not subject to the detrimental 
effect of warm ischemic time. DCD donors are exposed to an unquantifiable warm 
ischemic injury between the withdrawal of life-sustaining therapy (WLST) and 
between circulatory arrest (CA) and heart procurement [36] Consequently, during 
procurement, the DCD heart is distended and non-beating. This raised concerns 
about the organ quality and function [37]. This was challenged in 2008; Boucek et al. 
[38] reported the successful transplantation of 3 DCD pediatric hearts using simple 
cold storage. Boucek et al. [39] reported that the 6-month survival, post-transplant 
inotropic support, rejection episodes, and ventricular function were similar to control 
infants who underwent DBD heart transplant during the same period. Following 
this finding, a group from Sydney, Australia, reported three successful DCD heart 
transplants in adults. This group utilized normothermic blood perfusion of the DCD 
hearts, instead of cold static storage, during transportation from donor to recipient 
hospitals [39]. They did not assess cardiac function before transplantation and lactate 
metabolism was used as a surrogate marker of heart quality. After transplantation, the 
group reported a 30% reliance on extracorporeal membrane oxygenation (ECMO) 
support for primary graft dysfunction (PGD).

The development of broad policies to tackle the ethical dilemma of DCD and 
advancements in machine perfusion technology allowed for the transplantation of 
hearts from more circulatory-death donors in adults. The growing clinical experi-
ence from different heart transplant programs has provided conclusive evidence that 
hearts from DCD donors are both possible and safe. This thought was confirmed 
by the Proceed II trial, which showed that normothermic machine perfusion with 
TransMedics organ care system (Andover MA, USA) was non-inferior to cold static 
storage in the setting of BDD-HT recipients [40]. At present, several protocols allow 
for the revival of organs and the evaluation of the viability of DCD hearts, either 

Figure 3. 
The process of uncontrolled donation after circulatory death (uDCD). aCPR, advanced cardiopulmonary 
resuscitation; CA, cardiac arrest. Adapted from: Ref. [29].
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outside or inside the body. The protocol for retrieving hearts from DCD donors will 
vary depending on local regulations. However, the reported outcomes for DCD heart 
transplant recipients have been excellent so far.

2.3.2 �Lung transplants from DCD donors

At present, lung transplantation from DCD is in its infancy but has been associ-
ated with good outcomes. The lung may be ideal for DCD because, unlike other solid 
organs, it is tolerant to warm ischemia at substantial time, provided they are inflated 
with oxygen because of its low metabolic requirement in the absence of circula-
tion [41]. A detailed review of an international multicenter registry study of lung 
transplantation outcomes and a systematic review showed no difference in short- or 
long-term survival between DCD and DBD [14, 42]. A follow-up meta-analysis 
including 2570 patients who received a graft from DBD persons and 403 patients who 
received a graft from DCD donors showed no difference in 1-year survival, chronic 
lung allograft dysfunction, and grade 2–3 primary graft dysfunction [43]. Although 
the airway complications were higher with lower pooled 5-year survival in the DCD 
lungs, the validity of the airway result was limited by different institutional defini-
tions of airway complications and small cohort size. Bobba et al. [44] reviewed the 
Scientific Registry of Transplant Recipients database and constructed three 5-year 
intervals of lung transplantation. They found no difference in overall survival when 
DCD was compared with DBD. Though Sabashnikov et al. [45] found a higher risk 
of bronchiolitis obliterans syndrome (BOS) and a higher incidence of primary graft 
dysfunction (grade 3) in the long-term follow-up post-DCD transplantation, the 
overall cumulative survival was not significantly different.

2.4 �DCD organ evaluation, procurement, and management

The pathway for DCD can be divided into multiple phases, as shown below:
Identification & referral: Effective DCD protocol requires collaboration among 

different healthcare workers. Before withdrawing life support, the local organ pro-
curement organization should be contacted for any patient who fulfills the following 
criteria stated in Table 2. The hospital record should initially be reviewed for eligibil-
ity. If eligible, further evaluation is done to ascertain if circulatory death is likely to 
occur within a specified period as predetermined by the caregiving team and OPO 
after WLS. If a patient or their surrogates elect for end-of-life care, trained requestors 
should undertake subsequent approaches for organ donation, as this improves autho-
rization rates [46]. The donation coordination staff should only become involved 
after it has been decided that end-of-life care is appropriate for registered donors.

In case of uncontrolled DCD, donor coordinators must evaluate the patient’s 
position toward organ donation through advanced directive registries and family 
interviews. Discussion about donation opportunities may happen at any point from 
when aCPR is terminated to after initiating organ preservation.

2.4.1 �Preliminary evaluation

Once the care team supports the withdrawal of care and has communicated a 
grave prognosis to the family, the DCD procedure is reviewed with the local Organ 
Procurement Coordinator (OPC). The organ procurement and transplantation net-
work (OPTN) has mandated specific tasks that the organ procurement organization 
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(OPO) must perform on every organ. As part of the initial evaluation, the OPO 
coordinator obtains a detailed medical and social history from the patient’s family or 
next-of-kin. The history includes but is not limited to a history of smoking, alcohol 
consumption, and use of nonprescription drugs. The clinical history will consist of 
the history of malignancy, infections including viral hepatitis and HIV, laboratory 
testing, and procedures. The United States Public Health Service (USPHS) guidelines 
identify donors who have risk factors for transmissible viral infections, including HIV, 
HBV, and HCV infection [47].

Plasma and serum samples are usually drawn within 24 hours of organ procure-
ment and preserved for 10 years. These samples are retrospectively used to detect 
donor-derived infections and diseases in the recipient after transplantation.

2.4.2 �Family discussion and consent

With the care team agreeing to proceed with WLST, support services are offered 
to the family. The OPC will approach the family about donation options. The Legal 
next-of-kin (NOK) or the surrogate decision-maker is informed of donation options 
and recovery procedures. If in agreement, the Legal NOK grants consent for DCD fol-
lowing the withdrawal of support. The OPC will obtain witnessed consent from legal 
NOK for DCD. Informed consent includes consent for any pre-recovery procedures or 
drug administration specific to organ donation. The medical examiner/coroner will 
also be notified. The transplant process is terminated if the Family or the ME/Coroner 
denies consent. Also, if the patient is deemed an unsuitable candidate for DCD. If 
the patient progresses to brain death during evaluation, the brain-dead pathway is 
activated.

2.4.3 �Comprehensive evaluation and donor management

Following family consent, the physician implements management guidelines in 
collaboration with OPO. The location of the withdrawal of support depends on the 
hospital policy. The usual locations for WLST are the intensive care unit (ICU) or the 
operating theater complex, such as the anesthetic bay, recovery, or operating theater. 
As part of explaining the process for donation and obtaining consent from families, it 
should be conveyed where WLST will occur and what this will mean if family mem-
bers wish to be present with their relatives during this time. DCD organ procurements 
in which stopping WLST occurred in the ICU had more prolonged mean donor warm 
ischemia time (DWIT) than cases in which WLST occurred in the operating room 
(OR) [48]. This is due to the extra time needed to move the donor to the OR, position, 
prep, and drape after confirmation of circulatory death. In addition, WLST occurring 
outside of the OR will need additional personnel to ensure efficient donor transport 
and positioning. There should also be a plan for continued supportive care if the 
patient survives more than 1 hour or a predetermined time interval after withdrawal 
of support.

2.4.4 �Withdrawal of life-sustaining treatment/pronouncement of death

The decision to withdraw care should be made in the absence of the transplant 
team. Depending on the institutional protocol, the withdrawal of life-sustaining 
treatment can occur in the OR or ICU, either in the presence or absence of the fam-
ily. Several studies have evaluated the impact of the location of WLST on successful 
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DCD donation for specific organs. Cao et al. [48], in their meta-analysis, reported 
that WLST in the OR and premortem heparin administration improved outcomes 
of DCD liver transplants. The expert consensus statement by the International Liver 
Transplantation Society, which recommended WLST in the OR, supported their 
finding [49].

Before WLST, the arterial line should be placed. An arterial line allows for accurate 
time monitoring of blood pressure throughout the withdrawal process. It also enables 
the transplant teams to make appropriate organ viability decisions accurately based 
on specific hemodynamic thresholds. Pulseless electrical activity (PEA) is an accept-
able criterion for death and cessation of cardiorespiratory function because it repre-
sents an undetectable pulse in the presence of measurable electrical discharge [50]. 
PEA can be noted on the arterial line. Furthermore, in cases involving DCD thoracic 
organ procurement using normothermic regional perfusion (NRP), a radial arterial 
line will help to ensure no upper extremity and brain perfusion.

The withdrawal of life support is carried out per the hospital practice guidelines 
in the absence of the transplant team. The vital signs are monitored and recorded 
every minute until death to ensure that f-DWIT can be accurately determined for 
all transplant centers involved. A mandatory wait time of no more than 5 minutes is 
recommended to avoid unnecessary warm ischemic injury. However, some European 
DCD programs extend this time to 20 minutes [23, 51]. The transplant team initiates 
surgical recovery at the prescribed time following the pronouncement of death and 
the mandatory wait period. If cardiac death is not established within 1 hour or after a 
predetermined time interval following withdrawal of support, the transplant process 
is stopped. The patient is transported to a predetermined area for continuation of 
supportive care.

2.4.5 �Organ recovery

Four different DCD pathways exist for organ procurement and preservation. The 
first two pathways involve normothermic regional perfusion (NRP) before organ 
retrieval. Subsequently, cold storage or an ex-vivo perfusion machine is utilized dur-
ing transport to the recipient institution. The other two pathways involve direct organ 
procurement immediately after the declaration of death and the mandatory wait 
period. The organ is then preserved with cold storage or an ex-vivo perfusion (EVP) 
system [52]. Using NRP or direct procurement with a subsequent EVP system allows 
organ evaluation to determine viability before transplantation. NRP involves cardio-
pulmonary bypass (CPB) or extracorporeal membrane oxygenation (ECMO) with 
cerebral perfusion exclusion in both cases. The use of direct procurement techniques 
and cold storage systems is less common.

2.5 �Thoracic organs preservation and transport techniques

2.5.1 �Static cold storage transport

For over 50 years, the traditional method of most organ preservation and transport, 
including kidneys and liver, has been static cold storage (SCS) in ice. This offers a 
simple and effective way to preserve and transport organs. It is also the most cost-effi-
cient and easiest way to provide hypothermal environments. It consists of three plastic 
bags and an ice box. The first plastic bag includes the organ immersed in a preserva-
tion solution. SCS works by reducing the metabolic rate of organs, but because this 
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happens in an oxygen-deprived environment, it leads to anaerobic metabolism. This 
gradually depletes the cellular energy in the form of adenosine triphosphate (ATP) and 
results in the accumulation of succinate. The latter drives the production of the reac-
tive oxygen species that cause ischemia and reperfusion injury [53]. The theoretical 
optimal temperature for organ preservation is 4–8°C, with higher temperatures lead-
ing to hypoxic organ injury because of inefficient reduction in the metabolism, while 
temperatures lower than 4°C increase the risk of cold injury with protein denaturation 
[54]. Different preserving solutions have been developed to preserve organ function 
using static cold storage. These solutions differ in their electrolyte content, additives, 
and antioxidant concentrations. The University of Wisconsin (UW), Histidine-
Tryptophan-Ketoglutarate (HTK), and the Celsior solutions are the most common 
heart-preserving solutions used in current practice. The post-transplant outcome 
studies to evaluate these three solutions have not shown the superiority of any solu-
tions [55]. This contrasts with whole lung preservation, which is mainly preserved 
with Perfadex® (XVIVO Perfusion, Goteborg, Sweden), which is a low-potassium 
dextran solution [56]. Also, cold static preservation only allows short-term storage in 
whole lung preservation. However, the optimal duration of storage varies. While some 
authors report that lungs transplanted after undergoing cold static preservation for 
longer than 5 hours resulted in poorer recipient outcomes [57, 58], others report no dif-
ference in recipient outcomes for up to 9 hours of cold storage [59]. Regardless, lungs 
are only used if preservation time using cold static storage is less than 8 hours [60].

Static cold storage is adequate for short-term preservation when DBD and liv-
ing donor organs are used. However, with the growing use of marginal organs from 
extended-criterion donors, the static cold storage method is no longer adequate. Some 
studies report inferior rates of primary non-function and delayed graft function 
when DCD donor grafts are compared with DBD donor grafts [61, 62].

2.5.2 �Temperature-controlled donor organ transport system

The disadvantage of the Static cold storage preservation and transport method 
is that the organ may get too cold. To circumvent this limitation of SCS, particu-
larly when the donor and the recipient do not reside in the same hospital, a series 
of medical devices were developed by Paragonix Technologies, Inc. These devices 
intended for use for transporting donor hearts, lungs, and kidneys to recipients for an 
implant include the Sherpa Pak™ Cardiac Transport System (CTS), Paragonix Lung 
guard system, the Sherpa Pak™ Cardiac Transport System, and the Sherpa Pak™ 
Kidney Transport System (KTS). The Sherpa Pak™ System was designed to provide 
a safe, consistent method for cold ischemic storage and transport of donor organs. 
Existing data suggest encouraging outcomes with these new transport devices. The 
GUARDIAN-Lung study evaluated two methods of hypothermic storage: patients 
with donor lungs transported with the LUNGguard and patients with donor lungs 
transported by conventional preservation methods in 797 patients (389 ice storage 
patients, 408 LUNGguard patients). It showed statistically significant improvements 
in the controlled hypothermic preservation group, including a 38% reduction of 
primary graft dysfunction at 24 hours, a 39% reduction of extracorporeal membrane 
oxygenation post-transplant, and a 51% reduction in the need for dialysis at discharge 
[59]. A multivariable logistic regression analysis showed that using the Paragonix 
SherpaPak® CTS was associated with a significantly reduced risk of primary graft 
dysfunction (44% reduction, P = 0.045) and the severity of primary graft dysfunc-
tion (69% reduction, P = 0.009).
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The preservation management in the Sherpa Pak™ System for the kidneys and 
hearts are similar, except that the heart is connected to a connector in the inner 
rigid shell assembly, and the kidney is not [54]. The Sherpa Pak™ Cardiac Transport 
System maintains organ temperature from 4 to 8 degrees Celsius with temperature 
sensors and special ice packs. Some studies have shown that organs transported 
within this temperature-controlled system have reduced freezing injury and reduced 
protein denaturation, decreased metabolic rate, and reduced rates of tissue reperfu-
sion injury [55, 63]. It also provides continuous real-time temperature monitoring and 
transmits temperature and geographic data via Bluetooth connected to a cell phone. 
A case series by Radakovic et al. [64] analyzed the donor heart temperature during 
transportation, donor heart function, and systemic infection rate among recipients 
after transplantation regarding the transportation method used; they found that the 
SherpaPak™ Cardiac Transport System maintained a constant temperature during 
transportation with permanent monitoring, never dropping below 4°C as well as 
normal perioperative function [64].

2.6 �Ex-vivo organ perfusion

Although a relatively new concept in the field of organ transplant, the foundation 
of machine perfusion can be traced to Alexis Carrel and Charles Lindbergh, whose 
collaboration resulted in the Carrel–Lindbergh Perfusion device in the twentieth 
century. Ex-vivo heart perfusion was developed based on the Langendorff perfusion 
model, which demonstrated that coronary artery perfusion could resuscitate a dead 
heart. This concept resulted in the first commercial normothermic ex-vivo heart per-
fusion system (Transmedics Organ Care System, OCS). With the OCS, the heart can 
be successfully resuscitated, preserved, assessed, and possibly reconditioned before 
transplantation [65]. It allows continuous monitoring of the graft’s aortic pressure, 
lactate level, and coronary blood flow [66]. Using the OCS, the heart viability can be 
evaluated by examining the lactate trends in arterial and venous blood samples taken 
from the OCS circuit. The effectiveness of the OCS was evaluated in the EXPAND 
trial. In this study, of the 93 marginal hearts, 75 hearts were transplanted (81% utiliza-
tion rate) with average cross-clamp time and OCS perfusion time of 381 minutes and 
279 minutes, respectively. The incidence of severe primary graft dysfunction within 
24 hours of transplant was 11%, with a 30-day survival of 95%. The overall graft 
survival at 24 months was 82 and 95%, respectively [67]. Nevertheless, the absence of 
a comparative group somewhat limits these findings’ robustness and applicability in 
clinical practice. Another ex- vivo machine preservation technique is currently being 
evaluated in a multi-centered randomized clinical trial in Europe to explore the safety 
and potential advantages of the NVivo® (XVivo Perfusion AB, Göteborg, Sweden) 
(HMP) (NCT03991923) [68]. Unlike the OCS, NVivo® perfuses the heart at a colder 
temperature with a specialized preservation solution. The clinical significance of these 
devices is extensive, including expanding preservation duration, evaluating extended-
criteria donors, and using donor hearts retrieved following cDCD.

In lung transplants, Ex-vivo lung perfusion (EVLP) enables the precise assess-
ment of lungs from DCD donors and extended-criteria donors. EVLP mimics the 
environment of the lungs inside the body. In addition, it enhances the management 
of logistical issues by extending preservation time safely [56] and provides a platform 
for advanced molecular diagnosis [69] and injured lung graft repair [56, 70]. The 
donated lungs are put inside a clear plastic dome attached to a ventilator and filtra-
tion system. While in the dome, the lungs are maintained at a constant temperature 
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and treated with a specialized solution containing nutrients and oxygen. Once the 
lungs are flushed out and ventilated, the retrieval team will reevaluate them. They 
will examine their blood vessel pressure, tissue elasticity, oxygen capacity, and other 
investigative medical procedures.

Three EVLP protocols are used worldwide, including Lund, Toronto, and the 
Organ Care System Lung [70]. The Lund and Toronto protocols are similar. The 
former is the original protocol, while the latter was adapted from it. The Toronto 
protocol is now the most used [71]. The Toronto protocol modified the EVLP tech-
nology to include an optimal lung protective strategy. This strategy involves low 
tidal volume ventilation and a low flow rate in combination with a centrifuge pump. 
Compared with the initial technique that did not result in a stable preservation period 
longer than 60 minutes, the Toronto protocol has achieved an extended period of 
stable perfusion of more than 12 hours [72, 73]. The third protocol, the Organ Care 
System Lung, includes using a transportable device that uniquely removes the need to 
keep lungs in static cold storage before transplant, thus effectively reducing the cold 
ischemic time [74]. It uses a blood-based perfusate with a modified perfusion rate 
and different pumps. It addresses issues regarding cold ischemic storage by maintain-
ing the organ in a normothermic and physiologically functioning state throughout 
transportation. A prospective, single-arm, multicenter trial evaluating OCS Lung for 
lungs from extended-criteria donors and DCD (EXPAND trial) showed an 87% donor 
lung utilization rate with excellent post-transplant clinical outcomes [71]. Hence, 
techniques for repairing and restoring organs can significantly enhance outcomes for 
DCD recipients. This can allow organs currently deemed unsuitable for transplant to 
be safely used after repair and reconditioning.

2.6.1 �Normothermic machine perfusion (NMP)

Several temperatures have been evaluated for ex-vivo machine perfusion, includ-
ing normothermic machine perfusion (NMP) at 35–38°C and hypothermic machine 
perfusion (HMP) at 0–8°C [75]. Sub- normothermic machine perfusion (SNMP) 
at 20–34°C has also been explored in some studies [76]. Normothermic machine 
perfusion (NMP) aims to preserve ex-vivo organ viability by mimicking the natural 
environment, including body temperature, oxygen, and nutrient provision, sup-
porting tissue metabolism, and removing toxic metabolic waste. It utilizes CPB 
technology with extracorporeal membrane oxygenation to perfuse organs using a 
warm, oxygenated, plasma-free red cell-based solution [77]. This keeps an organ in 
a near-physiological state while restoring function ex vivo. In addition, NMP allows 
for a more straightforward organ assessment during the perfusion period. NMP 
holds promise in reducing the sequelae of ischemia–reperfusion injury, extending 
organ preservation times, and assessing donor organ quality before transplanta-
tion. The TransMedics OCS system uses normothermic technology. Hypothermic 
machine perfusion (0–8°C) is based on the concept that oxidative energy production 
by mitochondrial electron transport is sustained at low temperatures. In contrast to 
warm graft reperfusion in NMP, HMP technology uses cardioplegia and hypothermia 
to induce cardiac arrest, thereby reducing metabolic demand during perfusion [78]. 
During this process, the heart is perfused with a cold solution (8°C) enriched with 
nutrients and hormones. This cardioplegia solution also includes red blood cells, 
which restore the depleted ATP levels within myocardial cells, as supported by pre-
clinical studies [79]. Existing data suggest that HMP technology has decreased rates of 
delayed graft function and improved outcomes in the case of marginal donors relative 
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to SCS in kidney transplants [80]. However, no difference in primary non-function 
was seen in livers preserved via HMP compared to SCS. Compared with NMP, HMP is 
less complex and requires lower cost because it does not require oxygen carriers or all 
supplements necessary to maintain optimal organ metabolism [81]. In addition, dif-
ferent parameters of organ assessment, such as flow rate and mitochondria oxidative 
function metabolites, can be measured using HMP technology [81]. The outcomes of 
some preclinical studies investigating hypothermic oxygenated perfusion have been 
encouraging. Successful heart preservation for up to 48 hours has been reported [68]. 
The XVIVO® Heart Preservation System (XVIVO Inc., Gothenburg, Sweden) uses 
hypothermic technology and is currently undergoing testing in a phase II clinical 
trial [73]. It must be noted that ex-situ machine perfusion techniques incur additional 
costs, but these must be weighed against the potential benefits of improved organ 
function post-transplant. One challenge in using OCS is transporting the heart from 
facilities. OCS transportation is more complex than SCS, which may require upgraded 
cars and airplanes. Additionally, the OCS machine must be plugged into an outlet and 
connected to a wireless service during transport [82].

2.6.2 �Normothermic regional perfusion

Normothermic regional perfusion (NRP) refers to in-situ perfusion of a region of 
the donor’s body with extracorporeal organ support (ECOS) excluding the brain or 
brain stem. Using ECOS in DCD allows circulation to be re-established after cardiac 
cessation, and a mandatory “hands-off” period is observed before organ procure-
ment is started. Depending on the target organs, the re-established circulation will 
be limited to a specific body area. NRP could be either isolated to the abdominal area 
(A-NRP) or include both the thorax and abdomen (TA-NRP). To maintain regional 
perfusion, the arch vessels, including the cerebral arteries, are clamped and vented 
to prevent brain perfusion. The aorta and right atrium are then cannulated to initi-
ate circulatory support after the sternotomy and pericardiotomy. TA-NRP allows 
for in-situ assessment of the DCD donor heart. The Royal Papworth Hospital group 
pioneered it. They used this technique to provide a structural and functional evalua-
tion of the donor’s heart without relying on OCS Heart lactate profiles [83].

The general principle of TA-NRP relies on peripheral or central cannulations to 
establish a bypass circuit where donor blood is oxygenated and re-circulated follow-
ing the declaration of death [83]. Clamping the aortic arch vessels prevents the recom-
mencement of oxygenated cerebral circulation. The cardiac function is then evaluated 
with Swan-Ganz and trans-esophageal echocardiogram after it has been weaned 
off bypass. If the evaluation is satisfactory, the heart can be considered suitable for 
transplant and is then explanted in the usual fashion and transported to the donor 
using either NMP or traditional SCS [83, 84]. The reported outcome of the Papworth 
experience is encouraging, with comparable short-term survival between the DCD 
and DBD cohorts. The 1-year survival was 86% in the DCD-DPP group and 100% in 
the DCD-NRP arm. The survival was 96% in the DBD group. The use of ECMO was 
reported at 12% [84].

2.7 �Challenges and limitations of DCD in heart and lung transplant

There are shared challenges that impact both controlled and uncontrolled DCD, 
while some challenges are unique to individual programs. Factors common to both 
programs include prolonged warm ischemic time and ethical challenges, while 
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factors peculiar to cDCD include the inability to predict the time of death following 
WLST. Challenges peculiar to uDCD include low donor utilization and organizational 
aspects, including limited confidence in such programs (particularly on transplanta-
tion outcomes),

2.7.1 �Warm ischemic time (WIT)

There is no current consensus definition of WIT or its related concept of func-
tional WIT (fWIT) in clinical settings despite the physiologic significance of this 
concept. For example, donation WIT (DWIT), used in Australia, refers to the time 
from WLST to reperfusion [39]. In contrast, functional warm ischemic time (FWIT) 
is used in the United Kingdom. fWIT refers to the time from donor systolic pres-
sure < 50 mm Hg to reperfusion [83]. FWIT used in Australian clinical setting is the 
systolic blood pressure of 90 mm Hg [18].

During DCD, donor grafts experience two phases of WIT that subject donor grafts 
to significant ischemic injury, which has been associated with impaired graft func-
tion in preclinical models [85]. The first occurs after WLST due to worsening hypoxia 
and hypoperfusion. In contrast, the second occurs after cardiac arrest (CA) and 
the mandatory stand-off period to confirm permanent cessation of circulation. It is 
important to note that DCD grafts also experience a period of cold ischemia following 
cold flush, the duration of which depends on the procurement method.

Immediately after death is confirmed, one of two technical approaches to pro-
cure the donor’s heart involves the Direct procurement and perfusion (DPP) and 
thoracoabdominal NRP strategies (TA-NRP). The latter entails cannulation to ensure 
extracorporeal-driven circulation and in-situ reanimation of the heart. The Papworth 
group compared these strategies and determined that the median interval from CA to 
blood perfusion is 22 minutes (range: 21–25) for DPP and 14 minutes (range: 11–15) 
for TA-NRP (p < .001) [84]. It must be noted that not all jurisdictions permit the use 
of TA-NRP.

Most heart transplant programs set a maximum acceptable WIT of 30 minutes, 
based on data from a porcine model, since investigating the maximum tolerable WIT 
in humans is challenging [86]. However, limiting warm ischemia time (WIT) to 
30 minutes may prevent viable heart donation, as prolonged donation WIT (DWIT) 
(time from withdrawal of life-sustaining therapy to blood reperfusion) of more than 
60 minutes has not affected recipient outcomes [87]. Sánchez-Cámara et al. reported 
that the time after CA is the critical component in warm ischemia, and the time to 
restore circulation should not exceed 10 minutes [36]. However, Gerosa et al. reported 
a successful transplant with a prolonged functional ischemic time (43 minutes) due 
to a mandatory stand-down period of 20 minutes for the confirmation of circulatory 
death in Italy [88]. They used the Paragonix SherpaPak Cardiac Transport System 
(SCTS) to transport the donor heart.

In lung transplants, most institutions consider WIT below 60 minutes acceptable 
in DCD transplants even though 30–90 minutes would usually be tolerable [89]. The 
cooling process is primarily divided into topical cooling and antegrade perfusion. 
Topical cooling involves putting the preservation solution (Perfadex) into the tho-
racic cavity, while antegrade cooling involves perfusing the pulmonary artery (PA) 
with Perfadex. Infusion of Perfadex through PA is the gold-standard cooling method. 
Following completion of antegrade perfusion through the PA, the pulmonary veins 
are retrogradely flushed to enable the Perfadex to be transmitted to the parenchyma, 
which the earlier antegrade flush could not reach [90].
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2.7.2 �Ethical considerations controlled cDCD

The challenges policymakers face for DCD programs differ from those faced 
historically. However, some solutions are based on national or state-specific interpre-
tations of the relevant ethical and legal frameworks rather than internationally appli-
cable clinical research. DCD raises several unique ethical concerns since it involves 
terminating the care of dying patients to obtain quality donor organs. The dead 
donor rule states that “the retrieval of organs for transplantation should not cause the 
donor’s death” [91]. This first ethical concern is when and how death is determined. 
To ensure that circulatory death meets both the criteria of permanent cessation of 
functions, invasive confirmatory tests such as intra-arterial monitoring should be 
used to verify that the donor fulfills the first requirement [17]. Second, there is a need 
for permanent cessation of respiration and circulation, which requires a mandatory 
observation period, depending on the institutional policy [17]. All states in the US 
have adopted a version of the Uniform Determination of Death Act (UDDA). This act 
defines circulatory death as the irreversible cessation of circulatory and respiratory 
functions. The word “irreversible,” which implies that function could never resume, 
has been replaced with “permanent,” suggesting that function will not spontaneously 
resume in the consensus UDDA interpretation [92]. The second ethical consideration 
is the potential conflicts of interest for physicians in managing the withdrawal of life 
support for a patient with potential organ donation. The withdrawing life-sustaining 
treatment is ethically acceptable when further treatments are considered futile. 
However, end-of-life care should not be suspended for organ procurement. Thus, it 
is vital to establish that decisions to withdraw treatment are separated from the fact 
that the patient is a potential organ donor. Because of these concerns, there should be 
institutional policies governing donation after circulatory death, which the physicians 
involved in organ procurement should strictly adhere to, as well as specific and clear 
clinical criteria for identifying prospective donors whose organs are reasonably likely 
to be suitable for transplantation. Physicians who participate in retrieving organs 
under a protocol of donation after circulatory death should ensure that the decision 
to withdraw life-sustaining treatment is made before and independent of any offer 
of the opportunity to donate organs unless the patient or surrogate decision-maker 
spontaneously raises organ donation. Also, the assignments of each healthcare team 
member must be well defined to prevent the risk of a conflict of interest between the 
interests of the potential DCD donor and the interests of the recipient. Finally, the 
physician who declares a patient dead must not play a role in the transplant process 
and the care of the organ recipient [17].

Thirdly, Informed consent from the donor or their surrogates is crucial during 
the transplantation process. The informed consent process should include organ 
procurement and transplantation risks and benefits. The potential recipient, donor, 
or surrogate decision-maker should know the most current information about the 
outcomes of the proposed organ transplants in DCD programs. This will help both 
parties to make informed decisions about accepting or refusing organs from DCD 
donors. The donor and their relatives should know the detailed plan and the extent to 
which the DCD protocol modifies the course of death. Also, informed consent should 
include premortem interventions that are not beneficial to the patient but preserve 
organs to improve the opportunity for successful transplantation. For instance, 
using ECMO (extracorporeal membrane oxygenation) increases the quality of organ 
transplants and can provide cardiorespiratory support to individuals with reversible 
cardiorespiratory failure [93, 94]. This has the potential to artificially replace the 
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circulatory functions if established too quickly and can return circulation to the brain 
and restore consciousness, thus interfering with the determination of death. A poten-
tial modification is to prevent perfusion of the brain or organs above the diaphragm 
[22]. Care should be taken to ensure that death determination is not compromised. 
Other examples of premortem interventions include premortem heparinization, 
which has the potential to hasten death in DCD donors who have traumatic brain 
injury and are particularly susceptible to bleeding. Premortem heparinization is based 
on the report that thromboembolisms are found in 38% of donors, which can impact 
transplantation outcomes [95]. Cardiac catheterization and premortem cannulation 
of major vessels to expedite the application of postmortem extracorporeal circulatory 
support and reduce warm ischemia are other invasive procedures that are beneficial 
but provide no inherent benefit to the still-living donor. The minimum premortem 
interventions should be utilized to facilitate successful organ transplants. It must 
be noted that consent practices differ in different countries; in Spain [96] and Chile 
[32], the opt-out model is practiced [32]. The opt-out model assumes that everybody 
is a donor if they have documented their wish not to donate. In contrast, countries 
like Canada, Australia, and the United States have opt-in (explicit) consent methods 
[32]. The opt-in system allows individuals to register their legally binding decision to 
be a donor, which the family or surrogate decision-maker cannot overturn. Another 
critical issue regarding consent is the timing of the permission from family members. 
Reports in the literature are conflicting. While some authors advocate for family 
involvement after the suitability of the organs has been determined, others suggest 
that early family involvement, even before investigations for organ evaluation, is 
essential and considered suitable for donation [97, 98]. Finally, Serological testing 
in itself is of ethical interest due to the potential of uncovering sexually acquired 
infections like Hepatitis B or Hepatitis C and Human Acquired Immunodeficiency 
Virus (HIV), which were in many cases unknown to the donor’s family members by 
the donor’s choice [99].

2.7.3 �Prediction tools for donor selection

Another challenge encountered in the DCD programs is the inability to predict 
death, which affects the precise success of a donation. Not all potential donors after 
circulatory death progress to death within a timeframe suitable for organ procure-
ment. Following WLST, some potential donors may remain hemodynamically stable 
or experience a prolonged agonal phase that can result in prohibitive ischemic organ 
damage. Consequently, many tools have been developed to predict the time from 
WLST to death in the DCD donor population. No existing tool has been created or 
validated exclusively for potential heart and lung DCD donors who generally have 
medical criteria different from other DCD organs. Predictive tools are essential 
since the transplant team must be on-site and ready during WLST, particularly if 
the retrieval team is not local. Significant costs are incurred if donor progression to 
death is prolonged. Also, the latter can impact effective organ utilization. Hence, the 
importance of an accurate tool for selecting DCD heart and lung donors cannot be 
overemphasized.

2.7.4 �Ethical considerations uncontrolled DCD

The first ethical dilemma in uDCD is the EMS team’s determination of death and 
activation of the uDCD pathway. The uDCD donation pathway can be considered 
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part of the out-of-hospital cardiac arrest resuscitation bundle. EMS team must align 
with national and international guidance on aCPR to avoid premature termination 
of resuscitation in favor of organ donation [100]. Given that the determination of 
irreversible circulatory death and the transition to organ donation in uDCD settings is 
time-sensitive, it is crucial to follow a precise protocol while shifting from resuscitative 
activities to organ donation. Thus, the cessation of aCPR must be independent of any 
organ donation consideration. Most programs require additional death confirmation 
by the hospital care team independent of the EMS and the donor and transplant teams, 
reassess the irreversibility of the CA, and determine death [101]. This is the reason 
why death determination only occurs in the hospital after the transfer of the potential 
donor. Though this will result in continuing aCPR and mechanical ventilation beyond 
futility during transfer, it will also allow time to determine the patient’s position and 
that of their legal representatives toward posthumous donation. If post-Morten CPR is 
reinstated, potential donors remain monitored while being transferred to the hospital, 
which enables the identification of any return of spontaneous circulation.

A further crucial ethical consideration in uDCD is the timing of in-situ organ 
preservation after death but before consent from relatives has been obtained. From 
the pathologic standpoint, the crucial factor that affects uDCD organ donation is 
ischemia perfusion injury. Organs from uncontrolled DCD donors are exposed to a 
more significant duration of warm ischemia than those from comparable DBD donors 
and cDCD. Thus, the ischemia-reperfusion phenomenon affects organ function in the 
uDCD donor, distinguishing it from donors after brain death (BD) and cDCD donors. 
Potential uDCD donors are exposed to prolonged periods of low flow and at least two 
no-flow periods (that of the CA and that of the no-touch period) [102]. Though 5 
minutes “no-touch periods” are acceptable in most European countries, Italy requires 
a no-touch period of at least 20 minutes [24]. The “ischemia-reperfusion clock” starts 
with the time of witnessed cardiac arrest. Some authors have reported that shorter 
periods of ischemia do not cause reperfusion injury. Instead, they can lead to ischemic 
preconditioning, which provides protection and reduces injury [103]. In-vivo and 
ex-vivo machine perfusions are the only existing measures to counteract the harmful 
effect of reperfusion injury. To be effective, early use of these machine perfusion 
techniques is required. Their early usage has the potential to cause distress to the 
family of the potential donor. Some countries, like Spain, a leading nation in uDCD, 
have a consent framework that supports postmortem interventions, including organ 
preservation, without the requirement of family consent [32]. In addition, using 
ECMO (extracorporeal membrane oxygenation) helps to increase the quality of the 
organs to be transplanted [94]. However, some authors argue that it can interfere with 
the end-of-life care of the potential donor, as well as damage bodily integrity with 
the potential risk of inducing pain since ECMO cannulation can be done premortem 
[104]. Regardless, the use of ECMO is becoming widespread because it has not been 
found to harm the potential donor patient in any way and does not invalidate the 
determination of death [94].

2.7.5 �Organizational factors

For uDCD programs to function, there is a need for an appropriate regulatory 
framework and organizational capacity or technical expertise. While international 
consensus would likely assist in developing national uDCD programs, the need to 
clarify nation-specific ethical or legislative issues will remain the same. Successful 
uDCD programs will, therefore, continue to rely on a national regulatory framework 
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establishing the legality and moral acceptability of fundamental aspects of the proce-
dure, as well as on societal and professional consensus [105]. In addition, uDCD path-
ways require the effective collaboration of the EMS and Emergency department, which 
has access to 24-hour ECMO facilities. With an early alert by the EMS, the ECMO team 
will be available. A transplant coordinator should also be available to discuss death 
and donation with the family of the potential donor. Because these events are time-
sensitive, having a clear policy and protocol to regulate uDCD programs is important.

2.7.6 �Donor utilization

Donor utilization and the number of organs recovered and transplanted per donor 
are less effective and lower when compared with cDCD and DBD [26] In 2016, a 
European study that evaluated the effectiveness of the different deceased donation 
pathways found that 75% of uDCD donors utilized their organs, compared with 91% 
in cDCD and 93% in DBD [26]. In addition, the number of organs transplanted per 
donor was lower for uDCD. The urgency of the uDCD procedures may also contribute 
to the low utilization rate. This is because the organs harvested depend on the avail-
ability of a specific organ retrieval team in the donor hospital. The utilization of 
in-situ preservation strategies can provide time for dedicated recovery teams from 
other centers to reach the donor hospital; however, this will require the availability of 
an experienced ECMO team.

2.8 �Future

2.8.1 �Peri-transplant graft treatment

The next frontier in translating research into improved clinical outcomes is 
optimizing DCD organs for transplantation. DCD and ECD donors have the potential 
to significantly expand the donor pool and increase access to organ transplantation. 
Although greatly needed, these organs are known to be particularly susceptible to 
ischemia-reperfusion injury (IRI), the innate immune-driven tissue damage dur-
ing cadaver-organ harvesting. Reperfusion injury can result in suboptimal organ 
transplant experience with a high incidence of primary graft dysfunction, early 
allograft dysfunction, and late rejections [106]. Donor organ rejuvenation in the 
peri-transplant period to improve their quality by mitigating IRI stress and promot-
ing tissue regeneration via specific molecular signaling pathways (e.g., antioxidant) 
[107]. Hence, improving donor organ quality and targeting peri-transplant tissue IRI 
through a better understanding of the molecular and cellular events triggered by IRI 
is essential to save lives, benefit patient outcomes, and enhance the overall success of 
transplantation.

2.8.2 �Prediction tools for organ donor selection

For optimal resource utilization, predicting which patients will or will not expire 
within 60 minutes after the withdrawal of care would be beneficial. Not all potential 
DCD donors progress to death within the period suitable for graft procurement. 
Some potential organ donors may remain hemodynamically stable after withdrawal 
of life-sustaining therapy, while some may experience a prolonged agonal phase 
resulting in ischemic organ damage. Given that the donation process is terminated 
in the former group while the latter reduces the suitability of the organs, DCD donor 
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selection remains a challenge. Also, assembling the transplant team without success-
ful progression to death has cost implications. Results in the literature show that the 
clinical judgment of the intensivist can predict death within 60 and 120 minutes with 
a sensitivity of 73 and 89 percent, respectively, and a specificity of 56 and 25 percent, 
respectively [108]. Some validated scores have been developed to better predict the 
probability of the potential donor’s death within 60 minutes of withdrawal of life sup-
port, with different degrees of accuracy. Since the best predictive tools are inaccurate 
30 percent of the time, some transplant programs are not using any predictive tools 
but instead pursuing DCD if the patient has an organ that is deemed transplantable 
(Table 4). No score for potential heart and lung donors has been validated to predict 
death after WLST. Developing a prediction tool to predict death accurately will 
enhance DCD practice worldwide.
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Predictive tool for suitability of cardiac death donation

The University of Wisconsin Donation after Cardiac 
Death Evaluation Tool [109]

83.7% of the time within 60 minutes and 74.4% 
within 120 minutes.

UNOS DCD consensus committee criteria [110]

0 29%

1 52%

2 65%

3 82%

Table 4. 
Predictive tool for suitability of cardiac death donation.
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Abstract

The intensive care unit (ICU) is crucial to solid organ transplant donor and recipi-
ent treatment, guaranteeing optimum organ procurement and transplant survival. 
Before retrieval, donors need specialist care to maintain organ function, whereas 
recipients typically need ICU-level management for rejection, infections, or organ 
malfunction. Improving treatment and results requires understanding these groups’ 
physiological and ethical needs. This chapter covers clinical procedures, ethical 
frameworks, and best practises for solid organ transplant donors and recipients in 
ICU treatment. To maximise transplant success, it optimises donor organ function 
and manages potential recipient complications. A multidisciplinary evaluation of 
literature, clinical guidelines, and case studies identified ICU transplant donor and 
recipient management best practices. The main areas of attention include haemody-
namic stability, immunosuppressive treatment management, infection control, and 
donor consent and allocation ethics. ICU treatment improves donor organ viability by 
optimising haemodynamic support, oxygenation, and metabolic stability, reducing 
graft failure and improving organ quality. Early detection and treatment of rejection, 
infection, and organ malfunction lowers recipient morbidity and death. Ethics and 
family-centered communication in donor management and interdisciplinary recipi-
ent care were also stressed in this review. Effective ICU care for solid organ transplant 
donors and recipients needs sophisticated clinical treatments, ethical awareness, and 
teamwork. Clinicians may improve organ procurement, transplant results, and donor 
and recipient care by following evidence-based practices. This chapter emphasises the 
ICU’s crucial role in transplant care and offers practical ideas to improve clinical and 
ethical outcomes.

Keywords: intensive care, solid organ transplant, pre-donation optimisation, 
post-transplant care, complications
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1. �Introduction

Solid organ transplantation is a life-saving medical procedure involving the surgi-
cal transfer of organs such as the kidney, liver, heart, lungs and pancreas from donors 
to recipients. It is a cornerstone of modern medicine, offering patients with end-stage 
organ failure a second chance at life and significantly improving their long-term 
outcomes. Advances in surgical techniques, immunosuppressive therapies and critical 
care medicine have made transplantation a viable and effective treatment option, 
with expanding indications across various patient populations.

Solid organ transplantation relies on the coordinated efforts of healthcare teams, 
including intensive care (ICU) specialists, to ensure the optimal care of both donors 
and recipients. For transplant recipients, the ICU plays a pivotal role in managing 
perioperative complications, such as hemodynamic instability, infections and graft 
rejection. For donors, particularly brain-dead donors, meticulous ICU management 
is essential to preserve organ function, minimise ischemic damage and maximise the 
viability of the donated organs.

ICU teams play a critical role in balancing these complexities to ensure success-
ful outcomes. The care provided in the ICU is integral to the success of solid organ 
transplantation. The stakes are particularly high due to the finite availability of donor 
organs and the risks associated with organ rejection or recipient morbidity.

The ICU care of solid organ transplant donors and recipients represents a vital 
and highly specialised area of critical care medicine. This chapter will delve into 
the principles and practices that guide ICU management, highlighting strategies to 
optimise recipient outcomes and ensure ethical and effective donor management. By 
addressing the challenges inherent in transplantation, ICU teams contribute to the 
success of this transformative medical intervention.

2. �Organ donation: ICU management of brain-dead donors

2.1 History of brain stem testing

The neurological examination techniques that have advanced from the nineteenth 
century and early twentieth century helped physicians to have a systematic assessment 
of brain stem functions, and it is this development that laid the foundation for modern 
brain stem testing. Computed tomography (CT) and magnetic resonance imaging (MRI) 
revolutionised the diagnosis and assessment of brain stem lesions and injuries.

In 1959, the concept of brain death/death by neurologic criteria (BD/DNC) was 
first described. Later, in 1968, the Harvard Brain Death Criteria defined the impor-
tance of irreversible loss of brainstem function, which was emphasised by Minnesota 
criteria in 1971 [1]. The Uniform Determination of Death Act established a legal basis 
for neurologically determining death in the US, and adult guidelines were published 
in 1995 and revised in 2010 [2].

2.2 Criteria for brainstem testing

The Uniform Determination of Death Act (UDDA), the legal foundation for the 
declaration of BD/DNC in the United States, is declared when there is irreversible 
cessation of all functions of the entire brain, including the brainstem [2]. The criteria 
for brain stem death testing typically include the following:
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2.3 �Prerequisites for determination of brain death or death by neurological 
criteria

2.3.1 Unresponsive coma

Clinicians should ascertain that a patient has sustained a catastrophic and irrevers-
ible coma caused by an identifiable mechanism. Neuroimaging must be consistent 
with the mechanism and severity of brain injury. After medical or surgical interven-
tions to treat elevated intracranial pressure, it is recommended to wait a sufficient 
amount of time to ensure there is no recovery of brain function. This observation 
period must be based on the pathophysiology of the brain injury [3].

2.3.2 Exclusion of confounding factors

Before determining brain death, a few confounding factors shall be excluded, 
such as metabolic derangements and drug or substance intoxication that causes CNS 
depressants and muscle relaxants. If drug intoxication is suspected, ensure drug levels 
are within the normal range. If not, consider waiting five half-life of the drug metabo-
lism. Exclude severe metabolic, acid-base, electrolyte and endocrine derangements. 
Maintain Systolic BP ≥ 100 mm Hg and mean arterial pressure (MAP) ≥75 mmHg 
and avoid hypothermia, maintaining core temperature ≥ 36°C.

2.4 Performing neurological examination for brain stem reflexes

Neurological  examinations are used to determine the absence of cranial nerve 
(CN) reflexes. Pupillary light reflex (CN II & III), corneal reflex (CN V & VII) and 
trigeminal nerve testing by painful stimulus over supraorbital nerve (CN V & VII), 
are employed. In addition to these, the vesibulo-ocular reflex -using ice cold water 
installation into both ears (CN III, IV, VI & VIII), the gag reflex (CN IX & X), and the 
cough reflex (CN X) are also examined

Apnea test: This test must be carried out only after brainstem reflexes have been 
tested. Absence of respiratory movements after disconnection from the ventilator for 
sufficient duration (8–10 minutes) to have PaCO2 rise above threshold (>60 mmHg) 
or 20% above baseline for stimulating respiration is considered a positive apnea test.

Most international regulatory bodies do not mandate performing ancillary tests. 
These tests are only indicated in special circumstances, such as inability to correct 
metabolic derangement, severe facial injury, when in doubt regarding origin of move-
ments (i.e. motor vs spinal reflexes), and if apnea test is not feasible

2.5 Acceptable ancillary tests

Four-vessel catheter angiography is the gold standard [3]. Other tests are a 
Radionuclide cerebral blood flow scan and a Transcranial Doppler ultrasonography 
(in adults only).

3. �Pathophysiological changes and management of brain death

A range of organ dysfunction and physiological changes may occur in many 
systems, including hypotension, catecholamine surge leading to hypertension, 
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tachycardia, cardiac arrhythmias and neurogenic myocardial dysfunction [4]. 
Pulmonary oedema, ventilator-induced lung injury and infections are the pulmonary 
complications. Diabetes insipidus, hypoglycemia and acute kidney injury can occur. 
Disseminated intravascular coagulation metabolic and electrolyte disturbances must 
also be anticipated and managed accordingly.

The endocrine changes that occur in brain death are as follows. An increase and 
then a fall in catecholamines can occur. Cortisol and anti-diuretic hormone levels 
reduce, and the hypothalamic pituitary thyroid axis alters. Thyroid hormone replace-
ment remains controversial as there is not much evidence that it can benefit the 
quality of organs, but so far, no harm has been reported. Levothyroxine infusion can 
be administered in refractory shock. It would be reasonable to manage hyperglycemia 
with insulin.

Hemodynamic instability is managed using advanced hemodynamic monitoring 
devices. Maintain adequate organ perfusion by targeting normal cardiac output and 
blood pressure. Keep in eubalance, Hydration, electrolyte correction and temperature 
management to optimise the maintenance of a healthy organ. Vasopressin is used as 
the first line of vasopressor in diabetes insipidus patients.

Brain death causes diffuse vascular and metabolic cellular injury, leading to organ 
failure and, eventually, cardiovascular death. This occurs in two phases:

1.	Early phase: Massive sympathetic outflow (autonomic storm) causes bradycar-
dia, and hypertension (Cushing’s reflex), with adrenaline levels rising 750 times 
and noradrenaline 400 times.

2.	Secondary phase: A significant reduction in sympathetic outflow leads to de-
creased cardiac output, vasodilatation and impaired autoregulation.

Cardiovascular effects include bradyarrhythmias, later tachycardia, multifocal 
ventricular ectopics and ischemic changes. Kidney function is compromised due 
to poor renal perfusion, while the liver can usually tolerate hypotension due to its 
reserve. Pituitary dysfunction causes diabetes insipidus; there is a marked reduction 
in thyroid hormone and cortisol levels. Coagulation is disrupted by the catecholamine 
storm, leading to consumption coagulopathy.

4. �General post-operative ICU care of solid organ transplant recipients

4.1 Pain management post solid organ transplant

Appropriate perioperative pain management is crucial for enhancing the patient’s 
experience, optimising post-operative results and facilitating functional recovery after 
surgery. Poorly managed pain may exacerbate the body’s stress response to the surgical 
procedure and prolong the recovery period, leading to both physical and psychologi-
cal distress. Effective post-operative pain control is a multidisciplinary process, and 
it should be individualised to each patient’s needs, using a multimodal approach that 
follows Enhanced Recovery After Surgery guidelines [5]. Opioids are crucial in pain 
management, but nonopioid analgesics like APAP, neuropathic pain agents and epi-
dural and local anaesthetics can enhance analgesia and reduce opioid requirements [6].

Liver transplantation (LT) is one of the most extensive abdominal surgery, requir-
ing adequate analgesia to prevent pathophysiological consequences. Factors such as 
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increased plasma levels of endogenous neuropeptides and the initial large doses of 
steroids may contribute to pain relief [7]. However, the likelihood of perioperative 
hemodynamic and coagulation changes presents challenges in recommending an 
optimal analgesic regimen for all patients. Intravenous patient-controlled opioid-
based analgesia, with morphine and fentanyl, is the most commonly used analgesic 
in liver and renal transplants [8]. However, there is increasing concern about opioids 
due to their adverse effects [8]. Thoracic epidural analgesia is considered the golden 
standard in major open abdominal surgeries but is controversial due to post-operative 
coagulopathy and the risk of epidural hematoma [8]. The safety of thoracic epidural 
analgesia (TEA) in liver resections depends on appropriate timing and individual 
skill. Intrathecal morphine (ITM) is effective post-operative pain control. However, 
its use is limited due to adverse side effects [8].

Paracetamol has been commonly used as part of multimodal analgesia, either 
alone or as an adjunct to opioids for managing mild-to-moderate pain. It is metabo-
lised in the liver to N-acetyl-p-benzoquinone imine (NAPQI), which can cause 
hepatotoxicity. Studies show increased NAPQI production in the first 10 days post-
liver transplant, suggesting avoiding it until liver function stabilises [9]. In renal 
transplant recipients, no studies exist, but it should be safe for patients with normal 
liver function. Post-operative pain management is crucial for early recovery after 
kidney transplant surgery, but options are limited due to comorbidities, altered drug 
pharmacokinetics and contraindications to nephrotoxic NSAIDs [10].

In summary, Opioid use in abdominal organ transplant recipients affects short- 
and long-term outcomes. Nonopioid management strategies should be considered 
post-operatively, especially for opioid-using patients. However, evidence is limited, 
and further research is needed.

4.2 Nutritional support and management

Assessment of the nutritional status and nutritional support in organ transplant 
recipients can improve outcomes, especially so during the pretransplant stage. 
Nutritional assessment should consider physical state, medical history, anthropomet-
ric measurements and laboratory data. Malnutrition can compromise post-transplant 
survival, and severe obesity can decrease graft function and survival [11].

Adequate nutrition is needed during the acute post-transplant phase to prevent 
infection, promote wound healing, support metabolic demands and mediate the 
immune response [11]. Subjective global assessment (SGA) is a reliable method, 
while other tests like DEXA and dilution techniques are often restricted for research 
purposes [11]. Solid organ transplant patients face unique challenges due to chronic 
disease, transplant-specific complications and immunosuppressant medications. 
Common transplant challenges affect nutrition therapy, necessitating consideration 
of malnutrition, metabolic aberrations and organ dysfunction in developing a nutri-
tion care plan [12]. The ESPEN Guidelines advocate initiating early normal oral intake 
or enteral nutrition following heart, lung, liver, pancreas or kidney transplantation. 
While enteral or parenteral support may be necessary in certain complex cases, oral 
nutrition is preferential [13].

Nutritional care post-transplant concentrates on recovery, wound healing, mobili-
sation, correcting anaemia and managing acute complications. Maintaining a neutral 
or positive nitrogen balance demands a high-protein, high-calorie diet, especially 
for those with malnutrition or frailty before transplantation [14]. Supplements 
are commonly needed to counter phosphate and magnesium losses induced by 
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immunosuppressants. Dysglycaemia is common in the first weeks after transplanta-
tion, and postsurgical inflammation and high-dose immunosuppressive medications 
promote insulin resistance [14]. Close collaboration between physicians and dietitians 
is essential, and understanding changes in blood sugar levels is important for advising 
food intake and diabetes medication timing [14].

The formula of 25 kcal/kg ideal body weight provides an approximate estimate 
of daily energy requirements. Under severe stress conditions, requirements may 
approach 30 kcal/kg ideal body weight, and a protein intake of 1.5 g/kg ideal body 
weight is generally effective in limiting nitrogen losses [15]. In the acute phase of 
critical severe illness, it is recommended not to provide more than 20–25 kcal/kg daily 
[15]. Appropriate and timely nutrition intervention becomes increasingly important 
in some situations, such as encephalopathy and acute kidney failure. Early post-oper-
ative enteral nutrition support is beneficial in decreasing mortality and morbidity in 
gastrointestinal surgery and liver transplantation (LT) [16]. Studies have shown that 
early initiation of enteral nutrition can lower the incidence of infectious complica-
tions [17]. Parenteral nutrition should only be used when EN is not feasible. If the 
patient is well-nourished before the surgery, parenteral nutrition should be delayed 
for 5–7 days other than initiating it immediately, except when enteral nutrition is not 
available [18]. Special nutritional agents have been shown to improve outcomes in 
specific critically ill patients, including post-LT. However, each agent may have differ-
ent effects on patient outcomes, making it difficult to make a consistent and definite 
conclusion due to the disparity of literature [15].

5. �Complications in ICU care of transplant recipients

5.1 Acute rejection

Allograft rejection is a significant challenge to successful solid organ transplanta-
tion, affecting graft survival and patient outcomes [19]. Allorecognition, the recogni-
tion of donor-derived antigens by recipient T cells, triggers graft rejection, leading to 
effector cells infiltrating the graft and causing tissue damage [20]. Advancements in 
immunosuppressive therapy have significantly improved short-term outcomes, with 
graft half-life significantly increasing in patients who avoid acute rejection in the first 
year post-transplantation [21]. The main types of rejection of transplanted organs are 
hyperacute, acute and chronic, based on their underlying mechanisms and timelines. 
Acute cellular rejection is the predominant mechanism in the absence of pre-existing 
antibodies against the donor.

Hyperacute rejection is a severe form of rejection that occurs within minutes of 
transplantation and affects vascularised grafts. It is characterised by blood vessel 
thrombosis leading to graft death. Hyperacute rejection occurs due to pre-existing 
anti-donor antibodies that recognise antigens in the donor org [22]. These antibodies 
trigger complement activation and endothelial cells to release Von Willebrand factor, 
leading to platelet adhesion, aggregation, intravascular thrombosis and graft loss [22]. 
Nowadays, this form of rejection is primarily prevented by checking for ABO compat-
ibility and excluding the presence of anti-donor HLA antibodies through crossmatch-
ing techniques between donor cells and recipient.

Acute rejection is an immune response against the graft and occurs within 1 week to 
several months post-transplantation. It occurs when the recipient’s immune system recog-
nises the transplanted organ as foreign, leading to an immune response that damages the 
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graft [23]. This is achieved by activating the innate system, which releases molecules from 
damaged cells during graft ischemia-perfusion injury. This process allows the maturation 
of APCs, particularly dendritic cells, which activate the adaptive immune system, causing 
a lymphocytic infiltrate in the tissue [24]. Antibody-mediated rejection (ABMR) is char-
acterised by the development of de novo donor-specific antibodies (DSAs). In contrast, 
T-cell-mediated rejection (TCMR) occurs when the recipient’s T cells are activated against 
allogeneic graft peptides [23, 24].

Diagnosis of acute rejection involves clinical assessment of signs and symptoms, 
laboratory studies to assess organ function and histopathologic inflammatory changes 
on tissue biopsy [25]. Acute rejection is managed with immunosuppressive treatment, 
but continuous biochemical follow-up and detection of de novo DSAs are necessary 
for differential diagnosis and correct management [24].

5.2 Graft dysfunction

Graft dysfunction is the impaired function of a transplanted organ, which can occur at 
various times after the transplant and may have several underlying reasons [26].

5.2.1 Lung transplant patients

Primary graft dysfunction is an acute lung injury that occurs within the first 
72 hours after lung transplantation. It is the leading cause of early mortality in lung 
transplant recipients, characterised by pulmonary oedema, diffuse alveolar damage, 
progressive hypoxemia and radiographic pulmonary infiltrates [27]. The severity of 
PGD is based on the ARDS definition and is similarly graded by a P/F ratio ranging 
from grade 0 to 3. It is assessed at four time points, starting at the time of reperfu-
sion of the second lung and then at 24, 48 and 72 hours [27]. Treatments for PGD are 
mainly supportive and guided by approaches used for ARDS patients, such as lung-
protective ventilation strategies, avoidance of fluid overload, inhaled nitric oxide or 
prostacyclin and extracorporeal membrane oxygenation (ECMO) support.

5.2.2 Liver transplant patients

Early allograft dysfunction (EAD) describes grafts with marginal function early 
after liver transplantation, ranging from mild transient biochemical derangement 
to acute liver failure, potentially leading to graft loss [28]. EAD is a severe form of 
ischemia/reperfusion injury to the liver graft, often linked to damage from reac-
tive oxygen species [29]. Another feared post-operative complication is primary 
graft failure (PGF), manifested by hepatic coma, renal dysfunction, coagulopathy, 
jaundice and hypoglycemia. Several markers of hepatocellular damage and synthetic 
impairment, such as INR, bilirubin, ALT, and AST during the first week after trans-
plantation, are used to evaluate graft dysfunction [30]. Treatment is supportive care 
focused on organ failure management and potential retransplantation consideration, 
especially in cases of PGF [28].

5.2.3 Renal transplant patients

Delayed graft function (DGF) is generally defined as the need for dialysis treat-
ment within the first week after kidney transplantation, low or absent urine output 
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immediately after transplantation or failure of serum creatinine to decline by more 
than 25% within 24 hours of transplant. Persistent dysfunction without timely inter-
vention may lead to irreversible loss of allograft function. Early allograft dysfunction 
can occur due to various causes, such as acute rejection, vascular thrombosis, urinary 
obstruction and medication toxicity [31]. Clinical evaluation of DGF includes mea-
suring serum creatinine concentration and associated eGFR and Doppler ultrasonog-
raphy to assess for vascular and urological complications [31].

6. �Infection risk and prophylaxis

Infection risk and prophylaxis are critical aspects of managing transplanted 
patients, who face a heightened risk of infections due to immunosuppression, surgical 
exposure and the potential reactivation of latent infections [32]. Tailored strategies 
are necessary to mitigate morbidity and mortality while minimising the risk of graft 
rejection and drug-related toxicities.

Transplanted patients encounter distinct phases of infection risk. In the early post-
transplant period (0–1 month), infections commonly stem from surgical procedures, 
hospital-acquired sources or donor-derived pathogens [33]. Gram-positive cocci 
(Staphylococcus spp.), gram-negative bacteria (Pseudomonas spp., Klebsiella spp.) 
and fungi (Candida) are frequent pathogens, leading to complications like wound 
infections, UTIs or pneumonia. The intermediate period (1–6 months) is marked 
by the reactivation of latent infections and opportunistic pathogens, such as viruses 
(CMV, BK virus, EBV, HSV and VZV), fungi (Aspergillus, Cryptococcus), and protozoa 
(Toxoplasma), causing conditions like cytomegalovirus disease, invasive fungal 
infections or polyomavirus-associated nephropathy. Beyond 6 months, during the 
late post-transplant phase, community-acquired or latent infections predominate. 
Respiratory viruses (influenza, RSV), opportunistic pathogens in patients with 
prolonged immunosuppression and chronic viral infections (HBV, HCV and HIV) 
become more relevant.

Prophylactic measures are crucial for reducing infection risks. Antibacterial 
prophylaxis often involves TMP-SMX for preventing Pneumocystis jirovecii pneumonia 
(PCP), toxoplasmosis and UTIs, with alternatives like dapsone, atovaquone or pent-
amidine for sulfa-allergic patients [34]. This is generally administered 6–12 months 
post-transplant or longer in high-risk cases. Viral prophylaxis depends on risk strati-
fication, such as valganciclovir or ganciclovir for CMV, particularly in high-risk D+/
R− patients [35], and acyclovir or valacyclovir for HSV and VZV during the initial 
post-transplant period [36]. HBV management includes pre-transplant vaccination 
for seronegative individuals and post-transplant prophylaxis with entecavir or tenofo-
vir for HBV-positive cases [37], while HCV is addressed with direct-acting antivirals, 
either pre- or post-transplant [38]. Fungal prophylaxis targets pathogens like Candida 
with fluconazole and Aspergillus with voriconazole or posaconazole, especially in 
lung or heart transplant recipients, with TMP-SMX covering Pneumocystis jirovecii. 
Protozoal infections like Toxoplasma gondii are also managed with TMP-SMX in at-
risk patients [39].

Immunisation is another cornerstone of infection prevention. Pre-transplant 
vaccinations should be administered before initiating immunosuppression, includ-
ing pneumococcal, influenza, HBV, Tdap, and, where appropriate, MMR and 
varicella. Post-transplant vaccinations are limited to inactivated vaccines, given after 
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immunosuppression stabilises, usually 3–6 months post-transplant, with live vaccines 
avoided unless deemed safe [40].

Long-term care and monitoring focus on surveillance for latent infections like 
CMV, BK virus or TB, alongside regular assessment of graft function, as infections 
may present subtly, such as a rise in creatinine in cases of BK virus nephropathy. 
Patient education is vital to ensure early reporting of symptoms like fever, malaise or 
wound redness and adherence to prophylaxis and hygiene measures. Adopting proac-
tive approaches to prophylaxis, monitoring and immunisation can minimise infection 
risks, leading to improved outcomes.

6.1 Early recognition and management of sepsis

Sepsis management in transplant patients is particularly challenging due to 
immunosuppression, which blunts typical inflammatory responses, masking symp-
toms like fever. Atypical presentations, such as lethargy, confusion or unexplained 
organ dysfunction, are common [41]. Early recognition relies on subtle clinical and 
laboratory indicators, including vital signs, elevated CRP or procalcitonin and organ 
dysfunction markers like lactate or creatinine. Risk factors for sepsis include recent 
transplantation, intensive immunosuppression, invasive devices and viral reactiva-
tions like CMV or EBV.

Management begins with early identification using qSOFA or SOFA criteria, 
prompt administration of broad-spectrum antibiotics targeting likely pathogens (e.g., 
Pseudomonas, Candida), fluid resuscitation and source control, such as removing infected 
catheters. Immunosuppressive therapy may need temporary adjustment to balance infec-
tion control with graft rejection risks. Adjunctive measures include organ support, such as 
vasopressors for hemodynamic stability and renal replacement therapy for acute kidney 
injury. Preventive strategies are essential, including antimicrobial prophylaxis, immunisa-
tions, strict infection control measures and regular monitoring.

6.2 Immunosuppressive therapy

Immunosuppressive therapy aims to prevent graft rejection while minimis-
ing adverse effects like infections, malignancies or metabolic complications [42]. 
Induction therapy involves high-dose immunosuppressants, such as ATG or IL-2 
receptor antagonists, at the time of transplantation to suppress early immune 
responses. Maintenance therapy uses a combination of calcineurin inhibitors (CNIs), 
antimetabolites, corticosteroids or mTOR inhibitors for long-term graft preservation. 
In cases of acute rejection, rescue therapy with high-dose corticosteroids or antibody 
therapies is employed. Regular monitoring of drug levels and organ function is neces-
sary to mitigate risks like nephrotoxicity, hypertension or infections.

6.3 Cardiovascular complication

Cardiovascular complications post-transplant are influenced by pre-existing 
conditions, immunosuppressive drugs, and sedentary lifestyles, including hyperten-
sion, dyslipidemia, arrhythmias, coronary artery disease (CAD) and heart failure. 
Hypertension, often linked to CNIs, is managed with ACE inhibitors, while statins 
address dyslipidemia. Arrhythmias stemming from electrolyte imbalances or surgical 
scarring require antiarrhythmic medications or pacemaker implantation. CAD and 
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transplant vasculopathy necessitate annual screenings and aggressive risk reduction. 
Lifestyle interventions, such as low-sodium diets, exercise and smoking cessation, 
are critical alongside pharmacologic therapy with cardioprotective agents and regular 
monitoring.

6.4 Pulmonary complications

Pulmonary complications, both infectious and noninfectious, are significant in 
transplant patients. Bacterial infections like Pseudomonas aeruginosa and S. aureus, 
fungal infections like Aspergillus and Pneumocystis jirovecii and viral infections like 
CMV and respiratory viruses are managed with tailored antibiotic, antifungal and 
antiviral regimens. Noninfectious complications include primary graft dysfunc-
tion, chronic lung allograft dysfunction (CLAD), drug-induced pulmonary toxicity, 
pulmonary hypertension and pulmonary oedema or embolism. Regular pulmonary 
function tests, imaging and prophylactic strategies like TMP-SMX and antifungals 
help prevent and monitor these conditions.

By addressing these risks comprehensively through prophylaxis, monitoring 
and patient education, the outcomes for transplant recipients can be significantly 
improved.

7. �Special considerations for specific organ transplants

7.1 Dialysis after renal transplant

Compared to individuals on dialysis, kidney transplant recipients exhibit 
improved survival outcomes, enhanced quality of life and reduced healthcare 
resource utilisation [43]. Despite advancements in immunosuppressive therapies, 
patient management and the growing utilisation of living donors, a return to dialysis 
following transplant failure remains a common outcome. Approximately one-third 
of cadaveric kidney transplant recipients experience graft loss within 5 years post-
transplantation [44]. Patients who require dialysis after transplant failure have 
higher mortality rates, yet they may benefit from a repeat transplantation procedure; 
however, only 15% of these patients will ultimately receive an additional transplant 
[45]. Continued immunosuppression to maintain residual graft function has been 
identified as a potential contributing factor for increased mortality, likely due to the 
associated risks of cardiovascular complications, infectious diseases and increased 
malignancy risk. However, continued low-dose immunosuppression has been pro-
posed to provide a survival advantage for patients reverting to peritoneal dialysis after 
transplant failure [46].

Dialysis required within the first post-operative week after kidney transplantation 
is defined as delayed graft function, irrespective of the underlying cause of kidney 
dysfunction. Delayed graft function has been independently linked to approximately 
two- to threefold higher risks of patient mortality, graft failure and death-censored 
graft failure [47]. The optimal timing for initiating dialysis following graft failure 
remains unclear. Thus, clinicians must rely on the indications used for the general 
population of CKD patients, guided by their clinical presentation and biochemical 
parameters such as fluid overload refractory to diuretic therapy, severe hyperkalemia, 
severe metabolic acidosis and over manifestations of uremia [48].
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The optimal dialysis choice in the post-operative period after kidney transplanta-
tion has been well studied. Haemodialysis is usually the preferred modality in the post-
transplant setting due to worries about potential peritoneal disruption during surgery 
and increased infectious risk. The best management of peritoneal dialysis catheters 
after kidney transplantation remains controversial. Numerous transplant facilities 
have adopted keeping the PD catheter in place for no less than 12 weeks post-op, only 
removing it provided graft function is satisfactory. This method aims to maintain the 
option to transition back to peritoneal dialysis should the transplant fail [49].

Some experts advise the removal of the peritoneal dialysis catheter during trans-
plantation to lower peritonitis risk [50]. However, peritoneal dialysis can be a viable 
alternative for selected patients with delayed graft function after kidney transplan-
tation [51]. Lastly, excessive fluid removal should be prevented to avoid potential 
ischemic injury to the transplanted kidney.

7.2 Urinary output monitoring and complications

Immediate graft function refers to urine output and declining serum creatinine 
levels immediately after renal transplantation. It should be 100% for living donor 
kidney transplants, but for deceased donor kidneys, it will be influenced by the 
functioning of the donor organ at the time of procurement and the cold ischemia 
time [52]. Delayed graft function is common in kidney transplantation from deceased 
donors. In such cases, oliguria or even anuria may be tolerated, provided the patient’s 
blood pressure remains adequate [53].

Post-operative poor graft function manifested as oliguria or anuria should prompt 
immediate evaluation. Complications such as vascular thrombosis, ureteral obstruction or 
acute rejection require urgent identification and management to prevent further deterio-
ration of renal function. Absent or diminished urine output associated with increasing 
serum creatinine levels may indicate significant graft dysfunction or failure [54].

Moreover, the evaluation of volume status is essential. Hypovolemic oliguric 
transplant patients may benefit dramatically from volume resuscitation, while those 
who are overloaded could respond well to diuretics. The transplant recipient’s condi-
tion dictates the precise approach, so discerning the appropriate remedy necessitates 
astute assessment and monitoring. Polyuria is frequent in the early post-operative 
period in living donor transplants. This should be closely monitored, and overall fluid 
status should be managed carefully to avoid dehydration [52].

A sudden decrease in urine output following adequate drainage necessitates 
prompt evaluation of the Foley catheter. Initially, a catheter examination is warranted 
to check for kinks obstructing urine flow. Should this fail to resolve the issue, catheter 
irrigation may clear potential clots inhibiting passage. If irrigation proves ineffective 
at improving output, catheter replacement should occur under the guidance of the 
transplant surgeon. When interventions with the Foley catheter do not restore the 
urine output, urgent notification of the transplant surgeon is critical, given the pos-
sibility of life-threatening complications such as vascular thrombosis [52].

8. �Liver transplantation

Liver transplantation (LT) stands as a crucial intervention for patients with end-
stage liver disease, acute liver failure or severe metabolic liver disorders. This chapter 
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aims to provide a brief overview of the essential aspects of ICU management follow-
ing liver transplantation, encompassing monitoring, early identification of complica-
tions and therapeutic interventions.

8.1 Hemodynamic monitoring

Hemodynamic monitoring is a cornerstone of post-operative care in liver trans-
plant recipients. In the immediate post-operative period, continuous hemodynamic 
monitoring is vital. Orthotopic liver transplantation (OLT) is associated with signifi-
cant hemodynamic instability [55]. Hemodynamic disturbance can be managed using 
the standard thermodilution technique by using a pulmonary artery catheter (PAC) 
or measuring cardiac output (CO) by pulse contour analysis technique [55]. Until 
now, no consensus exists on the type of hemodynamic monitoring in liver transplants.

The goals of fluid resuscitation are to maintain perfusion, prevent organ dysfunc-
tion and optimise urine output. Crystalloids are the primary choice, with colloids or 
blood products used as necessary. Avoid chloride-rich solutions to prevent acidosis. It 
is generally recommended for rational use of transfusion as there has been an associa-
tion between blood transfusion and increased morbidity/mortality [56, 57].

Regular arterial blood gas (ABG) analysis is integral to hemodynamic monitor-
ing, providing vital information regarding the patient’s acid-base balance, strong ion 
difference, base deficit and so forth.

8.2 Respiratory management

Given the complexity of liver transplantation, patients are at risk for various respi-
ratory complications that necessitate vigilant monitoring and timely intervention. 
Ventilating a patient in post-operative period, strategies like lung-protective ventila-
tion with low tidal volumes and appropriate PEEP reduce lung injury [58]. Extubation 
is encouraged early if the patient is stable, using non-invasive ventilation (NIV) or 
high-flow nasal cannula as bridges. In order to prevent pulmonary complications and 
improve oxygenation, the use of incentive spirometry, appropriate positioning and 
early mobilisation is recommended.

8.2.1 Special situations

Hepatopulmonary Syndromes (HPS) and Porto pulmonary hypertension are the 
complications that exist in this group of patients. A certain group of HPS patients 
remains hypoxic due to this condition even 6–12 months after transplantation. In 
these groups of patients, careful monitoring of oxygenation and early extubation 
facilitated with NIV and high FiO2 support could be an option [59].

8.3 Graft function monitoring

Monitoring and management of liver graft function is critical in the immediate 
post-operative period following liver transplantation. Multiple factors, including 
those related to the donor, recipient and the graft itself, contribute to predicting 
post-operative graft function. Key parameters for graft function monitoring are liver 
enzymes (ALT and AST indicate hepatocyte integrity; ALP and GGT signal cholesta-
sis), bilirubin Levels (rising levels may indicate complications), coagulation tests, 
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imaging and biopsy. Early identification and supportive care are vital for ischemia-
reperfusion injuries or primary non-function. Tailored regimens prevent rejection 
while minimising infections and side effects.

8.4 Acute rejection

Acute rejection typically occurs within the first few weeks following transplant 
and can manifest with fever, malaise or jaundice. Elevated liver enzymes and bilirubin 
levels may be present. Management of acute rejection is being done with steroid 
therapy and, in some cases (Antibody-mediated rejection), with IVIG.

8.5 Renal dysfunction and management

Follow up with serum creatinine, BUN and urine output to look for any acute 
kidney injury. Early intervention with fluid management, medication adjustment or 
renal replacement therapy (RRT) prevents complications. Treat prerenal causes like 
dehydration promptly. Adjusting nephrotoxic medications is an important area in 
dealing with renal failure.

8.6 Coagulation and bleeding

Management: Liver transplantation is associated with coagulopathy due to the 
decreased production of clotting factors and fibrinolysis. Coagulation status must 
be carefully monitored using standard laboratory tests, such as PT/INR, and more 
advanced techniques, like point-of-care viscoelastic tests like thromboelastography 
(TEG) or rotational thromboelastometry (ROTEM). Restrict blood products to 
minimise risks like sepsis and/or rejection [56, 57].

8.7 Immunosuppression

Immunosuppression was achieved with calcineurin inhibitors (e.g., Tacrolimus), 
antiproliferative agents (e.g., Mycophenolate Mofetil) and steroids. Acute rejection 
should promptly be recognised by elevated liver enzymes and managed with high-
dose steroids or additional immunosuppressive agents.

8.8 Infection prevention and management

Preoperative hepatocellular dysfunction in cirrhotic patients predisposes an 
increased risk of infections, including spontaneous bacterial peritonitis (SBP), chol-
angitis, pneumonia, urinary tract infections (UTIs) and catheter-related bloodstream 
infections [60]. Immunosuppression and preoperative liver disease heighten infection 
risks, necessitating stringent empirical prophylaxis. Pre-transplant vaccinations, 
strict aseptic techniques, and minimising invasive device use are critical for prevent-
ing infections in the post-transplant phase.

8.9 Neurologic monitoring

Neurological complications are not so uncommon after LT, with a 15–30% inci-
dence rate. In recipients from living donors, major neurologic complications in the 
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immediate post-operative period include altered mental status, seizures, hepatic 
encephalopathy, CNI neurotoxicity, cerebrovascular complications, central nervous 
system infections and central pontine myelinolysis (CPM) [61].

8.10 Nutritional management

It has been observed that in patients with ESLD, malnutrition is a major problem 
due to the disease process, and it deteriorates with the progression of liver failure and 
affects the patients’ outcomes [62]. A tailored approach to nutritional care is essential 
to meet the unique needs of these patients during the recovery phase.

The management of patients following liver transplantation in the intensive 
care unit (ICU) is multifaceted and requires a comprehensive, multidisciplinary 
approach. Effective post-transplant care is essential not only for preventing acute 
and chronic rejection but also for ensuring overall patient safety and promoting 
optimal recovery.

9. �ICU management of the heart transplant recipient

Managing heart transplant recipients is a delicate, ongoing balancing act requiring 
constant vigilance. While complications like graft failure, arrhythmias and renal dysfunc-
tion are common, timely recognition and intervention can often mitigate their impact, 
improving both survival and quality of life [63]. The success of a heart transplant is not 
defined solely by the surgery itself but by the meticulous care that follows—an intricate 
orchestration of monitoring, intervention and adaptation to each patient’s unique needs.

Hemodynamic monitoring is critical in the post-transplant period. Even minor 
fluctuations in preload or afterload can jeopardise graft function. Continuous monitoring 
of systemic and pulmonary artery pressures and central venous pressure (CVP) provides 
essential insight into the cardiovascular status. Intermittent measures like pulmonary 
capillary wedge pressure (PCWP) and cardiac output (CO) offer a fuller picture [64]. 
Reperfusion injury often leads to both systolic and diastolic dysfunction, making echocar-
diography vital, especially when instability arises. Detecting complications such as right 
ventricular (RV) failure early—marked by impaired systolic function and paradoxical 
septal movement—can make all the difference [65].

Arrhythmias, due to the denervated nature of the transplanted heart, are com-
mon, with sinus bradycardia and supraventricular arrhythmias often requiring atrial 
pacing [66]. A heart rate of 90–110 beats per minute is crucial for optimal cardiac 
output, particularly with the diastolic dysfunction characteristic of a transplanted 
heart. Inotropic agents like isoproterenol, dopamine and milrinone are used to 
support both chronotropic and inotropic function in the early post-operative phase, 
gradually tapering off as the patient stabilises [64]. Norepinephrine is introduced to 
maintain adequate mean arterial pressure, though its potential to worsen RV failure 
is mitigated by current evidence suggesting minimal impact on pulmonary vaso-
constriction [67]. In severe cases of RV failure, therapies like inhaled nitric oxide or 
prostacyclin may be used to induce selective pulmonary vasodilation, reducing RV 
afterload. If these fail, mechanical circulatory support becomes necessary [68].

Graft failure, particularly early primary graft dysfunction (PGD), remains a lead-
ing cause of mortality, especially in the first year. PGD may present as left ventricular 
(LV), RV or biventricular dysfunction, with isolated RV failure being the most 
serious and significant risk factor for mortality [69]. RV failure often stems from 
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pre-existing pulmonary vascular resistance (PVR) or donor-recipient size mismatch. 
Other factors, like cardiopulmonary bypass or blood transfusions, can exacerbate 
PVR. Immediate intervention is crucial when RV failure is suspected—marked by 
elevated CVP or a mismatch between CVP and PCWP/LAP. Management involves 
careful monitoring of filling pressures and maintaining a balanced intraventricular 
state, which can be tracked with echocardiography and by adjusting hemodynamic 
values to optimise flow and oxygenation.

Immunosuppression is crucial to preventing graft rejection but comes with its own 
challenges, notably increased susceptibility to infections and malignancies. Around half 
of heart transplant recipients receive induction therapy, often with anti-thymocyte or 
anti-lymphocyte globulins or interleukin-2 receptor antagonists, which has been linked 
to improved long-term survival [70]. However, CNIs can be nephrotoxic, especially in 
patients with pre-existing renal dysfunction. To minimise this risk, induction therapy 
may be used to delay CNI exposure. An everolimus-based regimen, which eliminates CNIs 
early, has been shown to preserve kidney function and reduce the need for renal replace-
ment therapy, ultimately improving both survival and quality of life [71].

Renal dysfunction, particularly acute kidney injury (AKI), complicates up to 50% of 
heart transplants, with many requiring dialysis [72]. Contributing factors include reduced 
renal oxygen delivery during surgery, RV failure and nephrotoxic medications like 
calcineurin inhibitors (CNI). Early recognition and intervention are essential to prevent 
progression to dialysis dependence [73]. The infusion of low-dose atrial natriuretic 
peptide (ANP) has shown promise in improving renal blood flow and reducing the need 
for dialysis, offering a valuable tool in managing post-transplant renal dysfunction [74].

In the end, the success of a heart transplant depends on more than just the sur-
gery—it requires continuous, tailored care. Every complication, from graft failure to 
renal dysfunction, demands quick identification and intervention, often in the form 
of a finely tuned balance of medications, monitoring and support. Through careful 
management, the challenges of heart transplantation can be navigated, leading to 
better outcomes for recipients.

10. �ICU management of the lung transplant recipient

In managing post-lung transplant patients, the ICU team must balance the 
myriad physiological challenges the patient faces. With careful monitoring, strategic 
interventions and a deep understanding of the complex interplay of respiratory and 
cardiovascular function, the risks associated with transplantation can be mitigated, 
optimising outcomes for these critically ill patients.

In the hours and days following a lung transplant, the challenges of hemodynamic 
support are immense. Reperfusion injury, pulmonary hypertension and systemic 
inflammation often contribute to hemodynamic instability, so careful monitoring is 
of vital importance [75]. The pulmonary artery catheter (PAC), which tracks pul-
monary artery pressures, cardiac output and pulmonary capillary wedge pressure, 
becomes an essential tool. These metrics are vital for detecting graft dysfunction, 
right ventricular failure and fluid management needs.

Fluid management requires a delicate balance. Hypovolemia can compromise 
perfusion, while fluid overload risks pulmonary oedema. Crystalloids are typically 
used in early post-op, while colloids like albumin help manage oedema. Goal-directed 
therapy ensures perfusion while preventing overload, but diuretics like furosemide 
must be used cautiously to avoid kidney injury [76].
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For more severe hemodynamic instability, vasopressors like norepinephrine are 
essential to maintain blood pressure, with vasopressin sometimes added to reduce 
norepinephrine needs. Inotropes such as dobutamine and milrinone support right 
ventricular function, improving contractility and reducing pulmonary pressures [77]. 
In cases of severe pulmonary hypertension, inhaled nitric oxide and medications like 
sildenafil can help lower pulmonary vascular resistance and improve right ventricular 
performance [78].

Right ventricular failure is a significant concern post-transplant, especially for 
those with pre-existing pulmonary hypertension. In less severe cases, inotropes are 
used to support heart function. However, when failure is more pronounced, veno-
arterial ECMO offers life-saving circulatory support, buying time for recovery [79].

Ventilatory management is equally critical. Most patients require mechanical ven-
tilation early on, with strategies designed to protect the lung graft. Low tidal volumes, 
careful monitoring of peak pressures and the use of PEEP and FiO2 help optimise 
oxygenation without causing graft injury. Volume-controlled ventilation (VCV) or 
pressure-controlled ventilation (PCV) is chosen based on the patient’s needs, par-
ticularly in cases of low lung compliance or graft dysfunction [80]. The goal is early 
extubation to avoid the complications of prolonged ventilation. However, extubation 
must be timed carefully based on good oxygenation, hemodynamic stability and 
respiratory drive. When extubation is delayed, non-invasive ventilation (NIV) can 
provide support without the risks of extended mechanical ventilation.

Primary graft dysfunction (PGD) is a common complication, occurring in up to 
30% of recipients [75]. Managing PGD involves lung-protective strategies, includ-
ing high PEEP, prone positioning and the use of inhaled nitric oxide. In severe cases, 
ECMO may be required to provide respiratory support until the graft stabilises [81]. 
Preventing ventilator-associated pneumonia (VAP) is another priority; early extuba-
tion, head-of-bed elevation and vigilant oral care help reduce the risk.

Beyond respiratory and hemodynamic support, special considerations complicate 
recovery. Renal dysfunction, often due to nephrotoxic immunosuppressive drugs or 
surgical stress, must be managed with care. Close monitoring of renal function and 
electrolytes and early intervention with renal replacement therapy, if needed, are 
essential [82]. Neurological complications, such as delirium and stroke, are com-
mon and must be addressed with early detection and appropriate interventions [83]. 
Immunosuppressive therapy is critical in preventing acute rejection, yet it must be 
carefully managed to avoid infection or drug toxicity. A typical regimen includes 
calcineurin inhibitors, antimetabolites and corticosteroids, with adjustments based 
on monitoring for nephrotoxicity, neurotoxicity and bone marrow suppression [84]. 
Despite these precautions, infections remain a significant risk. Bacterial pneumonia, 
particularly from Pseudomonas aeruginosa, is common early on, as are viral and fungal 
infections. Prophylaxis, early detection and timely treatment are crucial to reducing 
infection-related morbidity and mortality [85].

11. �Pancreas transplantation

11.1 ICU management of pancreas transplant recipients

The management of pancreas transplant patients in the intensive care unit (ICU) 
requires a multidisciplinary approach to ensure graft survival, prevent complications and 
support patient recovery. Pancreas transplantation is primarily performed for patients 
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with Type 1 diabetes and select cases of Type 2 diabetes to restore glycemic control and 
improve quality of life. ICU care is critical in the immediate post-operative period to man-
age surgical, immunological and systemic challenges [86]. Key post-operative concerns 
include hemodynamic stability, graft function monitoring, infection control, immuno-
suppression management and management of any complication that might arise from 
surgery (e.g., bleeding, leaks at anastomosis sites, vascular thrombosis, etc.) or because of 
rejection (e.g., hyperglycemia or elevated pancreatic enzymes).

Pancreas transplant patients often undergo simultaneous kidney-pancreas trans-
plantation, which increases surgical complexity. Close monitoring of fluid status, 
blood pressure and perfusion is essential to avoid graft thrombosis, a significant cause 
of early graft loss. Vasopressors may be required, but excessive use can compromise 
graft perfusion. Early assessment of graft function is crucial. Serum glucose levels 
often normalise rapidly post-transplant, but persistent hyperglycemia or signs of pan-
creatitis may indicate graft dysfunction. Monitoring amylase, lipase and C-peptide 
levels can help detect complications [87]. Immunosuppression increases the risk of 
bacterial, fungal and viral infections. ICU protocols must include infection preven-
tion strategies, including aseptic techniques, prophylactic antimicrobials and vigilant 
monitoring for fever, leukocytosis or other signs of infection. Patients require lifelong 
immunosuppression to prevent rejection. In the ICU, therapeutic drug monitoring 
of agents like tacrolimus or mycophenolate mofetil is necessary to maintain adequate 
levels while minimising toxicity [88].

ICU care should include comprehensive supportive care, including glycemic con-
trol (if needed), adequate pain management, deep vein thrombosis (DVT) prevention 
and early mobilisation. Nutritional support should avoid hyperglycemia-inducing 
solutions; enteral feeding is preferred to preserve gut integrity.

12. �Ethical issues and communication with relatives

In the ICU, ethical issues and effective communication with family members 
are paramount. Families of potential donors often face emotionally charged deci-
sions under significant stress, raising concerns about informed consent, respect for 
autonomy and maintaining trust. Ethical challenges include ensuring that the with-
drawal of life-sustaining treatment is independent of the decision to donate organs 
and avoiding perceptions of conflict of interest. Clear, compassionate and transparent 
communication is essential to address family concerns, explain the donation process 
and navigate potential misconceptions or cultural sensitivities. Ethical guidelines also 
emphasise the need to respect the donor’s prior wishes while balancing the emotional 
needs of the family. Clinicians must foster a supportive environment, ensuring that 
families have the time and information needed to make an informed decision without 
undue pressure. This approach not only upholds ethical standards but also supports 
the dignity of both the donor and their loved ones during a challenging time.

13. �Long-term care and ICU discharge considerations

13.1 Criteria for ICU discharge for solid organ transplant patients

Discharging solid organ transplant patients from the ICU is a critical step that 
requires careful assessment to ensure their stability and continued recovery. A key 
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criterion is the stability of graft function and the patient’s overall clinical condition. 
The transplanted organ’s function should demonstrate consistent and acceptable 
physiological parameters, such as stable renal function in kidney transplant recipients 
or normalised liver enzymes in liver transplant patients. Vital signs must remain 
within normal limits without the need for intensive monitoring or vasoactive drugs. 
Signs of rejection, infection or other complications should be addressed and under 
control before considering discharge [88].

Another essential component is the involvement of a multidisciplinary team in the 
decision-making process. Collaboration between transplant coordinators, intensiv-
ists, surgeons and allied health professionals, such as physical therapists, ensures 
comprehensive care. Transplant coordinators facilitate the transition to ward care 
by organising follow-up protocols, while physical therapy is essential for assessing 
mobility and initiating early rehabilitation to promote recovery. This team-based 
approach ensures continuity of care and minimises the risk of missed complications 
during the transition.

13.2 Post-ICU follow-up care

13.2.1 Transition to ward care and long-term immunosuppression management

Once stabilised in the ICU, transplant patients transition to ward care, where 
the focus shifts to long-term recovery and management. A critical element is 
long-term immunosuppression management, which prevents graft rejection. 
Close monitoring of immunosuppressive drug levels, kidney and liver function 
and infection markers is vital to prevent rejection and opportunistic infections. 
Protocols for immunosuppression often include a combination of calcineurin 
inhibitors, antiproliferative agents and corticosteroids tailored to individual 
patient needs.

13.2.2 Outpatient follow-up protocols

Effective post-discharge care involves robust outpatient follow-up. Transplant 
recipients typically undergo regular clinic visits to monitor graft function, adjust 
immunosuppressive therapy and manage complications. These visits often include 
blood tests, imaging and consultations with transplant specialists. Early detection 
of complications like chronic rejection or infection significantly improves long-term 
outcomes [88].

13.2.3 Psychological and social support

Solid organ transplant recipients frequently experience psychological stress due 
to fear of rejection, infection or financial burden. Offering psychological and social 
support is integral to improving quality of life and adherence to treatment. Transplant 
recipients benefit from counselling, peer support groups and social work services to 
address emotional and practical challenges [89]. Additionally, addressing these issues 
early promotes adherence to medications and follow-up care, improving graft and 
patient survival.
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Chapter 5

Key Factors in Management 
of Donors and its Impact on 
Transplant Outcomes and Graft 
Survival
Katarina Tomulić Brusich, Ivana Acan and Saša Živković

Abstract

Cadaveric donors are often presented with several pathophysiological altera-
tions in hemodynamics, hormone balance, body temperature, and lung function. 
Therefore, appropriate medical management of a potential organ donor can be very 
challenging. However, it is one of the main conditions that ensures the preservation 
and quality of organs. There are still many controversies and conflicting recom-
mendations in the management of organ donors. In this chapter, we present the main 
factors that influence early graft survival and transplant outcome, including socio-
economic and organizational factors, factors related to the demographics and genetics 
of the donor, and factors related to the direct donor preparation until the explantation 
procedure. The aim of this chapter is to cover all controversies and to abolish uncer-
tainties in order to facilitate the management of potential donors.

Keywords: brain death, intensive care, donor hemodynamics, pathophysiological 
alteration, organ donation, graft function, acute rejection, graft survival, transplant 
outcome

1. �Introduction

Transplantation provides life-saving treatment for patients suffering from end-
stage organ failure. Over the last few decades, solid-organ transplantation has greatly 
evolved with changes in organ allocation, improvements in organ management, 
surgical techniques, and immunosuppression therapy. Both waitlist survival and 
post-transplant survival have shown steady improvements. For kidney transplants, 
this is largely due to better maintenance of dialysis and diabetes care. Survival among 
patients listed for liver transplantation has improved, most likely due to aggressive use 
of marginal allografts, while patients on the heart and/or lung transplant waiting list 
have shown improvements due to optimized listing behaviors, medical management, 
and improved mechanical devices [1].
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Many factors can influence the primary non-function or delayed function of 
grafts, which are associated with significant post-transplantation morbidity and 
mortality. This is especially true for marginal grafts used primarily in order to 
increase the donor pool, as they are prone to a higher degree of ischemia/reperfusion 
injury. Accordingly, a broad spectrum of strategies has been undertaken in order to 
reduce graft injury and to safely expand the donor pool [2]. However, before we can 
make any alterations in strategies, factors that influence graft survival and transplant 
outcome have to be well defined in order to determine which of them are modifiable.

In our opinion, they can be divided into four factors: donor-related factors, donor 
maintenance factors, socioeconomic and healthcare system organization factors, and 
recipient-related factors (Figure 1).

Many studies have shown progress in post-transplant survival in solid-organ 
transplants after donor maintenance protocol standardization and socioeconomic 
standards improvement. On the other hand, there is still a need to provide a more 
comprehensive perspective of transplant outcomes [3]. Likewise, we must focus on 
the identification of vulnerable populations and reveal specific risk factors for barri-
ers along the pathway from end-stage organ disease to transplantation.

In this chapter, we will disregard recipient-related factors and focus on donor-
related factors, donor maintenance, and socioeconomic factors in order to clarify the 
causes of poor outcomes in transplanted patients.

2. �Donor-related factors

Recognition of donor-related factors associated with graft survival or outcome is 
essential for all transplant patients. These factors include [4]:

•	 Age

•	 Gender

Figure 1. 
Factors associated with transplant outcomes.
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•	 Race

•	 Comorbidities (poorly regulated hypertension or diabetes mellitus)

•	 Donor status: heartbeating vs. non-heartbeating

•	 Cause of donor death: cerebrovascular accident, hemorrhage, or trauma

2.1 �Age

In the last few decades, there has been an increase in the donor age. There are two 
reasons that could explain this. Firstly, there is a change in the incidence of donor’s 
cause of death. The number of donors that died from cerebrovascular accidents 
exceeded the deaths from head trauma. These donors are statistically older and have 
more comorbidities. The second reason for the increased donor age is the expansion 
of the screening criteria, which means that even older candidates are considered 
donors [5]. Therefore, it is crucial to determine the influence of the expansion criteria 
on graft survival in order to make better decisions in donor selection.

While the issue is still controversial, most authors report poorer long-term sur-
vival outcomes with organs from elderly donors. The impact of older donor age it is 
emphasized in younger recipients and patients with severe end-stage organ failure. 
Older donor age is generally accepted as a risk factor for renal graft failure, and it is 
important to match donor and recipient age to mitigate these disproportions [6].

In heart transplant patients, this donor-recipient age difference does not sig-
nificantly impact long-term outcomes [7]. This is possibly due to donors’ cut-off 
age. Traditionally, heart transplant donors are under 55 years old, whereas liver and 
kidney donors can be over 70 years old if the organ function is acceptable.

On the other hand, the younger age of the donor and recipient is reported as an 
important factor in graft rejection, especially in liver transplantation. Younger recipi-
ent age is the dominant risk factor for acute cellular rejection. Kueht et al. found that 
patients between 18 and 25 years of age have a three times higher risk for acute cellu-
lar rejection (ACR) compared to patients older than 40 years, whereas the recipients 
older than 70 years of age seem to be the most significant protective factor against 
rejection [8]. Likewise, a study conducted by Onaca et al. reported that patients older 
than 60 years show a higher incidence of ACR if their donors were less than 50 years 
old [9]. As patients grow older, their immune response gradually weakens while the 
grafts from younger donors seem to be more immunogenic. This may be the explana-
tion for the listed immunological disproportion. For this reason, patients older than 
60 years could be considered for a reduction in the immunosuppressive therapy 
dose in order to reduce the incidence of side effects and complications related to the 
treatment.

2.2 �Gender

Gender plays a role in all stages of the organ transplantation process, includ-
ing listing and matching organs by sex and size, graft survival, complications, and 
mortality. Gender-related differences in organ transplantation are related to several 
factors, mostly to biological and social characteristics [10]. Although the role of gen-
der in solid-organ and bone marrow transplantations has been extensively studied, 
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the impact of gender mismatch on transplant outcomes remains controversial [11]. 
Hypothetically, it could be due to anatomic, immune, hormone, and genetic differ-
ences between women and men.

A large number of studies have been published on the topic of gender incompat-
ibility between donors and recipients and its influence on the outcome of transplanta-
tion. They indicate that gender incompatibility between donor and recipient is an 
independent risk factor for acute cellular rejection (ACR). In particular, this has been 
demonstrated in liver and heart transplant patients, where the female donor-male 
recipient combination revealed the worst graft survival [12, 13]. It has been assumed 
that this result is a consequence of several factors. The quality of the female donors is 
often reported as diminished due to the fact that female donors die more often from 
cerebrovascular causes and less often from trauma. Also, male recipients have unde-
sirable characteristics, such as a high frequency of hepatocellular carcinoma.

Interestingly, in animal model studies, female rat livers have been shown to exhibit 
increased levels of acidosis during ischemia compared to male rat livers. This gender 
difference in the metabolic response of the liver to ischemia appears to be mediated by 
estrogen and could have a significant impact on transplant outcomes [14, 15]. A similar 
sex-dependent metabolic response was also found in myocardial function [16]. Therefore, 
it is possible that this gender difference could affect recipients after heart transplantation.

Analogous results were obtained in heart transplant patients, where the worst 
survival of male recipients receiving female hearts was noted, possibly due to higher 
rates of urgent transplantation and cardiac size mismatch [17]. Therefore, in our 
opinion, it is crucial to avoid cardiac donor-recipient mismatch, and the optimization 
of cardiac size should be considered essential for graft survival [18].

2.3 �Race

Racial and ethnic disparities may pervade healthcare delivery and transplant sur-
gery outcomes. It has been suggested that donor race may be a stronger risk factor for 
graft failure than donor comorbidities, such as a history of hypertension accounted 
with the recipients body mass index. Organs procured from African American donors 
may be independently associated with graft loss due to recurrent disease or acute 
rejection after renal transplantation [19, 20]. This is possibly due to undiagnosed 
glomerulonephritis influenced by donor hypertension, which is more frequently 
found among the African American population.

However, a study from Brown et al. reports no difference in recipient survival 
among Black race donors, although it was associated with a higher incidence of acute 
rejection and decreased graft survival [21]. This was additionally confirmed in the 
study by Sun et al., which indicated that donor race is not associated with worse 
outcomes and that race-matching did not confer advantages [22].

The overall impression is that donor race should not be considered when deter-
mining the best characteristics for the kidney donor. Unequal access and quality of 
care are commonly associated with racial differences, as well as the variation among 
individual transplant centers and income disparities (which will be discussed later in 
this chapter).

2.4 �Comorbidities

Due to the increasing number of patient on waiting list, it is logical to expand 
the criteria for organ acceptance. These donors tend to be older and have a higher 
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prevalence of various comorbidities such as hypertension, diabetes mellitus, and 
obesity, which all can lead to systemic atherosclerosis predisposition [23]. The direct 
impact of these comorbidities on graft survival and transplant outcome is still insuf-
ficiently investigated.

Only recently, there have been studies on how donor comorbidities influence 
these outcomes. In the research by Martinez Insfran et al. among donors older than 
75 years, there seems to be no impact on graft survival despite the higher prevalence 
of arterial hypertension and diabetes [24]. When analyzed separately, graft survival 
is influenced solely by the presence of peripheral vascular disease. However, patient 
survival, on the other hand, is influenced by the presence of all comorbidities. But 
despite this, survival after transplantation in the population with comorbidity is very 
good. This leads us to the conclusion that even patients with comorbidities should 
have access to transplantation and should be considered as transplant candidates.

As for obese donors, the high body mass index (BMI) was only associated with 
a significant increase in warm ischemia time. However, no significant association 
between cadaveric donor BMI and long-term clinical outcomes has not been con-
firmed in kidney transplant recipients [25]. Likewise, high donor BMI was not associ-
ated with graft and patient survival or long-term outcomes in patients undergoing 
liver transplantation [26]. High donor BMI was only associated with a higher chance 
of macrosteatosis liver, which, as a consequence, has a higher incidence of declined 
organs for transplantation.

2.5 �Donor status: Heartbeating vs. non-heartbeating

Death in donors without a heartbeat is defined as an irreversible cessation of 
circulation and respiratory function, whereas brain death in donors with a heartbeat 
is determined according to neurologic criteria. Therefore, a non-heartbeating donor 
has had hypotension over an extended period of time after cardiac arrest, just before 
organ procurement. It is considered that the long-lasting lack of perfusion causes 
irreversible damage, resulting in poor short-term and long-term outcomes after 
transplantation [27].

There has been reported a higher incidence of delayed graft function among renal 
transplant recipients retrieved from donors without a heartbeat. However, there 
seems to be no difference in long-term outcomes between heartbeating vs. non-
heartbeating donors [28]. Likewise, data retrieved among liver transplant recipients 
with liver retrieved from non-heartbeating donors support the fact that this kind of 
donor status does not impact graft loss or patient survival [29]. Thus, in appropriately 
selected patients, the outcomes for non-heartbeating donors are similar to those using 
liver from heartbeating donors, with no significant differences in complication rate, 
patient survival, or transplanted liver survival. Ultimately, these non-heartbeating 
donors represent a potential treatment option in organ shortage, but the timing and 
organization of the procurement have to be very swift.

2.6 �Donor cause of death (DCOD)

Donor cause of death (DCOD) has been described to influence allograft survival. 
Stroke, head trauma, and anoxia are the most frequent causes of DCOD, accounting 
for 97% of cadaveric solid-organ donors. Most studies associate stroke DCOD with 
worse graft survival across all organs. DCOD directly influences the incidence of graft 
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rejection. DCOD by head trauma and stroke was associated with a significantly higher 
rejection rate compared to anoxia DCOD [30].

Unlike previous studies, a report by Ganesh et al. associates DCOD and post-
transplantation survival, but it was not maintained after adjustment for confounding 
variables [31]. It seems that donors that died of vascular accidents and brain tumors 
were significantly older, compared to post-traumatic donors. Post-traumatic donors 
were younger, more likely to be male, and taller than donors from other groups, with a 
lower body mass index. All these factors combined (age, sex, and size) are potentially 
advantageous for the outcome in the trauma group and can lead to improved survival. 
DCOD therefore should not influence donor organ acceptance or donor-recipient 
matching and does not identify marginal donors.

Because of the long waiting list for transplantation, any adequately maintained 
brain-dead patient with acceptable organ function should be positively considered as 
organ donor. Donor age, gender, racial or ethnic background should never be a single 
exclusionary criterion. Donors with significant comorbidities should not be discour-
aged, but graft and patient survival analyses should account for their presence.

Since these factors are not modifiable, we cannot directly influence them. 
However, knowing the limitations of potential donor (age, gender mismatch, and 
comorbidities), we can predict clinical implications and can help in future patients’ 
care management.

3. �Donor maintenance

3.1 �Donor maintenance

Cadaveric donors are often presented with several pathophysiological alterations 
in hemodynamics, hormone balance, body temperature, and lung function. Due to 
systemic inflammatory response, an up-regulation of pro-inflammatory mediators 
occurs, which can have a negative impact on the graft survival after transplantation. 
Therefore, appropriate medical management of a potential organ donor can be very 
challenging.

Organ donor management strategies already exist, and their aim is to reestablish 
a normal physiological balance. In most cases, this state is extremely difficult to 
achieve, especially in the long term. Management difficulties have risen to a higher 
level with the introduction of marginal donors of advanced age. Nevertheless, current 
guidelines for critical care management for potential organ donors should focus on a 
multimodal strategy consisting of preserving peripheral organ function [32].

Basically, the management of potential organ donors is similar to the management 
of critically ill patients. The main goal of that treatment is to achieve hemodynamic 
stability as well as the homeostasis establishment of endocrine and metabolic distur-
bances [33].

Table 1 summarizes how to manage the potential organ donor, parameter manage-
ment, and goals [34].

As we can see, a tailor-made approach that strives to optimize each donor organ 
is pursued. It ensures graft quality that can possibly lead to an enlargement of the 
donor pool and improved outcomes after transplantation [35, 36]. One of the first 
conditions that has to be met is the achievement of hemodynamic stability with 
timely resuscitation using balanced isotonic crystalloid solutions in combina-
tion with vasoactive and hormone therapy. As for additional donor maintenance 
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Monitoring

•	 Admission in ICU

•	 Central vein access

•	 Invasive arterial pressure

•	 Continuous monitoring of electrocardiogram, peripheral oxygen saturation (SpO2), urinary output, and 
temperature

Hemodynamic support

•	 Maintain mean arterial blood pressure between 60 and 80 mmHg

•	 Central venous pressure (CVP) 4–10 mmHg (for lung donors 4–8 mmHg)

•	 Diuresis 1–3 ml/kg/h (>100 ml/h)

•	 Fluid resuscitation: initial infusion of 20–30 mL/kg of warm crystalloid solution for 30 min. If 
CVP < 4 mmHg, the volume infusion can be increased

•	 Vasopressors: Vasopressin in bolus, followed by a dose of 0.5–2.4 U/h or Noradrenaline (norepinephrine) 
0.1–2 mcg/kg/ min

•	 Brady and tachyarrhythmia should be treated following the protocols of the American Heart Association. 
Do not use atropine for bradyarrhythmia treatment – consider a temporary transcutaneous pacemaker (4)

Temperature control

•	 Maintain body temperature between 36 and 37.5°C

•	 Identify hypothermia as early as possible: central measurements in the tympanic membrane, nasopharynx, 
and esophagus

•	 In hypothermia, warming blankets should be provided to the patient

Ventilation

•	 Tidal volume of 6 to 8 mL/kg of ideal body weight

•	 FiO2 adjusted to obtain PaO2 ≥ 90 mmHg, PEEP 8–10, and Plato pressure < 30 cm H2O

Nutritional support

•	 Caloric intake equivalent to 70–85% of baseline energy expenditure

•	 Contraindicated in conditions of severe hemodynamic instability

Hormone therapy

•	 Capillary blood glucose measured every 6 h

•	 Persistent blood glucose levels above 180 mg/dL must be controlled following the institutional protocols.

•	 pH should be kept between 7.35 and 7.45

•	 Serum sodium between 130 and 150 mEq/L and urine output between 0.5 and 4 mL/kg/h

•	 In the presence of hypernatremia, it should be corrected with 0.45% saline solution or 5% glucose solution

•	 Disturbances in other electrolytes (such as calcium, phosphorus, magnesium, and potassium) must also be 
monitored every 6 h

•	 15 mg/kg/day of methylprednisolone after the diagnosis

•	 T3 replacement if the patient is unstable and under dopamine administration at doses higher than 10 μg/
kg/min or with an ejection fraction of less than 45%

Transfusion

•	 Blood transfusion if hemoglobin levels <7 g/dL. When the hemoglobin level is between 7 and 10 g/dL, the 
blood transfusion should be performed exclusively if the resuscitation measures are not achieving the 
mean arterial pressure (MAP) goals

•	 The hematocrit should be kept >30%

•	 Cryoprecipitate transfusion if the fibrinogen value is <100 mg/dL and disseminated intravascular coagula-
tion is suspected

•	 The platelet transfusion is recommended when the platelet account is <80,000/mm3

Table 1. 
Management of the potential organ donor [34].
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measures, mild therapeutic hypothermia of the donor has shown some positive 
effects regarding the reduction of delayed graft function, especially in renal 
transplant recipients [37].

Hormonal replacement therapy for brain-dead donors remains controversial. 
Corticosteroids have anti-inflammatory properties and its use is endorsed in donor 
management due to the fact that in several studies they contribute to more effective 
lung transplantation and reduced post-transplant liver dysfunction [38]. However, 
the latest trials on acute liver rejection reported conflicting results. They demon-
strated that steroid pretreatment does not impact long-term graft survival [39]. It is 
considered that corticosteroid administration in donors significantly reduces antioxi-
dant levels in transplanted liver and can have an impact on episodes of acute cellular 
rejection and graft survival [40].

Intravenous levothyroxine is widely used in donor care. Some observational data 
suggest that more organs can be retrieved from donors who receive hormonal supple-
ments [41]. However, data concerning its impact on graft survival are contradicting 
and have been mostly studied among heart transplant patients. On one hand, there 
are studies that suggest that pre-transplantation thyroid hormone supplementation 
of donors and recipients is associated with improved long-term survival after heart 
transplantation [42]. Whereas, in other studies, intravenous levothyroxine supple-
mentation did not result in significantly more hearts (or the other organs) trans-
planted per donor, nor it led to vasopressor reduction and discontinuation or ejection 
fraction augmentation [43]. The major limitation of thyroid hormone use is time. 
Unlike vasopressors or inotropes, hormones need time to reach their full effect after 
they go through the process of genomic transcription and protein synthesis. It is a 
relatively slow process, but ultimately, they have the potential to modify myocardium 
and vasculature and, therefore, may contribute to long-term survival by primary graft 
dysfunction reduction [44]. However, over time, most of the potential donors tend to 
be hemodynamically unstable, making procurement a priority and denying hormones 
full potential development.

Also, as an essential part of donor management, donors are assessed clinical for 
infections. Bacteremia or sepsis are not contraindicated, in case adequate antibiotics 
have been timely administered prior to procurement. The rate of infection transmis-
sion is very low, occurring in less than 1% of solid-organ transplant recipients. Certain 
infections are still contraindicated in organ donation, although there has also been 
progress in this field. In order to expand the donor pool, organs from HIV-positive 
donors have been successfully transplanted to HIV-positive recipients. Successful use 
of organs from hepatitis C-positive donors due to new antiviral agents against hepati-
tis C has been reported [45].

As already mentioned, early events during transplantation may determine the out-
come of the recipient. Variety of immune responses are activated after brain death, 
which can additionally aggravate ischemia-reperfusion injury in early transplantation 
period, and may compromise graft and recipient survival. Experimental studies show 
that simvastatin administered to the organ donor damps down inflammation and 
reduces biomarkers of myocardial injury after heart transplantation [46]. It’s consid-
ered vasculoprotective and therefore it could serve as an inexpensive adjunct therapy 
in multiorgan donation. Similar findings and results were obtained in patients after 
liver transplantation. Donor simvastatin was considered safe and has potential to 
significantly improve early graft and patient survival after liver transplantation [47]. 
Statin administration is still not part of the donor maintenance protocol due to the 
fact that further research is mandatory.
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To conclude, poor donor clinical and hemodynamic status may impact on delayed 
graft function (DGF) occurrence. In one single-center study, authors managed to 
extrapolate donor maintenance-related variables associated with DGF and listed 
them as blood pressure, use of high-dose vasopressors, urine output, and blood 
glucose [48]. However, none of the available predictive models does not include in the 
final formula variables reflecting donor maintenance.

3.2 �Timing of procurement

By assuring the appropriate management of the potential donor, we can benefit 
many patients with end-stage disease. The longer the delay until the organ removal, 
the worse the inflammatory response and the outcomes of the transplantation. 
Therefore, the majority of transplant centers aim to procure as fast as possible [49].

There are no guidelines on the safe duration of donor management before procure-
ment. There is shortage of literature regarding this topic in terms of large random-
ized trials. Research is limited to single-center retrospective studies examining the 
relationship between donor brain death duration and outcomes after transplantation, 
with conflicting results.

Earlier belief advocated fast organ procurement in order to avoid donor hemo-
dynamic instability occurrence, which can ultimately lead to worse outcomes due 
to compromised perfusion. However, it has now been proposed that by maintaining 
organ perfusion, the organs can recover and be better prepared for cold ischemia 
as the autonomous and cytokine storm seems to “cool down” in the hours following 
brain death. This finding may have an impact on organ procurement in the future, 
where it may be safer to improve donor management prior to organ retrieval than to 
simply rush into the procurement [50].

This is supported by recent studies that have shown improved long-term outcomes 
and graft survival in renal, liver, and pancreas transplant recipients after longer donor 
procurement time and graft survival with longer procurement interval in renal, liver 
and pancreas transplant patients [51–53].

We also must emphasize significant differences in procurement intervals between 
Europe and the United States, which arise from organization of procurement schedule 
and the type of consent for organ donation. In the United States, procurement is mostly 
scheduled during office hours, due to their organization system and payment. As for 
the consent model for organ procurement the US system operates under a model of 
expressed consent, while European countries have relied on a method of presumed con-
sent. Neither of these methods has shown superiority in increasing the donor pool [53].

3.3 �Cold and warm ischemia time

It has long been known that warm ischemia time (WIT – the time from organ 
removal from cold storage to achieving organ perfusion following vessel anastomosis) 
and cold ischemia time (CIT – time that organ remains in the cold storage prior to 
transplantation) are important factors affecting organ transplantation outcomes. 
Both prolonged WIT and CIT are independently associated with post-transplant graft 
failure [54]. Each additional hour of CIT increases the risk of graft failure and mortal-
ity [55], whereas prolonged WIT is associated with delayed graft function, increased 
graft failure, and mortality after transplantation [56].

Similar conclusions tend to be demonstrated in studies focused on in-house 
transplantation with minimal duration of cold ischemia. Studies reported reduced 
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incidence of delayed graft function after in-house donor kidney transplantation. 
However, there has not been significant difference for long-term graft function 
compared to imported organs [57].

Minimizing both warm and cold ischemic injury is the area of focus for the inter-
national transplant community because they are modifiable, and their amelioration 
can reduce organ injury and improve outcomes after transplantation.

In times when it is not possible to reduce CIT, due to the necessity for long-trav-
eling organ transport in order to match donor and recipient immunological status, 
improved preservation solutions and mechanical graft support should be considered. 
Likewise, enhanced collaboration between organ procurement organizations, trans-
plant centers, and optimized transportation systems is important for long-distance 
organ transport optimization [58].

3.4 �Perfusion solutions and machine perfusion techniques

Procured organs are routinely preserved in a solution whose goal is to prevent cell 
swelling, acidosis, and oxygen radical formation. The most widely used solutions for 
organ preservation under hypothermic settings are the University of Wisconsin (UW) 
and Histamine Tryptophan Ketoglutarate (HTK) solutions, respectively.

Recent laboratory-based studies have explored the benefits of the preservation of 
fluid additives. Effects of volatile anesthetics or hydrogen sulfide (H2S) added to preser-
vation solutions have been found to decrease oxidative stress, apoptosis, inflammation, 
and mitochondrial dysfunction in ischemic rodent kidneys [59]. Immune inhibitors 
added to preservation solutions inhibit complement activation, which lead to organ 
quality and function improvement by lowering inflammatory and pro-fibrotic gene 
expression in laboratory studies. Likewise, recent studies provide data on the reduction 
of immunosuppressive medication doses with mesenchymal stem cell application [60]. 
However, it will take time to bridge the gap between research and clinical practice.

In experimental models, a variety of settings regarding machine perfusion techniques 
has been proposed. In contrast to static cold storage, hypothermic pumping has been 
shown in laboratory models to improve ATP levels and reduce endothelial damage and 
swelling. Normothermic pumping allows the maintenance of cellular and metabolic 
processes at normal physiological rates. It has been considered that it reduces the injury 
associated with cold ischemia, reducing delayed graft function and ischemia-reperfusion 
rates. It has also been proposed that it restores ATP levels and increases blood flow and 
oxygenation. Likewise, normothermic pumping has been used in preclinical studies 
of immune inhibitors (mesenchymal stem cells, complement inhibitors, anesthetics) 
in order to find an agent that can offer protection from ischemia-reperfusion injury. 
Subnormothermic machine perfusion similarly avoids cold ischemia but it reduces the 
need for oxygen carriers, leading ultimately to increased urine production, improved 
creatine clearance and improved blood flow [61–63].

In combination with targeted perfusion solutions, an advanced machine perfu-
sion method offers means of functional maintenance, restoration, and assessment 
while reducing damage associated with static cold storage and ultimately improving 
transplant outcomes [61].

3.5 �Preconditioning

Ischemia/reperfusion (I/R) injury is an inevitable part of every transplant that 
significantly contributes to graft dysfunction, which is closely related to increased 
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morbidity and mortality [64]. Given extremely limited donor resources, it is impor-
tant to mitigate I/R injury and improve graft function.

Pre-, post-, and remote conditioning are protective strategies against I/R injury, 
which can be applied in the transplant setting. With ischemic preconditioning, the 
transplanted organ is conditioned with a brief ischemic period followed by reperfu-
sion prior to sustained ischemia. Ischemic post-conditioning consists of intermittent 
sequential interruptions of blood flow in the early phase of reperfusion, whereas 
remote ischemic conditioning involves the implementation of brief and repetitive 
cycles of I/R in the extremities, inducing systemic protection against I/R injuries in 
distant organs [65, 66]. The potential mechanism involves slow, intermittent oxy-
genation through controlled reperfusion in order to reduce the burst production of 
oxygen free radicals, increase antioxidant activity, suppress neutrophil accumulation, 
and modulate the apoptotic cascade.

In addition to mechanical preconditioning, there is also a pharmacological post-
conditioning. A variety of drugs have been selected and investigated (milrinone, 
diazoxide, sevoflurane, adenosine, ginsenoside Rb1, recombinant human erythro-
poietin) [66, 67]. Through different action mechanisms, they all more or less demon-
strated a positive effect on I/R injury reduction.

These strategies hold the potential to reduce graft injury and to safely expand the 
donor pool. Both experimental and clinical studies have demonstrated its protec-
tive effects against I/R injury in various target organs such as the heart and kidney. 
However, despite convincing experimental data, clinical studies are required to show 
whether biochemical and histological improvements afforded by conditioning can be 
translated to a substantial clinical benefit.

4. �Socioeconomic factors

As already mentioned, multiple factors determine patient and graft survival. 
Besides donor characteristics, characteristics related to surgery, post-transplant 
complications, and immunosuppressive drug intake, socioeconomic variables have 
also been reported to influence transplantation outcomes [68]. Lower socioeconomic 
status has been associated with worse health outcomes in general. More specifically, 
it is related to increased incidence and progression of chronic diseases, inadequate 
renal replacement therapy, and reduced chances of having access to transplantation. 
Lower economic status is usually associated with limited access to information about 
the health system and life quality, which ultimately leads to worse outcomes after 
transplantation.

4.1 �Education level

Lower socioeconomic and educational status of the patients has been linked with 
late application for transplantation and with poor compliance in the post-transplan-
tation period, especially regarding medical treatment. Insufficient patient compli-
ance both decreases the quality of life and shortens the life span due to rejection and 
graft loss [68]. For instance, in the United States, patient incompliance has been held 
responsible for 50% of late acute rejection and for 25% of the deaths following liver 
transplantation [69].

In Europe, the research conducted by Gruttadauria et al. revealed a significant 
correlation between education and socioeconomic status, where high educational 
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level decreased post-liver transplantation deaths [70]. This is also related to the 
health-related knowledge. The lack of it is associated with difficulties in under-
standing the favorable effects of physical activity, balanced diet, and adherence to 
treatment [71].

4.2 �Income level

In the United States, lower income was identified as a factor related to poor 
graft and patient survival [68]. This factor persisted even in the first 3 years after 
transplantation, regardless of the fact that the health system made the availability of 
immunosuppressive therapy possible. Recipients off welfare had twice the chance of 
success than subjects on welfare. Additionally, patients with monthly incomes over 
$3000 were four times more likely to have successful transplants.

4.3 �Employment status

Employment is a widely recognized component of quality of life. Employment 
status at the time of transplantation and in the post-transplant period has a strong 
and independent association with the graft and recipient survival. Full-time employ-
ment at the time of transplant and 1 year post-transplant is associated with a lower 
risk for graft failure and recipient mortality [72]. However, working overtime may be 
associated with an increased risk of graft dysfunction.

4.4 �Marital status

Factors related to quality of life also have an impact on transplant outcomes. 
Among them, marital status and family support are considered to be important fac-
tors. Pre-transplant marital status is associated with positive outcomes for the graft, 
but unfortunately, it is not beneficial for the recipient’s survival. This is particularly 
pronounced in male but not in female recipients [73]. Likewise, it has been proven 
that patients with children have a three times greater chance of survival than 
childless individuals. Family support is a major factor for successful outcomes after 
transplantation, and it is explained that in most cases, patients with children belong 
to more stable families [68].

4.5 �Exposure to external factors (violence and pollution)

The characteristics of the places people inhabit influence many aspects of their 
health and well-being. The living environment does not only apply to geographic 
places, but it also includes an extent of neighborhood socioeconomic resources, 
which can be associated with adverse health outcomes. Living in a deprived 
neighborhood has been shown to be associated with risky health behaviors 
(alcohol and drug addiction), poor cardiovascular health, higher mortality, and 
greater depression [74]. In the study by Wadhwani et al., neighborhood socio-
economic deprivation and black race were reported as important predictors of 
adverse outcomes after liver transplantation [75]. The reason for this may lay in 
the fact that neighborhood characteristics (violence, severe poverty, poor social 
cohesion) reduce the availability of the health system to the individual in the first 
place, as well as diminish one’s ability to adhere to strict medication regimens after 
transplantation.
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5. �Healthcare factors

5.1 �Health insurance

Access to health care is another key variable influencing transplant outcomes. 
There are differences in health care systems between countries, especially between 
the United States and European countries, that could influence results. In the United 
States, the presence of private health insurance significantly affected survival after 
transplantation. Those patients with private insurance have an advantage in the graft 
and recipient outcomes independent of racial differences [76]. Likewise, the presence 
of health insurance also influences patient compliance. For example, in the United 
States, the major medical insurance provides immunosuppressive medications for 
patients younger than 65 years who do not have a disability but only for the period 
of 3 years after transplantation. Beyond that, the provider does not extend coverage, 
which can be an important determinant of graft failure [68, 77]. In Europe, health 
insurance is mostly publicly financed and has no medication restrictions, which 
ensures better patient compliance with immunosuppressive drugs.

Therefore, if access to health care depends on socioeconomic status, patients 
with unfavorable social factors could be at a disadvantage and could have poorer 
outcomes after transplantation. Limitations in access to health care and medication 
have consequently a negative influence on adherence to treatment, as has been seen 
among the African American population. A policy change may contribute to improv-
ing graft survival and reducing health care spending. Studies suggest that patients of 
African origin have no difference in graft survival rates in healthcare systems that lack 
income-related barriers.

5.2 �Transplant center organization

The outcomes of transplantation depend on numerous factors and vary between 
continents, countries, and between transplant centers. Likewise, despite multiple 
regulations, the variation between transplant centers in approaches to donor and 
recipient evaluations, health care and treatment delivery, communication, and 
frequency of follow-up were reported [78].

One of the major problems in the healthcare system organization is the lack of 
systematic postoperative patient monitoring. In the United States, studies conducted 
among patients after kidney transplantation demonstrate that 65% of kidney recipi-
ents do not have a dedicated transplant pharmacist in outpatient care, two-thirds do 
not see renal transplant recipients at least monthly during the first year, and only less 
than 30% has an established nephrology and transplant surgery collaboration [79].

Due to critical organ shortage in the United States, a new strategy has been 
proposed to increase the number and quality of organs recovered from deceased 
organ donors. Until recently, most of the organs retrieved from deceased donors have 
occurred in acute-care hospitals. However, donor maintenance requires intensive 
care treatment, which represents inconvenience because there is competition with 
living patients for intensive care unit beds and possible interference with previously 
planned operating room schedules. To address these issues, some organ procurement 
organizations have established dedicated organ recovery facilities (specialized donor 
care facilities or organ recovery centers). These new setting facilities accept potential 
organ donors from acute-care hospitals and provide advanced evaluation, diagnostic, 
and treatment management. Their aim is to ensure the best possible organ recovery 
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for potential procurement. Already, single-facility evaluations have suggested 
improved organ donation outcomes and several practical advantages over hospital-
based recovery [80].

6. �Conclusion

In this chapter, we reviewed the impact of donor risk and socioeconomic factors 
on graft and/or recipient survival. Due to the fact that for many patients with end-
stage organ diseases organ transplantation is the only feasible treatment, improving 
the brain death understanding and the potential donor management are important 
steps to save many future lives.

Most of these factors are modifiable but often overlapping and cumulative with 
other factors (Figure 2). Therefore, an exclusive reliance on donor factors or donor 
characteristics-based decision-making could result in unjustified rejection of organs 
for procurement.

Nevertheless, it is important to recognize those underlying factors in order to 
make improvements that could influence optimal transplant outcomes. We hope that 
some of these factors may become less important as our understanding and technol-
ogy regarding transplant medicine advances.
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Figure 2. 
Overlapping factors that influence transplant outcomes and graft survival.
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Chapter 6

Professional and Emotional 
Challenges Nurses Experience 
while Caring for Brain-Dead 
Donors
Anja Meyer and Priya Walabh

Abstract

The research explores the professional and emotional challenges faced by nurses 
caring for brain-dead donors in South Africa. It highlights the importance of nurses 
in identifying organ donors and how their attitudes influence families’ decisions on 
organ donation. Nurses experience mixed emotions, including sadness and hopeless-
ness, anxiety, and fear, while caring for organ donors. It also mentions the cultural 
and religious barriers in South Africa regarding organ donation. The content covers 
the concepts of organ donation as the gift of life, the role of nurses in providing care, 
the challenges faced by nurses, and recommendations to improve the care provided 
to potential organ donors. Themes include the emotional experiences of nurses, 
mechanical care provided to donors, and continuous care provided to families. 
Overall, the chapter underlines the importance of education, assistance, and knowl-
edge for nurses caring for potential organ donors. It recommends implementing 
training programs, support networks, and cultural sensitivity initiatives to improve 
the care provided and increase organ donation rates. The findings underscore the 
importance of embracing the notion that “every donor counts” to bridge the gap and 
save lives.

Keywords: brain death, caring, nurses, organ donor, 
professional and emotional challenges

1. �Introduction

Before the early 1950s, organ failure was comparable to a death sentence and there 
was no other course of therapy available for patients experiencing end-stage organ 
failure. However, as time went on, organ transplantation became one of the medical 
miracles to save the lives of patients with organ failure. Organ transplantation became 
a widely accepted global practice and for several decades is the new norm to preserve 
lives and restore function [1, 2].
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Unfortunately, organ scarcity remains a continuing concern, and it is known 
that the efficiency of a transplant program is dictated by the availability of organs, 
and as matters stand, there is no balance between demand and supply of organs 
in South Africa (SA). The global demand for organs vastly surpasses the avail-
ability of organ donors, as has been extensively documented. Organ donation and 
transplantation are still the best and most cost-effective medical solutions for 
end-stage organ failure [3, 4].

Nurses are typically the first to identify organ donors, as most professional nurses 
who have worked in a critical care unit are believed to have cared for a potential organ 
donor, who is by definition brain-dead. Therefore, their attitudes and knowledge 
about organ donation have a significant impact on a family to be included in organ 
donation as an end-of-life decision [5–7].

Research has shown that there is a wide range of sentiments among nurses regard-
ing organ donation. Although most qualified nurses have a positive attitude toward 
organ donation and transplantation, nursing staff in China had a negative attitude, 
whereby only 33.4% of them said they would give their own organs. Only 32% of 
nurses in Serbia would donate their own organs, compared to 91% who would accept 
organ transplants. Nurses who work in intensive care units (ICUs) in transplant facili-
ties in Sweden had a less favorable attitude toward organ donation. Brazil mandates 
that nurses participate in educational programs that challenge preconceived notions 
and encourage dissent. They elaborate that public opinions toward organ donation are 
influenced by religion, family values, and ideals [7–9].

In SA, the role of professional nurses toward families is of extreme importance, 
as they offer support to families regarding organ donation and transplantation. 
Therefore, potential development in the organ donation process is by transplant 
coordinators supporting professional nurses, who deal with the family in a precious 
manner during the organ donation process. Professional nurses are advised not to 
initiate conversations with families about organ donation, but rather timeous referral 
of potential donors is essential to allow the transplant coordinator time with the fam-
ily and pursue the consenting process at the precise time [10, 11].

Nurses play a crucial role in the organ donation process and can influence family 
and community members’ decision-making. Regrettably, the output of nurses in the 
organ donation process remains low. The main issue appears to be a lack of knowledge 
and awareness. Research demonstrates that the knowledge level linked to donation 
rates implies that teaching workshops on organ donation and transplantation need to 
be developed to fully utilize the potential of nurses in organ donation campaigns and 
the entire transplant process efficiently [12].

2. �The gift of life

According to Ubuntu, individuals do not exist in isolation, but in relation to 
others. In organ donation, “Ubuntu” is a word that personifies all that organ donation 
represents. This is because of the recipient’s life-changing experience by the family’s 
selfless act of organ donation. The proverb of Ubuntu means a person does not live 
in isolation, “In Zulu: umuntu ngumuntu ngabantu/In Southern Sotho: motho ke 
motho ka batho”. In translation, it means “a person is a person through other persons”. 
The honorable theory of Ubuntu gives emphasis to the only way to develop one’s 
humanness, which is to relate to others in a positive way. The Ubuntu values inspire 
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individuals to place high moral value on respecting, caring, and recognizing the 
existence of fellow human beings [13–15].

Giving a part of oneself through organ donation is the most phenomenal gift a per-
son can give another. Organ donation integrates the end of one life with the renewal 
of another. Organ transplantation is a unique technique where a patient can only get a 
healthy organ if a living donor or the family of a brain-dead donor consents to the gift 
of life. This occurs when a surgical operation is performed by means of transferring 
the organ from the donor to the patient with organ failure [16, 17].

To increase the donor pool, donor registration and discussions with patients, fam-
ily, and friends about organ donation as an end-of-life care choice are recommended, 
as a significant percentage of families agree to organ donation when they are aware 
that their loved one has chosen to become a registered organ donor. Patients’ families 
play a vital role in the organ donation procedure, and low consent rates from families 
remain a substantial hurdle. Some families are afraid to make that decision for their 
loved ones, but families that know what the deceased would have wanted found the 
process easier [5, 18, 19].

2.1 �Nurses, the art of care

The American Nursing Association redefined nursing as follows: “Nursing inte-
grates the art and science of caring and focuses on the protection, promotion and 
optimizing of health and human function, prevention of illness and injury, facilitates 
healing and alleviation of suffering through compassionate presence. Nursing is the 
diagnosis and the treatment of human responses and advocacy in the individuals, 
families, groups, communities, and populations in recognition of the connection of 
humanity”. Nurses constitute a large percentage of the health-care workforce, and the 
success rate of organ donation is a result of their dedication, knowledge, and skills 
[6, 7, 9, 19].

While professional nurses care for a potential organ donor, Ubuntu remains the 
key guiding principle that drives people to see the existence of others in a holistic 
way. This idea creates a secure environment in which humans can seek comfort and 
feel safe in the presence of others. “I am because of you” is a strong remark made 
by the late Mr. Nelson Mandela to instill in himself the things he most desired for 
South Africa: peace, healing, and harmony. He became the epitome of Ubuntu, as it 
is known in South Africa. As a result, embodying the principle of Ubuntu through 
transplantation demonstrates that no one can exist in isolation. Patients expecting 
life-saving organs become dependent on the gift of life [7, 20].

2.2 �The brain-dead donor

Brain death is an irreversible impairment of function of the entire brain and is 
defined by a catabolic storm, which can lead to a variety of challenges with organ 
viability. To care for brain-dead patients who could be potential organ donors is a 
complex activity, and the professional nurse’s role stands out; they experience stress 
while spending time with the donor’s family and managing the donor [21–23].

Nursing care for potential donors is a complex process that needs extensive 
mental preparation and skills. As a result, the professional nurse must be knowl-
edgeable about brain death and its pathophysiological process as well as possess 
the abilities required to care for the brain-dead patient as a potential organ donor. 
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The professional nurse’s perspective regarding brain death influences the success-
ful outcome of organ donation. A constructive expansion of knowledge, skill, and 
understanding will foster a positive attitude toward organ donation [6, 23, 24].

Caring for brain-dead patients who could be potential organ donors is one of the 
most challenging duties for nurses, and the level of competency demonstrated while 
caring for a brain-dead patient has a direct impact on the outcome of organ viability 
and transplantation. To maintain the dignity of both organ donors and families dur-
ing the donation process, it is critical to provide optimal nursing care, stay close to 
the patient, be available to relatives, and listen to their stories about their loved ones 
[24, 25].

2.3 �Walk of honor: The time silence becomes tangible

Caring for a brain-dead patient is intense and emotionally draining. “The time to 
prepare the organ donor for the procurement procedure is a time the nurse experi-
ences the most emotions as a silent supporter. It is when the nurse feels close to what a 
family feels when faced with this tragic situation”. They will find themselves holding 
the donor’s hand at times and even asking questions or have a last conversation. This 
is the time the nurse stands in the gap for the family and keeps on honoring their 
loved one [26].

An “Honor Walk” has grown into an increasingly common symbol of respect 
for organ donation. Prior to donation, the critical care team and other health-care 
personnel stand silently in the area leading to the operation room to honor the 
family’s decision to donate their loved one’s organs. The solemn end-of-life proces-
sions give you a sense of thankfulness toward a person you as the nurse did not 
even know [27].

“Being a part of the honor guard allowed me to take part in saying goodbye, which 
reminds me of the precious gift gave to others. I was thankful I was able to participate 
in the care of such a complex patient so early in my nursing career, and I have learned 
so much from that experience that I will take into my future practice.” (Figure 1) 
[26, 28].

Figure 1. 
Honor walk of a true hero, whose organs will save the lives of many.
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2.4 �The participants

Nurses from a government institution in Gauteng described their experiences 
caring for potential organ donors. The themes paint an accurate figure of the per-
spectives expressed by the participants. The researcher meticulously and verbatim 
transcribed all of the interviews to ensure that the significance of what the partici-
pants said was preserved. The chapter takes the reader on a wonderful trip through 
how professional nurses experienced conflicting feelings while caring for potential 
organ donors but ultimately felt gratified knowing there was hope when they shared 
their stories of assisting patients in receiving life-saving organs.

The essence of the professional nurses’ experiences was captured through the data 
analysis process, which was done by engaging Giorgi’s descriptive phenomenological 
data analysis process. A purposive sampling method was used. The sample consisted 
of seven (7) professional nurses with a diploma in Medical and Surgical Nursing 
Science: Critical Care Nursing (General) and an average of fifteen (15) years of nurs-
ing experience in an intensive care unit. Three (3) participants worked in a neurosur-
gery intensive care unit and four (4) in a trauma major critical care unit at the public 
hospital under investigation. There were two (2) male and five (5) female professional 
nurses, with a mean age of 45 years. Following seven (7) interviews, the researcher, 
supervisors, and independent coder confirmed data saturation, and no new informa-
tion was discovered [29].

2.5 �Identifying the gap: Themes and categories

2.5.1 �Central theme

Despite their sadness and hopelessness, the participants continued to care for the 
potential organ donor holistically. Despite dealing with an emotional load of anxiety 
and fear while witnessing the family’s reaction to hearing the devastating and heart-
breaking news that their loved one was brain-dead, the professional nurses encoun-
tered a sense of purpose knowing that other people’s lives could be saved through 
organ donation (Table 1).

2.5.2 �Theme 1: Navigating the emotional labyrinth of organ donation

The participants’ employment conditions exposed them to death and dying at 
frequent intervals during their duties. They shared their mixed emotions of sadness 
and hopelessness that they experienced when they realized that nothing more could 
be done to save the potential organ donor’s life. Observing the family’s emotional 

Theme 1 Theme 2 Theme 3

•	 The participants experienced 
mixed emotions while caring 
for a potential organ donor.

•	 The participants experienced that 
the caring for potential organ 
donor was mechanical and involved 
caring for the family members.

•	 The participants experi-
enced barriers in caring 
for the potential organ 
donors.

Table 1. 
Themes of experiences of nurses caring for a brain-dead donor [30].
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suffering while caring for a potential organ donor caused them anxiety and fear. 
Participants felt fulfilled when providing holistic care, knowing their efforts could 
save another life. A few participants expressed their feelings as of sadness and hope-
lessness are expressed in the following quotes:

“It can become traumatic, more especially if you see the young kids who are more 
involved in accidents these days, so seeing such a young person lying there without anything 
that you can do and they cannot be woken up … (sounding sad and lowering his voice).” 
(Participant D, male, 40 years)*.

“Sadness comes when the very patient is diagnosed brain-dead because of the severity 
of the head injury … you feel sad because you were hoping the patient will be healed and go 
home.” (Participant C, female, 56 years)*.

Caring for brain-dead patients is one of the most demanding responsibilities for 
nurses, and because of its intricacy, it is the most difficult component of nursing in 
an intensive care unit. One of the most difficult moral difficulties is determining the 
death of a person who still has a heartbeat, and many nurses have expressed concerns 
about brain death and organ donation in cultural and religious settings. As possible 
organ donors are admitted to the intensive care unit with the intention of repairing 
their condition, the professional nurse anticipates a miracle. According to the study 
results, caring for a brain-dead patient may cause nurses to feel sadness and hope-
lessness while caring for patients. Similarly, studies suggest that nurses experience 
anxiety after caring for a brain-dead patient, which may interfere with patient care 
and contribute to burnout [24, 29, 31, 32].

Because brain death can happen rapidly, most families do not have time to prepare 
for the unexpected death of a loved one. As a result, the professional nurse is respon-
sible for caring for the mourning family during this process, and communication with 
the family is essential since they need to comprehend the cause of death. Anxiety and 
fear overwhelmed the participants as they witnessed the family’s emotional turmoil 
while caring for a potential organ donor. The participants were filled with anxiety 
and fear as they witnessed the emotional distress of families who had been informed 
that their loved ones were brain-dead. The family of potential organ donors revealed a 
wide range of emotions, from complete denial and disbelief to knowing and accepting 
that their loved one was brain-dead [29, 31, 32].

The following quotes articulate the participants’ feelings of anxiety, fear, and the 
families’ emotional pain:

“I was really feeling scared to face them and tell them this sad news … when they 
came I was shaking like a leaf … (pause) … and when they came in … I was afraid to 
even say ‘Good morning’, you know … as if they would see on my face … written that 
their child is no more. It (experience) creates that feeling”. (Participant F, female, 
62 years)*.

“It was very painful to see them cry like that because they had hoped that the person … 
(long silence) … Yeah, also you do not know how the family will react when hearing the 
devastating news … Sometimes I think they … look for someone to blame and since I am 
the first person to talk to them, they can blame me as a person who was looking after the 
patient … but after some time you feel that you have done much to help them come to terms 
with the situation (sounding relieved).” (Participant G, male, 34 years)*.

It is so critical to convey accurate details about brain death and ensure families 
comprehend the correct prognosis, since this may alleviate the family’s misper-
ceptions about the likelihood of their loved one still being alive. Not all families 
understand brain death since their loved one’s body is warm to the touch, the heart is 
beating, and the person appears to be asleep despite being declared dead. This gives 
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families hope for the patient’s recovery, but it also makes nurses afraid and uncom-
fortable because families abuse them and cause them distress. This can be incredibly 
stressful for the nurse, instilling a sense of guilt and aggravating anxiety. Participants 
said that some families communicated their emotions in an aggressive and occasion-
ally abusive manner, blaming the nursing personnel for their loved ones’ deaths. 
Dealing with the possible organ donor’s family was extremely stressful, and some 
relatives of brain-dead patients were disrespectful, angry, and confrontational to 
professional nurses [22, 33–35].

2.5.3 �Theme 2: Transforming donor care - From mechanical to meaningful

Caring for a possible organ donor seems to be a mechanical process. This includes 
nursing behaviors such as ensuring the patient’s hemodynamic stability, and as the 
treatment progressed, the participants developed a stronger sense of caring for the 
potential organ donor’s family. As caring increased, the participants saw that it was 
more than only dualism; it also extended to being concerned for an unknown indi-
vidual. Donor care aimed at optimizing organ function is crucial for increasing the 
number of patients who can benefit from each individual donor. Participants were 
responsible for the patient’s hemodynamic stability, which included adequate respira-
tion, a desirable perfusion pressure (MAP) of at least 60 mmHg, and urine output of 
at least 1 ml/kg/h. They also indicated that they did their best to look after potential 
organ donors and their families, treating them with dignity, respect, and profession-
alism. It is also important to honor the families, regardless of whether they approve of 
the donation [23, 36].

“I ensure my patient is clean and I nurse him with dignity. I continue to write obser-
vations, do arterial blood gases, obtain blood for electrolyte check and correct according 
to ward protocols … (pause) … Now, as a person you wouldn’t work rough, you still 
respected them as a person, and you still respected the person for their relatives … You 
just do the same thing and still have the same feelings (similar to those who are alive) 
… (thinking) … or even more now. Sympathy plus empathy.” (Participant F, female, 
62 years)*.

Participants discovered that care for potential organ donors and their families 
was comprehensive and consistent. The participants assisted bereaved families 
while caring for the potential organ donor, emphasizing the need for understand-
ing and appreciating a patient’s family as a whole. This is clear from the following 
quotes:

“It’s the whole physical aspect as well as the family … (thinking) … Family I think is a 
big part of the holistic care since now you no longer nursing a human body alone but also 
you are nursing the family …” (Participant B, female, 28 years)*.

“I give holistic care and the factors that I involve … Firstly … (pause) …. I look at 
the emotional status more especially of the family … and ensure that they are supported 
throughout …. Secondly, their psychological status … and then after, their physical status. 
On the physical status then I also focus on ensuring that the patient’s organs … are … viable 
at all times.” (Participant E, female, 47 years)*.

Nurses must provide excellent care and compassion to patients and their 
families while maintaining professional, continuous competence in nursing. The 
donor procedure involves both clinical management of the donor and interac-
tions with the donor’s family. Because the professional nurse is the primary source 
of communication and support to the patient’s family on a daily basis, fulfilling 
the requirements of the family is part of the process of caring for a brain-dead 
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patient. Although it can be challenging for participants to offer adequate support, 
providing emotional assistance and understanding the patient’s condition is vital 
[2, 24, 37].

2.5.4 �Theme 3: Cultural sensitivity in organ donation - A new frontier

Participants stated that they encountered difficulties in offering culturally 
sensitive treatment to potential organ donors and their families. These challenges 
developed as a result of most African families’ cultural beliefs about and unfamiliarity 
with the occurrence of organ donation. Participants said that most African families 
are less familiar with the notion of organ donation than the majority of Caucasian 
homes. Participants became aware of the challenges that they faced as a result of their 
families’ cultural beliefs. Many African families are unfamiliar with the cultural dif-
ferences in organ donation. As a result, the participants became aware that ancestral 
traditions were given priority in African households, which meant that the deceased 
had to be buried with all of their organs.

The participants illustrated the cultural diversity barriers in the following 
quotations:

“… (Moving her chair around) … with the culture diversity it is very difficult especially 
with us Blacks because they would come up and tell you that ‘No I cannot give you an 
organ what am I going to say to my ancestors when I die and you have taken this organ.’” 
(Participant A, female, 41 years) *.

“Cultural beliefs differ, we as Blacks believe that when someone is dead, he or she will 
meet some other members of the family who died before him or her and if they (family) 
donated the organs, the ancestors will not be able to recognize him or her and the ancestors 
will be angry … and we believe that the deceased person then brings darkness and evil 
spirit to the family … (sternness in her voice) …” (Participant C, female, 56 years)*.

Organ donation and transplantation continue to provide many ethical, cultural, 
and religious issues and dilemmas on a personal and community level. Cultural 
variety also means that different civilizations respect one another’s uniqueness. 
Numerous researchers have emphasized sociocultural barriers, such as religion and 
culture, which prevent Africans in South Africa from participating in organ dona-
tion as an end-of-life option. Religion and culture foster a sense of identity, and any 
action considered as divergent from a certain group’s religion or culture is prohibited 
and viewed poorly. People’s attitudes, opinions, and conduct are influenced by their 
cultural background and religious beliefs [3, 31, 38, 39].

Most Africans believe in life after death; however, this life is referred to as the 
ancestral world and necessitates a strong body and soul. To respect the ancestors, 
his or her body must be intact; otherwise, the ancestors will reject the person in the 
hereafter. Donating a deceased person’s organs is thus prohibited in most African 
traditions, as it is believed that the person’s spirit continues to wander and will not 
be accepted by ancestors. Cultural custodians must share an understanding that a 
person’s existence does not end with physical death [1, 40].

“… because he or she (family member) doesn’t want to be responsible as the family will 
blame him or her to say ‘You have just given the organs to … other people that we do not 
even know’ … whereas White people … like … (clearing his throat) … I mean they under-
stand, they say ‘Take the organs, our child will live on in someone else.” (Participant D, 
male, 40 years) *.
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3. �Close the gap: Recommendations in relation to each of the themes

The study presents recommendations for professional nurses caring for potential 
organ donors to ensure quality care. To provide effective and competent care to poten-
tial organ donors, the recommendations involve emotional support and education for 
nurses and communities. The data analysis has led to the following recommendations 
based on topics and categories (Tables 2–5) [30].

Recommendation Description

Crafting the 
compassionate care 
curriculum

A workshop where empathy is the cornerstone. Transplant coordinators should 
develop a comprehensive awareness and in-service training program focusing 
on the nuanced care of brain-dead patients. This program would blend clinical 
expertise with emotional intelligence, transforming a challenging responsibility 
into a shared journey of understanding and compassion.

Building emotional 
fortitude through coping 
strategies

A toolkit designed for emotional resilience. Implement strategies like 
mindfulness practices, reflective journaling, or guided imagery exercises to help 
professional nurses manage their emotional responses. These tools will empower 
them to handle the responsibilities of caring for brain-dead patients with 
renewed strength and clarity.

Forming sanctuary 
support circles

Support circles led by experienced transplant coordinators, serving as 
sanctuaries of shared experience. In these groups, nurses can find camaraderie, 
exchange stories, and gain insights from those who have navigated similar 
challenges. Such circles will provide moral support and foster healing through 
shared experiences.

Counseling courses: 
Bridging professional and 
personal realities

Consider specialized counseling courses designed to address the complex family 
dynamics in organ donation scenarios. By incorporating this training into 
professional development, nurses will enhance their ability to support families 
and deepen their empathy and understanding of the emotional landscapes they 
encounter.

Illuminating the path: 
Community outreach 
programs

Figure an outreach initiative that engages the community in understanding organ 
donation. Educational programs demystifying brain death and organ donation 
through workshops and seminars can foster greater public understanding and 
support, bridging the gap between medical realities and public perception.

Table 2. 
Recommendations in relation to each of theme 1 [30].

Theme 2 Recommendations

The evolution of 
donor care

It’s a routine driven by protocol and urgency, with a focus on preserving organ function. 
Yet, beyond the clinical precision lies a realm of profound human connection—a realm 
where the true essence of care transcends the mechanical and embraces the holistic.

Reimagining donor 
care: A paradigm shift

To elevate the quality of donor care, we must embark on a transformative journey.
Shift the paradigm from a mechanical approach to a more holistic, compassionate model.

Crafting the ultimate 
tutorial: A guide to 
holistic donor care

Imagine a tutorial or in-service training program designed not just to teach but to inspire. 
This program would be an immersive experience for health-care professionals, combining 
cutting-edge knowledge with empathetic practice. Through simulated scenarios and 
role-playing, nurses and physicians would learn to balance the technical aspects of donor 
management with the emotional needs of families. The goal: to optimize organ function 
while respecting the dignity and emotions of the donor and their loved ones.
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Theme 2 Recommendations

The compulsory 
in-service training: A 
new standard

Figure a new era where every ICU nurse undergoes compulsory in-service training 
focused on donor management. This training is more than a requirement; it’s an 
opportunity for growth and compassion. By integrating advanced simulation techniques 
and real-world case studies, nurses gain not only technical expertise but also the skills 
to offer emotional support to families, ensuring that care is both effective and empathetic.

Policy innovation: 
The holistic care 
framework

Envision a comprehensive policy or standard operating procedure dedicated to the 
care of brain-dead or potential organ donors. This framework would guide health-care 
professionals through a continuum of care that addresses both medical needs and family 
support. It emphasizes a holistic approach, ensuring that the care provided respects the 
donor’s dignity and supports their loved ones through this challenging time.

Observational 
learning: Bridging 
the gap

Allowing professional nurses to observe the transplant process offers a profound 
opportunity for learning. By witnessing the intricate and compassionate aspects of 
transplantation, nurses can gain insights that enhance their daily care of brain-dead 
patients. This observational learning fosters a deeper understanding of the impact of 
their care, bridging the gap between clinical procedures and the human experience.

Community 
engagement: Voices of 
families

Engaging with families and communities through organ donation questionnaires 
and evaluations provides invaluable feedback. By actively seeking input, health-care 
providers can gain a better understanding of the needs and experiences of families. This 
engagement not only informs improvements in care but also strengthens the relationship 
between medical professionals and the communities they serve.

A new dawn for 
donor care

The journey from mechanical to meaningful donor care is a collective endeavor that 
requires dedication, empathy, and innovation. By implementing these recommendations, 
we can transform the experience of donor care into one that honors both the clinical and 
emotional dimensions of this crucial work. As we move forward, let us embrace a model 
of care that reflects the profound respect and compassion that every donor and his or her 
family deserve.

Table 3. 
Recommendations in relation to each of theme 2 [30].

Theme 3 Recommendations

Cultural sensitivity in 
organ donation: A new 
frontier

Educational initiatives: Organize workshops titled “The Art of Compassionate Care: 
Navigating Cultural Dimensions in Organ Donation.” Focus on evidence-based 
practices for caring for brain-dead patients and handling organ donation requests 
sensitively.
Professional development: Encourage attendance at seminars, symposiums, and 
conferences focused on advancements in transplant care and cultural sensitivity.
Dissemination of knowledge: Distribute relevant articles and research papers on organ 
donation practices and cultural considerations to health-care professionals.
Cultural sensitivity integration: Collaborate with traditional healers to understand and 
integrate cultural beliefs into the organ donation process.
Cultural competency training: Implement training programs focusing on cultural 
sensitivity and respect for diverse practices related to organ donation and care of 
brain-dead patients.
Community engagement: Host open forums and discussions in community centers 
and online platforms to address cultural concerns and foster understanding about 
organ donation.

Table 4. 
Recommendations in relation to each of theme 3 [30].
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3.1 �Close the gap: Recommendations in relation to nursing

4. �Conclusion

The research emphasized the significance of education, assistance, and knowledge 
for professional nurses who provide care for potential organ donors. When providing 
care for potential organ donors, professional nurses will always encounter challenges 
in the absence of formal, established training programs or support networks. The 
results showed that while professional nurses have difficulties when providing care 
for a potential organ donor, they also show joy when they understand that by ensuring 
a transplant would be successful, they are improving the life of another individual.
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Recommendations

Recommendations for 
nursing practice: Nursing

Practice should establish institutional policies for caring for brain-dead 
patients and promoting awareness about the organ donation process.
This transplant center can provide orientation, in-service, and continuing 
professional development programs for professional nurses who will care for 
brain-dead patients who are potential organ donors.
The transplant team can form buddy systems or mentorship relationships 
with professional nurses in an intensive care unit to help them become more 
comfortable nursing brain-dead patients for potential organ donation.
Transplant coordinators can do academic rounds in intensive care units to 
raise awareness and support among professional nurses who are caring for 
potential organ donors.

Recommendations for 
nursing management

Nursing managers have to demonstrate their support for professional nurses 
and transplant centers by informing them of counseling resources available at 
any time and allowing them to express their anxieties.
If there are any uncertainties, unit managers or operational managers 
must support transplant centers and professional nurses who are caring for 
potential organ donors in selecting which procedures to implement.
Attending in-service training, orientation, and continuing professional 
development programs about organ donation and transplantation should 
be encouraged. Another option is to create a mandatory referral policy to 
facilitate and support the referral of potential organ donors.

Recommendations for 
further research

The study’s findings established an important understanding of nursing 
competency and added to the body of knowledge in studies on professional 
nurses’ experiences caring for a potential organ donor.
The study could be replicated at other hospitals in other locations to determine 
whether the results are associated.
Additional research in nursing education, nursing practice, and 
transplantation would be beneficial on closing the gap in organ donation.

Table 5. 
Recommendations in relation to nursing [30].
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Chapter 7

Crossmatch and Histocompatibility
Antonio Paul, Rajamony Chellammal Arun Dileep 
and Noble Gracious

Abstract

Chronic kidney disease is a worldwide public health problem for which kidney 
transplantation results in an improved quality of life and social rehabilitation, and 
savings in overall healthcare costs. The human leukocyte antigen (HLA) system, also 
known as the major histocompatibility complex (MHC) in humans, plays a crucial 
role in the immune system. It is responsible for producing cell surface molecules that 
are specifically designed to convey antigenic peptides to the T-cell receptor (TCR) 
found on T cells. HLA determines whether a patient has already developed antibod-
ies against the donor’s antigens. Various platforms for crossmatching include CDC 
Crossmatch (CDC CXM), Flow cytometric crossmatch (FCXM), Luminex-based 
DSA Lysate crossmatch, and Virtual Crossmatch (VXM). VXM is a procedure used to 
determine the compatibility between a potential organ donor and recipient without 
physically mixing their blood samples. VXM does not function as a standalone labora-
tory test; instead, it depends on the analysis and interpretation of prior data obtained 
from the recipient’s anti-HLA analysis using Single Antigen Bead (SAB) assays and 
donor HLA molecular type. Epitope-based matching is a novel method of histocom-
patibility matching that involves estimation of the eplet against the antibody in the 
recipient’s serum based on the positive reaction pattern observed in the SAB assay.

Keywords: CDC crossmatch (CDCCXM), flow cytometric crossmatch (FCXM), 
virtual crossmatch (VXM), single antigen bead (SAB), HLA typing, eplet, 
donor-specific antibody (DSA), non-HLA antibody, K-SOTTO (Kerala state organ and 
tissue organization) for deceased donor organ transplantation

1. �Introduction

Chronic kidney disease (CKD) poses a global public health challenge. Renal
replacement therapy in this context can be achieved through either dialysis or organ 
transplantation. Nevertheless, dialysis is a lifelong treatment linked to diminished 
quality of life and heightened mortality risk. In contrast, kidney transplantation 
provides superior survival rates and improved quality of life for individuals suffering 
from end-stage kidney disease compared to dialysis. When comparing RRT to kidney 
transplantation, the latter leads to enhanced quality of life, increased social reintegra-
tion, and cost savings in healthcare. Pretransplant histocompatibility tests include 

145



Bridging the Gap and Saving Lives – A Comprehensive Guide to Organ Donation

2

a wide range of tests. Crossmatch is a technique used to ensure the donor’s kidney is 
matched with the patient’s and thus to avoid any immunological reactions resulting 
in rejection of the graft. There are different types of crossmatch techniques available 
to assess histocompatibility, which include CDC crossmatch, flow cytometry cross-
match, bead-based or solid-phase crossmatch, and virtual crossmatch. Each method 
has its own strengths and limitations; when used judiciously by the clinician, the best 
histocompatibility match is obtained, thereby improving the rejection-free survival 
of solid organ transplant recipients.

1.1 �What is HLA

In 1952 Jean Dausset observed agglutination of leukocytes in the serum from the 
patients who had received multiple blood transfusions, which he attributed to an 
antibody in the serum directed against white blood cells. Further research led to the 
discovery of the Human leukocyte antigen (HLA) tissue system in 1958 [1].

Human leukocyte antigen (HLA) genes (genetic complex) are located on the short 
arm of the 6th chromosome. HLA genes encode proteins which are polymorphic 
molecules present or expressed on the surface of various cells, which play a crucial 
role in graft rejection. This genetic complex comprises the major histocompatibility 
complex (MHC) of humans.

The main function of the Human Leukocyte Antigen molecule is to present 
peptides produced from pathogens to T cells, which in turn triggers a T-cell-driven 
adaptive immune response.

The T cells can distinguish between foreign peptides and self-derived peptides. It 
is the recognition of HLA by the immune system that helps to distinguish self-cells 
from foreign cells. This phenomenon is known as MHC restriction. It is this discovery 
that established the role of histocompatibility in organ transplantation.

Major histocompatibility complex (MHC) is the most polymorphic genetic system 
known. More than 30,000 class I and 10,000 class II alleles have been detected and 
new alleles still are discovered. The IPD-IMGT/HLA database now holds more than 
40,000 alleles (as of July 2024) of the human Major Histocompatibility Complex 
(MHC), which have been designated by the WHO Nomenclature Committee for 
Factors of the HLA System (Figures 1 and 2) [2].

The HLA class I molecule is composed of a heavy alpha-chain composed of 
three domains (alpha1, alpha2, and alpha3) and a beta2-microglobulin light chain. 
The HLA class II molecule is composed of two polypeptide chains, namely alpha- 
and beta-chains. Each chain is structured into two domains, specifically α1- and 
α2-domains for the alpha-chain, and β1- and β2-domains for the beta-chain. Every 
human leukocyte antigen possesses a peptide that originates from a protein antigen 
and is located on the surface of its grooves.

Human leukocyte antigen (HLA) Class I molecules (A, B, and C) are expressed 
by all nucleated cells in the body. However, the expression of HLA Class II molecules 
(DR, DP, and DQ ) is limited to B cells, antigen-presenting cells, and activated micro-
vascular endothelial cells. Nonclassical class I genes (HLA-E, -F, -G), and class I–like 
genes (MICA, MICB) (Figure 3) [4].

1.2 �Nomenclature

Years ago, HLA typing was being performed using a serologic techniques like 
microlymphocytotoxicity using terasaki trays. Typing was found by analyzing the 
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reactivity pattern in various wells. Since the introduction of modern molecular tech-
niques like polymerase chain reaction PCR and more specific techniques like bead-
based assays, typing has evolved to higher resolution, where specific HLA proteins 
can also be identified. The nomenclature includes the gene or locus (e.g., A, B, DRB1) 
followed by an asterisk (*). The first, second, third, and fourth 2-digit fields indicate 
allele group, specific HLA protein, silent mutation, and noncoding substitution, 
respectively. Each field is separated by colons. The first 2-digit field, which is the allele 
group, is equivalent to the serologically determined antigen (Figure 4) [5].

Figure 1. 
The database’s expansion in the quantity of alleles annually. The process of growth can be divided into two 
categories: HLA class I (shown by the color green) and HLA class II (represented by the color black). The year 
2022 is projected to end with lighter tones. Figure adapted from IPD - IMGT/HLA website.

Figure 2. 
Structure of human leukocyte antigen (HLA).
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1.3 �Anti-HLA antibodies

Anti-HLA antibodies can be developed in response to various sensitization events 
like blood transfusion, pregnancy, or even transplantation. Anti-HLA antibodies can 
be either IgG or IgM type. Those produced in response to pregnancy or transplanta-
tion are more likely to be of IgG type, whereas the sensitization due to blood transfu-
sion can result in the development of either IgG or IgM antibodies.

2. �Histocompatibility assessment in solid organ transplantation

Histocompatibility testing is primarily done in pretransplant testing. It relies on 
ensuring the match between the HLA of the donor and the recipient so that there will 
not be any immunological reactions leading to reduced graft survival or graft rejec-
tion. HLA typing, cell-based assays like complement-dependent cytotoxicity cross-
match and Flow cytometry crossmatch, and solid or bead-based assays like lysate 
crossmatch, panel-reactive antibodies (PRA), and virtual crossmatch (HLA typing 
and single antigen bead assay) are the key components related to histocompatibility 
assessment in solid organ transplantation evaluation.

Figure 4. 
The nomenclature of human leukocyte antigens (HLA) and the list of HLAs, in which the names of the antigens 
differ from the allele group, as determined by the molecular approach.

Figure 3. 
Human major histocompatibility complex (MHC) genetic map. Diagram illustrating the arrangement of the 
major histocompatibility complex (MHC) on chromosome 6 in humans. The illustrations are not accurately 
proportioned. The centromere and major histocompatibility complex (HLA) are indicated in sequence. The 
number of unique proteins (alleles) produced by each human MHC gene is specified for each locus [3].
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2.1 �Complement dependent cytotoxicity (CDC) crossmatch

The complement-dependent cytotoxicity crossmatch is a technique to detect 
preformed donor-specific antibodies through activation of the classical pathway of 
complement. It was introduced in 1960 by Patel and Terasaki. In their seminal paper 
published in 1969 they demonstrated that 24 out of 30 patients who suffered immedi-
ate graft failure had a positive crossmatch whereas only eight out of 195 patients with 
negative crossmatch suffered immediate graft rejection [6]. As a result of this study, 
prospective CDC crossmatching became the standard of care in histocompatibility 
assessment for kidney transplantation.

Presently, complement-dependent cytotoxicity crossmatch (CDCXM) remains the 
most frequently utilized pretransplant crossmatch technique across the globe. Either 
total lymphocytes or T & B lymphocytes can be used for this crossmatch technique. 
The recipient’s serum is made to incubate with donor cells (lymphocytes) in a 72-well 
tersasaki plate, along with complement (often obtained from rabbit serum). If a donor-
specific antibody is detected and attaches to donor lymphocytes, it triggers complement 
cascade activation and causes the creation of the membrane attack complex (MAC). 
MAC forms pores in the cell membrane itself, causing cell death and the release of 
inflammatory mediators that trigger the immune response. If donor-specific antibodies 
are not present, no lysis occurs and the result is deemed negative (Figure 5).

The crossmatch is interpreted by measuring the percentage of dead cells (propor-
tion of lysed cells) in relation to living cells, as assessed using inverted phase contrast 
microscopy. The outcome can be evaluated based on the proportion of lysed cells, 
where a score of 0 indicates the absence of cell death. Scores of 2, 4, and 6 indicate 
progressively higher degrees of cell lysis. A score of eight signifies complete lysis of all 
cells, indicating the most intense reaction imaginable (Table 1) [7].

A negative complement-dependent cytotoxicity crossmatch (CDCXM) prior to 
transplantation is known to greatly decrease the likelihood of hyperacute graft rejection. 
Conversely, a positive crossmatch indicates the presence of human leukocyte antigen 
(HLA) antibodies, which can cause rejection or reduced graft survival (Figures 6 and 7).

2.1.1 �Modification for increasing the sensitivity of CDC-XM

Since the inception of CDC crossmatch in 1969, the test has undergone various 
technical modifications. The modifications include extended incubation time, different 
incubation temperatures, more robust techniques for lymphocyte isolation, and the use 
of different reagents like dithiothreitol (DTT) and antihuman globulin (AHG). All these 
modifications are aimed at enhancing the sensitivity and specificity of the test by mak-
ing more favorable conditions for antigen-antibody interaction like more time, correct 
temperature, and better-quality viable lymphocytes. DTT is used to avoid the reactivity 
caused by IgM antibodies by breaking IgM pentamers into monomers, as IgM antibodies 
are not considered to be clinically significant in solid organ transplantation. Antihuman 
globulin (AHG) is aimed to enhance the reactivity when the antibody level is too low, 
by increasing the total number of Fc receptors available for the interaction resulting in a 
visible reaction even if the antibody levels are low [8, 9].

2.1.2 �Limitations

Even though the CDC-XM has significantly decreased the incidence of acute graft 
rejection in solid organ transplantation, the risk still exists [10].
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Figure 5. 
The CDC crossmatch.
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Positive fallacy IgM antibodies, which are frequently present in autoimmune 
illness patients, can also result in positive CDC-XMs. Furthermore, treatments like 
rituximab may cause a B-cell crossmatch to be falsely positive [11].

Other limitation of this technique is the viability of cells and low cell count in the 
sample which may interfere with the interpretation of the crossmatch. The challenge 
of having a low cell count in the case of cadaver patients has been addressed with new 
advancements in the techniques for cell separation. Commercially available lympho-
cyte isolation kits can be used to selectively remove or isolate lymphocytes based on 
the presence of specific cell surface antigens. This can be achieved through negative 
selection and depletion, or positive selection employing antibody complexes. The 
antibody complexes connect specific cells to magnetic particles that are commercially 

Score Dead cells (%) Intensity of the reaction

1 ≤10 Negative

2 = + 11–20 Doubtful negative

4 = ++ 21–50 Weak positive

6 = +++ 51–80 Positive

8 = ++++ 81–100 Strong positive

Table 1. 
Complement dependent cytotoxicity-crossmatch (CDCXM) interpretation [7].

Figure 6. 
A negative CDC crossmatch.

Figure 7. 
A positive CDC crossmatch.
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available. Labeled cells are pulled to the sides of the tube when the sample is placed 
in a magnet, while untouched cells can be simply poured or pipetted off into a new 
tube. The low cell viability can be addressed by rapid and appropriate transportation 
of the sample collected. The blood should be collected in an Acid Citrate Dextrose 
(ACD - Yellow Top) tube and the lymphocytes should be separated as early as pos-
sible as the number of viable lymphocytes may decline over a period of storage. If the 
sample collected must be transported, the storage conditions must be ensured with an 
appropriate temperature (2–6 degrees Celsius).

False-negative results may occur if there are low levels of DSA (antibody titer is 
too low to cause complement activation) or if the antibody isotype does not activate 
complement like HLA antibodies of the IgG2 and IgG4 subclasses.

The sensitivity of the CDCXM test in detecting anti-HLA class II antibodies is low, 
and the modification of CDCXM with AHG does not enhance this sensitivity since it 
binds nonspecifically to fragment crystallizable receptors (FcR) on B cells.

High levels of antibodies can also lead to false-negative crossmatch due to the 
phenomenon of Prozone. This can be addressed by performing the crossmatch in 
extended dilutions.

If a patient’s serum contains an Anti-idiotypic antibody (antibody with specificity 
for that part of another antibody where it binds antigen) crossmatch reaction pattern 
will be like less reaction (fewer dead cells or negative reaction) in DTT untreated 
serum and more reaction (more dead cells or positive reaction) in the DTT treated 
serum. This challenge is usually seen in patients with rheumatoid arthritis and other 
autoimmune conditions.

The historical importance of CDCXM in solid organ transplantation is unques-
tionable; however, with the enormous evolution in histocompatibility testing meth-
ods over the years, it is believed that the CDCXM has outlived its usefulness. It is time 
to embrace a new gold standard in pretransplant histocompatibility testing [12].

2.1.3 �Peak serum

Patients on the transplant waiting list should have sera collected at frequent 
intervals and perform CDCXM, so that there will be a clear picture of historic positiv-
ity, variations can be monitored and newly appearing anti-HLA antibodies can be 
detected. The serum with the highest titer, which exhibits the greatest reactivity, is 
commonly referred to as the ‘peak serum.’ This might have been collected some years 
ago, with the ‘present serum’ displaying much different reactivity. The antibodies 
detected in the sera at the highest level may still be significant, as they can raise the 
likelihood of early rejection due to previous sensitization and the resulting immuno-
logical memory.

2.2 �Flow cytometry crossmatch

According to the pioneer study conducted by Patel and Terasaki, around 15% of 
kidney transplants that had negative CDCXM results suffered from early graft failure, 
despite the enhancements made to the assay. These observations prompted the devel-
opment of more sensitive techniques, such as flow crossmatch by Garovoy in 1983, for 
detecting even low levels of anti-HLA antibodies [13].

In flow crossmatch fluorescein-labeled antibodies against human IgG (antihuman 
IgG F(ab)/FITC) are added to the incubated patient serum and donor lymphocytes 
(Figure 8A), whereas in CDC crossmatch, complement is added in this step. This 
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fluorescein-labeled antibody will bind to all the IgG antibodies (thereby increasing 
the sensitivity of the assay) in the recipient serum. If a DSAb is present in the serum 
(Figure 8B), it gets bound to the donor lymphocytes. The complex that is formed 
(Figure 8C) between the DSA and antihuman IgG F(ab)/FITC is excited by lasers 
and the corresponding light emission measured as mean fluorescence intensity (MFI) 

Figure 8. 
The flow crossmatch.
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is detected by a combination of filters and detectors. The difference in the MFI of 
the patient’s serum and the negative control is called as median channel fluorescence 
(MCF) shift. It is typically quantified as a ratio or delta of the MCF, enabling a more 
objective interpretation of the results.

The utilization of anti-CD3 and anti-CD19 or CD20 monoclonal antibodies 
enables the differentiation of T and B lymphocyte subpopulations, facilitating the 
identification of antibodies against HLA class I (which is expressed by both T and B 
lymphocytes) and HLA class II (which is solely expressed by B lymphocytes).

2.2.1 �Modifications

The FCXM has been enhanced with the implementation of three-color analysis 
and, more recently, a rapidly optimized technique that utilizes a 96-well plate format 
and other time-saving measures (referred to as the Halifax and Halifaster protocols). 
The purpose of these protocols is to decrease the amount of time required and stream-
line the setup process while maintaining the quality and sensitivity of the system. 
The implementation of the Halifax protocol improvements led to a reduction of over 
60% in processing time compared to the standard protocol. The main modifications 
implemented included the adoption of a 96-well U-bottom tray, a modification in the 
ratio of cells to serum, decreased durations for incubation and washing steps, and 
an elevated incubation temperature. The Halifaster technique enhances the purity of 
lymphocytes to more than 90%, resulting in an increase in the sensitivity of the assay. 
A significant number of transplants centers throughout the world have implemented 
the Halifax protocol as a standard procedure in their clinical practice. The results 
obtained from different laboratories have shown a high level of agreement [14].

2.2.2 �Advantages and limitations

Compared to the CDCXM, FCXM offers superior sensitivity since it can detect a 
wider spectrum of immunoglobulins of clinical value, such as complement-fixing and 
non-complement-fixing IgG antibodies [15].

Flow cytometric crossmatch (FCXM) is not perfect, and it occasionally produces 
false-positive or false-negative results, just like any other diagnostic test.

IgG binding to FcR in B cells, low background in the negative control, inadequate 
washing following antibody incubations, autoantibodies, surface antigens linked 
to lymphocytes other than HLA molecules and the use of therapeutic antibodies 
like anti-thymocyte globulin, rituximab (anti-CD20), alemtuzumab (anti-CD52), 
basiliximab (anti-CD25), and daclizumab (anti-CD25) are some of the possible causes 
of false-positive results [16, 17].

Many reasons for false-negative results in FCXM have been reported, including 
(a) low donor cell HLA expression levels; (b) an excess of lymphocytes resulting in 
prozone phenomenon; (c) low serum volume (inappropriate cell-to-serum ratio); 
(d) low levels of anti-HLA antibodies; (e) low lymphocyte purity (i.e., contaminants 
like platelets and dead lymphocytes); and (f) negative control serum with high 
background.

2.2.3 �Interpretation

The result of the flow crossmatch can either be quantified or given simply as 
positive or negative. Fluorescence intensity above control is known as channel shifts. 
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Quantification can be done by performing serial dilution of the recipient serum 
samples to demonstrate the change in the levels of antibodies on diluting the serum. 
Positive flow cross matches in the presence of negative CDCXM are most likely to be 
the result of low-level, non-HLA, or non-complement-fixing antibodies.

Interpretation of the FXCM report is given in the Table 2.

2.3 �Solid-phase DSA lysate crossmatch

2.3.1 �Bead-based technology

In the 1990s, fluorescently tagged beads were introduced, which completely 
changed the HLA antibody testing process. Beads impregnated with varying ratios of 
two fluorochromes (10 distinct concentrations of red and infrared dyes are used to 
generate 100 distinct bead regions) are available as commercial kits. Each bead pro-
duces a unique signal and may have one or more types of HLA molecules attached. A 
distinct target analyte is coupled to every bead, of which the information is provided 
clearly in the lot sheet (Figures 9 and 10A).

The patient’s serum is initially incubated with the beads. The serum will react with 
the bead expressing the relevant HLA molecule if the patient has HLA antibodies. 
Following washing, the beads are treated with a secondary antibody, often an antihu-
man IgG tagged with phycoerythrin (PE).

The two lasers used by the fluorocytometer stimulate the PE attached to the 
detection antibody and the fluorochrome in the bead, respectively (Figure 10B). As 
a result, the first output determines the bead’s distinct signal and, in turn, the associ-
ated HLA molecule’s specificity, while the second output tells whether the antibody 
is linked to the particular HLA molecule. Depending on the degree of testing being 
done, each bead has one or more distinct kinds of human leukocyte antigen (HLA) 
molecules attached. An HLA antibody present in the test serum will attach itself to 
the appropriate complementary HLA molecule (Figure 10A).

2.3.2 �MFI

The change in a cell population’s fluorescence intensity is called Mean 
Fluorescence Intensity (MFI). It is an indicator of the amount of antigen or 

T-cell
CXM

B-cell
CXM

Interpretation

Negative Negative No DSAb to HLA class I or II or
DSAb titer too low to cause a positive reaction or
Non-complement-fixing DSAb

Positive Positive DSAb to HLA class I or
Multiple DSAb to HLA class I +/− II

Negative Positive DSAb to HLA class II or
Low levels of DSAb to HLA class I

Positive Negative Technical error (possibly related to B-cell viability)
The test should be repeated

Table 2. 
FCXM interpretation.
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Figure 9. 
Multiplex immunoassay technology refers to a method of simultaneously detecting and measuring multiple 
analytes in a sample using immunoassay techniques. The figure is sourced from Bio-Rad’s Bio-Plex® suspension 
array system, specifically the xMAP technology overview. Link to the license - https://creativecommons.org/
licenses/by/4.0/.

Figure 10. 
Principle underlying the bead & fluorocytometer.
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antibody that is present in the sample, depending upon the test that is being 
performed. A suggested “cut off ” value for MFI positive does not exist. Most 
laboratories fix their “cut off ” level to declare as positive based on levels measured 
with appropriate controls and on knowledge obtained from clinical outcomes. An 
effective strategy is to treat each patient as an individual, especially in the case 
of multiparous women or patients who have had previous grafting. For example, 
a patient who has had previous transplants, and whose MFI level for a particular 
HLA specificity was above the negative cut-off values but below the laboratory-
established cut-off threshold (to label as positive), should be handled with cau-
tion. It might be a sign of pre-sensitization with extremely low antibody levels, 
which can be triggered upon exposure to the same antigen again with a different 
graft. When a patient has no prior history of possible HLA preimmunization, this 
result can be interpreted differently. Each testing facility must determine its own 
MFI “cut off ” levels in cooperation with its clinical colleagues if there is no estab-
lished standard for the execution of the bead-based assay [18].

2.3.3 �Principle of lysate crossmatch

With donor lysates—which are made by lysing the donor’s lymphocytes with a 
reagent—rather than living cells, which are more difficult to preserve for posttrans-
plantation research, DSAXM enables us to carry out a true crossmatch.

Class I or Class II HLA-specific monoclonal antibodies have been coupled to 
two of the blend’s beads. These two beads will collect the solubilized HLA when 
combined with a lysate, creating a donor-specific HLA target for antibodies in a 
serum sample. To ensure that the right conjugate has been used in the assay and 
to track the quantity of background in the experiment, control beads are also 
included in the bead blend. The beads are incubated with diluted patient serum. 
Antihuman IgG-phycoerythrin (PE) conjugate is added after another wash. After 
an incubation period, the fluorocytometer is used to examine the results. Software 
that yields a mean fluorescence index (MFI) value is utilized for result interpreta-
tion and analysis. Depending on the cut-off value, the MFI value is utilized to 
determine the positive and negative findings. The threshold value differs through-
out laboratories. Generally speaking, the threshold for both Class I and Class II is 
1000 (750–1500).

2.3.4 �Advantages and limitations

It is possible to store the donor lysate, which is utilized in the crossmatch, for 
later examination. In fact, it has been demonstrated that this assay is more sensitive 
than cell-based assays for determining an organ’s histocompatibility after solid organ 
transplantation.

Its downside is that the target cell is a lymphocyte with a wide variety of target 
molecules (non-HLA) on its surface, despite its high sensitivity. Solid-phase tech-
niques that use isolated HLA molecules as targets (single antigen bead assay) for 
antibody detection have been developed as a workaround for this issue.

Luminex tests for DSA have the potential to be utilized for posttransplant surveil-
lance to identify the emergence of de novo DSA in recipients of solid organ trans-
plants, in addition to predicting the risk of rejection prior to transplantation.
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2.4 �Virtual crossmatch

The integration of solid-phase HLA antibody testing technologies, includ-
ing single antigen beads (SAB), with the donor HLA type has greatly enhanced 
the sensitivity of antibody detection and facilitated a virtual assessment. The 
Virtual crossmatch (VXM) test, as established by the American Society for 
Histocompatibility and Immunogenetics (ASHI), is an assessment of immuno-
logical compatibility that compares a patient’s alloantibody profile with a donor’s 
histocompatibility antigens.

The VXM is not a direct laboratory test but rather relies on the analysis of previous 
results obtained from donor HLA molecular typing and Single Antigen Bead (SAB) 
assays conducted during the recipient’s anti-HLA study.

2.4.1 �Components of virtual crossmatch

2.4.1.1 �Donor HLA typing

The first methods to identify HLA antigens were serological microlymphocyto-
toxicity techniques, which recognized different HLAs on the surface of lymphocytes 
using a battery of carefully chosen antisera. In clinical applications, increasingly 
accurate DNA-based typing approaches have supplanted serological methods over the 
last 20 years.

Sequencing-based typing (SBT), sequence-specific primer (SSP) directed ampli-
fication (Figure 11), and reverse sequence-specific oligonucleotide (rSSO) probe 
hybridization (Figure 12) are the three fundamental DNA-based HLA typing meth-
ods that are employed in conjunction with polymerase chain reaction (PCR). The 
main idea behind these techniques is that sequence-specific oligonucleotide probes 
(rSSO) hybridization, gel electrophoretic mobility (SSP), or direct DNA sequencing 
(SBT) are used to detect the specific polymorphisms after the HLA genes have been 
specifically amplified by PCR.

Using a special set of primers that are intended to have perfect matches with a 
single allele or collection of alleles and generate a product with a specific known size, 
we can type HLA using the SSP method. An image of an agarose gel electrophoresis 

Figure 11. 
HLA typing by SSP.
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displays the pattern of PCR products that are specific to the alleles or groups involved 
in the amplification of the HLA class I or class II genes (Figure 11).

Using locus-specific primers conjugated with biotin, DNA samples are amplified 
by PCR in the HLA typing by SSO approach. Streptavidin phycoerythrin (PE) is used 
to identify the hybridized polystyrene beads created from the denatured PCR prod-
ucts. A fluorocytometer is an equipment used to detect fluorescence signals. A soft-
ware application analyzes the combined data and assigns an HLA type (Figure 12).

2.4.1.2 �Single antigen bead assay on patient serum

Latex (polystyrene) microbeads coated with a single Human leukocyte antigen 
(single antigen assay for specific identification of antibodies) or multiple Human leu-
kocyte antigens (for screening) extracted from gene-modified cells are used in solid-
phase assays that use multiplex technology (developed by Luminex Corporation). The 
most sensitive solid-phase technique is the single antigen bead assay (SAB). Recipient 
serum is combined with these beads (Figure 13A). Any anti-HLA antibodies that are 
present, bind to the synthetic beads (Figure 13B) and are found using fluorocytome-
ter with an isotype-specific detection antibody (Figure 13C and D). The HLA antigen 
specificity of each bead is indicated by distinct fluorochromes within the beads.

As to the criteria set by the European Federation for Immunogenetics, the 
patients who are suitable for VXM transplantation are those who meet the following 
conditions [19]:

Figure 12. 
HLA typing by reverse single-nucleotide probe hybridization (SSOP) method using bead-based assay.
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Figure 13. 
The single antigen bead assay.

160



Crossmatch and Histocompatibility
DOI: http://dx.doi.org/10.5772/intechopen.1006348

17

1.	No events that could potentially cause sensitization have occurred since the last 
serum sample was tested.

2.	A minimum of two distinct samples must have undergone testing, and at least 
one serum testing result received within the past 3 months must be included.

3.	Clear and recorded definitions of acceptable and unacceptable mismatches have 
been established.

4.	If a crossmatch is not performed on a recipient who has developed an immune 
response to foreign antigens, the identification of antibodies must be done using 
SAB technology.

Compared to other crossmatching methods, virtual crossmatching has the advan-
tage of eliminating false positives caused by non-HLA antibodies, as seen in CDCXM 
and FXCM. Furthermore, since the antigens on beads are controllable, it is also clear 
which class of HLA they are binding to—keep in mind that class I and II antigens are 
present in B-cell crossmatching. In the event of a negative CDC crossmatch, the pres-
ence of a DSAb found by bead-based assays seems to be predictive of acute rejection 
risk and reduced graft survival.

Using an example (Figure 14), let us examine how virtual crossmatch functions. 
Only strong antibodies to the indicated specificities are shown by the patient. Given 
that the patient does not exhibit any DSA toward Donor 1, a virtual crossmatch 
between the two suggests that the pair might be compatible. Due to three strong DSAs 
that the patient exhibits toward Donor 2 (A2, B58, and DP401—highlighted in red), 
the patient and Donor 2 are incompatible. Donor 3 does not have sufficient HLA typ-
ing at the DP locus to support a virtual crossmatch.

Figure 14. 
The virtual crossmatch prediction.
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2.4.2 �Limitations and challenges

2.4.2.1 �Lack of antigenic representation

LABScreen® Single Antigen (One Lambda) and LIFECODES ® Single Antigen 
(Werfen) are two popular SAB kits that have different antigen profiles, antigen densi-
ties, and detection sensitivity. The complement activation capabilities of antibodies 
cannot be assessed by the original SAB assay; some manufacturers offer C1q/C3d 
assays, which are modifications of the SAB assay that can assess the complement-
binding capabilities of antibodies.

Currently, there are several commercial kits, known as extended or supplemental 
panels, that offer a greater number of alleles compared to the standard SAB panels. 
This decreases the probability of not detecting various antibodies that the patient 
might have developed against less common HLA (present in the donor). Furthermore, 
there is a higher level of presence of genetically varied genes from different ethnic 
backgrounds. This also enhances the extent of antigen coverage while simultaneously 
expanding the range and comprehensiveness of epitope coverage. Consequently, they 
more effectively complement molecular typing outcomes. Individuals who are most 
likely to derive advantages from these extended panels include transplant recipients 
who are highly sensitive, such as multiparous females, patients undergoing second or 
third transplants, and patients who received transplants from donors with incomplete 
typing. This is mainly accomplished by enhanced antibody profiling to obtain more 
accurate virtual crossmatches, higher precision in monitoring donor-specific antibod-
ies (DSA), identification of acceptable alleles, and the utilization of epitope-based 
investigations to clarify the reactivity between antibodies and epitopes.

2.4.2.2 �False positivity due to antigen configuration: antibodies to denatured HLA

Typically, regular HLA antigens are shown on the outer layer of cells as a complex 
made up of several molecules. Using class I as an illustration, there are substantial 
amounts of alpha-chain, beta2-microglobulin, and a peptide present within the 
grooves of the heavy alpha-chain. Nevertheless, the SAB reagent’s beads can include 
HLA class I antigens in many forms, including native antigens, heavy alpha-chain 
alone, and peptide-free heavy alpha-chain with b2-microglobulin. Furthermore, these 
variations frequently exist as misfolded molecules, referred to as denatured HLA mol-
ecules. The existence of structural variations in the bead sets may hinder the precise 
evaluation of anti-HLA antibodies. In addition, patients may produce an antibody 
that does not bind to a specific region on the normal HLA antigen but instead binds 
to a region on the denatured HLA antigen. This might lead to a false-positive result in 
the SAB assay. If there is suspicion of false-positive reactivity, it maybe beneficial to 
reevaluate using alternative SAB kits or a new platform, such as a phenotypic beads 
assay or surrogate FCXM [20, 21].

2.4.2.3 �Shared epitope phenomenon

An epitope refers to the specific region of an antigen that is recognized by an 
antibody (Figure 14). An antigen can exhibit many epitopes, which can either be 
exclusive to the antigen itself (private epitope) or shared by multiple antigens (public 
epitope). A cross-reactive group (CREG) is a collection of HLA antigens that have a 
shared public epitope and consistently show the same reactivity pattern. To obtain 
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significant insights as DSAs, it is crucial to analyze the recipient’s antibody profile 
with respect to the pre-identified CREGs (Figure 15).

The antibody’s ability to recognize the epitope shared by numerous Human leuko-
cyte antigens coated on the beads in the reagent maybe overestimated. This sharing 
of epitope by multiple antigens can result in a decreased MFI value for all impacted 
beads (as illustrated in Figure 16b), which is caused by the antibody attaching to 
competing targets (multiple, different antigen beads having the same epitope). When 
the concentration of the specific antibody is low, there is a higher chance of false-neg-
ative reactions occurring, leading to positive reactions being mistakenly identified as 
negative [5]. Antibodies when selectively attached to beads that possess the targeted 
eplet of the human leukocyte antigen (HLA), a greater mean fluorescence intensity 
(MFI) of 2500 can be obtained, as depicted in Figure 16a.

Figure 15. 
Human leukocyte antigen with three different epitopes.

Figure 16. 
The single antigen bead assay demonstrating the occurrence of the shared epitope phenomenon.
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2.4.2.4 �The prozone effect

Mean fluorescence intensity (MFI) can only rise to a certain point when the serum 
is overabundant with antibodies, saturating the antigens on the beads. We refer to this 
circumstance as the “prozone effect.” Doing the assay with serum dilution (reducing 
the antibody titer so as to have an equal proportion of antigens and antibodies to 
react) maybe helpful in determining this impact [22, 23].

3. �Comparison between various crossmatch methods

The highly sensitive solid-phase assays complement cell-based assays like CDC-XM 
and FCXM by almost eliminating immunological incompatibility in solid organ trans-
plants. Comparison between various crossmatch methods is given in the Table 3 [10].

The comparative investigations conducted on FCXM versus CDCXM reveal that 
around 15% of patients receiving primary grafts exhibit a negative CDCCXM but a 
positive FCXM, while this percentage increases to 34% for regrafts. Similarly, within 
the first 3 months, around 20% of primary grafts and 60% of regrafts have early graft 
loss when FCXM is positive. In contrast, the rates drop to 5% for primary grafts and 
15% for regrafts when FCXM is negative [24].

The SAB test is currently the most sensitive approach for detecting anti-HLA 
antibodies, by which we can identify anti-HLA antibodies with a median fluorescence 
intensity (MFI) of 1000 or below (subject to variation based on the supplier of the 
bead-based assay). The FCXM would yield a positive result when the specific anti-
body (SAB) begins at a minimum fluorescence intensity (MFI) of 2500; however, this 

Crossmatch CDC CXM Flow cytometry CXM Virtual CXM

Target Donor’s lymphocytes Donor’s lymphocytes Antigen coated beads

Type of antigens Native Human 
leukocyte antigens 
on cell membrane

Native Human leukocyte antigens 
on cell membrane

Human leukocyte antigens 
extracted from gene-
modified cells coated on 
latex microbeads

Type of antibodies 
detected

Cytotoxic IgG/IgM 
antibodies

IgG antibodies bound on the 
lymphocyte membrane

IgG antibodies bound to 
the HLA on beads

Specific for anti-HLA 
antibodies

No No Yes

Interpretation Subjective: operator-
dependent technique

Objective: Based on the difference 
in the intensity of fluorescence 
between test serum and negative 
control, referred to as channel 
shifts

Objective: Based on the 
MFI of specific antigens

Sensitivity Low High High

Approximate 
processing time

4–5 hours 3 hours <1 hour

Predicting the 
clinical outcome of 
the transplant

Hyperacute rejection Acute rejection Acute/chronic rejection

Table 3. 
Comparison of different methods of crossmatches [10].
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may vary depending on the locus, with a greater MFI required for HLA-C, DQB1, or 
DPB1. On the other hand, the CDCXM would produce a positive result when the MFI 
reaches a range of 8000–10,000. This information is valuable for establishing a con-
nection between the outcomes acquired from the crossmatch tests and interpreting 
them within a therapeutic framework [25].

The VXM results have demonstrated a strong capacity to accurately forecast the 
outcomes of the physical crossmatch test, exhibiting a high degree of agreement. 
Furthermore, studies have shown that patients who have a negative FCXM result but 
a positive VXM result are at a heightened risk of antibody-mediated rejection (AMR) 
and have a shorter duration of graft life [26–29].

To provide an overall view of the various aspects that impact the decision-making 
process for transplants, a simple yet comprehensive review of these evaluations is system-
atically presented in a tabular format. This tabular representation is a valuable instrument 
that offers a structured and comprehensible overview of the several elements that must 
be considered when evaluating the feasibility of a kidney transplant (Table 4) [30].

CDCXM FlowXM SAB/Virtual XM Interpretation

Positive Positive Positive •	 Significant amount of DSA

•	 Significant likelihood of experiencing hyperacute rejection

Negative Positive Positive •	 Intermediate level of DSA

•	 Non-complement-fixing DSA

Negative Negative Positive •	 Little amount of DSA

•	 False-positive SAB test and the possible causes include

⚬⚬ High background due to serum factors binding to latex beads

⚬⚬ Binding to denatured antigen

⚬⚬ Setting a low threshold for designating an antibody as posi-
tive (overcalling)

Positive Positive Negative •	 Binding of non-HLA antibodies

•	 Drug interference (e.g., Rituximab, ATG, alemtuzumab, IVIG).

•	 False-negative SAB test and the reason could be:

⚬⚬ The bead panel lacks representation of the donor antigen/
allele

⚬⚬ The presence of inhibitors in serum, causes a “prozone” 
effect.

⚬⚬ IgM/IVIG binding to the beads, masking the detection of IgG 
alloantibody

⚬⚬ Low-level anti-HLA antibody against a shared epitope, which 
is “diluted out” across multiple beads, leading to an under-
representation of the true antibody burden (Figure 16)

Positive Negative Negative •	 IgM antibody (either anti-HLA or non-HLA)

⚬⚬ Can be confirmed by treating the serum with DTT

Negative Positive Negative •	 Low-level IgG non-HLA antibody

•	 False-negative SAB test

Bold indicates a positive crossmatch result and italic indicate a negative crossmatch result

Table 4. 
Illustration of different scenarios following pretransplant histocompatibility tests [30].
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4. �Algorithmic approach to pretransplant histocompatibility testing

Having an algorithm for pretransplant histocompatibility testing is very beneficial. 
It will help the healthcare professionals to have a uniform systematic approach and 
better utilization of the resources. We suggest an algorithm (Figures 17 and 18) based 

Figure 17. 
Transplant immunology testing algorithm for deceased donor organ transplantation.

Figure 18. 
Transplant immunology testing algorithm for living donor organ transplantation.
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on recommendations suggested in Tables 5 and 6, for the deceased as well as the 
living donor transplantation program. This recommendation has been developed 
considering the cost, feasibility, and accessibility of diagnostic resources.

Deceased donor program

Deceased donor Patient/recipient

1 HLA typing - A, B, DR B1, DQ B1 1 HLA typing - A, B, DR B1, DQ B1

Recommendation Desirable Recommendation Mandatory

Method SSO/SSP/
NGS

Method SSO/SSP/NGS

2 Screen for anti-HLA antibodies

PRA Mandatory

SAB Desirable (if PRA is negative)

Mandatory (if PRA is positive for 
class I or II)

Crossmatch

Nonsensitized recipient (Negative PRA) Sensitized recipient (Positive PRA)

CDC CXM Mandatory CDC CXM Mandatory

Flow CXM Desirable Flow CXM Mandatory

Virtual CXM Desirable Virtual CXM Mandatory

Table 5. 
Transplant immunology testing recommendations for deceased donor organ transplantation.

Living donor program

Living donor Patient/recipient

1 HLA typing - A, B, DR B1, DQ B1 1 HLA typing - A, B, DR B1, DQ B1

Recommendation Mandatory Recommendation Mandatory

Method SSO/SSP/NGS Method SSO/SSP/NGS

HLA typing – C, DP 2 Screen for Anti-HLA antibodies

PRA MandatoryRecommendation Desirable
SAB Desirable (if PRA is 

negative)
Mandatory
(if the recipient has Anti 
HLA-C or Anti HLA-DP 
antibodies along with a 
positive crossmatch by flow/
CDC)

Mandatory (if PRA 
is positive for class I 
or II)

Method SSO or SSP

Crossmatch

Nonsensitized recipient (Negative PRA) Sensitized recipient (Positive PRA)

• CDC CXM Mandatory • CDC CXM Mandatory

• Flow CXM Desirable • Flow CXM Mandatory

• Virtual CXM Desirable • Virtual CXM Mandatory

Table 6. 
Transplant immunology testing recommendation for living donor organ transplantation.
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5. �Epitope-based HLA matching: a new histocompatibility paradigm

An antibody’s antigenic determinant or recognition point is called an epitope. 
Every HLA comprises of several epitopes, many of which are shared by various anti-
gens and have polymorphic sequences. Epitope analysis is a method used to determine 
the recipient’s serum antibody reactivity against the eplet expressed on donor HLA.

To prolong long-term graft survival and prevent the production of donor-specific 
HLA antibodies, donors and recipients should be matched for epitopes. A single 
amino acid can define an epitope, even if the constellation of epitopes is what sepa-
rates one antigen from another. Epitopes can be classified as structural or functional; 
functional epitopes are called eplets (Figure 19). The most common definition of an 
eplet that stimulates the synthesis of antibodies (a functional feature) is a linear or 
conformational sequence of three amino acids (previously called triplets), at least one 
of which differs from the antibody producer.

Functional epitopes, or eplets, are distinguished from structural epitopes by the 
following analogy. We are using the example of a suspension bridge intended to link 
two islands divided by a body of water to explain the distinction between structural 
epitopes and functional epitopes. The functional part of the bridge, which connects 
the islands horizontally, is equivalent to an eplet or functional epitope. But until 
structural elements—the suspension cables—support that portion of the bridge 
over the water, it is unable to perform that role. An operational bridge, or structural 
epitope, is the end product of the collective [31].

The epitope-centered HLA matching principle has been included in the algo-
rithms of two computational methods, HLA Matchmaker and PIRCHE-II, in order to 
determine the best donor for a recipient. These programs use state-of-the-art artificial 
intelligence algorithms to determine which eplets are targets of antibodies found on 
platforms with a single antigen bead. HLA Matchmaker matches these structures 
precisely using Microsoft Excel and looks for antibody responses to particular regions 
of these structures. Any other antigen that expresses the same eplet that an antibody 
is produced against will attach to it. Currently, a lot of centers are employing these 
platforms to find mismatched eplets [32, 33].

The degree of match between donor and recipient can be investigated on a more 
detailed and physiologically appropriate categorization system by dissecting each 
HLA molecule into a collection of epitopes. De novo donor-specific antibodies are 
likely to be developed by the recipient of the donor with zero HLA allele mismatches 
but a few eplet-level mismatches. Studies have shown that kidney transplants with 

Figure 19. 
Eplets and epitope.
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eplet mismatches have reduced survival, even though donor-recipient pair had zero 
HLA allele mismatches [34–36].

6. �Non-HLA antibodies

Numerous non-HLA antibodies have been linked to poor kidney transplant 
outcomes when they target endothelial, epithelial, or different proteins. Some of 
the reported non-HLA antibodies are those against the following: vimentin (AVA), 
tubulin (anti-Kα1 tubulin), collagens (anti-Col), angiotensin II type 1 receptor 
(AT1R-Ab), endothelin-1 type A receptor (ETAR), Major Histocompatibility complex 
class I chain-related antigen A & B (MICA-Ab), and anti-endothelial cell antibodies 
(AECA). Other collagen type IV, fibronectin, perlecan, vimentin, agrin, peroxisomal 
trans-2-enoyl-CoA reductase (PECR), protein kinase C zeta type (PRKCZ), Rho 
guanine nucleotide exchange factor 2 (Ant-ARHGDIB-Ab), and H-Y antigen [37].

The generation of non-HLA antibodies is influenced by both autoimmunity and 
alloimmunity in a complementary and integrated manner. Advances in transcrip-
tomics and genomewide evaluation tools have made significant strides in our under-
standing of the mechanisms behind antibody creation.

Before transplantation, when some endothelial injury happens neoantigens or cryptic 
antigens are exposed, which is the first step in the development of non-HLA antibody 
formation. This injury can be caused by acute kidney injury, chronic kidney disease, 
lupus nephritis, focal segmental glomerulosclerosis, diabetes, or preeclampsia. Acute 
graft pyelonephritis, BKV nephropathy, anti-HLA antibodies, rejection, and specific 
transplant-associated factors are some of the complex factors that contribute to the 
formation of non-HLA antibodies in the posttransplant setting. Other factors include 
the interaction between autoimmunity and alloimmunity. The formation of non-HLA 
alloantibodies does not always need endothelial damage (Table 7) [38–41].

These antibodies identify non-HLA antigens found in a variety of tissues and 
cells, including immune cells, podocytes, mesangial cells, tubular epithelial cells, 

Antibody type Auto/alloantibody Mechanism of injury

Ant-AT1R-Ab Autoantibody Complement independent

Ant-ETAR-Ab Autoantibody Complement independent

Ant-MICA-Ab Auto and alloantibody Complement dependent

Ant-perlecan-Ab Autoantibody Complement dependent

Ant-agrin-Ab Autoantibody Complement dependent

Ant-collagen type IV, III & I -Ab Autoantibody —

Ant-fibronectin-Ab Autoantibody —

Ant-vimentin-Ab Autoantibody Complement dependent

Ant-H-Y-Ab Alloantibody Complement dependent

Ant-ARHGDIB-Ab Autoantibody Complement dependent

Ant-PECR-Ab Autoantibody Complement dependent

Ant-PRKCZ-Ab Autoantibody —

Table 7. 
Non-HLA antibodies.
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endothelium vascular cells, and smooth muscle vascular cells. The majority of 
antigens that cause the development of non-HLA autoantibodies are endothelial 
autoantigens because the vascular endothelium serves as the primary barrier between 
the recipient’s immune system and the transplanted kidney [38, 42].

In the past 15 years, AT1R-Ab has been the most extensively studied and well-known 
form of non-HLA antibody. Reduced graft function, steroid-refractory vascular rejec-
tion, and malignant hypertension were all linked to the presence of AT1R-Ab [43].

6.1 �Endothelial cell crossmatching

It is a technique for identifying antibodies against non-HLA endothelial cells. 
Anti-endothelial cell antibodies (AECA) are not detected by standard lymphocyte 
crossmatching methods. Endothelial cells are made to incubate with the patient’s 
serum (with the assumption that serum contains anti-endothelial cell antibodies). 
During the incubation the anti-endothelial cell antibodies, if present will attach 
to its corresponding antigen. A fluorescent-tagged antibody directed against this 
anti-endothelial cell antibody is added following which a flow cytometer is used to 
measure the fluorescence intensity, which is correlated with the quantity of AECAs 
bound to the cell (Figure 20).

Another cutting-edge endothelial cell flow cytometry crossmatch method is the 
XM-One assay, which selects precursor endothelial cells directly from donor blood using 
magnetic beads coated with a Tie-2 antibody. Patient serum is then reacted with these 
cells to identify AECAs. It is an endothelial FCXM technology that has been approved 
by the FDA. This test has the advantage of detecting DSA and being able to screen for 
antibodies to endothelial cells, T lymphocytes, and B lymphocytes all in one assay [44].

7. �Financial aspect of transplant immunology tests

The cost that a patent incurs for doing various transplant immunology tests varies 
widely across the globe. Multiplex-bead assays are costly and yield variable measure-
ments that limit the comparison of results between laboratories. Laboratories modify 
the manufacturers’ methods to reduce reagent costs or enhance assay sensitivity. 
Despite the excellent sensitivity of the SAB assay for antibody detection, the CDC-XM 
test is still the most widely utilized in middle-income and low-income countries 
nations (LMIC) owing to its easy availability and financial constraints [45, 46].

Figure 20. 
Endothelial cell crossmatching.
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8. �Summary

With improved sensitivity of crossmatching has come an improvement in clinical 
outcomes. Every one of the aforementioned approaches has advantages and disad-
vantages of its own; no test is meant to serve as the exclusive indicator of transplant 
immunologic risk.

While there is no perfect test, it can be rather helpful to be able to evaluate DSA 
using different testing methods in these kinds of intricate scenarios.

In resource-limited settings transplant clinicians rely only on CDC crossmatch, 
but the preferred method would be identifying the DSAbs in the recipient serum 
by Flow crossmatch bead-based assays, and single antigen bead assay (virtual 
crossmatching).

When it comes to donor selection, the computational-based method—that is, epi-
tope matching algorithms—is still relatively new in the field of organ transplantation. 
Still, there is a good chance that this novel approach will become a crucial instrument 
for risk evaluation and improved donor choice. This is a promising area for additional 
research in the field of transplantation, with great prospects for their wider applica-
tion in the future as physicians progressively harness the power of artificial intel-
ligence and machine learning algorithms.
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Chapter 8

Evaluating Hypothermic Machine 
Perfusion in Liver Transplantation
Hetal Lad, Tiffany Hsiung, Aditya Kasina and Arpit Amin

Abstract

Static cold storage (SCS) has been the standard-of-care preservation technique 
for liver grafts utilized for liver transplantation (LT). However, there remains a 
significant mismatch in the number of SCS liver grafts utilized for LT compared 
to the number of potential liver recipients on the waitlist. This has led to renewed 
interest in evaluating application of machine perfusion preservation techniques like 
hypothermic machine perfusion (HMP) to expand the overall pool of available liver 
grafts. The initial focus of this chapter is to describe the mechanistic benefits of HMP 
in preservation of liver grafts. Thereafter, we highlight the clinical benefits of HMP in 
decreasing early allograft dysfunction (EAD) rates and decreased biliary complica-
tions in LT recipients. Lastly, we discuss future potential use of HMP in pediatric LT 
via ex-vivo liver graft splitting and potential for combining HMP with normothermic 
regional perfusion (NRP) in liver grafts obtained from donors after circulatory death 
(DCD).

Keywords: donation after brain death (DBD) liver grafts, donation after circulatory 
death (DCD) liver grafts, hypothermic machine perfusion (HMP), 
static cold storage (SCS), ischemia-reperfusion injury (IRI), liver transplantation (LT)

1. �Introduction

Liver transplantation (LT) emerged as a viable treatment option for patients
suffering from end-stage liver disease in the 1980s. The discovery of the University 
of Wisconsin solution coupled with static cold storage (SCS) for liver graft preserva-
tion paved the way for rapid adoption of LT across the world. With the advent of 
additional transplant oncology related indications for LT for select patients suffering 
from hepatocellular carcinoma, cholangiocarcinoma, colorectal liver metastases, and 
neuroendocrine liver metastases, there continues to be a demand for donor liver grafts 
as reflected by an ever-increasing liver transplant waitlist [1].

This supply-demand mismatch for liver grafts can be attributed to limitations of 
SCS preservation technique, which result in high discard rates of donation after cir-
culatory death (DCD) liver grafts [2, 3]. Additionally, there is a high discard rate after 
SCS preservation of donation after brain death (DBD) liver grafts if the donor liver is 
classified as an extended criteria donor (ECD) by criteria such as advanced donor age 
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(age > 65 years) or macrosteatosis >30% [2, 3]. DCD liver grafts and ECD-DBD liver 
grafts that undergo SCS preservation suffer from severe ischemia-reperfusion injury 
(IRI) during LT [2, 3]. This leads to an increased risk of primary non-function (PNF), 
early allograft dysfunction (EAD), and biliary strictures after LT, which explains the 
rationale behind high discard rates of SCS DCD and SCS ECD-DBD liver grafts.

Hence, there has been a significant interest within the liver transplant community 
to evaluate machine perfusion technologies like hypothermic machine perfusion 
(HMP), normothermic machine perfusion (NMP), and normothermic regional 
perfusion (NRP) to mitigate the IRI associated with SCS DCD liver grafts and ECD-
DBD liver grafts, so that we can increase the supply of available donor liver grafts for 
LT. The main objective of this chapter is to summarize the clinical evidence support-
ing the application of HMP in clinical LT. We will explore the mechanistic benefits 
of HMP in liver graft preservation and different HMP modalities currently utilized 
in clinical LT. We will present clinical evidence demonstrating decreased EAD rates 
and deceased biliary complication rates with HMP, resulting in improved LT graft 
and recipient survival. Discussion on basics of NMP and/or NRP in LT are beyond 
the scope of this chapter and will be discussed in a separate chapter. Lastly, we will 
discuss potential future evolution of HMP in LT focusing on application of ex vivo 
liver splitting with HMP, and potential hybrid application of HMP with NRP or NMP 
technologies.

2. �Hypothermic machine perfusion of liver grafts—Mechanistic benefits 
and modalities

Under physiologic conditions, there is forward electron transport between 
mitochondrial complex I and mitochondrial complex II, resulting in adenosine 
triphosphate (ATP) production essential for cellular metabolism (Figure 1A) [4–6]. 
During SCS, liver grafts are preserved at temperatures between 0 and 4°C under 
hypoxic conditions [4–6]. As cold ischemia time increases, lack of oxygen leads to 
hepatocyte and cholangiocyte injury through disruption of the forward electron 
transport between mitochondrial complex I and complex II. This results in dimin-
ished ATP production as well as accumulation of flavin mononucleotide (FMN) 
and succinate (Figure 1B) [4–8]. Subsequently, after liver graft reperfusion with 
normothermic oxygenated blood in a succinate rich microcellular environment, 
there is a pathologic initial reverse flow of electrons from mitochondria complex II 
to mitochondrial complex I. This leads to the production of reactive oxygen species 
(ROS) in hepatocytes and cholangiocytes, termed reperfusion injury (Figure 1C) 
[4–8]. Mitochondrial ROS leads to hepatocyte and cholangiocyte damage/death and 
release of danger-associated molecular patterns, which activates the host immune 
system through complex interplay between neutrophils, lymphocytes, and Kupffer 
cells [4–8]. Depending on the severity of IRI to hepatocytes/cholangiocytes at LT, liver 
grafts may develop EAD/PNF as well as biliary strictures/ischemic cholangiopathy 
(IC) (Figure 2) [4–8].

During HMP, liver grafts are preserved at temperatures between 4 and 10°C 
(Figure 3). There are various HMP modalities, each with its own unique nomenclature, 
currently in clinical application. Understanding this unique nomenclature is important 
to analyzing mechanistic benefits of HMP. Hypothermic oxygenated machine perfusion 
(HOPE) refers to the hypothermic preservation of a liver graft using a continuous 
oxygenated preservation solution [Belzer KPS University of Wisconsin solution] 
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Figure 1. 
Insult to liver graft mitochondrial electron transport chain during Ischemia and reperfusion. A. Physiologic state 
of mitochondrial electron transport chain in liver graft prior to cross-clamp. Under normal physiologic conditions, 
the electron transport chain (ETC) exhibits forward electron flow from complex I to IV. Reduced form of flavin 
mononucleotide (FMNH2), reduced form of nicotinamide adenine dinucleotide (NADH), and succinate from 
the Citric Acid Cycle contribute to the electrons in complex I and II, and are subsequently oxidized to their 
respective counterparts FMN, NAD, and fumarate. This culminates in the production of ATP. B. Ischemic injury 
to mitochondrial electron transport chain of liver graft during static cold storage. Under ischemic conditions, the 
mitochondrial ETC chain is compromised by injury to complex I. Insult to the ubiquinone-site (Q-site) within 
complex I inhibits forward flow of electrons. This inhibits downstream ATP formation. Additionally, FMNH2 
dissociates from complex I, building up in the mitochondrial matrix. The lack of FMN in complex I consequently 
inhibits oxidation of NADH, causing a buildup of NADH. There is also a buildup of succinate due to lack of 
forward electron flow. C. Reperfusion injury to mitochondrial electron transport chain of liver graft after static 
cold storage. During reperfusion there is a rush of oxygen (O2) into the mitochondria with already accumulated 
succinate, FMNH2, and NADH. Electrons overwhelm the transport chain, causing retrograde electron flow and 
decreased ATP production. Combination of reversed electron transfer and increased O2 results in a reaction 
with FMN to create reactive oxygenated species (ROS) like superoxide anions and hydrogen peroxide, that cause 
further insult to the mitochondria and ultimately cell.
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Figure 2. 
Ischemia reperfusion injury in liver graft during liver transplant. During ischemia reperfusion injury (IRI), 
reactive oxygen species (ROS) accumulate in the mitochondria and trigger apoptosis by opening of the 
mitochondrial permeability transition pore (MPT pore) and release of Cytochrome C. ROS causes release of 
hepatocyte danger associated molecular patterns such as high mobility group box-1 (HMGB-1). HMGB-1 then 
activates the toll-like receptor-4 (TLR-4) pathway in Kupffer cells, promoting production of proinflammatory 
cytokines such as tumor necrosis factor-alpha (TNF-a) and interleukin-6 (IL-6). Apoptosis of hepatocytes leads 
to increased aspartate aminotransferase (AST), alanine aminotransferase (ALT), and lactate dehydrogenase 
(LDH), ultimately increasing the risk for early allograft dysfunction. On the other hand, cholangiocyte apoptosis 
leads to decreased biliary bicarbonate and acidic biliary pH, increased inflammatory factors such as S100 calcium 
binding protein A8 (S100A8), S100 calcium binding protein A9 (S100A9), matrix metalloproteinase 9 (MMP9), 
IL-6, which ultimately leads to persistent peribiliary inflammation resulting in biliary strictures.

Figure 3. 
Liver graft on oxygen “Pre-charged” portable hypothermic machine perfusion (HMP-O2).
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administered via portal vein cannulation, with flow rates of 150–200 ml/min and portal 
pressures of 3 mm Hg [9]. Dual hypothermic oxygenated machine perfusion (dHOPE) 
refers to the hypothermic preservation of a liver graft using continuous oxygenated pres-
ervation solution [Belzer MPS University of Wisconsin solution] administered via both 
arterial and portal vein cannulation, with hepatic arterial pressures at 25 mm Hg and 
portal vein pressures at 5 mm Hg [10]. Another modality, referred to as portable HMP-
O2, involves oxygen precharging of a portable closed chamber hypothermic machine 
circuit with 100% oxygen at 10 L/min for >20 minutes followed by liver graft preserva-
tion using this pre-oxygenated preservation solution [Vasosol solution], administered 
via both arterial and portal vein cannulation, with adjusted hepatic arterial and portal 
vein pressures based on flow rates of 0.667 ml/g liver tissue / minute (Figure 3) [11].

Due to the continuous perfusion of liver grafts during HMP, hypothermic condi-
tions are maintained, resulting in decreased metabolic demand of hepatocytes and 
cholangiocytes, along with concomitant removal of metabolic waste products [7–8]. 
The availability of oxygen in HMP circuits, either through continuous oxygenation of 
preservation solution (HOPE/dHOPE) or through oxygen precharging of preserva-
tion solution (HMP-O2), allows for the maintenance of low-flux forward electron 
transport between mitochondrial complex I and mitochondrial complex II [9–11]. 
This leads to continuous ATP production and reduced succinate accumulation within 
1–2 hours of HMP (Figure 4) [7–8]. As a result, liver grafts preserved with HMP 
exhibit decreased production of ROS upon reperfusion, leading to a lower degree of 
IRI in LT recipients.

Figure 4. 
Protective effect of oxygenated hypothermic machine perfusion on mitochondrial electron transport chain of 
liver graft. Hypothermic machine perfusion has been shown to protect mitochondria by allowing for repair of 
complex I’s Q site. This results in low flux forward electron flow, allowing for ATP production. Additionally, there 
is decreased dissociation of FMNH2 from complex I, allowing for increased metabolism of NADH, FMN, and 
succinate. This ultimately reduces FMN associated production of ROS during reperfusion of liver grafts preserved 
by oxygenated hypothermic machine perfusion.
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3. �Clinical evidence for HMP in LT

3.1 �Clinical studies evaluating HMP-O2

Guarrera and colleagues published the first clinical series on HMP in LT in the 
United States of America (USA) in 2010 [12]. In the HMP group (n = 20, DBD livers), 
livers were procured at the donor hospital, underwent SCS for transport, and were 
placed on HMP at the recipient hospital using both hepatic artery and portal vein 
cannulation, with a median perfusion duration of 4.3 hours [12]. Of note, no active 
oxygenation was utilized but there was ambient room air exchange with the HMP 
chamber, resulting in mean perfusate effluent partial pressure of oxygen of 137 mm 
Hg [12]. The study followed the HMP group and a control group of 20 matched LT 
recipients, who received SCS DBD liver grafts, for 12 months [12]. The EAD rate 
was noted to be 5% in the HMP group compared to 25% in the SCS group [12]. The 
biliary stricture rate was noted to be 5% in the HMP group compared to 15% in the 
SCS group [12]. While the EAD rate and biliary stricture rate in the HMP group did 
not show a statistically significant difference compared to the SCS group, there was 
a trend towards lower rates of EAD and biliary strictures in the HMP group [12]. 
1-year graft and recipient survival was 90% in both groups [12]. These authors 
noted that the length of hospital stay was statistically significantly lower in the HMP 
group (10 days) compared to SCS group (15 days) [12]. This seminal study provided 
proof-of-concept that HMP can be safe and may have potential clinical benefits for LT 
recipients.

Building on their initial work, Guarrera and colleagues reported the application 
of HMP in preventing discard of extended criteria “orphan” DBD livers, which were 
declined by other transplant centers in their United Network for Organ Sharing 
region in USA in 2015 [13]. These ECD-DBD “orphan” livers met at least one of the 
following criteria: donor age > 65 years, donor liver with greater than 25% macroste-
atosis, donor Hepatitis C positive liver with greater than 15% macrosteatosis, or donor 
liver with significant ischemic injury defined as aspartate aminotransferase (AST) 
level > 1000 IU/L or alanine aminotransferase (ALT) level > 1000 IU/L at time of 
organ offer [13]. In the HMP group (n = 31), donor livers were transported using SCS 
from the donor hospital to the recipient hospital and back-to-base HMP was utilized 
at the recipient hospital for a median perfusion duration of about 3.8 hours [13]. 
The mean perfusate oxygen pressure was noted to be 228 mm Hg due to ambient air 
exchange at the organ chamber [13]. The control group consisted of 30 SCS ECD-
DBD liver recipients, which were matched to HMP liver recipients for donor/recipient 
age, model for end-stage liver disease (MELD) score, donor risk index (DRI), and 
cold ischemia time [13]. Follow-up duration for the study was 1 year [13]. EAD rate 
was equivalent in both groups (19% in HMP group vs. 30% in SCS group) [13]. Biliary 
stricture rate was noted to be statistically significantly lower in the HMP group (13%) 
compared to the SCS group (33%) [13]. 1-year graft survival was equivalent in both 
groups (81% in the HMP group vs. 80% in SCS group) [13]. 1-year recipient survival 
was equivalent in both groups (84% in HMP group vs. 80% in SCS group) [13]. This 
study demonstrated that HMP application can help decrease discard rate of ECD-
DBD liver grafts [13]. Additionally, this study showed lower biliary stricture rate in LT 
recipients, who received HMP preserved ECD-DBD liver grafts [13].

Given the large travel distances in the USA between donor centers and recipient 
hospitals, which result in accumulation of IRI in liver grafts due to SCS transport, 
back-to-base application of HMP in the USA may have limited utility for livers 
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procured at distant donor hospitals. Additionally, there are aviation regulatory 
restrictions on transport of compressed oxygen gas chambers in the USA, which 
limit the application of continuously oxygenated HMP circuits for air transport. To 
overcome this logistical hurdle, Guarrera and colleagues developed a novel technique 
termed HMP-O2. This involves precharging the HMP circuit with 100% oxygen, deliv-
ered at 10 L/min at the donor hospital, with immediate placement of the donor liver 
on the HMP circuit at the donor hospital to initiate continuous HMP-O2. This allows 
for extended HMP-O2 perfusion time, minimizes SCS related IRI, and facilitates air 
transport of donor livers over longer distances [11]. Through dual hepatic artery and 
portal vein cannulation, they demonstrated that HMP-O2 circuit had a perfusate oxy-
gen tension of 700 mm Hg at onset of preservation and subsequent oxygen tension 
values up to 150 mmHg after 90 min of HMP-O2 [11].

Subsequently, a prospective multicenter randomized control trial (RCT) involving 
nine transplant centers in the USA evaluated HMP-O2 and SCS in LT, with the results 
published in 2023 [14]. Both the study group (HMP-02, n = 63) and control group 
(n = 73) included liver grafts from DBD (HMP-O2, n = 48; SCS, n = 52), ECD-EBD 
(HMP-O2, n = 10; SCS, n = 11), and DCD (HMP-O2, n = 5; SCS, n = 10) [14]. The 
median perfusion duration across groups was 2.8 hours [14]. From a logistical per-
spective, the HMP-O2 circuit was utilized in an end-ischemic fashion at the recipient 
hospital in 36 (57%) cases, and continuous fashion in 27 (43%) of cases, beginning 
at the donor hospital, depending on investigator preference [14]. Additionally, 
amongst the 27 continuous HMP-O2 cases, HMP-O2 circuit was transported via air 
in 22 (81%) of cases, demonstrating the safe portability of the circuit [14]. Risk of 
graft failure based on Liver Graft Assessment following transplant score at seven 
days (L-GRAFT7) was found to be statistically significantly lower in HMP-O2 group 
(3.4%) compared to SCS group (4.5%) [14]. While the EAD rate and biliary stricture 
rate in the HMP-O2 group did not reach a statistically significant difference to SCS 
group, there was trend towards lower EAD rate and biliary stricture rate in HMP-O2 
group (EAD: 11%; biliary stricture: 11%) compared to SCS group (EAD: 16%; biliary 
stricture: 22%) [14].1-year graft survival was similar between HMP-O2 group (94%) 
and SCS group (93%) [14]. 1-year recipient survival was similar between HMP-O2 
group (94%) and SCS group (97%) [14]. This pivotal multicenter RCT was able to 
demonstrate non-inferiority of HMP-O2 and SCS in clinical LT as per Food and Drug 
Administration (FDA) guidelines in the USA. FDA has granted continued access use 
of HMP-O2 at participating transplant centers in the USA currently and final FDA 
regulatory approval of HMP-O2 use is pending at the time of writing of this manu-
script. All the HMP-O2 cohort and RCTs have been summarized in Tables 1 and 2 
respectively.

In summary, given the clinical benefits and portability of the HMP-O2 circuit, 
there is a potential for broader adoption of HMP-O2 in the USA for preservation of 
DBD, ECD-DBD, and DCD livers once regulatory FDA approval is obtained.

3.2 �Clinical studies evaluating HOPE

End-ischemic HOPE application for liver graft preservation was pioneered by 
Dutkowski and colleagues in Switzerland in 2014 [9]. In this pilot study, 8 DCD livers 
[median functional warm ischemia time (fWIT) of 31 minutes] were initially stored 
with SCS for a median time of 2.4 hours followed by end-ischemic HOPE for a median 
duration of 2 hours prior to LT [9]. Control group consisted of 8 DBD LT recipients, 
who were matched to the study group based on total preservation time, donor/
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Study N Donor type Perfusion logistics and 
route

Perfusion duration, median 
(IQR), hours

Results

Horné et al.
Germany
2022* [20]

50 HOPE; 50 SCS DBD Back-to-Base
HOPE

2.73 (2.3–3.2)*** EAD: HOPE 14 (28.0%); SCS 25 (50.0%) 
(p = 0.04)
1-Month Graft Survival: HOPE 49 (98%); SCS 47 
(94%) (p = 0.36)
1-Month Patient Survival: HOPE 49 (98%); SCS 
47 (94%) (p = 0.36)

Patrono et al.
Italy
2022* [26]

121 dHOPE; 723 
SCS

ECD-
DBD

Back-to-Base dHOPE 2.3 (2.0–3.0)*** EAD: Not Available
6-Month Graft Survival: dHOPE 118 (97.5%); SCS 
648 (89.6%) (p = 0.002)

Rayar et al.
France
2021** [19]

25 HOPE; 69 SCS ECD-
DBD

Back-to-Base HOPE 2.0 (1.3–4.2) EAD: HOPE 7 (28%); SCS 29 (42%) (p = 0.22)
1-Year Biliary Complications: HOPE 2 (8%); SCS 8 
(11.6%) (p = 1.0)
1-Year Graft Survival HOPE 22 (88%); SCS 62 
(89.5%) (p = 1.0)
1-Year Patient Survival HOPE 23 (91%); SCS 63 
(91.3%) (p = 1.0)

Mueller et al.
Switzerland
2020* [17]

70 HOPE; 70 SCS DCD/
DBD

Back-to-Base HOPE 2.0 (1.7–2.5) 5-Year HCC Recurrence-Free Patient Survival: 
HOPE 46 (92%; SCS 37 (73%) (p = 0.027)

Ravaioli et al.
Italy
2020** [18]

10 HOPE; 30 SCS ECD-
DBD

Back-to-Base HOPE 2.2 (1–3.5)*** EAD: HOPE 0 (0%); SCS 7 (23.3%)
1-Year Biliary Strictures: HOPE 1 (10%); SCS 3 
(10%)
1-Year Graft Survival: HOPE 10 (100%); SCS 27 
(90.0%)

Schlegel et al.
Switzerland
2019* [16]

50 HOPE; 50 SCS DCD Back-to-Base HOPE 2 (1.6–2.4) 1-Year Biliary Non-anastomotic Strictures: HOPE 
4 (8%); SCS 11 (22%) (p = 0.09)
1-Year Graft Survival: HOPE 43 (86%); SCS 32 
(64%) (p = 0.005)

Patrono et al.
Italy
2019* [25]

25 dHOPE;
50 SCS

DBD Back-to-Base dHOPE 3.1 (2.3–3.9) EAD: dHOPE 8 (32.0%); SCS 17 (34.0%) 
(p = 1.00)
6-Month Biliary Complications: dHOPE 6 
(24.0%); SCS 9 (18.0%) (p = 0.76)
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van Rijn et al.
Netherlands
2017** [10]

10 dHOPE; 20 SCS DCD Back-to-Base dHOPE 2.1 (2.1–2.3) EAD: dHOPE 0 (0%); SCS 2 (10%) (p = 1.0)
1-Year Graft Survival: dHOPE 10 (100%); SCS 13 
(67%)
1-Year Patient Survival: dHOPE 10 (100%); SCS 
17 (85%) (p = 0.209)

Guarrera et al.
United States
2015** [13]

31 HMP-O2; 30 SCS ECD-
DBD

Back-to-Base HMP-O2 3.8 (2.9–4.7) EAD: HMP 6 (19%); SCS 9 (30%) (p = 0.384)
1-Year Biliary Stricture: HMP 3 (10%); SCS 10 
(33%) (p = 0.031)
1-Year Patient/Graft Survival: HMP 26 (83.8%); 
SCS 24 (80.0%) (p = 0.761)

Dutkowski et al.
Switzerland
2015** [15]

25 HOPE; 50 SCS DCD Back-to-Base HOPE 2.0 (1.7–2.5) EAD: HOPE 5 (20%); SCS 22 (44%) (p = 0.046)
1-Year Biliary Complications: HOPE 5 (20%); SCS 
23 (46%) (p = 0.042)
1-Year Graft Survival: HOPE 23 (90%); SCS 35 
(69%)
(p = 0.035)

Dutkowski et al.
Switzerland
2014** [9]

8 HOPE; 8 SCS DCD / DBD Back-to-Base HOPE 2.0 (1.7–2.7) EAD: HOPE 0 (0%); SCS 0 (0%) (p = NS)
6-Month Biliary Complications: HOPE 2 (25%); 
SCS 2 (25%)
6-Month Graft Survival: HOPE 8 (100%); SCS 8 
(100%)

Guarrera et al.
United States
2010** [12]

20 HMP-O2; 20 SCS DBD Back-to-Base HMP-O2 4.3 (3.4–5.2) EAD: HMP-O2 1 (5%), SCS; 5 (25%) (p = 0.08)
1-Year Biliary Strictures: HMP-O2 1 (5%), SCS 3 
(15%) (p = NS)
1-Year Patient/Graft Survival: HMP-O2 18 (90%), 
SCS 18 (90%) (p = NS)

*Retrospective.
**Prospective.
***Reported as Mean [95% CI].
Abbreviations: donation after brain death, DBD; donation after circulatory death, DCD; dual hypothermic oxygenated machine perfusion, dHOPE; early allograft dysfunction, EAD; 
hypothermic oxygenated machine perfusion, HCC, hepatocellular carcinoma; HOPE; hypothermic machine perfusion-02, HMP-02; interquartile range, IQR; not significant, NP; p-value, P; 
static cold storage, SCS.

Table 1. 
Observational studies utilizing hypothermic machine perfusion of liver grafts for transplantation.
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Study N Donor 
type***

Perfusion 
logistics 

and route

Perfusion 
duration, 

median 
(IQR) 

(Hours)

EAD within first week, N 
(%)

Biliary stricture 
development, N (%)

1-year graft survival, N (%) 1 year patient survival, N (%)

Study Control P Study Control P Study Control P Study Control P

Panayotova 
et al.
United 
States
2023 [14]

63 
HMP-02;
73 SCS

DBD/
ECD-
DBD/
DCD

Continuous
HMP-O2

2.8 
(1.8–3.6)

7 
(11.1)

12 (16.4) 0.37 7 (11.1) 16 (21.9) 0.18 59 (93.7) 68 (93.2) 0.92 59 (93.7) 71 (97.3) 0.99

Grat et al.
Finland
2023 [28]

26 
dHOPE;
78 SCS

DBD Back-
to-Base 
dHOPE

2.0 (NA) 7 
(26.9)

26 (33.3) 0.63 0 (0.0) 4 (5.1) NA 26 (100) 75 (96.2) 0.57 25 (96.2) 72 (92.4) NA

van Rijn 
et al.
Netherlands
2021 [27]

78 
dHOPE;
78 SCS

DCD Back-
to-Base 
dHOPE

2.2 
(2.0–2.6)

20 
(25.6)

31 (39.7) 0.61 
(0.39–

0.96)****

5 
(6.4)*******

14 (17.9) 0.03 66 
(84.6)******

67 (85.9) NA 72 
(92.3)******

74 (94.9) 1.46 
(0.41–
5.21)****

Schlegal 
et al.
Europe*

2023 [24]

85 
HOPE;
85 SCS

DBD Back-to-
Base HOPE

1.6 
(1.2–2.3)

14 
(16.5)

39 (45.9) NA 15 
(17.6)*****

19 (22.4) 0.44 81 (95.3) 78 (91.8) 0.36 81 (95.2) 81 (95.3) 1

Ravaioli 
et al.
Italy
2022 [23]

55 
HOPE;
55 SCS

DBD Back-to-
Base HOPE

2.4 (2–3.1) 7 
(12.7)

19 (34.5) 0.007 2 (3.6) 2 (3.6) NA 54 (98.2) 48 (87.3) 0.058 54 (98.2) 52 (94.5) NA
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Czigany 
et al.
Europe**

2021 [21]

23 
HOPE;
23 SCS

ECD-
DBD

Back-to-
Base HOPE

2.4 
(1.7–3.4)

4 
(17.4)

8 (34.8) 0.314 4 
(17.4)*****

6 (26.1) 0.72 21 (91.0) 18 (78.0) 0.25 21 (91.3) 19 (82.6) 0.44

*Patients from England, Belgium, Netherlands, France, Austria, Switzerland.
**Patients from Germany, Czech Republic.
***All studies included extended criteria donors.
****Treatment effect (95% CI).
*****Incidence of all biliary complications.
******6-month outcome.
*******Non-anastomotic biliary stricture only [Anastomotic: 23 (29) dHOPE; 22 (28) SCS, p = 1.07].
Abbreviations: donation after brain death, DBD; donation after circulatory death, DCD; dual hypothermic oxygenated machine perfusion, dHOPE; early allograft dysfunction, EAD; 
hypothermic oxygenated machine perfusion, HOPE; hypothermic machine perfusion-02, HMP-02; interquartile range, IQR; not available, NA; P-value, P; static cold storage, SCS.

Table 2. 
Randomized control trials utilizing HOPE liver grafts for transplantation.
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recipient age, MELD score, and graft steatosis [9]. They reported equivalent EAD 
rates (0% in both groups), similar biliary complications (25% in both groups), and 
equivalent 6-month graft / patient survival (100% in both groups) [9].

Building on their pilot HOPE study, Dutkowski and colleagues published their 
outcomes in LT recipients, who received 25 HOPE-treated DCD liver grafts with a 
median fWIT of 31 minutes at their center [15]. Matched control group consisted 
of 50 SCS DBD LT recipients and 50 SCS DCD LT recipients at their center and two 
additional European centers in the Netherlands and United Kingdom [15]. Median 
duration of end-ischemic HOPE was 2 hours prior to LT [15]. They demonstrated that 
the EAD rate (20%) in the HOPE-treated DCD group was statistically significantly 
lower than EAD rate (44%) in SCS DCD group [15]. Additionally, they found that 
the EAD rate (20%) in the HOPE-treated DCD group was equivalent to the EAD rate 
(22%) in the SCS DBD group [15]. Biliary complication rate (20%) in HOPE-treated 
DCD group was found to be statistically significantly lower than biliary complication 
rate in SCS DCD group (46%) [15]. Also, the biliary complication rate (20%) in the 
HOPE-treated DCD group was equivalent to that in the SCS DBD group (22%) [15]. 
1-year graft survival in HOPE-treated DCD group (90%) was found to be statistically 
significantly higher than SCS DCD group (69%) and equivalent to SCS DBD group 
(96%) [15].

Subsequently, Dutkowski and colleagues reported that 5-year graft survival 
[censored for hepatocellular carcinoma (HCC) tumor recurrence] of their first 50 
HOPE-treated DCD liver grafts (94%) was statistically significantly higher than that 
of SCS DCD liver grafts (79%) [16]. In addition, they found that 14% of SCS DCD 
liver grafts were lost due to IC at 5-year follow-up while none of HOPE treated DCD 
liver grafts were lost due to ischemic cholangiopathy highlighting the protective effect 
of HOPE on DCD liver grafts with respect to biliary complications [16]. Additionally, 
Dutkowski and colleagues studied the effect of HOPE on HCC recurrence in LT recipi-
ents by comparing 70 HOPE-treated DCD liver grafts to 70 SCS DCD liver grafts [17]. 
They found that 5-year HCC recurrence-free survival in the HOPE treated DCD LT 
cohort was 92% compared to 73% in SCS DCD LT cohort [17]. These findings suggest 
that the lower IRI with HOPE may exert anti-tumor protective effects in potential 
LT recipients with HCC. In summary, initial single center trials by Dutkowski and 
colleagues demonstrated lower EAD rates, improved biliary complications, and 
improved graft survival in recipients of HOPE treated DCD liver grafts [17].

Encouraged by promising results of HOPE reported by Dutkowski and colleagues, 
adoption of HOPE in LT occurred in other European countries with several single 
center studies published on this topic. Ravaioli and colleagues evaluated the outcomes 
of end-ischemic HOPE in ECD-DBD liver grafts in Italy in 2020 [18]. Study group 
consisted of 10 ECD-DBD liver grafts preserved with end-ischemic HOPE and the 
control group consisted of 30 ECD-DBD liver grafts preserved with SCS [18]. Mean 
perfusion time was reported to be 2.2 hours [18]. While they did not detect statisti-
cally significant differences between the two groups, they reported that EAD rate 
tended to be lower in HOPE ECD-DBD group (0%) compared to SCS ECD-DBD 
group (23%) and 1-year graft survival tended to be higher in HOPE ECD-DBD group 
(100%) compared to SCS ECD-DBD group (90%) [18]. Rayar and colleagues reported 
their outcomes of end-ischemic HOPE in ECD-DBD liver grafts in France in 2021 
[19]. Study group consisted of 25 ECD-DBD liver grafts preserved with end-ischemic 
HOPE and the control group consisted of 69 ECD-DBD liver grafts preserved with 
SCS [19]. They reported that the EAD rate was similar between the HOPE ECD-
DBD group (28%) and SCS ECD-DBD group (42%) [19]. Similarly, the biliary 
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complication rate was similar between the HOPE ECD-DBD group (8%) and SCS 
ECD-DBD group (12%) [19]. They found that the intensive care unit (ICU) length 
of stay and hospital stay was statistically significantly lower in the HOPE ECD-DBD 
group (ICU stay: 3 days; hospital stay: 15 days) compared to SCS ECD-DBD group. 
Group (ICU stay: 5 days; hospital stay 20 days) [19]. 1-year graft survival was similar 
between the HOPE ECD-DBD group (88%) and SCS ECD-DBD group (90%) [19]. 
Horne and colleagues reported their experience of end-ischemic HOPE on DBD liver 
grafts in Germany in 2022 [20]. Study group consisted of 50 HOPE DBD liver grafts 
and the control group consisted of matched 50 SCS DBD liver grafts [20]. They 
reported that intraoperative post-reperfusion syndrome (defined as drop in mean 
arterial pressure > 30% occurring within 5 minutes of graft unclamping and lasting 
greater than 1 minutes) occurred at a statistically significantly lower rate in HOPE 
DBD liver grafts (12%) compared to SCS DBD liver grafts (42%) [20]. Additionally, 
the EAD rate was statistically significantly lower in the HOPE DBD LT group (28%) 
compared to the SCS DBD LT group (50%) [20]. In short, single center studies at 
other European centers evaluating end-ischemic HOPE application in DBD and 
ECD-DBD grafts revealed potential benefit of HOPE in reducing post-reperfusion 
syndrome rate and EAD rate with subsequent reduction in ICU and hospital length of 
stay of LT recipients.

Clinical momentum built based on favorable outcomes of single-center studies 
evaluating end-ischemic HOPE in LT led to further interest in conducting RCTs in 
Europe. The first multicenter RCT based at 4 European centers in Germany and 
Czech Republic comparing outcomes of end-ischemic HOPE ECD-DBD LT recipients 
(n = 23) to SCS ECD-DBD LT (n = 23) was published by Czigany and colleagues in 
2021 [21]. While not statistically significant, a trend towards lower EAD rate was 
noted in HOPE ECD-DBD LT group (17%) compared to SCS ECD-DBD group (35%) 
[21]. Clavien-Dindo grade 3–5 complication rates were noted to be lower in HOPE 
ECD-DBD LT group (44%) compared to SCS ECD-DBD group (74%) [21]. ICU 
length of stay was shorter in HOPE ECD-DBD LT group (5 days) compared to SCS 
ECD-DBD LT group (8 days) [21]. Similarly, hospital length of stay was shorter in 
ECD-DBD LT group (20 days) compared to SCS ECD-DBD LT group (36 days) [21]. 
1-year graft survival was higher in HOPE ECD-DBD LT group (91%) compared to 
SCS ECD-DBD LT group (78%) [21]. Czigany and colleagues subsequently reported 
long-term outcomes and showed an improved 5-year graft survival trend (albeit not 
statistically significant) for HOPE ECD-DBD LT group (95%) compared to SCS ECD-
DBD LT group (69%) (Table 3) [22].

Subsequently, a single-center RCT evaluating outcomes of end-ischemic HOPE 
ECD-DBD LT recipients (n = 55) compared to SCS ECD-DBD LT recipients (n = 55) 
was conducted by Ravaioli and colleagues in Italy in 2022 [23]. Median end-ischemic 
HOPE perfusion duration was 2.4 hours [23]. EAD rate was found to be statistically 
significantly lower in HOPE ECD-DBD LT recipients (13%) compared to SCS ECD-
DBD LT recipients (35%) [23]. Biliary stricture rate was found to be equivalent in 
both groups at 4% [23]. 1-year graft survival was statistically significantly higher in 
HOPE ECD-DBD LT recipients at 98% compared to SCS ECD-DBD LT recipients at 
87% [23]. Lastly, a European multicenter RCT led by Dr. Schlegel and Dr. Dutkowski 
reported outcomes of end-ischemic HOPE DBD LT recipients (n = 85) compared to 
SCS DBD LT recipients (n = 85) in 2023 [24]. Median end-ischemic HOPE perfusion 
duration was 1.5 hours [24]. Authors reported that liver-graft related Clavien-Dindo 
class 3B-5 complications (PNF, biliary complications, vascular complications) were 
significantly lower in HOPE DBD LT group (10%) compared to SCS DBD LT group 
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Study N Donor 
type

Median 
follow-up, 

months 
(95% CI)

Perfusion 
logistics 

and route

Perfusion 
duration, 

median 
(IQR) 

(Hours)

Late-onset biliary stricture 
development, N (%)

Late-onset graft failure, N (%) Mortality, N (%)

Study** Control*** P Study** Control*** P-Value Study** Control*** P

Eden 
et al.
Europe
2024 
[29]

1202 
HOPE/

dHOPE/
NRP-
HOPE

DBD/
DCD

34.8 
(13.2–56.4)

Back-to-
Base HOPE/

dHOPE/
NRP-HOPE

2.3 
(1.8–3.4)

1-Year:
43 (10)

1-Year:
18 (2.3)

<0.01 1-Year: 
35 (8)

1-Year: 38 
(5)

<0.01 1-Year: 
39 (9)

1-Year:
69 (9)

0.13

2-Year:
50 (11.5)

2-Year:
19 (2.5)

3-Year: 
56 (13)

3-Year: 54 
(7)

3-Year: 
69 (16)

3-Year:
100 (13)

5-Year: 
82 (19)

5-Year: 77 
(10)

5-Year: 
95 (22)

5-Year:
115 (15)

Czigany 
et al.
Europe
2023 
[22]

21 HOPE; 
20 SCS

DBD 48 (41–55) Back-to-
Base HOPE

2.4 
(1.7–3.4)

5-Year:
3 (14.3)

5-Year:
3 (15)

>0.99 5-Year: 1 
(4.8)*

5-Year: 5 
(25)

0.093 5-Year: 1 
(4.8)*

5 Year:
5 (25)

NA

*Occurring after 6 months.
**Study = DCD in Eden et al.
***Control = DBD in Eden et al.
Abbreviations: donation after brain death, DBD; donation after circulatory death, DCD; dual hypothermic oxygenated machine perfusion, dHOPE; hypothermic oxygenated machine perfusion, 
HOPE; interquartile range, IQR; not available, NA; normothermic regional perfusion-hypothermic oxygenated machine perfusion, NRP-HOPE; P-value, P; static cold storage, SCS.

Table 3. 
Long term outcomes following utilization of HOPE liver grafts for transplantation.
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(37%) [24]. There was no statistically significant difference in 1-year graft survival 
between HOPE DBD LT group (95%) and SCS DBD LT group (92%) [24]. All the 
HOPE cohort and RCT studies have been summarized in Tables 1 and 2 respectively.

In summary, HOPE application in clinical LT has significant potential advantages 
in reducing liver-graft related complications in DBD LT recipients. In ECD-DBD 
LT recipients, HOPE has potential to lower the frequency of reperfusion syndrome, 
decrease EAD rates and reduce ICU/hospital length of stay in ECD-DBD LT recipi-
ents. In DCD LT recipients, HOPE has been shown to reduce EAD rate, decrease 
biliary stricture rate, and reduce HCC recurrence risk. Given these robust findings, 
rapid clinical adoption of HOPE in clinical LT is anticipated at multiple European 
centers once country-specific regulatory requirements are overcome. In the USA, a 
multicenter prospective randomized control trial evaluating HOPE vs. SCS in LT is 
currently in progress [NCT05045794] and results are anticipated over the next year.

3.3 �Clinical studies evaluating dHOPE

Van Rijn and colleagues published the first clinical study evaluating end-ischemic 
dHOPE application in 10 DCD LT recipients in the Netherlands in 2017 [10]. Control 
group consisted of 20 matched DCD LT recipients [10]. Median warm ischemia time 
was similar in the dHOPE group (27 minutes) and SCS group (32 minutes) [10]. 
Median end-ischemic dHOPE perfusion duration was 2.1 hours [10]. EAD rates were 
equivalent in the dHOPE DCD LT group (0%) and SCS DCD LT group (10%) [10]. 
None of the dHOPE DCD LT recipients required re-LT while 25% of SCS DCD LT 
recipients required re-LT within 1 year due to IC [10]. Their study demonstrated a 
protective effect of dHOPE on biliary complications in LT recipients.

Patrono and colleagues published their clinical study comparing outcomes of end-
ischemic dHOPE in 25 ECD-DBD LT recipients with 50 matched SCS ECD-DBD LT 
recipients in Italy in 2019 [25]. Median end-ischemic dHOPE perfusion duration was 
3.1 hours [25]. EAD rates were equivalent in dHOPE ECD-DBD LT group (32%) and 
SCS ECD-DBD LT group (34%) [25]. No difference in biliary complications were 
detected between dHOPE ECD-DBD LT group (24%) and SCS ECD-DBD LT group 
(18%) at 6-month follow-up [25]. They noted that the postoperative rate of stage 
2–3 acute kidney injury was statistically significantly lower in dHOPE ECD-DBT LT 
group (16%) compared to SCS ECD-DBD LT group (42%) [25]. Subsequently, Patrono 
et al published their updated experience with dHOPE in 121 ECD DBD LT recipients 
compared to 723 SCS ECD DBD LT recipients in 2022 [26]. After matching both groups 
on recipient age, recipient gender, MELD score, donor age, donor body mass index, 
donor liver macrosteatosis, and anastomoses time in recipient, d-HOPE ECD DBD LT 
recipients were found to have significantly reduced rate of in early allograft failure, 
reduced rate of Clavien-Dindo grade 3 or higher complications, reduced rate of compre-
hensive complication index and reduced severity of IC rates compared to SCS ECD DBT 
LT recipients [26]. 6-month graft survival in d-HOPE ECD DBD LT group (98%) was 
statistically significantly higher than 6-month graft survival in SCS group (90%) [26].

Building on the momentum of these single center studies showing favorable out-
comes of dHOPE, Van Rijn and colleagues published a pivotal multicenter European 
RCT comparing outcomes of dHOPE DCD LT recipients (n = 78) to SCS DCD LT 
recipients [27]. Warm ischemia time was comparable in both dHOPE group (29 min-
utes) and SCS group (27 minutes) [27]. Median end-ischemic dHOPE perfusion 
duration was 2 hr. and 12 minutes [27]. They reported statistically significantly lower 
post-reperfusion syndrome in dHOPE DCD LT group (12%) compared to SCS DCD 
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LT group (27%) [27]. EAD rate was statistically significantly lower in dHOPE DCD 
LT group (26%) compared to SCS DCD LT group (40%) [27]. At 6-month follow-up, 
anastomotic biliary stricture rate was equivalent in both groups (dHOPE 29% vs. SCS 
28%) [27]. At 6-month follow-up, they found that non-anastomotic biliary stricture 
rate was statistically significantly lower in dHOPE DCD LT group (6%) compared to 
SCS DCD LT group (18%) [27]. 1-year graft survival was equivalent between both 
dHOPE DCD LT group (85%) and SCS DCD LT group (86%) [27]. The findings of 
this RCT showing beneficial effect of dHOPE in decreasing non-anastomotic biliary 
strictures are significant since treatment of non-anastomotic biliary strictures is chal-
lenging after DCD LT and frequently requires re-LT.

Subsequently, Grat and colleagues focused on evaluating outcomes of dHOPE 
DBD LT recipients (n = 26) and SCS DBD LT recipients (n = 78) in a single-center 
RCT [28]. Median dHOPE perfusion duration was 2 hours. EAD rate was noted to be 
equivalent in dHOPE DBD LT group (27%) and SCS DBD LT group (33%) [28]. There 
was no statistically significant difference in reperfusion rate in the dHOPE DBD 
LT group (23%) compared to SCS DBD LT group (19%) [28]. Authors performed 
subgroup analysis involving high-risk DBD liver donors defined as having DRI > 1.7 
and found that dHOPE was associated with improved early allograft function and 
lower rate of comprehensive complication index in this higher risk DBD subgroup 
compared to SCS [28]. All the dHOPE cohort studies and dHOPE RCTs have been 
summarized in Tables 1 and 2 respectively.

In summary, end-ischemic dHOPE application in clinical LT has significant 
potential benefits in DCD LT in reducing severity of post-reperfusion syndrome and 
decreasing rate of non-anastomotic biliary stricture rates. Also, clinically relevant 
protective effects (decreased EAD rate, decreased IC rate, and decreased Clavien-
Dindo grade 3 or higher complications) of dHOPE appear to be more pronounced 
in ECD-DBD LT recipients. Given these promising findings, there is potential for 
increased dHOPE utilization at European transplant centers once country-specific 
regulatory approvals are obtained and institutional expertise is attained. To our 
knowledge, no studies evaluating effectiveness of dHOPE liver preservation at trans-
plant centers in the USA have been published.

4. �Future directions of HMP

Excellent short-term (1-year) clinical outcomes have been reported in LT recipi-
ents, who received HMP preserved liver grafts. Long-term (5-year and 10-year) single 
and multicenter outcomes of LT recipients, who received HMP preserved liver grafts 
are eagerly anticipated over the next-decade. A recent observational multicenter 
international European cohort study focusing on long-term liver graft outcomes 
preserved with either HOPE alone, dHOPE alone, or NRP-HOPE reported excellent 
long-term outcomes in both DBD and DCD LT recipients [29]. For HOPE/dHOPE/
NRP-HOPE preserved liver DBD grafts, LT recipients were found to have 1-year, 
3-year, and 5-year death censored graft survival of 95%, 92%, and 91% respectively 
(Table 3) [29]. Similarly, for HOPE/dHOPE/NRP-HOPE preserved liver DCD grafts, 
LT recipients were found to have 1-year, 3-year, and 5-year death-censored graft 
survival of 92, 87, and 81% (Table 3) [29]. Additionally, authors found that the 1-year 
cumulative incidence of non-anastomotic strictures was statistically significantly 
lower in DCD liver grafts treated with NRP-HOPE / NRP-dHOPE combination (3.8%) 
compared to DCD liver grafts treated with HOPE alone/dHOPE alone (12.6%) [29].  
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These findings highlight cumulative benefit of sequential NRP-HOPE/NRP-dHOPE 
application in DCD liver grafts, however further prospective studies exploring this 
topic are required [29].

Viability assessment of liver grafts during HMP is challenging because liver 
grafts are maintained under hypothermic conditions and there is no bile production 
observed during HMP. Initial efforts of viability assessment by Patrono et al. focused 
on evaluating HMP perfusate AST, ALT, LDH, lactate; however they only found a 
weak correlation between these cytosolic injury markers and postoperative EAD [30]. 
Given our increased understanding of IRI mechanisms at cellular level, Muller et al. 
focused on evaluating FMN levels as a surrogate for mitochondrial injury through 
real-time fluorescence spectroscopy and mass spectrometry in 54 HOPE treated liver 
grafts [31]. They demonstrated that HOPE preserved liver grafts with FMN level 
exceeding 10,000 A.U on fluorescence spectroscopy or 100 ng FMN/ml perfusate on 
mass spectrometry after 30 minutes of HOPE was highly predictive of 90-day graft 
loss. Their study, also, confirmed findings of prior studies showing weak correlation 
between perfusate cytosolic markers (AST, ALT, LDH, and lactate) and EAD [31]. 
Findings of this study are a promising breakthrough since real-time FMN analysis 
during HMP may be utilized by LT surgeons in their decision making to accept or 
discard DCD liver grafts. However, validation of FMN as a predictive marker of EAD 
with additional studies using various modalities of HMP is required.

There has, also, been an increased interest in applying HMP to ex-vivo liver 
splitting in pediatric LT. Rossignol et al. reported their experience with utilization 
of HOPE for ex-vivo splitting of DBD liver grafts (n = 15) compared to SCS ex-vivo 
splitting of DBD liver grafts (n = 17) in pediatric LT [32]. They were able to demon-
strate a lower rate of reperfusion syndrome in HOPE-split grafts (13%) compared to 
SCS split grafts (3%) and similar 1-year graft/recipient survival in both HOPE-split/
SCS-split LT recipients [32].

Lastly, it must be stated that the HMP-O2 circuit is completely portable since 
the preservation solution is pre-charged with oxygen at the beginning of machine 
preservation alleviating the need to further oxygenate the circuit during air transpor-
tation. On the other hand, HOPE and dHOPE circuits require continuous oxygenation 
and their application is limited to end-ischemic utilization at the recipient hospital. 
Since portability of compressed oxygen cylinders is prohibited due to current aviation 
regulations, additional clinical innovation is required for HOPE/dHOPE circuits to 
enhance their safe portability during air transport. Also, future clinical studies are 
required to determine the optimal level of oxygen tension and optimal duration of 
HMP required to safely preserve liver grafts under hypothermic conditions.

5. �Conclusion

Significant progress has been made in the clinical application of HMP in LT over 
the last decade. Single-center studies and multicenter RCTs evaluating different HMP 
modalities have shown significant clinical benefit in reducing EAD, biliary complica-
tions, and reducing ICU/hospital length of stay in LT recipients compared to SCS. 
Different HMP modalities (HMP-O2, HOPE, dHOPE) have been successfully integrated 
at pioneering LT centers in both Europe and the USA to help reduce waitlist times for 
potential LT recipients by increasing the use of ECD-DBD and DCD liver grafts. The 
next steps in the evolution of HMP in clinical LT include overcoming regulatory hurdles 
in various countries to broaden the availability and application of these HMP modalities.
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Chapter 9

Current Status in Live Liver 
Donation: Donor Selection, 
Surgical Technique, Long-Term 
Outcome
Chan Woo Cho and Gyu-Seong Choi

Abstract

Living donor liver transplantation (LDLT) has been one of the most remarkable 
steps in the field of liver transplantation. Live liver donation significantly expands 
the scarce donor pool in countries with a shortage of available cadaveric grafts. Live 
liver donation has clinical benefits over deceased liver donation, such as shortening 
wait time, scheduling convenience, and increasing long-term success. In that healthy 
people undergo major surgery for their loved ones, the physical and psychological 
sacrifices of donors are immense. Thus, donor safety is one of the most important 
issues in performing LDLT. Recently, due to a better understanding of liver anatomy 
and technical innovations in donor surgery, live liver donor selection criteria have 
expanded, and good results are reported with securing donor safety. In this chapter, 
we introduce expanded selection criteria for live liver donation and innovative donor 
surgery, including minimally invasive approaches, and provide information regarding 
the current overview of donor postoperative quality of life and long-term outcomes.

Keywords: liver transplantation, living donors, donor selection, outcomes, 
minimal invasive surgery, hepatectomy

1. �Introduction

Living donor liver transplantation (LDLT) represents a groundbreaking advance-
ment in the field of liver transplant surgery, providing an effective alternative to 
deceased donor liver transplantation. One of the most significant advantages of LDLT 
is its ability to expand the donor organ pool, thereby offering new hope to patients 
with end-stage liver disease or hepatocellular carcinoma. Unlike the unpredictable 
nature of organs from deceased donors, live liver donors can be carefully assessed, 
ensuring a timely and effective transplantation process. Importantly, live liver donors 
undergo comprehensive preoperative evaluations that consider their medical history, 
and psychological well-being, ultimately contributing to improved graft quality and 
both donor and recipient outcomes.
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The selection criteria for live liver donors are multifaceted and designed to pri-
oritize donor safety and optimize outcomes. Factors like donor age, body mass index 
(BMI), blood type, graft volume, and graft quality play pivotal roles in determining 
eligibility and ensuring good results for both donor and recipient. While traditionally, 
younger and healthier individuals were favored as donors, recent research is reshap-
ing these parameters, allowing for older donors and those with varying BMI ranges to 
contribute effectively. Understanding these updated criteria is key to broadening the 
donor base and meeting the rising demand for liver transplantation.

Moreover, innovative surgical techniques have emerged, such as minimal inva-
sive donor hepatectomy (MIDH), which minimizes donor morbidity and enhances 
recovery experiences. As these surgical methods evolve, they promise better outcomes 
for donors, making the idea of living donation more appealing and accessible.

As we delve into the details of donor selection criteria, the evolution of donor sur-
gery, and the long-term outcomes for living liver donors, we invite readers to explore 
the possibilities and implications of living liver donation. The focus of this chapter 
is to foster a deeper understanding of how these advancements in live liver donation 
can improve the lives of sick people with liver disease and why they matter to anyone 
impacted by liver disease or organ donation.

2. �Selection of the live liver donor

LDLT requires careful selection of donors to ensure safety and optimal outcomes. 
The selection criteria for live liver donors include age, BMI, blood type, minimum 
graft volume, and graft quality.

2.1 �Donor age

LDLT has expanded to include older donors, with many centers accepting donors 
up to 60 years old or even older [1, 2]. Studies have shown that carefully selected 
elderly donors (≥55–60 years) can safely undergo right lobe donation without 
compromising donor safety or recipient outcomes [3, 4]. However, some research 
indicates that advanced donor age may be associated with lower graft and recipient 
survival [5]. The use of left lobe grafts from older donors may require extra caution 
due to a higher incidence of small-for-size syndrome [6]. Proper donor selection 
criteria, including preservation of the middle hepatic vein, adequate remnant liver 
volume, and absence of fatty liver, are crucial for ensuring good outcomes with older 
donors [1, 4]. Collectively, age itself is not a contraindication for a living donor hepa-
tectomy, but the careful use of elderly donors can help expand the donor pool without 
compromising safety [7–9].

2.2 �Donor body mass index

The impact of BMI on liver transplantation outcomes remains controversial. 
Several studies suggest that grafts from obese donors (BMI >30) can be safely trans-
planted without negatively affecting long-term patient outcomes [10–12]. However, 
higher donor BMI is associated with an increased risk of hepatic steatosis [13, 14] and 
wound complications [15]. BMI alone may not be a reliable predictor of complica-
tions, as age and socioeconomic factors do not significantly influence serious compli-
cations in living donors. While donor BMI does not appear to affect graft and patient 
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survival in adult recipients, it may impact outcomes in pediatric liver transplantation 
when adult donors have severe obesity (BMI ≥35) [16]. Overall, careful evaluation of 
potential donors with higher BMI, including assessment of hepatic steatosis, can help 
expand the donor pool without compromising transplant outcomes.

2.3 �ABO-compatibility

Recent studies have shown that ABO-incompatible (ABOi) LDLT can be 
performed safely with outcomes comparable to ABO-compatible (ABOc) LDLT. 
Improved desensitization protocols, including rituximab, plasma exchange, and 
intravenous immunoglobulin, have significantly enhanced the success of ABOi LDLT 
[17, 18]. While some studies reported lower graft volumes and increased cytomegalo-
virus infection rates in ABOi LDLT [19, 20], others found no significant differences in 
overall patient and graft survival between ABOi and ABOc LDLT [18, 21]. Exchange 
donor programs have been implemented to overcome ABO incompatibility [22]. 
Although ABOi LDLT may have a higher risk of biliary and vascular complications, it 
remains a viable option when ABO-compatible donors are unavailable, especially with 
the development of simplified and effective desensitization protocols [17, 23].

2.4 �Graft volume

Graft volume selection is crucial in LDLT to ensure donor safety and recipient out-
comes. Most centers consider a graft-to-recipient weight ratio (GRWR) of 0.7 or less 
and a remnant liver volume of 30% as acceptable minimums [2]. At our center, LDLT 
is performed when the GRWR is 0.8 or more and the remnant liver is 30% or higher. 
The left lobe is preferred for donor safety, but right lobe grafts maybe necessary for 
recipients with higher Model for End-Stage Liver Disease (MELD) scores or older 
donors [24]. Preoperative CT volumetry is essential for accurate graft size estimation 
[25]. Some centers use algorithms considering graft-to-recipient body weight ratio, 
remnant liver volume, and estimated congestion ratio to guide graft selection [26]. 
Despite differences in early postoperative liver function, long-term outcomes are 
comparable between left and right lobe grafts when both meet volumetric criteria 
[27]. The right posterior sector graft is a viable option when the left lobe volume is 
inadequate [28].

2.5 �Graft quality

Graft quality, particularly hepatic steatosis, is a critical factor in live liver donation 
for LDLT. While moderate to severe steatosis can increase the risk of primary graft 
nonfunction [29, 30], mild steatosis appears to have minimal impact on outcomes 
[31]. Noninvasive evaluation methods, such as CT liver-to-spleen attenuation ratio 
(CTL-S) and Magnetic Resonance Imaging Proton Density Fat Fraction (MRI-PDFF), 
can accurately estimate graft steatosis [32, 33]. In our center, a preoperative biopsy 
is recommended when the CTL-S is −7 or less and the MRI-PDFF is 15% or higher. 
Short-term intensive treatments combining diet, exercise, and medication can effec-
tively reduce steatosis in potential donors [34]. While using steatotic grafts expands 
the donor pool, careful selection and management are crucial. On the whole, the 
use of mildly steatotic grafts (macrovesicular fatty change <30%) in LDLT appears 
justified, but moderate to severe steatosis requires careful consideration of risks and 
benefits [29, 31].
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3. �Innovation of donor surgery

The evolution of donor hepatectomy for LDLT has focused on minimizing donor 
risk while preserving graft viability. With innovative surgical techniques such as 
selective vascular occlusion, and hanging maneuver proposed [35], donor morbid-
ity has decreased significantly with experience, from 53.8 to 9.2% in one study [36]. 
Early techniques involved large incisions, but have progressed to minimally invasive 
approaches [37]. Laparoscopic and robotic techniques have emerged, offering better 
cosmesis, less pain, and improved quality of life [38].

3.1 �Implementation and various approaches of minimal invasive donor 
hepatectomy

MIDH has emerged as a promising approach to reduce donor morbidity 
in LDLT. Various techniques have been developed, including hand-assisted, 
laparoscopic-assisted, pure laparoscopic, and robotic approaches [39, 40]. While 
left lateral sectionectomy has become standard in experienced centers, major left, 
and right liver donations remain challenging to perform with minimally invasive 
approaches [39]. The right posterior sector graft is a viable option when left lobe 
volume is inadequate. Our center reported the results of pure laparoscopic donor 
right posterior sectionectomy (PLDRPS) in living donors with insufficient rem-
nant left lobe volume and PV anomaly. Studies have shown that PLDRPS is techni-
cally feasible and safe when performed by experienced surgeons, with no open 
conversions or perioperative blood transfusions reported. Comparative studies 
between PLDRPS and pure laparoscopic donor right hemihepatectomy (PLDRH) 
have found similar donor outcomes, although recipient outcomes may require 
further evaluation [41, 42]. Expert consensus guidelines emphasize donor safety 
and recommend careful donor selection and standardized techniques [43]. MIDH 
requires significant expertise in liver transplantation, hepatobiliary surgery, and 
minimally invasive techniques [40].

3.2 �Development of surgical equipment in MIDH

MIDH for LDLT has gained attention in recent years as laparoscopic and 
robotic approaches using three-dimensional (3D) cameras have emerged as the 
dominant modality. Flexible 3D laparoscopy provides improved depth perception 
and hand-eye coordination compared to conventional 2D techniques, allowing 
more realistic and detailed visualization of the surgical field (Figure 1) [44, 
45]. In addition, the small space was easily manipulated by a flexible scope that 
provided a variety of surgical views, including bird’s-eye, low-angle, and lateral 
views [46]. Several expertized centers have reported successful cases of pure 
laparoscopic donor hepatectomies, including left hemihepatectomy, right hemi-
hepatectomy, extended right hepatectomy, and right posterior sectionectomy with 
complex biliary and vascular anatomy [41, 46–48]. Indocyanine green fluores-
cence cholangiography has been utilized to enhance biliary visualization and 
transection line refinement during MIDH [45]. Robotic donor hepatectomy has 
also shown promise, offering advantages such as tremor elimination and increased 
freedom of movement [49].
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3.3 �Expanding selection criteria for MIDH

While minimally invasive approaches offer benefits like improved cosmesis and 
faster recovery, careful donor selection remains crucial. The selection of the donors 
must also be done in a stepwise fashion just like with the surgical procedure. Factors 
such as donor age, remnant liver volume, graft volume, and anatomical complexity 
should be considered when choosing between laparoscopic or robotic and open tech-
niques. In order to start a safe program of MIDH, the suggested recommendations are 
as follows: GRWR of more than 1.0, modest donor BMI score of less than 30 a rem-
nant liver volume of more than 35%, graft weight of less than 700 g, normal vascular 
and biliary anatomy, and a nonemergent setting [43, 50]. As experience accumulates, 
selection criteria for PLDH have expanded to include donors with anatomical varia-
tions, higher BMI, and larger graft weights [41, 44, 51, 52]. Despite these advance-
ments, careful consideration is still needed for donors with advanced age, limited 
remnant liver volume, or multiple anticipated vessel openings, as these factors may 
impact recipient outcomes [53].

4. �Outcomes of live liver donors

Since living donor liver transplantation carries small but significant risks for 
donors, donor safety is a primary concern after donation. Many studies report 

Figure 1. 
Surgical fields of flexible 3D laparoscopy in PLDRH. (A) Identification of the right hepatic artery and right 
portal vein; (B) Indocyanine green fluorescence image for the demarcation line; (C) Division of the right hepatic 
vein; and (D) Closure of the right hepatic duct.
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improved outcomes with increased experience, developed surgical techniques, and 
strict donor selection over time.

4.1 �Postoperative morbidity and mortality

Donor hepatectomy for LDLT is generally safe, with no reported donor mortal-
ity across multiple studies [54–57]. The overall complication rates range from 9.3 to 
39.6% across studies, with most being minor and manageable [54, 58]. Biliary compli-
cations are the most frequent, occurring in 3.4–8.6% of donors [59–62]. Other com-
mon complications include ileus, atelectasis, and hernias [63, 64]. Right lobe donation 
carries a higher risk of complications compared to left lobe or left lateral segment 
donation [55, 65]. Strict donor selection criteria and improved surgical techniques 
have reduced complication rates over time [66].

4.2 �Liver regeneration

Liver regeneration is crucial for the safety and outcomes of live liver donors. 
Studies show that donor livers regenerate rapidly, reaching 65–80% of the original 
volume within 2 weeks and 88–90% by 6 months [67, 68]. Factors affecting regenera-
tion include remnant liver volume, graft type, age, gender, initial graft size, and intra-
operative blood loss [69–71]. Right lobe donors may experience more complications 
but achieve similar regeneration as left lobe donors [68, 72]. While complete regen-
eration may not occur within the first year, donors maintain normal liver function 
and can safely resume daily activities [67, 72, 73].

4.3 �Quality of life restoration and the impact of MIDH

Live liver donors generally maintain a good quality of life (QOL) post-donation, 
with most returning to baseline levels within 6 months [74]. Physical QOL typically 
decreases initially but recovers within 3–6 months [75, 76]. Mental QOL often remains 
stable or improves post-donation [75]. However, some donors experience poor QOL 
outcomes, particularly those with postoperative complications or whose recipients 
expire [77, 78].

MIDH has shown promising results in terms of quality of life and postopera-
tive outcomes. Studies have demonstrated that MIDH, including laparoscopic and 
robotic approaches, leads to faster mobility recovery, better body image satisfac-
tion, and improved quality of life compared to open donor hepatectomy [79, 
80]. Donors undergoing MIDH experienced less pain, reduced incision-related 
complications, and a faster return to work [81, 82]. Both laparoscopic and robotic 
techniques have been successfully applied to right hepatectomy, demonstrating 
feasibility and safety [81, 83]. Overall, MIDH appears to offer improved donor 
satisfaction and quality of life without compromising safety or recipient outcomes 
[80, 84].

4.4 �Long-term outcomes of live liver donation

Live liver donors generally report positive long-term outcomes and satisfaction 
with their decision to donate [85]. A large-scale study of 10,116 live liver donors found 
increased mortality risk compared to healthy controls without contraindications to 
donation [86]. Similarly, a U.S. study of 4111 donors found comparable long-term 
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mortality in healthy individuals [87]. Mental health outcomes are generally stable or 
improved post-donation, with some donors reporting increased anxiety or alcohol 
use disorders [88]. Despite these risks, donor survival rates remain high, with one 
study reporting 98.8% 15-year survival. Long-term follow-up, including psychosocial 
support, is recommended for live liver donors [86].

5. �Conclusion

LDLT is a transformative solution for bridging the gap between the grow-
ing demand for liver transplants and the limited availability of deceased donor 
organs. This prospective and timely alternative not only addresses the urgent 
needs of patients with end-stage liver disease but also offers hope and life-saving 
opportunities.

LDLT constitutes a significant advancement in the field of organ transplanta-
tion, offering an effective alternative to deceased donor liver transplantation. The 
expanded selection criteria for live liver donors have broadened the donor pool, 
thereby contributing to alleviating the critical shortage of donor organs for individu-
als suffering from end-stage liver disease or hepatocellular carcinoma.

The introduction of innovative surgical techniques, particularly MIDH, has fur-
ther improved the safety and feasibility of the donation procedure. These techniques 
not only reduce postoperative complications but also promote faster recovery and 
better overall QOL for donors. The positive long-term outcomes for live liver donors 
and their high satisfaction rates regarding the decision to donate reinforce the attrac-
tiveness of living liver donation as a treatment option. By fostering greater awareness 
and understanding of the benefits of living organ donation, we can inspire more 
individuals to participate in this noble cause, ultimately saving lives and bridging the 
gap in organ availability.

As we continue to advance donor selection and surgical techniques, the role of 
LDLT will only become more critical in enhancing organ donation efforts. In doing 
so, we can ensure that more patients receive the life-saving transplants they need, 
thereby fulfilling the promise of bridging the gap and saving lives through organ 
donation.

Acronyms and abbreviations

ABOc	 ABO-compatible
ABOi	 ABO-incompatible
BMI	 body mass index
CTL-S	 CT liver-to-spleen attenuation ratio
GRWR	 graft-to-recipient weight ratio
LDLT	 living donor liver transplantation
MIDH	 minimal invasive donor hepatectomy
MELD	 model for end-stage liver disease
MRI-PDFF	 magnetic resonance imaging proton density fat fraction
PLDRH	 pure laparoscopic donor right hemihepatectomy
PLDRPS	 pure laparoscopic ronor right posterior sectionectomy
3D	 three-dimensional
QOL	 quality of life
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Chapter 10

Normothermic Regional Perfusion 
in Liver Transplantation
Tiffany Hsiung, Hetal Lad, Aditya Kasina and Arpit Amin

Abstract

There continues to be a significant mismatch between number of patients await-
ing liver transplantation (LT) and number of available liver grafts that are deemed 
transplantable when they are preserved with static cold storage (SCS). Liver grafts 
from donors meeting circulatory death (DCD) preserved with SCS are discarded due 
to high rates of early allograft dysfunction (EAD), ischemic cholangiopathy (IC) 
and inferior graft survival. Normothermic regional perfusion (NRP) is an emerging 
in-vivo application of normothermic perfusion technology for DCD organs. NRP 
allows normothermic oxygenated reconditioning of multiple DCD organs (including 
liver grafts) and simultaneous in-vivo assessment of liver graft viability. Compared to 
SCS DCD LT recipients, NRP DCD LT recipients have been found to have lower rates 
of primary non-function (PNF), early allograft dysfunction (EAD), and ischemic 
cholangiopathy (IC). NRP has become an established modality for DCD liver graft 
preservation and evaluation in many European countries over the past decade. 
Significant progress has been made in increasing application of NRP to increase DCD 
liver graft utilization in USA over the past 5 years.

Keywords: liver transplantation (LT), donation after circulatory death (DCD), 
static cold storage (SCS), abdominal normothermic regional perfusion (A-NRP), 
thoraco-abdominal normothermic regional perfusion (TA-NRP)

1. �Introduction

The number of patients waitlisted for potential liver transplantation (LT) contin-
ues to far exceed the number of available liver grafts [1]. Historically, static cold stor-
age (SCS) has been the preferred method of liver graft preservation. However, liver 
grafts from donation after circulatory death criteria (DCD) preserved with SCS have 
been associated with high rate of early allograft dysfunction (EAD), ischemic chol-
angiopathy (IC) and inferior liver graft/patient survival [2]. As a result, there is high 
discard rate of SCS preserved DCD liver grafts [2]. To overcome limitations associated 
with SCS preservation for DCD liver grafts, there has been interest within the liver 
transplant community to evaluate application of normothermic regional perfusion 
(NRP) to increase utilization of DCD liver grafts and improve clinical outcomes of 
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DCD LT. The focus of this chapter is to describe mechanistic benefits of NRP, techni-
cal nuances associated with NRP and clinical evidence supporting application of NRP 
in DCD LT.

2. �Normothermic regional perfusion

NRP utilizes modified extracorporeal membrane oxygenation (ECMO) circuit to 
perfuse DCD organs with non-pulsatile oxygenated blood at flow rates of 1.5–4 L/min 
to maintain physiologic temperature and acid-base homeostasis [3, 4]. With respect 
to DCD liver grafts, NRP allows rapid normothermic oxygenation of hepatocytes 
and cholangiocytes to attenuate the effects of warm ischemic injury incurred during 
withdrawal of life support [3, 4]. Secondly, NRP allows in-vivo functional assessment 
about quality of DCD liver grafts through macroscopic visual inspection, liver biopsy, 
serial lactate measurements, serial transaminase measurements, bile production, and 
bile chemistry evaluation [3, 4]. Thirdly, NRP converts the rushed super rapid recov-
ery of DCD liver grafts to a more methodical and controlled recovery like the tradi-
tional recovery of liver grafts from donors meeting brain death criteria (DBD) [3, 4].

There are two distinct modalities of NRP, namely thoraco-abdominal NRP 
(TA-NRP) and abdominal NRP (A-NRP) [5, 6]. TA-NRP involves perfusion of both 
thoracic and abdominal organs in DCD and thereby facilitates procurement of both 
thoracic and abdominal organs [5, 6]. In TA-NRP, venous outflow cannula is placed 
within the right atrium and arterial inflow cannula is placed within the ascending 
aorta [5, 6]. Aortic arch vessels are ligated/vented to prevent inadvertent perfusion 
of brain during TA-NRP [5, 6]. TA-NRP requires dedicated cardiothoracic donor 
surgeon, trained ECMO perfusionist, dedicated abdominal donor surgeon, blood 
products, and ECMO circuit disposables [5, 6]. Given that cardiac activity is restored 
in TA-NRP, ethical issues and local hospital/organ procurement organization (OPO) 
policy may not allow TA-NRP initiation in DCD [5, 6].

A-NRP involves perfusion of abdominal organs only in DCD [6, 7]. There are 
different cannulation strategies available for A-NRP depending on donor hospital/
OPO policy related to premortem versus postmortem cannulation and donor ana-
tomic factors/donor abdominal surgeon expertise. If premortem A-NRP cannulation 
is allowed, venous sheath is placed within right femoral vein, arterial sheath is placed 
within right femoral artery and endovascular balloon is advanced to supraceliac aorta 
via left femoral artery in the intensive care unit [6, 7]. Subsequently, withdrawal of 
life support is commenced in the operating room and once donor meets circulatory 
death criteria, supraceliac endovascular balloon is inflated, venous femoral sheath 
exchanged over a guidewire to venous cannula and arterial femoral sheath exchanged 
to arterial cannula over a guidewire for A-NRP initiation [6, 7]. Due to regulatory 
and ethical concerns related to premortem procedural interventions in potential 
DCD, postmortem cannulation for A-NRP is more common [6, 7]. For postmortem 
A-NRP, arterial cannula may be placed within infrarenal aorta, right iliac artery, or 
right femoral artery for inflow [6, 7]. Venous cannula may be placed with the infra-
renal inferior vena cava (IVC), right atrium, right iliac vein, or right femoral vein for 
outflow [6, 7]. Supraceliac aorta is clamped prior to initiation of A-NRP (Figure 1). 
Given that cardiac activity is not restored during A-NRP, it can be more easily imple-
mented across different hospitals/OPO regions [6, 7]. A-NRP still requires a dedicated 
abdominal donor surgeon trained in NRP nuances, dedicated perfusionist, blood 
products and ECMO circuit disposables [6, 7].
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While evaluating clinical literature on NRP, it is, also, important to understand 
DCD Maastricht classification. Maastricht category 1 DCD suffer cardiac arrest 
outside hospital and are brought to hospital without resuscitation [8, 9]. Maastricht 
category 2 DCD suffer cardiac arrest outside hospital, undergo resuscitation outside/
inside the hospital but resuscitation is not successful [8, 9]. Maastricht category 
3 DCD undergo elective withdrawal of life support in the hospital prior to organ 
retrieval [8, 9]. Maastricht category 4 DCD initially meet DBD criteria but suffer 
from unexpected cardiac arrest [8, 9]. Masstricht category 1, 2, and 4 DCD are con-
sidered uncontrolled DCD (uDCD) while Maastricht category 3 DCD are considered 
controlled DCD (cDCD) [8, 9]. NRP has been utilized in both uDCD and cDCD to 
increase liver graft utilization.

Given definitions of “no-touch period” after asystole before declaration of death in 
DCD varies in different countries resulting in significantly different warm ischemia 
times in DCD liver procurements and unique national logistical/regulatory challenges 
associated with implementing NRP infrastructure. For example, “no-touch period” 
is 5 minutes in Spain, France, United Kingdom (UK) and United States of America 
(USA) compared to 20 minutes in Italy. Also, liver grafts from both uDCD and cDCD 
are utilized in Spain while other countries mainly utilize liver grafts from cDCD. We 
have summarized NRP experiences of various European countries and USA separately 
to appreciate finer nuances of NRP application in different countries.

Figure 1. 
Abdominal normothermic regional perfusion schematic: To achieve abdominal normothermic regional perfusion, a 
venous cannula is placed through the infrarenal inferior vana cava or right femoral vein and arterial cannula is placed 
through the infrarenal aorta or right femoral artery. Inflow and outflow cannulas are connected to respective inflow and 
outflow tubing of the extracorporeal membrane oxygenation (ECMO) circuit. ECMO circuit consists of a reservoir, 
centrifugal pump, and membrane oxygenator that maintains the blood in a normothermic oxygenated state through the 
use of a heat exchanger and oxygen tank. A surgical clamp or endovascular balloon stops blood flow at the descending 
aorta to ensure abdominal normothermic regional perfusion.
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3. �Normothermic regional perfusion application in different countries

3.1 Normothermic regional perfusion experience (Spanish experience)

3.1.1 Uncontrolled DCD

Fondevilla et al. reported the first experience of A-NRP in uDCD in a cohort of 10 
LT recipients in 2007 [8]. The Spanish donation system is founded on the principle of 
presumed donation consent and this allowed initiation of A-NRP via femoral cannu-
lation in potential uDCD. Subsequently, once permission was obtained for donation 
from the family, donor livers from uDCD were utilized if witnessed cardiac arrest 
was less than 15 minutes, continuous CPR time was less than 150 minutes, A-NRP 
time was less than 4 hours, donor age < 65 years, donor had negative hepatitis viral 
serologies, transaminases were less than 4 times upper limit of normal during A-NRP, 
and liver biopsy excluded steatosis or fibrosis [8]. The authors reported PNF rate of 
10% and biliary stricture rate of 10%. They demonstrated 1-year LT graft survival 
of 50% and 1-year LT patient survival of 70% with their A-NRP protocol in uDCD 
[8]. Fondevilla et al. reported an update on their experience of A-NRP in uDCD in a 
cohort of 34 LT recipients in 2012 [10]. Interestingly, there were 400 potential uDCD 
evaluated over the 9-year study period and only 9% were utilized for LT [10]. 8% of 
LT recipients developed IC. 1-year LT graft survival was 70% and 1-year LT patient 
survival of 82% [10].

Torres et al. reported single-center outcomes of A-NRP in uDCD in a cohort of 10 
LT recipients in 2019 [11]. IC was observed in 10% of LT recipients [11]. Median LT 
graft survival and recipient survival was 5 years [11].

Jimenez-Ramirez et al. reported the largest series on uDCD LT in 2019 [12]. The 
study group included 75 uDCD LT recipients and control group included 265 DBD 
LT recipients [12]. Out of 265 uDCD livers, 75 livers were accepted for LT resulting 
in 28% liver utilization rate for uDCD [12]. PNF rate was statistically significantly 
higher in the uDCD LT group (8%) compared to the DBD LT group (2%) [12]. The 
overall rate of biliary complications was statistically significantly higher in the uDCD 
LT group (31%) compared to the DBD LT group (12%) [12]. Both the non-anas-
tomotic biliary stricture (NABS) and anastomotic biliary stricture (ABS) rate was 
statistically significantly higher in uDCD LT group (NABS: 16%; ABS: 7%) compared 
to DBD LT group (NABS: 3%; ABS; 2%) [12]. 1-year LT graft survival was statistically 
significantly lower in the uDCD LT group (73%) compared to DBD LT group (87%) 
[12]. 1-year patient survival was not statistically significantly different between the 
uDCD LT group (83%) and DBD LT group (89%) [12]. 5-year LT graft survival was 
statistically significantly lower in the uDCD LT group (64%) compared to the DBD LT 
group (77%) [12]. 5-year patient survival was not statistically significantly different 
between the uDCD LT group (72%) compared to the DBD LT group (79%) [12].

In summary, unique regulatory protocols in Spain have allowed application of 
A-NRP in uDCD resulting in increased donor liver pool. However, A-NRP application 
in uDCD is still associated with high rate of biliary complications and inferior graft 
survival.

3.1.2 Controlled DCD

Concurrent to their uDCD A-NRP experience, Spanish centers developed cDCD 
A-NRP protocol to increase liver donor pool.
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Rodriguez-Sanguan et al. reported single-center outcome of A-NRP in 11 cDCD 
LT recipients in comparison to 51 DBD LT recipients in 2019 [13]. PNF rate was not 
statistically significantly different between cDCD NRP LT group (9%) and DBD LT 
group (2%) [13]. There was no statistically significant difference in biliary stricture 
rate between cDCD NRP LT group (13%) compared to DBD LT group (26%) [13]. 
Ruiz et al. reported single-center outcome of A-NRP in 46 cDCD LT recipients in 2019 
[14]. Median donor age was 59 years [14]. Median recipient MELD score was 12 [14]. 
EAD rate was noted in 23% of cDCD NRP LT recipients [14]. No cases of ischemic 
cholangiopathy were noted in cDCD NRP LT recipients [14]. 1-year LT graft survival 
was 100% [14].

Subsequently, Ruiz et al. reported the largest single-center outcome of A-NRP 
cDCD LT recipients (n = 100) to SCS DBD LT recipients (n = 200) in 2021 [15]. Of 
note, pre-mortem femoral cannulation was performed resulting in short median 
functional warm ischemia time (defined as duration from systolic blood pressure less 
than 60 mm Hg until NRP initiation) of 10 minutes in A-NRP group [15]. Median 
donor age was not statistically significantly different between 2 groups (62 years for 
A-NRP cDCD group and 62 years for SCS DBD group) [15]. Median recipient MELD 
score was not statistically significantly different between 2 groups (12 in A-NRP 
cDCD group and 12 in SCS DBD group) [15]. Median cold ischemia time was not 
statistically significantly different between 2 groups (274 minutes in A-NRP cDCD 
group and 264 minutes in SCS DBD group) [15]. The EAD rate was not statistically 
significantly different between A-NRP cDCD group (19%) and SCS DBD LT group 
(20%) [15]. Biliary complication rate was not statistically significantly different 
between A-NRP cDCD group (5%) and SCS DBD group (6%) [15]. 1-year LT graft 
survival was not noted to be statistically significantly different in A-NRP cDCD group 
(100%) compared to SCS DBD group (96%) [15]. 1-year LT patient survival was not 
statistically significantly different between A-NRP cDCD group (97%) and SCS DBD 
group (96%) [15]. Given the excellent results with A-NRP cDCD, authors reported 
that A-NRP cDCD livers account for 40% of LT performed at their center while hav-
ing equivalent outcomes of SCS DBD livers [15].

In 2019, Munoz et al. reported single-center outcome of A-NRP cDCD LT recipi-
ents (n = 23) to SCS cDCD LT recipients (n = 22) [16]. The EAD rate was statistically 
significantly lower in the NRP cDCD group (30%) compared to SCS cDCD group 
(68%) [16]. Biliary complication rate was statistically significantly lower in NRP 
cDCD group (4%) compared to SCS cDCD group (23%) [16]. In 2022, these authors 
reported updated outcomes of A-NRP in 39 cDCD LT recipients compared to 78 SCS 
DBD LT recipients from their center [17]. They reported no statistically significant 
difference in EAD rate, PNF rate, biliary complications, and 1-yr graft/1-yr patient 
survival between A-NRP cDCD group and SCS DBD group [17].

In 2019, Hessheimer et al. compared multicenter outcomes of A-NRP cDCD LT 
recipients (n = 95) to SCS cDCD LT recipients (n = 117) performed in Spain from 
2012 to 2017 [18]. 34% of cDCD NRP livers were declined while 38% of SCS cDCD 
were declined due to organ quality [18]. There was no statistically significant differ-
ence in median donor age (NRP: 58 years vs. SCS: 56 years) and median recipient 
MELD (NRP: 15 vs. SCS: 14) in both groups [18]. Median total warm ischemia time 
was 18 minutes for premortem NRP cannulation versus 27 minutes for postmortem 
NRP cannulation [18]. Median NRP duration was 120 minutes [18]. There was no 
statistically significant difference in EAD rate (NRP: 22% vs. SCS: 27%) and PNF rate 
(NRP: 2% vs. SCS: 3%) in two groups [18]. The NRP group (2%) had a statistically 
significantly lower rate of ischemic type biliary complications compared to the SCS 
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group (13%) [18]. Both 1-year graft survival and 3-year graft survival were statisti-
cally significantly higher in the NRP group (88% at both 1 year and 3 years) compared 
to SCS group (83% at 1 year and 78% at 3 years) [18].

Subsequently, Hessheimer et al. reported an update on multicenter outcomes of 
A-NRP cDCD LT recipients (n = 545) to SCS cDCD LT recipients (n = 258) performed 
in Spain from 2012 to 2019 [18]. Median donor age was not statistically significantly 
different between A-NRP cDCD (59 years) and SCS cDCD group (58 years) [18]. 
Median recipient MELD score was not statistically significantly different between 
A-NRP cDCD (59 years) and SCS cDCD group (58 years) [18]. Median A-NRP dura-
tion was 111 minutes [18]. The EAD rate was statistically significantly lower in A-NRP 
cDCD group (15%) compared to SCS cDCD group (23%) [18]. Biliary complication 
rate was statistically significantly lower in A-NRP cDCD group (12%) compared to 
SCS cDCD group (29%) [18]. Ischemic type biliary complications were noted to be 
statistically significantly lower in A-NRP cDCD group (1%) compared to SCS cDCD 
group (29%) [18]. 1-year LT graft survival in A-NRP cDCD group (90%) was statisti-
cally significantly better compared to SCS cDCD group (79%) [18]. 3-year LT graft 
survival in A-NRP cDCD group (87%) was statistically significantly better compared 
to SCS cDCD group (68%) [18]. Cold ischemia time > 7 hours and utilization of 
A-NRP cDCD liver grafts in re-transplant cases was associated with increased risk of 
graft loss [18]. All the Spanish NRP studies have been summarized in Table 1.

In conclusion, cumulative Spanish experience with A-NRP cDCD LT recipients has 
demonstrated significantly lower rates of EAD/IC and significantly improved short 
and long-term LT graft survival compared to SCS cDCD LT recipients.

3.2 Normothermic regional perfusion in cDCD (Italian experience)

In Italy, there is an obligatory 20 minutes “no-touch period” after asystole follow-
ing withdrawal of life support in cDCD procurements before donor organs can be 
procured [20–25]. As a result, cDCD liver grafts in Italy are exposed to longer warm 
ischemia time compared to other European and North American centers prior to 
initiation of procurement [20–25]. To reduce EAD and IC rates in cDCD liver grafts 
with long warm ischemia time (>30 minutes), Italian centers have combined utiliza-
tion of NRP for in-situ liver graft assessment followed by back-to-base liver graft 
preservation with hypothermic oxygenated machine perfusion (HOPE), dual hypo-
thermic oxygenated machine perfusion (dHOPE) or normothermic machine perfu-
sion (NMP) [20–25]. Pre-mortem guidewire placement in femoral vessels is allowed 
in Italy to reduce time for NRP initiation after the obligatory 20 minute “no-touch 
period” [20–25].

De Carlis et al. published a single Italian center study highlighting outcomes of 
A-NRP dHOPE DCD LT recipients (uDCD:n = 14 and cDCD: n = 6) compared to 
matched SCS DBD LT recipients (n = 52) in 2018 [20]. The median warm ischemia 
time (time from extubation to NRP initiation) was 125 minutes in the DCD group 
[20]. The median A-NRP duration was approximately 6 hours. A-NRP DCD LT grafts 
were accepted if following criteria were met; recipient age < 65, witnessed cardiac 
arrest, WIT <160 minutes, aspartate aminotransferase (AST) < 1000 IU/L, alanine 
transferase (ALT) < 1000 IU/L, downward trend in serum lactate, good macroscopic 
liver graft appearance, graft macrosteatosis <30% and graft fibrosis Ishak score < 1 
[20]. Median recipient MELD score was similar in both groups (A-NRP dHOPE DCD: 
10 vs. SCS DBD: 10) [20]. There was no statistically significant difference in EAD 
rate (A-NRP dHOPE DCD: 24% vs. SCS DBD: 27%) and PNF rate (A-NRP dHOPE 
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Study N, Donor 
Type

Type 
of NRP

Cannulation, 
Premortem = 0, 
Postmortem = 1

NRP Times 
(Median 

(IQR)), Hours

Total Warm 
Ischemic 

Time (Median 
(IQR)), Hours

EAD 
Within 

First 
Week, N 

(%)

Nonanastomotic 
Biliary Stricture 
Development, N 

(%)

Anastomotic 
Biliary 

Strictures, N 
(%)

1-Year Graft 
Survival, N 

(%)

1 Year 
Patient 

Survival, N 
(%)

Fondevila et al.
Spain [8]

10 uDCD 
(Maastricht 

type 2)

A-NRP 1 3.1 (2–4) NA NA 0 (0) 1 (10) 5 (50) 7 (70)

Fondevila et al.
Spain [10]

34 uDCD 
(Maastricht 

type 2)

A-NRP 1 6.33 (5.42–7.17) 0.5 (0.6–0.58) NA 3 (8) 1 (2.9) 24 (70) 28 (82)

Herrero Torres 
et al. Spain 
2019

9 uDCD 
(Maastricht 

type 2);
24 cDCD 

(Maastricht 
type 3)

A-NRP 0 uDCD: 1.83 ± 1
cDCD: 

0.62 ± 0.68

0.62 ± 0.68 NA NA cDCD: 2 (8) NA NA

Rodriguez-
Sanjuan et al.
Spain [13]

11 cDCD 
(Maastricht 
type 3); 51 

DBD

A-NRP 0 1.57 (0.33–2.5) 0.26 (0.12–0.67) cDCD:1 
(1.2)

DBD: 1 (9)

cDCD: 2 (13.3)
DBD: 16 (29.6)

cDCD: 10 (90) cDCD: 10 (90)

Ruiz et al.
Spain [14]

46 cDCD 
(Maastricht 

type 3)

A-NRP 0 2.11 (1.43–2.68) 0.17 (0.1–0.37) 11 (23) NA 4 (8.7) 46 (100) 46 (100)

Hessheimer 
et al.
Spain [19]

95 cDCD 
(Maastricht 

type 3);
117 SRR 
cDCD

A-NRP 0, 1 Postmortem: 2 
(1.32–2.27)

Premortem: 0.45 
(0.37–0.55)

Postmortem: 0.3 
(0.22–0.37)

cDCD: 21 
(22)
SRR 

cDCD: 32 
(27)

NA cDCD: 5 (5.3)
SRR cDCD: 16 

(13.7)
P = 0.0041

cDCD: 84 
(88)

SRR cDCD: 
97 (83.6)

cDCD: 88 
(92.6)

SRR cDCD: 
103 (88.0)
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Study N, Donor 
Type

Type 
of NRP

Cannulation, 
Premortem = 0, 
Postmortem = 1

NRP Times 
(Median 

(IQR)), Hours

Total Warm 
Ischemic 

Time (Median 
(IQR)), Hours

EAD 
Within 

First 
Week, N 

(%)

Nonanastomotic 
Biliary Stricture 
Development, N 

(%)

Anastomotic 
Biliary 

Strictures, N 
(%)

1-Year Graft 
Survival, N 

(%)

1 Year 
Patient 

Survival, N 
(%)

Jimenez 
Romero et al.
Spain [9]

75 uDCD 
(Maastricht 

type 2)

A-NRP 0 3.41 (1.97–4.75) 2.17 (1.99–2.53) 6 (8) 12 (16) 5 (6.7) 55 (73.3) 62 (82.7)

Munoz et al.
Spain [16]

23 cDCD 
NRP; 22 

SRR DCD

A-NRP 0, 1 Postmortem: 
0.9, Premortem: 

0.8 hours, 
P = 0.418

Postmortem: 
0.35, 

Premortem: 
0.38, P = 0.418

7 (30) cDCD NRP: 5 (22.7)
SRR DCD: 1 (4.3)

NA NA cDCD NRP: 
22 (95)

SRR DCD: 
18 (85)

Ruiz et al.
Spain [15]

100 cDCD 
NRP; 200 

DBD

A-NRP 0 2.02 (1.97–2.13) 0.17 (0.14–0.2) 19 (19) cDCD NRP: 0 (0)
DBD: 0 (0)

cDCD NRP: 
2 (2)

DBD: 6 (3)

cDCD NRP: 
99 (99)

DBD: 184 
(92)

cDCD NRP: 
99 (99)

DBD: 188 
(94)

Fernandez-de 
la Varga et al. 
Spain 2022

22 cDCD 
A-NRP; 29 
cDCD SRR; 

51 DBD

ANRP 0 1.77 (0.9–4.67) 0.83 ± 0.3 NA NA cDCD: 2 (3.9)
DBD: 0 (0)

cDCD: 41 
(80.4)

DBD: 45 
(88.2)

cDCD: 41 
(80.4)

DBD: 45 
(88.2)

Rodriguez 
et al. Spain [17]

39 cDCD 
NRP; 78 

DBD

A-NRP 0 1.5–2 0.32 (0.17–0.63) 13 (34) NA cDCD NRP: 
0 (0)

DBD: 1 (1.2)

NA cDCD NRP: 
37 (94)

DBD: 66 
(84)
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Study N, Donor 
Type

Type 
of NRP

Cannulation, 
Premortem = 0, 
Postmortem = 1

NRP Times 
(Median 

(IQR)), Hours

Total Warm 
Ischemic 

Time (Median 
(IQR)), Hours

EAD 
Within 

First 
Week, N 

(%)

Nonanastomotic 
Biliary Stricture 
Development, N 

(%)

Anastomotic 
Biliary 

Strictures, N 
(%)

1-Year Graft 
Survival, N 

(%)

1 Year 
Patient 

Survival, N 
(%)

Heissheimer 
et al. Spain 
2022

545 cDCD 
A-NRP; 258 
cDCD SRR

A-NRP 0 1.85 (1.35–2.1) 0.3 (0.22–0.38) A-NRP: 81 
(15)
SRR: 

6- (23)

cDCD A-NRP: 63 (12)
cDCD SRR: 75 (29)

cDCD 
A-NRP: 468 

(86)
cDCD SRR: 

170 (66)

cDCD 
A-NRP: 

480 (88)
cDCD SRR: 

192 (74)

Feo et al. Spain 
2022

82 cDCD 
NRP

A-NRP 0 NA NA NA NA NA NA 76 (93)

Abbreviations: abdominal normothermic regional perfusion, A-NRP; controlled donation after circulatory death, cDCD;donation after circulatory death, DCD; interquartile range, IQR; not 
available, NA; super-rapid recovery, SRR; uncontrolled donation after circulatory death uDCD.

Table 1. 
Spanish normothermic regional perfusion studies.
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DCD: 10% vs. SCS DBD: 4%) between two groups [20]. IC rate was not statistically 
significantly different between A-NRP dHOPE DCD LT recipients (10%) compared 
to SCS DBD LT recipients (4%) [20]. 1-year LT graft survival was equivalent between 
A-NRP dHOPE DCD LT group (85%) and SCS DBD LT group (91%) [20]. Authors, 
also, noted that A-NRP dHOPE DCD LT recipients, who developed EAD had a 
significantly longer median cold ischemia time (9 hours) compared to NRP-dHOPE 
DCD LT recipients, who did not develop EAD (6.5 hours) [20]. EAD rate in A-NRP 
dHOPE DCD LT recipients, whose grafts demonstrated lactate drop >1.11 mmol/L, 
was 20% compared to 80% in ANRP dHOPE DCD LT recipients, whose grafts did not 
demonstrate lactate drop >1.11 mmol/L during A-NRP [20].

Oliveri et al. reported a single-center Italian case series of A-NRP dHOPE DCD 
LT recipients (uDCD: n = 1; cDCD = 9) in 2019 [25]. Median functional donor warm 
ischemia time (defined as time from systolic blood pressure < 50 mm Hg to NRP 
initiation) was 38 minutes [25]. Median NRP duration was 3.5 hours [25]. Median 
end-ischemic dHOPE duration was about 2 hours [25]. All LT recipients in the series 
had a MELD score between 6 and 14 [25]. DCD Liver grafts were accepted for sub-
sequent LT if they had satisfactory uniformly perfusion macroscopic appearance on 
donor surgeon evaluation, demonstrated lactate clearance during NRP, had <30% 
macrosteatosis/no fibrosis on liver biopsy, and AST/ALT <2000 IU/L during NRP 
[25]. Authors reported no cases of PNF. They reported 2 cases of anastomotic biliary 
stricture and 2 cases of biliary leak in their cohort [25].

Ghinolfi et al. reported a dual center Italian retrospective evaluating outcomes 
of A-NRP dHOPE DCD LT recipients (n = 11) compared to A-NRP NMP DCD LT 
recipients (n = 7) in 2020 [21]. Of note, this study included 11 uDCD and 7 cDCD 
liver grafts [21]. Of note, DCD liver grafts were accepted for LT if they met following 
criteria: recipient age < 70 years, witnessed cardiac arrest, A-NRP flow rate > 2 L/
min, acceptable macroscopic appearance on donor surgeon evaluation, liver biopsy 
showing <30% macrosteatosis/Ishak <1 fibrosis stage, total warm ischemia time 
(defined as time from extubation to NRP initation) less than 170 minutes, functional 
warm ischemia time (defined as time from systolic blood less than 50 mm Hg till NRP 
initiation) less than 120 minutes, ALT <1000 IU/L during A-NRP, and downward 
lactate trend during A-NRP [21]. Due to stringent acceptance criteria, only 56% of 
potential DCD liver grafts were utilized for LT [21]. There was no statistically signifi-
cant difference in A-NRP duration between the two groups (A-NRP dHOPE: 6 hours 
vs. A-NRP NMP: 5 hours) [21]. Median total warm ischemia time was not statistically 
different between A-NRP dHOPE group (142 minutes) versus A-NRP NMP group 
(158 minutes) [21]. There was no statistically significant difference in ex-situ machine 
perfusion duration between two groups (A-NRP dHOPE: 5.5 hours versus A-NRP 
NMP: 6.2 hours) [21]. There was no PNF in either group [21]. EAD rate was not sta-
tistically significantly different between two groups (A-NRP dHOPE: 18% vs. A-NRP 
NMP 43%) [21]. There was no statistically significant difference in biliary complica-
tion rate in two groups (A-NRP dHOPE: 0% vs. A-NRP NMP: 14%) [21]. 6-month 
graft survival was not statistically significantly different between two groups (A-NRP 
dHOPE: 100% vs. A-NRP NMP: 86%) [21]. Authors attributed adherence to strict 
A-NRP criteria and liver graft protection offered by ex-situ preservation techniques 
(dHOPE/NMP) as critical for their excellent outcomes in DCD liver grafts with long 
warm ischemia times [21].

De Carlis et al. published a multicenter Italian study in 2021 comparing the 
outcomes of A-NRP dHOPE cDCD LT recipients (n = 37) with SCS cDCD LT recipi-
ents (n = 37) matched by donor age, donor body mass index, cold ischemia time, and 
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recipient age [22]. Liver grafts on A-NRP were accepted if they met following criteria: 
recipient age ≤ 75 years, donor functional warm ischemia time (defined as time from 
systolic blood pressure < 50 mm Hg to NRP initiation) < 60 minutes, ALT <1000 IU/L 
at end of NRP, downward lactate trend during NRP, optimal macroscopic appearance 
(uniform perfusion; no congestion), liver biopsy with macrosteatosis <30%, and liver 
fibrosis Ishak score 0/1 [22]. Median functional warm ischemia time was statistically 
significantly longer in NRP-dHOPE cDCD LT group (40 minutes) compared to SCS 
cDCD LT group (18 minutes) [22]. PNF rate was not statistically significantly differ-
ent between two groups (NRP-dHOPE cDCD LT group: 3% vs. SCS cDCD LT group: 
3%) [22]. There was no statistically significant difference in IC rate between two 
groups (NRP-dHOPE LT group: 3% vs. SCS DCD LT group: 8%) [22]. Their find-
ings suggest that A-NRP can be utilized for liver graft conditioning and functional 
assessment of liver grafts with prolonged warm ischemia times resulting in increased 
utilization and comparable outcomes to SCS DCD liver grafts with significantly 
shorter warm ischemia time [22].

Patrono et al. published a single center study in 2022 evaluating outcomes of A-NRP 
dHOPE cDCD LT recipients (n = 20) with SCS DBD LT recipients (n = 20) matched on 
recipient age, recipient body mass index, recipient MELD score, donor age, liver graft 
macrovesicular steatosis, and portal reperfusion time [23]. The median donor functional 
warm ischemia time was 43 minutes in A-NRP dHOPE cDCD group [23]. The median 
A-NRP time was 246 minutes and median end-ischemia dHOPE time was 205 minutes in 
the A-NRP dHOPE cDCD group [23]. EAD rate was not statistically significantly different 
between A-NRP dHOPE cDCD group (5%) and SCS DBD group (15%) [23]. There was 
no statistically significant difference in the IC rate between A-NRP dHOPE cDCD group 
(5%) and SCS DBD group (2%) [23]. There was no statistically significant difference in 
1-year graft survival between A-NRP dHOPE cDCD group (90%) and SCS DBD group 
(95%) [23]. Their findings are remarkable in that combination of A-NRP and dHOPE 
appears to confer protective effects on cDCD liver grafts with long functional warm 
ischemia time resulting in equivalent outcomes of SCS DBD liver grafts [23].

Camagmi et al. published a single center Italian study in 2023 reporting their 
outcomes of A-NRP cDCD LT recipients (n = 24) [24]. Femoral cannulation was per-
formed along with placement of endovascular aortic balloon to establish A-NRP [24]. 
Their A-NRP involved additional placement of ipsilateral limb perfusion cannula 
or ligation of ipsilateral common iliac vein to prevent leakage of anoxic blood from 
non-perfused extremity [24]. Median donor age was 59 years and median functional 
warm ischemia time was 43 minutes [24]. Median A-NRP time was 4 hours [24]. Liver 
graft was accepted for LT as long as there was steady decrease in lactate on A-NRP 
(accepted liver grafts demonstrated median lactate clearance of 60% from start of 
A-NRP to end of A-NRP) [24]. Median cold ischemia time was 5 hours [24]. Median 
recipient MELD was 16 [24]. No PNF was observed [24]. EAD rate was reported to 
be 8% [24]. Authors reported no cases of IC in their cohort [24]. 1-year graft survival 
was noted to be 87% and 1-year patient survival was 92% [24]. Based on their experi-
ence, the authors advocated that A-NRP allowed reconditioning of liver graft from 
hypoxic injury during life support withdrawal and subsequent liver graft viability 
assessment during DCD procurement. Authors reported that A-NRP alone may be 
sufficient for DCD liver graft preservation even in cases with prolonged functional 
warm ischemia time as long as liver graft demonstrates adequate viability during 
A-NRP and logistics allow short duration of cold ischemia time [24].

All of the Italian NRP studies have been summarized in Table 2. Italian experience 
with A-NRP in cDCD liver grafts with prolonged warm ischemia times (>30 minutes) 
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Study N, Donor Type Type of NRP Cannulation, 
Premortem = 0, 
Postmortem = 1

NRP Times 
(Median 
(IQR)), 
Hours

Total Warm 
Ischemic 

Time (Median 
(IQR)), Hours

EAD Within 
First Week, N 

(%)

Nonanastomotic 
Biliary Stricture 

Development, 
N (%)

Anastomotic 
Biliary 

Strictures, N (%)

1-Year Graft 
Survival, N 

(%)

1 Year Patient 
Survival, N (%)

De Carlis et al.
Italy [20]

14 uDCD 
(Maastricht 

type 2);
6 cDCD 

(Maastricht 
type 3)

A-NRP + HMP 1 5.87 2.08 DCD: 4 (24)
DBD: 13 (27)

P > 0.99

DCD: 4 (20)*
DBD: 7 (13)

P = 0.65

85 95

Oliveri et al.
Italy [25]

10 cDCD A-NRP + HMP 1 4.21 
(0.83–10.4)

0.6 0 (0) 1 (10) 1 (10) 100 100

Ghinolfi et al.
Italy [21]

18 cDCD NRP A-NRP + HMP 
or NMP

1 5.88 
(5–6.27) 

p = 0.096

2.51 (2.33–2.73), 
p = 0.920

5 (28) 1 (5.6)* 17 (94) 17 (94)

De Carlis et al.
Italy [22]

44 cDCD 
ANRP; 19 uDCD

A-NRP 1 4.17 
(0.88–7.72)

0.67 (0.33–1.33) cDCD ANRP: 
1 (3)

cDCD ANRP: 1(2) cDCD ANRP: 
5(12)

cDCD ANRP: 
40 (91)

cDCD ANRP: 43 
(97.7)

Patrono et al.
Italy [23]

20 cDCD 
A-NRP + HOPE; 

555 DBD

A-NRP + HOPE 1 4.1 
(3.68–4.48)

0.72 (0.67, 0.8) cDCD A-NRP: 
1 (5)

DBD: 6 (15)

cDCD 
A-NRP + HOPE: 

2 (10)
DBD: 75 (14)

cDCD 
A-NRP + HOPE: 

3 (15)
DBD: 85 (15)

cDCD 
A-NRP + HOPE: 

13 (65)
DBD: 476 (85.8)

cDCD 
A-NRP + HOPE: 

15 (75)
DBD: 490 (88.3)

Camagni et al.
Italy [24]

24 cDCD A-NRP 0 242 
(223–265)

0.85 (0.77–0.92) 4 (16.7) 0 (0) 6 (25) 85.7 90.5

*Overall Biliary Complications.
Abbreviations: abdominal normothermic regional perfusion, A-NRP; controlled donation after circulatory death, cDCD;donation after circulatory death, DCD; hypothermic oxygenated 
machine perfusion, HOPE; interquartile range, IQR; not available, NA; super-rapid recovery, SRR; uncontrolled donation after circulatory death uDCD.

Table 2. 
Italian normothermic regional perfusion studies.
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has been mainly performed in context of complementary ex vivo machine perfu-
sion (HOPE/dHOPE/NMP). Excellent results have been demonstrated in terms 
of low EAD rates/IC rates and acceptable 1-year LT graft survival in Italian cDCD 
LT recipients with prolonged warm ischemia times when A-NRP has been utilized 
with complementary ex vivo machine perfusion. Additional studies are required to 
determine if A-NRP alone or A-NRP in combination with ex-vivo machine perfu-
sion (HOPE/dHOPE/NMP) is required for cDCD liver grafts with prolonged warm 
ischemia time (>30 minutes), especially if cold ischemia times are subsequently kept 
short (<6 hours).

3.3 Normothermic regional perfusion (French experience)

LT using A-NRP in uDCD was initiated in France in 2005 [26]. Savier et al. 
published a multicenter French retrospective study in 2015 reporting outcomes of 
a series of 13 LT recipients, who received uDCD liver grafts [26]. Of note, a total of 
299 uDCD donors were evaluated and subsequently 13 liver grafts were utilized from 
uDCD donors resulting in a 4% utilization rate [26]. Authors reported PNF in 3 out 
of 13 cases (23%) and EAD in 4 out of 13 cases (31%) [26]. IC rate was 20% [26]. 
1-year LT graft survival was 69% [26]. French experience with low uDCD liver graft 
utilization despite A-NRP application mirrors the Spanish experience and reflects the 
logistical challenges of coordinating donor family consent and availability of A-NRP 
infrastructure for uDCD donors.

A- NRP in cDCD liver donors was introduced in France in 2015. Premortem 
femoral venous and arterial lines are allowed in France to facilitate expeditious 
A-NRP initiation once donor has been pronounced dead [27]. Savier et al. published 
a multicenter French experience in 2020 evaluating outcomes of A-NRP cDCD LT 
recipients (n = 50) compared to DBD LT recipients (n = 100) matched based on donor 
age, recipient age, and LT indication [27]. French A-NRP cDCD liver graft acceptance 
protocol mandated functional warm ischemic time less than 30 minutes, donor 
age < 66 years, transaminases <200 IU/L during A-NRP, liver biopsy with less than 
20% macrosteatosis, and A-NRP duration of 1 to 4 hours [27]. Median functional 
warm ischemia time was 22 minutes [27]. Median cold ischemia time was 6 hours 
[27]. EAD rate was not statistically significantly different between NRP cDCD LT 
recipients (18%) and DBD LT recipients (32%) [27]. Biliary complication rate was not 
statistically significantly different between two groups (NRP cDCD: 16% vs. DBD: 
17%) [27]. There was no statistically significant difference in 2-year LT graft survival 
between two groups (NRP cDCD: 91% vs. DBD: 88%) [27]. 2-year patient survival 
was not statistically significant between NRP cDCD LT group (98%) and DBD group 
(91%) [27]. Their findings demonstrate that A-NRP cDCD LT recipients with short 
cold ischemia times (<6 hours) can have equivalent outcomes to SCS DBD LT recipi-
ents due to cDCD liver graft repair during A-NRP and functional cDCD liver graft 
viability assessment during A-NRP [27].

Babier et al. published a multicenter French experience in 2022 evaluating out-
comes of A-NRP cDCD LT recipients (n = 156) with a focus on A-NRP duration and 
outcomes [3]. Donor liver acceptance criteria included donor age < 65 years, donor 
agonal phase <180 minutes, functional warm ischemia time < 30 minutes, transami-
nases <200 iU/L at two different points on NRP, and liver biopsy with <20% steatosis/
fibrosis grade < 1 [3]. All liver grafts were preserved with SCS after NRP. Recipient 
characteristics included recipient age < 65 years, first LT, no portal vein thrombosis, 
no prior supramesocolic surgery, and cold ischemia time < 8 hours [3]. PNF rate was 
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2%, EAD rate was 19%, and IC rate was 4% [3]. Mean A-NRP duration was 180 min-
utes [3]. Authors reported that there was no correlation between A-NRP duration and 
liver graft outcomes (EAD rate, IC rate, graft survival) [3]. Their findings highlight 
that optimal duration of A-NRP for cDCD liver graft preservation is likely between 
1 to 4 hours [3]. A-NRP duration can be flexible depending on factors like possibility 
of thoracic organ procurement and recipient operating room logistics [3]. All of the 
French NRP studies have been summarized in Table 3.

3.4 Normothermic regional perfusion [UK experience]

Oniscu et al. first reported a multicenter UK experience in 2014 evaluating 
outcomes of A-NRP cDCD LT recipient (n = 11) [28]. A-NRP was established post-
mortem via infrarenal aortic and infrarenal vena caval cannulation [28]. A-NRP 
was maintained for 2 hours [28]. Donor liver acceptance criteria were based on 
maintaining functional warm ischemia time (defined as time from systolic blood 
pressure < 50 mm Hg to A-NRP initiation) < 30 minutes, transaminases <4 times 
upper limit of normal at end of A-NRP, macroscopic appearance of liver/small 
bowel/gallbladder/bile duct during A-NRP, pump flow of 1.7-4 L/min, and no 
steatosis/fibrosis in donor liver graft [28]. Median functional warm ischemia time 
was 26 minutes [28]. PNF rate was 9% [28]. EAD rate was 27% [28]. None of the 
patients developed IC [28].

Watson et al. reported updated UK multicenter outcomes of NRP cDCD LT 
recipients (n = 43) compared to SCS cDCD LT recipients (n = 187) in 2019 [29]. 
Of note, UK DCD risk index score was similar between the two groups (1.9 in both 
groups) [29]. Amongst NRP cohort, A-NRP was used in 33 cases and TA-NRP was 
used in 10 cases [29]. Median NRP duration was 2 hours [29]. Median cold ischemia 
time was statistically significantly shorter in NRP cDCD LT group (6 hours 22 min-
utes) compared to SCS cDCD LT group (7 hours 24 minutes) [29]. No cases of PNF 
were reported in NRP group [29]. EAD rate was statistically significantly lower in 
NRP cDCD LT group (12%) compared to SCS cDCD LT group (32%) [29]. Biliary 
anastomotic stricture rate was statistically significantly lower in NRP cDCD LT group 
(7%) compared to SCS cDCD LT group (27%) [29]. IC rate was statistically signifi-
cantly lower in NRP cDCD LT group (0%) compared to SCS cDCD LT group (27%) 
[29]. 3-month death censored graft survival was not statistically different between 
NRP cDCD LT group (98%) compared to SCS DCD LT group (90%) [29]. Authors 
reported that non-NRP cDCD liver grafts, lower recipient sodium at time of LT, older 
donor age, and donor location outside the local recipient hospital were independent 
factors associated with development of IC [29]. Their study demonstrated that both 
A-NRP and TA-NRP can be utilized depending on local expertise to condition cDCD 
liver grafts after warm ischemic injury resulting in minimal IC and low EAD rates in 
NRP cDCD LT recipients compared to SCS cDCD LT recipients [29].

Watson and colleagues subsequently reported their single-center experience 
comparing outcomes of SCS DCD LT recipients (n = 97), NRP DCD LT recipients 
(n = 69), and NMP DCD LT recipients (n = 67) in 2022 [32]. UK donor risk index was 
score was similar between the three groups (SCS: 1.9, NRP 2, NMP 1.9) [32]. Median 
functional warm ischemia time was statistically significantly longer in NRP group 
(19 minutes) compared to SCS group (15 minutes) and NMP group (15 minutes) [32]. 
The median cold ischemia time was statistically significantly longer in SCS group 
(7 hours 10 minutes) compared to NRP group (6 hours 39 minutes) and NMP group 
(6 hours 36 minutes) [32]. There was no statistically significant difference in EAD 
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Study N, Donor Type Type of 
NRP

Cannulation, 
Premortem = 0, 
Postmortem = 1

NRP Times 
(Median 
(IQR)), 
Hours

Total Warm 
Ischemic 

Time (Median 
(IQR)), Hours

EAD Within First 
Week, N (%)

Nonanastomotic 
Biliary Stricture 

Development, 
N (%)

Anastomotic 
Biliary Strictures, 

N (%)

1-Year Graft 
Survival, N 

(%)

1 Year 
Patient 

Survival, N 
(%)

Oniscu et al.
UK [28]

11 cDCD 
(Maastricht type 3)

A-NRP 0 2 (0.57–2.6) 0.53 (0.38–1.18) 4 (36) NA 1 (9) NA 9 (81.8)

Savier et al.
France [26]

13 uDCD 
(Maastricht type 2)

A-NRP 1 4 0.82 
(0.75–0.88)

4 (30.8) 1 (7.7) 1 (7.7) 9 (69) 11 (85)

Hagness et al. 
Norway 2019

8 cDCD A-NRP 1 1.57 
(1.22–3.68)

0.48 (0.27–1.6) 0 0 (0) 1 (12.5) 8 (100) 8 (100)

Watson et al.
UK [29]

43 cDCD NRP 
(Maastricht type 

3); 187 SRR cDCD

A-NRP or 
TA-NRP

1 2.05 
(1.72–2.17)

0.5 (0.43–0.6) cDCD NRP: 5 (12)
SRR cDCD: 55 (32)

NA cDCD NRP: 3 (7)
SRR cDCD: 46 (27)

cDCD NRP: 
39 (90.1)

SRR cDCD: 
153 (81.8)

cDCD NRP: 
39 (90.1)

SRR cDCD: 
153 (81.8)

Antoine et al. 
2020 France

123 cDCD 
(Maastricht type 3)

A-NRP 1 3.1 
(2.68–3.45)

0.37 
(0.3–0.43)****

5 (4) NA NA 100 (81.3) 109 (88.6)

Muller et al.
Europe [30]

132 cDCD NRP; 93 
cDCD HOPE

A-NRP vs. 
HOPE

1 3.07 
(2.65–3.45)

0.52 
(0.44–0.6), 
p < 0.001

cDCD NRP: 26 (20)
cDCD HOPE: 63 (68)

cDCD NRP: 6 (4.5)
cDCD HOPE: 8 

(8.6)

cDCD NRP: 14 
(10.6)

cDCD HOPE: 24 
(25.8)

cDCD NRP: 
114 (86.4)

cDCD HOPE: 
69 (74.2)

cDCD NRP: 
114 (86.4)

cDCD HOPE: 
87 (93)

Savier et al.
France [27]

50 cDCD; 100 
DBD

A-NRP 1 3.17 (2.52–3.72) cDCD: 9 (18)
DBD: 32 (32)

cDCD: 8 (16)**
DBD: 17 (17)

cDCD: 44 
(88)******

DBD: 85 (85)

cDCD: 48 
(96)******
DBD: 96 

(96)

Maroni et al.
Europe [31]

19 cDCD 
A-NRP + D-HOPE;

16 cDCD A-NRP 
only

A-NRP + 
HOPE vs. 

A-NRP

1 3.79 ± 1.14 
vs. 

3.32 ± 0.79 
(p = 0.185)

0.94 ± 0.34 
vs. 0.65 ± 0.36 

(p = 0.021)

cDCD 
A-NRP + D-HOPE: 

4 (21)
cDCD A-NRP only: 

4 (25)

cDCD 
A-NRP + D-HOPE: 

0 (0)
cDCD A-NRP: 2 

(12.5)

cDCD 
A-NRP + D-HOPE: 

0 (0)
cDCD A-NRP: NA

NA NA

Babier et al.
France [3]

156 cDCD A-NRP A-NRP 1 2.98 (±0.72) 0.37 (±0.08) 30 (19) 6 (3.9) 20 (12.8) 150 (96) 150 (96)
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Study N, Donor Type Type of 
NRP

Cannulation, 
Premortem = 0, 
Postmortem = 1

NRP Times 
(Median 
(IQR)), 
Hours

Total Warm 
Ischemic 

Time (Median 
(IQR)), Hours

EAD Within First 
Week, N (%)

Nonanastomotic 
Biliary Stricture 

Development, 
N (%)

Anastomotic 
Biliary Strictures, 

N (%)

1-Year Graft 
Survival, N 

(%)

1 Year 
Patient 

Survival, N 
(%)

Gaurav et al.
UK [32]

69 cDCD NRP; 67 
cDCD NMP; 97 

cDCD SCS

A-NRP 1 2.22 
(2.02–2.38)

0.48 
(0.38–0.55)

cDCD NRP: 10 (14)
cDCD NMP:7 (11)
cDCD SCS: 19 (21)

cDCD NRP: 4 (6)
cDCD NMP:12 (19)
cDCD SCS: 22 (25)

cDCD NRP: 5 (8)
cDCD NMP:13 (21)
cDCD SCS: 15 (17)

cDCD NRP: 
57 (82.6)

cDCD 
NMP:50 

(74.6)
cDCD SCS: 

81 (83.5)

cDCD NRP: 
58 (84.1)

cDCD 
NMP:54 
(80.6)

cDCD SCS: 
91 (93.8)

Schurink et al.
Netherlands [33]

20 cDCD A-RNP 1 2 (1.83–2.13) 0.48 
(0.43–0.55)

5 (25) 11 (55) NA 18 (90) 19 (95)

Mohkam et al.
Europe [34]

68 cDCD NRP; 34 
cDCD NMP

A-NRP vs. 
NMP

1 NA 0.37 
(0.32–0.43)

cDCD NRP: 14 (21)
cDCD NMP: 30 (8.8)

cDCD NRP: 1 (1.5)
cDCD NMP: 1 (2.9)

cDCD NRP: 6 (8.8)
cDCD NMP: 6 (17.6)

cDCD NRP: 
64 (93.9)

cDCD NMP: 
30 (88.2)
P = 0.516

cDCD NRP: 
65 (94.1)

cDCD NMP: 
30 (88.2)
P = 0.523

*Total Ischemia Time.
**Overall Biliary Complications.
***Overall Biliary Strictures.
****Functional Warm Ischemia Time.
*****Overall Survival.
******2-Year Survival.
Abbreviations: abdominal normothermic regional perfusion, A-NRP; controlled donation after circulatory death, cDCD;donation after circulatory death, DCD; hypothermic oxygenated 
machine perfusion, HOPE; interquartile range, IQR; not available, NA; normothermic regional perfusion, NRP; super-rapid recovery, SRR; thoracoabdominal normothermic regional perfusion, 
TA-NRP; uncontrolled donation after circulatory death uDCD.

Table 3. 
Rest of European normothermic regional perfusion studies (France, UK, Netherlands, pan European).
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rate and PNF rate in three groups [32]. NRP DCD LT recipients (6%) had a statisti-
cally significantly lower IC rate compared to SCS DCD LT recipients (25%) and NMP 
DCD LT recipients (19%) [32]. 6-month death censored graft survival was similar 
between SCS DCD LT group (91%), NRP DCD LT group (97%) and NMP DCD LT 
group (92%) [32]. Their findings are highly impactful and suggest that outcomes of 
NRP DCD LT recipients in terms of IC development are significantly better compared 
to NMP DCD LT recipients or SCS DCD LT recipients as long as cold ischemia time is 
kept short (<7 hours) [32]. Given significant cost associated with NMP circuits and 
equivalent outcomes in cDCD liver grafts with short functional warm ischemia times 
(<30 minutes), NRP may be a more cost-effective strategy when anticipated subse-
quent cold ischemia times are short (<7 hours). All of the UK NRP cohort studies have 
been summarized in Table 3.

3.5 Normothermic regional perfusion (Dutch experience)

Schurink et al. described the Dutch experience with salvaging DCD liver grafts, 
which were declined by all centers in Euro transplant region, using A-NRP in 2022 
[33]. Livers with functional warm ischemia time (mean arterial pressure < 50 mm 
Hg) up to 60 minutes were considered for A-NRP [33]. Liver was considered suitable 
for LT after at least 1 hr. of A-NRP if transaminases were < 200 U/L, peak glucose 
>10 mmol/L, decreasing lactate trend (with last lactate <5 mmol/L), quality bile 
production (bile pH > 7.45 and bile glucose <3 mmol/L), and absence of fibrosis/
cirrhosis on liver biopsy [33]. Out of 45 offered donor livers, eventually 25 livers 
were successfully evaluated with A-NRP while 20 livers could not be evaluated with 
A-NRP due to failure of donor to expire within 120 minutes of life support withdrawal 
(n = 15), finding of malignancy in donor (n = 1), pre-mature donor cardiac arrest 
before A-NRP team was available (n = 1), and technical failure to establish A-NRP 
(n = 3) [33]. Amongst the 25 livers evaluated on A-NRP, 20 liver grafts (80%) were 
eventually transplanted [33]. Authors reported that the declined liver grafts had 
statistically significantly higher transaminase levels during A-NRP [Median ALT 367 
(range, 318–488) and median AST 363 (range, 349–486)] compared to accepted liver 
grafts [Median ALT 53 (range, 34–68) and median AST 71 (41–137)] [33]. Median 
functional warm ischemia time was 29 minutes [33]. Median cold ischemia time was 
about 6 hours in A-NRP LT recipients [33]. The median MELD of A-NRP LT recipients 
was 11 [33]. When compared to contemporary DCD LT recipients (n = 49, of which 19 
received end-ischemic dHOPE while remaining 30 were SCS preserved), A-NRP DCD 
LT recipients (n = 20, of which 5 received end-ischemic dHOPE while remaining 15 
were SCS preserved), there was no statistically significant difference in EAD rate 
between two groups (45% vs. 25%) [33]. When dHOPE LT recipients were excluded 
from both groups, authors found that IC rate was statistically significantly lower in 
A-NRP group (7%) compared to SCS group (26%) [33]. There was no statistically sig-
nificant difference in 1-year graft survival between A-NRP DCD LT recipients (90%) 
and SCS DCD LT recipients (82%) [33]. Authors recommended that liver grafts meet-
ing hepatocellular functional viability criteria (decreasing lactate trend without any 
discrete absolute cutoff, glucose production>10 mmol/L or > 180 mg/dL, bile produc-
tion), low level liver ischemic injury (terminal transaminase cutoff <200 IU/L during 
A-NRP) and cholangiocyte functional viability criteria [bile pH > 7.45, bile glucose 
<3 mmol/L, delta bile to serum bicarbonate [bile bicarbonate – serum bicarbon-
ate] > 5 mmol/L or > 90 mg/dL, and delta bile pH (bile pH – serum pH > 0.1)) should 
be considered for eventual LT [33]. While additional prospective studies are required 
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to confirm their assessment criteria, this study was the first to include cholangiocyte 
functional viability criteria during A-NRP in addition to traditional hepatocellular 
viability/ischemic injury assessment markers [33].

3.6 Normothermic regional perfusion (pan-European experience)

Muller et al. compared outcomes of A-NRP DCD LT recipients (n = 132) in France 
to HOPE DCD LT recipients (n = 93) in Switzerland in 2020 [30]. LT graft utilization 
was statistically significantly lower in A-NRP group (63%) compared to HOPE DCD 
group (81%) [30]. The functional warm ischemia time was statistically significantly 
lower in A-NRP group (22 minutes) compared to HOPE group (31 minutes) [30]. 
Median donor risk index was statistically significantly lower in A-NRP group (2) com-
pared to HOPE group (2.5) [30]. Recipient median MELD score was not statistically 
significantly different between two groups (A-NRP: 12 vs. HOPE: 12) [30]. Median 
cold ischemia time was not statistically significantly different between A-NRP group 
(5.7 hours) and HOPE group (6.4 hours) [30]/EAD rate was statistically significantly 
lower in A-NRP group (20%) compared to HOPE group (62%) [30]. IC rate was not 
statistically significantly lower in A-NRP group (5%) compared to HOPE group (9%) 
[30]. 1-year graft survival was not statistically significantly different in A-NRP group 
(93%) compared to HOPE group (86%) [30]. Findings of this study suggest that both 
A-NRP and HOPE appear to provide DCD LT graft protection resulting in excellent 
outcomes and may be utilized depending on logistical factors at individual transplant 
center.

Maroni et al. compared outcomes of A-NRP HOPE DCD LT recipients in Italy 
(n = 19) to A-NRP SCS DCD LT recipient in France (n = 17) in 2022 [31]. Both groups 
were well-matched based on donor age, recipient age, and MELD score (median 
MELD score < 15). Functional warm ischemia time (defined as systolic blood pres-
sure < 50 mm Hg till A-NRP initiation) was statistically significantly higher in in 
NRP-HOPE DCD LT recipients (42 minutes) compared to NRP SCS DCD LT recipi-
ents (26 minutes) [31]. Median cold ischemia time was not statistically significantly 
different between NRP-HOPE DCT LT recipients (8 hours) compared to NPR SCS 
DCD LT recipients (6.5 hours) [31]. PNF rate (NRP-HOPE: 5% vs. NRP-SCS: 6%, 
EAD rate (NRP-HOPE: 21% vs. NRP-SCS: 25%) and IC rate (NRP-HOPE: 0% vs. 
NRP-SCS: 12%) was not statistically significantly different between two groups [31]. 
Findings of this international study mirror findings of Italian studies that combina-
tion of NRP-HOPE may provide complimentary protection to DCD LT graft exposed 
to extended functional warm ischemia times (>30 minutes) [31].

Mokham et al. compared outcomes of propensity matched A-NRP DCD LT recipi-
ents (n = 68) to NMP DCD LT recipients (n = 34) using A-NRP data from six French 
centers and NMP data from six European centers (UK, Spain, Germany, Belgium) in 
2022 [34]. The groups were well-matched in terms of donor functional warm isch-
emia time (A-NRP: 21 minutes versus NMP: 20 minutes), UK DCD risk score [A-NRP: 
5 points (high-risk) vs. NMP: 5 points (high-risk)], and recipient MELD score [NRP: 
12 vs. NMP: 12, 34]. Median cold ischemia time was 346 minutes in A-NRP group. 
There was no statistically significant difference in EAD rate between NRP group 
(21%) and NMP group (9%) [34]. There was no statistically significant difference 
in clinically relevant IC rate between NRP group (2%) and NMP group (3%) [34]. 
1-year LT graft survival was not statistically significantly different between the two 
groups (NRP: 94% vs. NMP: 88%) [34]. Findings of this study suggest that both NRP 
and NMP provide equivalent results in DCD LT recipients and utilization of NRP or 
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NMP can be dictated based on logistical and financial factors at local center. All of the 
pan-European studies have been summarized in Table 3.

3.7 Normothermic regional perfusion (north American experience)

3.7.1 Abdominal normothermic regional perfusion (A-NRP)

Magliocca et al. first described the application of A-NRP at University of Michigan 
in United States of America (USA) via premortem cannulation in potential DCD 
donors in 2005 [35]. They initially reported outcomes with NRP DCD kidneys in 
24 kidney transplant recipients with low delayed graft function rates of 8% [35]. 
Subsequently, Rojas Pena et al. from the same center reported an update in 2015 about 
outcomes of A-NRP DCD LT recipients (n = 13) [36]. PNF was noted in 1 LT recipient 
and IC cholangiopathy was observed in 1 LT recipient [36]. 1-year LT graft survival 
was noted to be 86% [36].

Subsequently, Croome et al. first reported the application of a portable A-NRP 
circuit for cDCD liver procurement in USA in 2023 [7]. Their protocol involved 
postmortem arterial cannulation of infrarenal aorta, venous cannulation of infrarenal 
vena cava and placement of occluding balloon in supraceliac aorta to ensure abdomi-
nal only perfusion [7]. When institutional policies allowed, premortem arterial/
venous femoral cannulation and placement of endovascular supraceliac deflated bal-
loon catheter was performed [7]. They reported their outcomes of 11 A-NRP cDCD 
LT recipients [7]. Dedicated trained perfusionist accompanied the procurement team 
for all A-NRP procurements [7]. Mean donor age was 47 years. Mean donor BMI was 
30. A-NRP duration was restricted to 60–90 minutes. Liver grafts were accepted for 
LT if lactate clearance was demonstrated [7]. Median recipient MELD score was 26 
[7]. EAD was observed in 1 LT recipient [7]. No cases of IC were noted at 3-month 
follow-up [7]. 3-month LT graft survival was 100% [7]. They reported disposable 
cost of $6344 associated with A-NRP [7]. There has been increasing momentum at 
individual transplant center level and OPO level to establish A-NRP infrastructure to 
facilitate increased cDCD liver graft utilization in USA.

3.7.2 Thoraco-abdominal normothermic regional perfusion (TA-NRP)

Merani et al. first reported single center North American experience of cDCD liver 
procurement using TA-NRP resulting in three liver transplants in 2022 [37]. Their 
center’s primary intention was to utilize TA-NRP to expand cDCD heart utilization 
and this resulted in secondary utilization of additional abdominal organs [37]. Two 
livers were declined due to concern related to prolonged total warm ischemia time 
and liver quality on assessment [37]. These DCD livers fell in high-risk category (>5) 
based on UK DCD liver risk score and were transplanted in recipients with median 
MELD score 16 [37]. The authors reported no PNF or IC in any of the TA-NRP DCD 
LT recipients [37]. The authors reported 100% patient and graft survival in all three 
TA-NRP DCD LT recipients [37].

Sellers et al. then described the application of TA-NRP during cDCD procure-
ment in USA in 2022 across 8 separate OPO [38]. The authors reported the outcomes 
of 13 TA-NRP DCD LT recipients in their case series [38]. Venous cannulation was 
performed in right atrium, arterial cannulation was performed in ascending aorta 
and innominate/left carotid/left subclavian artery were stapled/vented [38]. Median 
donor age was 25 years [38]. Median donor functional warm ischemia time was 
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13 minutes [38]. Median NRP duration was 56 minutes [38]. Median recipient MELD 
score was 21 [38]. EAD occurred in 3 LT recipients [38]. No IC was noted in any LT 
recipient [38]. 6-month LT graft survival was 100% [38]. Authors concluded that 
post-mortem TA-NRP application maybe scalable more easily across various OPOs in 
USA compared to initiative to establish pre-mortem femoral cannulation given varied 
hospital/OPO policies [38].

Wall et al. then described early USA experience with TA-NRP DCD LT recipients 
(n = 56) compared to SCS DCD LT recipients (n = 64) procurement using the United 
Network for Organ Sharing (UNOS) database in 2023 [39]. Median donor age was 
not statistically significantly different between two groups (TA-NRP: 26 vs. SCS: 29) 
[39]. Median cold ischemia time was not statistically significantly different between 
two groups (TA-NRP: 4.8 hours vs. SCS: 5 hours) [39]. Median recipient MELD score 
was not statistically significantly different between two groups (TA-NRP: 19 vs. SCS: 
18) [39]. They reported no IC complications in either group [39]. 6-month LT graft 
survival was not statistically significantly different between two groups (TA-NRP: 
92% vs. SRR: 95%) [39].

Brubaker et al. then described outcomes of 16 TA-NRP DCD LT recipients at 
multiple centers in USA in 2023 [5]. Median donor age was 32 years and median 
donor BMI was 27 [5]. Peak/terminal donor transaminases were less than 200 IU/L at 
the time of procurement [5]. Median total warm ischemia time was 25 minutes [5]. 
Median recipient MELD score was 22 [5]. Median cold ischemia time was 4.9 hours 
[5]. PNF rate was 0% and EAD rate was 19% [5]. Anastomotic biliary strictures 
occurred in 19% of cases and were successfully managed with endoscopic stenting 
[5]. No cases of IC were noted [5]. 3-month LT graft and patient survival was 100% 
[5]. However, TA-NRP results in reinitiation of cardiac activity, which has restricted 
its broader adoption due to ethical concerns.

Lastly, Brubaker et al. published outcomes of NRP DCD LT recipients (n = 106) 
compared to SCS DCD LT recipients (n = 136) from 17 different LT centers in USA 
in 2024 [40]. Amongst the NRP group, 79 livers were procured using TA-NRP 
and 27 livers were procured using A-NRP [40]. Median donor age was statistically 
significantly younger in NRP group (30 years) compared to SCS group (36 years) 
[40]. Median functional warm ischemia time was statistically significantly longer in 
NRP group (22 minutes) compared to SCS group (19 minutes) [40]. Median recipi-
ent MELD-Na score was not statistically significantly different between two groups 
(NRP: 289 minutes vs. SCS: 299 minutes) [40]. Median cold ischemia time was 
not statistically significantly different between groups (NRP: 289 minutes vs. SCS: 
299 minutes) [40]. PNF rate was not statistically significantly different between two 
groups (NRP: 0% vs. SCS: 1.5%) [40]. EAD rate was statistically significantly lower 
in NRP group (36%) compared to SCS group (56%) [40]. IC rate was statistically 
significantly lower in NRP group (0%) compared to SCS group (9%) [40]. Biliary 
anastomotic strictures were statistically significantly lower in NRP group (7%) 
compared to SCS group (22%) [40]. 1-year LT graft survival was not statistically 
significantly different between two groups (NRP group: 100% vs. SCS group: 90%) 
[40]. This study demonstrated that TA-NRP and A-NRP can be feasibly and safely 
applied at different liver transplant centers in different OPO regions across USA with 
excellent outcomes in NRP DCD LT recipients (lower EAD/lower IC rates) compared 
to SCS DCD LT recipients. All the relevant USA NRP studies have been summarized 
in Table 4.
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Study N and Donor 
Type

Type of 
NRP

Cannulation, 
Premortem = 0, 
Postmortem = 1

NRP 
Times, 
Median 
(IQR), 
Hours

Total 
Warm 

Ischemic 
Time 

Median 
(IQR), 
Hours

EAD 
Within 

First 
Week, N 

(%)

Nonanastomotic 
Biliary Stricture 
Development, N 

(%)

Anastomotic 
Biliary 

Strictures, N 
(%)

1-Year 
Graft 

Survival, N 
(%)

1 Year 
Patient 

Survival, N 
(%)

Rojas 
Pena et al.
USA [36]

13 cDCD 
(Maastricht 

type 3)

A-NRP 0 10.2 0.5–0.75 4 (31) 1 (14.3) 1 (14.3) 11 (85.7) NA

Sellers 
et al.
USA[38]

13 cDCD TA-NRP 1 0.93 
(0.7–1.18)

0.35 
(0.23–0.47)

3 (23) 0 (0) 1 (7.7) 12 (92) 12 (92)

Wisel 
et al. USA 
2023 

133 TA-DCD TA-NRP 0 1.83 
(1.27–2.5)

1.7 
(1.28–2.37), 

p < 0.001

NA NA NA 120 (90.1) 123 (92.3)

Croome 
et al.
USA [7]

11 cDCD A-NRP 0 1.13 NA 1 (9.1) 0 (0) 0 (0) 11 (100)* 11 (100)*

*At median follow up of 142 days.
Abbreviations: abdominal normothermic regional perfusion, A-NRP; controlled donation after circulatory death, cDCD;donation after circulatory death, DCD; interquartile range, IQR; not 
available, NA; normothermic regional perfusion, NRP; thoracoabdominal normothermic regional perfusion, TA-NRP.

Table 4. 
North American normothermic regional perfusion studies.
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4. �Conclusion

Both TA-NRP and A-NRP cDCD LT recipients have been demonstrated to have low 
rates of EAD, IC and graft loss compared to SCS cDCD LT recipients across multiple 
European and North American studies. NRP allows in-situ cDCD liver graft repair 
after warm ischemic injury and simultaneous cDCD liver graft functional assess-
ment, which aids LT teams in selecting cDCD liver grafts for eventual LT. NRP has 
the potential to be utilized in complimentary fashion with ex-vivo machine perfusion 
technologies (HOPE/dHOPE and NMP) to further increase cDCD liver graft utiliza-
tion, especially in cases with prolonged warm ischemia times and/or prolonged cold 
ischemia times. Future areas of research need to be focused on refining functional 
assessment criteria of cDCD liver grafts on NRP. Additionally, both individual 
transplant centers and OPO need to invest in NRP infrastructure so that cDCD liver 
graft utilization can be maximized to reduce the LT waitlist mortality. Rapid adoption 
of NRP occurred in cDCD liver donors in European countries and similar trend can be 
anticipated in USA over the next few years given excellent outcomes in NRP cDCD LT 
recipients.
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Chapter 11

Hypothermic Oxygenated Machine 
Perfusion in Donor Hearts
Nafiye Busra Celik, Mohammad Alomari, Vivienne Pham, 
Pankaj Garg and Si Pham

Abstract

Heart transplantation remains the definitive treatment for end-stage heart 
diseases. The rising demand for heart transplants underscores the need to expand 
the donor pool by using marginal and long-distant donors with the potential of 
increasing the rate of primary graft dysfunction. On-going ischemia under static cold 
storage (SCS) contributes to myocardial injury, severe primary graft dysfunction, 
and increased mortality, highlighting the necessity for improved graft preservation 
strategies. Hypothermic oxygenated machine perfusion (HOPE) offers a promising 
solution by continuously delivering oxygenated, nutrient-rich cardioplegic fluid 
under hypothermic conditions. This chapter will review the pre-clinical and clinic 
studies using HOPE to preserve donor hearts for transplantation. Mechanistic studies 
demonstrates that HOPE increases ischemia tolerance by enhancing succinate clear-
ance, preserving ATP levels, and minimizing free radical formation. Pre-clinical and 
clinical studies have reinforced HOPE’s potential to attenuate tissue injury and reduce 
primary graft dysfunction. Initial clinical studies suggest that HOPE is safe and has 
favorable impact on heart transplant outcomes. Despite the promising outcomes, 
most existing clinical studies on HOPE are limited by small sample sizes and a lack of 
randomization, which could affect the generalizability of the results. Future research 
should focus on conducting larger, randomized controlled trials to provide more 
robust evidence on the efficacy and safety of HOPE. Furthermore, future integration 
of HOPE with innovative technologies such as real-time monitoring of tissue metabo-
lism, pharmacologic or biological modifications of the donor heart during HOPE may 
lead to better outcomes.

Keywords: heart donors, hypothermic oxygenated machine perfusion, heart 
transplants, primary graft dysfunction, cold static storage, ischemia

1. �Introduction

Heart transplantation remains the preferred treatment option for end-stage
heart failure. In recent years, the increasing demand for heart transplanta-
tion underscores the necessity to expand the donor pool by using marginal and 
long-distant donors that are more susceptible to primary graft dysfunction. 
Additionally, the traditional method of heart donor preservation involves static 
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cold storage (SCS) with limited duration of donor ischemic time. These chal-
lenges highlights the need for more effective strategies to preserve donor hearts 
[1]. Among all transplanted solid organs the heart is most sensitive to ischemia. 
During SCS, the donor’s heart undergoes a period of ischemia due to ongoing low-
grade metabolism in the absence of oxygen and nutrients. This ongoing metabolic 
activity forces the myocardial cells to adapt to anaerobic metabolism resulting in 
intracellular acidosis and energy stress due to ATP depletion and lactate accumula-
tion. Subsequent reperfusion of ischemic myocardium leads to the activation of 
the immune system resulting in cell death by apoptosis and necrosis, known as 
ischemia-reperfusion injury [2]. Hypothermic oxygenated machine perfusion 
(HOPE) has recently been investigated as an alternative to SCS. HOPE mitigates 
the fundamental problem of SCS by continuous perfusion of the heart with oxy-
genated and nutrient-hormone-rich cardioplegic fluid, while hypothermia ensures 
myocardial protection by maintaining the metabolism to the lowest. In a donor-
after-circulatory death (DCD) rat model, Wyss et al., recently demonstrated the 
importance of both hypothermic perfusion and oxygenation of DCD hearts prior 
to normothermic perfusion [3]. The authors proposed that succinate accumulates 
in the mitochondria during SCS and rapid succinate oxidation during normo-
thermic reperfusion plays an important role in ischemia-reperfusion injuries by 
reverse electron transfer from complex II (succinate dehydrogenase) to complex I 
and subsequently inducing oxidative stress and cellular injury. On the other hand, 
during HOPE, hypothermia and low-flow delivery of oxygen are believed to reduce 
oxygen-induced return of mitochondrial proton motive force, thereby decreasing 
the susceptibility for reverse electron transfer upon succinate oxidation, while 
promoting ATP production via oxidative phosphorylation. Further, perfusion may 
itself promote succinate washout [3]. There is an ongoing debate about the opti-
mum oxygen requirement for the donor hearts during hypothermia. Because the 
cellular metabolism at 4°C is only 12% of normothermia, higher oxygen delivery 
during HOPE may generate free radicals and tissue damage [4]. On the other hand, 
ATP levels in the tissue can only be preserved when an adequate amount of oxygen 
is supplied, even during hypothermia.

The rationale for ex-vivo HOPE of the heart include the following: (a) homoge-
neous cooling of the heart below 10 degree Celsius (°C) and reduction in myocardial 
metabolic requirements, (b) prevention of ATP depletion by continuous infusion of 
the nutrient-enriched solution, (c) continuous elimination of the toxic metabolites 
including lactate, and (d) extension of safe ischemia time. The International Society 
for Heart and Lung Transplantation (ISHLT) registry data has shown that ischemia 
of more than 200 minutes is associated with higher mortality after heart transplant 
[5]. By extending the safe ischemic period HOPE may permit the transportation of 
the hearts procured from more distant sites as well as enable physical human leuko-
cyte antigen (HLA) matching between donors and recipients. Currently, physical 
HLA-matching is not routine in heart transplantation because of time constraints, 
however, it has been shown to improve survival in heart transplantation [6]. Hearts 
receiving HOPE also showed preserved tissue ATP stores and architecture of the 
mitochondria. Published studies reported that HOPE reduced endothelial dysfunc-
tion (lower endothelin-1 levels) and apoptosis in the hearts preserved for 12 hours at 
4°C compared to hearts stored by SCS [7, 8]. Collectively, available data suggest that 
the benefits of HOPE could potentially translate into better short-term (less primary 
graft failure) and long-term (less cardiac allograft vasculopathy) outcomes after 
heart transplantation [9].
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2. �Evolution of hypothermic machine perfusion for donor organ 
preservation

The field of hypothermic machine perfusion has evolved significantly over the 
last 4 decades as a method for organ preservation, moving from initial applications in 
renal transplants to the more complex preservation of livers and hearts. This method 
has transformed the landscape of organ transplantation by improving graft viability 
and extending preservation times, ultimately enhancing transplant outcomes.

2.1 Kidney preservation

Hypothermic machine perfusion was first applied in the preservation of kidneys, 
addressing limitations associated with static cold storage (SCS). Pioneering studies in 
the mid-twentieth century demonstrated that continuous perfusion at hypothermic 
temperatures could reduce ischemic injury and improve post-transplant outcomes. 
The introduction of pulsatile perfusion systems in the 1960s allowed better mainte-
nance of microcirculatory flow and cellular metabolism [10, 11].

2.2 Liver preservation

Success in kidneys paved the way for its application of HOPE in liver transplants, 
where the risks associated with ischemia-reperfusion injury were significant higher. 
Early research faced challenges due to the liver’s complex vascular structure and meta-
bolic demands. However, by the early 2000s, significant strides were made with the 
development of specialized perfusion devices that supported continuous oxygenation 
and metabolic conditioning. Studies have demonstrated that HOPE could enhance 
bile production, reduce hepatic enzyme release, and improve graft survival compared 
to traditional SCS [12–15].

Recently, dual hypothermic oxygenated perfusion (D-HOPE), which provides 
oxygenation to both the portal vein and hepatic arteries and shows less biliary com-
plications, has emerged as an advanced technique that may improve outcomes in 
marginal liver donors [16, 17].

2.3 Heart preservation

The use of HOPE for heart preservation has been the most challenging due to the 
organ’s reliance on continuous mechanical activity and its sensitivity to ischemic dam-
age. Initial studies in heart preservation focused on cold static storage, but research in 
HOPE gained traction in the late twentieth century, driven by the need for extending 
ischemic times and reducing graft dysfunction. The development of systems capable 
of providing continuous perfusion with oxygen and metabolic substrates has shown 
promising results [18–21].

Recent studies have indicated that HOPE can significantly reduce primary graft 
dysfunction [22] and safely extended donor ischemic time [23–25].

3. �Available systems for hypothermic perfusion of donor hearts

Currently none of the systems for hypothermic perfusion system of donor hearts 
has received approval from the Food and Drug Administration (FDA) in the United 
States or Conformité Européene (CE) mark in Europe.
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3.1 XVIVO heart assist transport™ system

The XVIVO Heart Assist Transport™ system, as illustrated in Figure 1, is equipped 
with various essential components including a reservoir, pressure-controlled roller 
pump, oxygenator, arterial-leukocyte filter, heat-exchange unit, gas mixer, oxygen 
and carbon dioxide containers, and sensors; all are integrated into a programmable 
control system. The reservoir is filled with 2.5 liters of perfusion solution and approxi-
mately 500 milliliters (mL) of compatible, irradiated, leukocyte-reduced packed red 
blood cells, to achieve a hematocrit level of around 15%. The specific composition of 
the perfusion solution is detailed in Table 1. The system perfuses the coronary arteries 
antegradely through an aortic cannula. After retrieval, the donor heart is carefully 
inspected. If the foramen ovale is patent, it should be closed. The distal ascending 
aorta is cannulated with a double-lumen, self-deairing XVIVO aortic cannula to 
facilitate de-airing. Additionally, a tube is placed in the coronary sinus to allow for 
blood gas sampling. The aortic cannula, supplying preservation solution to the aorta, 
is mounted vertically, with the heart fully submerged in the preservation solution.

During perfusion, pressure in the aorta is maintained at 20 millimeters of mercury 
(mmHg) with pressure-regulated flow (typically between 150 and 200 mL/min), 
and the temperature is maintained at 8°C. To prevent left ventricular distension 
during perfusion, a silastic split tube is inserted through the mitral valve into the left 
ventricle and secured to the left atrial wall. Both the superior and inferior vena cava, 
along with the pulmonary artery, remain open to provide a free outlet for the perfus-
ate exiting from the coronary sinus. The XVIVO Heart Assist Transport™ system’s 
display shows real-time pressure, flow patterns, and temperature, and these param-
eters are recorded in the computer system [20, 23].

3.2 LifeCradle heart perfusion system

The LifeCradle Heart Perfusion System, which was developed by Bridge to Life, 
Ltd., (Illinois, USA) and recently acquired by TransMedics, Inc. (Andover, MA), is a 
device that delivers temperature-regulated, oxygenated perfusate to the donor heart 
in an anterograde or retrograde fashion. Perfusate flows, pressures, and temperatures 
are monitored continuously. Technically, cardioplegic perfusate is delivered in an 

Figure 1. 
XVIVO heart assist transport™ system. (A) Portable XVIVO device, (B) Schematic rendition of the 
temperature-regulated hypothermic oxygenated perfusion system in the device. (Published with permission from 
XVIVO Perfusion AP, 2024).
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anterograde fashion through the ascending aorta at a flow rate of 10 ml/100 g heart 
weight/min at 5 ± 2°C. Retrograde cardioplegia perfusion is carried out using a retro-
grade cardioplegia cannula sewn into the coronary sinus at a flow rate of 13–20 ml/100 g/
min, also at 5 ± 2°C. This device has been tested in the porcine donation-after-brain- 
death (DBD) and canine donation-after-circulatory-death (DCD) heart models and has 
shown superior myocardial preservation compared to SCS [26, 27]. A study using human 
donor hearts that were not suitable for transplantation showed that this system preserved 
the aerobic metabolism of the heart equally well irrespective of whether the heart was 
perfused anterogradely through the aorta or retrogradely through the coronary sinus 
[28]. In 2022, the device received “Breakthrough Device Designation” from the FDA, but 
it is still not approved by the FDA and Conformite Europeenne (CE) to date.

3.3 The HEARTPORT© system

The HeartPort© System is a modified version of the LifePort© System (Organ 
Recovery Systems©, Itasca, IL, USA) that was originally designed for kidney graft 
perfusion and preservation. This system is intended for hypothermic perfusion of 
donor hearts [28, 29]. In this setup, the explanted heart is submerged in a reservoir 
and suspended vertically via a cannula inserted into the distal ascending aorta. 
The distal stump of the ascending aorta is clamped, and the cannula is connected 

Constituents Concentration

Sodium (Na+) 136 mmol/L

Potassium (K+) 2.3 mmol/L

Calcium (Ca2+) 1.3 mmol/L

Magnesium (Mg2+) 8.0 mmol/L

Chloride (CI−) 142 mmol/L

Bicarbonate (HCO3
−) 25 mmol/L

Phosphate (PO4
2−) 1.3 mmol/L

Dextrose 6.3 mmol/L

Albumin 75 g /L

Dextran-40 1 g/L

Cocaine 6 nmol/L

Noradrenaline 6 nmol/L

Adrenaline 6 nmol/L

Triiodothyronine (T3) 3 nmol/L

Cortisol 420 nmol/L

Insulin 8U/L

Imipenem 20 mg/L

Erythrocytes (Hct) 15%

Gas 95% O2 + 5% CO2 0.2 U/min

O2, oxygen; CO2, carbon dioxide.

Table 1. 
Composition of heart perfusate for hypothermic oxygenated machine perfusion [20].
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to a temperature-controlled perfusion circuit, enabling antegrade perfusion of the 
coronary arteries. The perfusate exiting from the coronary sinus is collected back into 
the reservoir and recycled through the system. An external oxygenator connected to 
the circuit ensures oxygenation of the perfusate.

The perfusate consists of 1 liter of asanguineous preservation solution (KPS-1©, 
Organ Recovery Systems©, Itasca, IL, USA). It is oxygenated using an oxygenator 
(Minimax Oxygenation System©, Medtronic, Inc., Minneapolis, MN, USA), chilled 
to 4°C with a heat exchanger, and circulated using a pulsatile roller pump. The sys-
tem’s data reporting unit allows for continuous monitoring of temperature, perfusion 
pressure, and flow.

A published animal study using the HeartPort System © showed that after hearts 
that were perfused with the HeartPort© system for 4 hours had lower lactate and high 
energy phosphates, and more successful functional recovery than those with static ice 
storage [28, 29].

4. �Cardiac function after hypothermic oxygenated perfusion

Since the hearts preserved by HOPE are kept in a non-beating state, functional 
assessment of the heart is possible only by either reanimating them in-vitro on a nor-
mothermic machine perfusion (NMP) system or after transplantation. However, HOPE 
has been shown beneficial in terms of preserved myocardial function [26, 29] as well as 
prolonged duration of heart preservation in preclinical studies and has been utilized suc-
cessfully in human DBD heart transplantation [19, 20, 22, 23]. In a recent DCD porcine 
model, post-transplantation, biventricular contractility was better preserved with 
HOMP compared to in-situ or ex-situ normothermic machine perfusion [30]. In addi-
tion, need for inotropic support and signs of myocardial damage were lower with HOPE. 
Achievement of this excellent outcome has been attributed to the following mechanisms:

a.	Hearts preserved by HOPE do not suffer from energy stress, tissue acidosis, or 
hyper contracture as they generate sufficient ATP through aerobic metabolism.

b.	Due to reduced ischemic injury, these hearts produce less free oxygen radicals 
after reperfusion.

c.	Continuous perfusion of the heart results in better-preserved endothelium and 
myocardium cellular structures and less cellular death due to apoptosis or necrosis.

These findings underscore HOPE’s potential for improving heart transplant 
outcomes by providing enhanced myocardial protection during preservation.

5. �Hypothermic oxygenated machine perfusion in heart transplantation: 
Pre-clinical studies

Numerous experimental studies conducted on large animal models suggest that 
Hypothermic Oxygenated Perfusion (HOPE) can mitigate tissue injuries and enhance 
cardiac function post-transplant when compared to Static Cold Storage (SCS). 
Despite these findings, the clinical adoption of HOPE is constrained by challenges 
in reliable functional assessment, as the graft is maintained in a non-beating state. 
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For instance, in a canine model, hearts preserved for 24 hours with HOPE displayed 
equivalent outcomes in terms of duration of cardiopulmonary bypass (CPB) support, 
inotropic support, cardiac output, and survival when compared to those preserved 
with SCS for four hours [31]. Additionally, another study indicated superior systolic 
function recovery in a canine model using a Lutgendorf system after 24 hours of 
HOPE, as opposed to 8hours with SCS [32]. This aligns with another preclinical study 
showing better cardiac functional recovery, increased ATP levels, decreased levels 
of caspase-3 (marker of apoptosis), malondialdehyde, and endothelin-1, in HOPE-
preserved hearts versus those preserved with SCS [33].

In a more elaborate study, Steen et al., investigated the effectiveness of HOPE in 
extended preservation time (24 hours) of porcine DBD hearts using pulsed perfusion 
at 8°C, with intervals of 15 minutes of perfusion followed by 60 minutes without. The 
perfusate was a hyper-oncotic cardioplegic nutrition solution enriched with hormones 
and erythrocytes [19]. Their results showed that all HOPE-preserved hearts were suc-
cessfully transplanted and maintained stability over 24 hours post-transplant without 
adverse effects on myocardial function. Moreover, hearts in the HOPE group were 
more easily weaned off CPB compared to the SCS controls, which had difficulties in 
weaning from cardiopulmonary bypass and subsequent failure shortly thereafter [19].

Further experimental research by Qin et al., on the impact of HOPE on donor 
hearts in a porcine model demonstrated that the coronary artery endothelium main-
tained normal function in terms of vascular contractility and relaxation after 8hours 
of HOPE [34]. Prolonged HOPE (24 hours) on six pig hearts utilized a hyper-oncotic 
solution comprising albumin, a cardioplegic nutrition-hormone solution, and blood, 
maintaining a hematocrit of 10%. Control hearts used were fresh cardioplegic hearts 
from 11 pigs. This study showed no significant changes in endothelium-dependent 
relaxation, contraction force, potentiation, and calcium recirculation fraction, or 
myocardial edema (as indicated by water content) in HOPE-preserved hearts [35]. 
Additional studies highlight HOPE’s efficacy in preserving myocardial energetics. 
Michel and Madsen reported that HOPE led to less depletion of ATP stores and 
improved preservation of mitochondrial structure in a porcine heart model [2].

In another recent study by Moeslund et al., using a Swedish porcine DCD heart 
model, three heart donation techniques were compared: thoraco-abdominal normo-
thermic regional perfusion (TA-NRP) followed by SCS, TA-NRP followed by HOPE 
with the XVIVO Heart Preservation System, and direct procurement and HOPE. 
The findings indicated that HOPE significantly improved biventricular contractility 
2 hours post-cardiopulmonary bypass (CPB) and required a lower dose of inotropes 
compared to SCS. Diastolic function was preserved in all groups. Moreover, myocar-
dial injury, as indicated by increased plasma troponin T, was significantly less in the 
HOPE groups compared to those preserved with SCS [30].

One of the most notable findings is the immunodepleting phenomenon after 
HOPE. Using a porcine DBD heart model, Critchley et al., compared hearts pre-
served with SCS for 2 hours to those preserved with HOPE for 8hours. In addition 
to showing that the HOPE hearts exhibited reduced ischemia-reperfusion injury 
and cell death, along with better maintenance of myocardial viability, there was a 
significant loss of leukocytes in the myocardium after 8hours with HOPE. These 
cells consist of a across a range of phenotypes, including lymphocytes, monocytes/
macrophages, and granulocytes. These findings suggesting a unique immunodeplet-
ing phenomenon that could result in reduced organ rejection [36]. Langin et al., 
expanded on this by demonstrating how this immunodepleting phenomenon could 
benefit xenotransplantation [37]. Their study categorized genetically modified 
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α1,3-galactosyltransferase-knockout pig hearts into three groups for xenotransplanta-
tion to baboons. Group I, with hearts preserved in SCS, had only one animal survived 
past 3 days. In contrast, all animals in Group II, with hearts preserved in HOPE, 
survived for 30 or more days. Remarkably, with the addition of post-transplant care 
adjustments, all animals in Group III survived up to 6 months [37].

In summary, these studies highlight the potential advantages of HOPE in cardiac 
preservation by reducing tissue injury, maintaining cellular structure and energy 
storage, and potentially decreasing post-transplant immunogenicity, thus supporting 
its clinical application for enhanced transplant outcomes.

6. �Hypothermic oxygenated machine perfusion in heart transplantation: 
Clinical results

Since 1984, four small to moderate-sized clinical studies (excluding case reports) 
have explored the impact of HOPE on heart preservation using various perfusion 
solutions (see Table 2). Wicomb et al., conducted the first series of clinical hetero-
topic heart transplantations using hearts stored in a portable HOPE device, perfused 
with a cold crystalloid cardioplegic solution for 6 to 15 hours, achieving a survival rate 
of three out of four patients for over three months [38]. Hill et al., between May 1989 
and April 1990, perfused 22 DBD hearts with Cardiosol I heart preservation solution; 
nine of these were perfused with HOPE during transport, while 13 were transported 
using SCS. The ischemic time for hearts managed with HOPE was notably longer 
than those in the SCS group. Initially, all transplanted hearts functioned well and 
were successfully weaned off CPB, although one heart in the HOPE group required 
defibrillation. The pH of Cardiosol I in the coronary effluent in the HOPE group 
decreased from 7.4 to 6.96 by the end of the microperfusion period, remaining higher 
than that in the SCS group. Likewise, LDH release into the coronary effluent was 
lower in the HOPE group by the end of 221 minutes of microperfusion. One mortality 
was reported in the first year post-transplant in the HOPE group, with the remaining 
eight patients surviving for seven years [39].

In 2020, Nilsson and colleagues conducted a non-randomized, open-label clini-
cal trial comparing HOPE with SCS in heart transplantation [20]. In this study, six 
patients received standard-criteria DBD hearts preserved by HOPE and perfused with 
a hyper-oncotic cardioplegic solution supplemented with hormones and erythrocytes, 
while twenty-five patients received hearts preserved by SCS. The median preservation 
time for HOPE was 223 minutes, compared to 194 minutes for SCS. All patients in the 
HOPE group survived six months post-transplant, and all exhibited event-free sur-
vival (freedom from severe PDG, ECMO, acute cellular rejection ≥2R), contrasting 
with 72% in the SCS group. This study demonstrated the safety and potential benefits 
of HOPE in clinical cardiac transplantation.

Recently, McGriffin et al. conducted a multicenter, nonrandomized, single-arm 
study in Australia and New Zealand, examining the effects of prolonged donor heart 
storage using HOPE with the XVIVO Heart Preservation System [23]. The study, 
which involved 36 patients, evaluated the impact of 6–8 hours of donor heart preser-
vation on 30-day recipient survival and allograft function post-transplant.

Each center had to complete 1 or 2 patients with short preservation time before 
enrolling patients with long preservation time, resulting in a total of 7 patients in the 
former group and 29 in the latter. Patient survival was compared with a control group 
from the International Society of Heart Lung Transplantation (ISHLT) Registry. The 
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Study Subjects Size (n) Perfusion 
temp.

Preservation 
duration

Perfusate Follow-up Key findings

Wicomb et al. 
1984 [38]

DBD 4 4–10°C 6–15 hr Clear hyper 
osmolar solution

Weeks after 
heterotopic Tx

The hearts with shorter preservation time had a better 
function for longer periods after Tx.

Hill et al. 1997 
[39]

DBD 1) 9 4–10 °C 221mins Cardiosol I 7 Years pH of the coronary effluent decreased from 7.4 to 6.96 by 
the end micro perfusion.
Less LDH release into the coronary effluent compared to 
group 2.

2) 13 SCS 185 mins Cardiosol I 7 Years pH decreased more than group1. LDH release was much 
higher than group1.

3) 50 SCS 187 mins mSTS 7 Years Survival lower (70%) compared to other groups (100%) 
in 7 years.

Nilsson et al. 
2020 [20]

DBD 1) 6 8 °C 223 min XHS 6 months after 
Tx

Survival was 100% at180 days. No difference in early 
graft dysfunction, inotropic requirement.

2) 25 SCS 194 min Crystalloid 
cardioplegic 
solution

Survival was 72% in 180 days. Two recipients developed 
PGD within 24 hours of Tx. One recipient required 
ECMO within 7 days. One recipient died, and 4 
developed ACR of ≥2R within 180 days.

McGiffin 
et al. 2023 
[23]

DBD 29 Long 
Preserv-ation

8°C 414 min XHS 30-day after Tx 30-days survival was 100%. Survival superior to the 
ISHLT comparator group. Two patients had graft 
dysfunction and needed mechanical circulatory support.

7 Short 
Preserv-ation

8 °C 252 min XHS 30-day after Tx 30-days survival was 100%. One patient developed PGD 
and required ECMO.

ACR, acute cellular rejection; DBD, donation after brain death; DCD, donation after circulatory death; ECMO, extracorporeal membrane oxygenation; hr., hour; ICU, intensive care unit; LV, 
left ventricle; min, minute; mSTS, modified St Thomas’ cardioplegic solution; PGD, primary graft dysfunction; SCS, static cold storage; Tx, Transplantation; XHS, XVIVO Heart Solution; 
ISHLT, International Society of Heart and Lung Transplantation.

Table 2. 
Summary of hypothermic oxygenated machine perfusion in clinical heart transplantation.
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mean preservation time for long preservation cases was 414 ± 53 minutes, with the 
longest being 527 minutes. The recipient and graft survival at 30 days was 100% and 
exceeded that of the ISHLT comparator group. Two recipients in the long- and one in 
the short-preservation group needed temporary mechanical circulatory support post-
transplant. This study demonstrated that HOPE provides effective preservation for 
donor hearts for up to nearly 9 hours, facilitating the retrieval of donor hearts from 
remote locations and potentially enhancing the donor pool and transplant outcomes.

As of November 2024, the only randomized study on HOPE in DBD heart pres-
ervation was recently published [22]. Conducted by Rega and colleagues, this mul-
ticenter, controlled, open-label trial involved 229 adult heart transplant candidates 
across 15 centers in eight European countries. Participants were randomly assigned 
to receive donor hearts preserved by either HOPE or SCS. The primary outcome was 
the occurrence of a composite endpoint within 30 days post-transplant, including 
cardiac-related death, moderate or severe primary graft dysfunction (PGD), acute 
cellular rejection grade 2R or higher, or graft failure necessitating mechanical sup-
port or re-transplantation. The incidence of primary endpoint events was 19% in 
the HOPE group versus 30% in the SCS group, indicating a 44% risk reduction, but 
not statistically significant. The incidence of PGD was also significantly lower in the 
HOPE group. While the study did not achieve statistical significance for the primary 
composite endpoint, the significant reductions in PGD and other complications 
support HOPE as an effective and safe option for donor heart preservation in clinical 
transplantation.

In summary, these clinical studies, while small to moderate in scale and predomi-
nantly non-randomized, show that HOPE can extend ischemic times, allowing for 
the utilization of donor hearts across longer distances and potentially improving 
transplant outcomes. Notably, these studies highlighted improved physiological 
parameters such as better pH stability and lower lactate dehydrogenase (LDH) 
release during perfusion, alongside enhanced post-transplant survival and event-free 
outcomes compared to SCS. Despite these encouraging findings, there remains a clear 
need for further research. Larger, randomized clinical trials are necessary to provide 
more definitive evidence of the benefits and potential risks associated with HOPE. 
Such studies would help clarify the impact of extended preservation times enabled by 
HOPE on long-term recipient outcomes and further assess the procedure’s effective-
ness in reducing primary graft dysfunction and other complications. By expanding 
the evidence base, the clinical adoption of HOPE could be accelerated, potentially 
transforming standard practices in heart transplantation to achieve better patient 
outcomes globally.

7. �Ongoing and future trials

To better assess the relative benefits of heart HOPE compared to static cold storage 
(SCS) in donor hearts, further clinical data are required. Table 3 lists ongoing trials 
registered at ClinicalTrials.gov (https://clinicaltrials.gov).

As of November 2024, four trials are ongoing. A randomized European trial 
(NCT03991923) is enrolling 230 heart transplant recipients receiving hearts pre-
served by either HOPE or SCS. The primary outcome is mortality at 1 month and 
12 months, with graft dysfunction at those same time points as a secondary outcome. 
Another randomized trial from Sweden (NCT04066127), with 66 patients, has a 
primary outcome of survival free of acute cellular rejection and re-transplantation 
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NCT number Institution Study phase/
Design

Starting 
date–Estimated 
completion date

Estimated 
number of 

enrolled 
patients

Study 
arms

Outcome measures
(Time period)

NCT03991923 Total eight centers 
in Europe

Multicenter, 
randomized

November 2020–
August 2024

230 HOMP, 
SCS

Primary outcome: mortality and graft dysfunction 
(30 days); secondary outcomes: mortality and graft 

dysfunction (12 months)

NCT04066127 Skane University 
Hospital, Sweden

Randomized June 2020–
December 2026

66 HOMP, 
SCS

Primary outcome: survival free of acute cellular 
rejection and re-transplantation (12 months); secondary 
outcomes: I/R-tissue injury, early allograft dysfunction, 

and health status.

NCT05881278 Total fifteen 
centers in USA

Multicenter, 
non-randomized

October 2023-
March 2026 

(primary 
completion)
March 2030

141 HOMP Primary outcomes: percentage of patient survival (post-
operative day 365), and percentage of patient treatment 

success rate (30 days post-Tx).

NCT06485596 Belgium, 
Netherland-total 

four centers

Multicenter, 
proof-of-concept

July 2024–June 
2026

20 HOMP Primary outcome: patient survival in 30 days; secondary 
outcomes: cardiac related mortality at 6 months, 

incidence of MCS, incidence of severe PGD at 24 hours, 
cardiac function as assessed by LVEF at 24 hours and 

30 days, incidence of perfused hearts which are not used 
for transplantation, total duration of ICU stay (days), 

incidence of biopsy proven rejection >1 ACR, number of 
days until hospital discharge from index procedure.

HOMP, Hypothermic oxygenated machine perfusion; PGD, primary graft dysfunction; post-Tx, post-transplantation; SCS, static cold storage; MCS, mechanical circulatory support; LVEF, 
left ventricular ejection fraction.

Table 3. 
Ongoing clinical trials using hypothermic oxygenated machine perfusion. (https://clinicaltrials.gov/).
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at 12 months. A non-randomized, multicenter US trial with 141 HOPE patients has 
a primary outcome of patient survival at 365 days and a treatment success rate at 
30 days. Finally, a non-randomized, proof-of-concept trial from Belgium involving 20 
patients receiving HOMP hearts has a primary outcome of patient survival at 30 days 
post-transplant. Further details of these ongoing projects are listed in Table 3.

8. �Conclusion

In summary, hypothermic oxygenated machine perfusion represents a promising 
strategy to address the challenges of prolonged ischemic times and ischemia-reper-
fusion injuries in heart transplantation. Preclinical and clinical studies collectively 
demonstrate that hypothermic oxygenated machine perfusion of donor hearts, as 
compared with static cold storage, can extend the ischemic time, facilitate the use of 
donor hearts over longer distances, reduce ischemia-reperfusion injury, enhance graft 
function, expand donor pools, and potentially improve transplant success rates and 
survival outcomes.

Despite the promising outcomes, most existing clinical studies on HOPE are 
limited by small sample sizes and a lack of randomization, which could affect the 
generalizability of the results. Future research should focus on conducting larger, 
randomized controlled trials to provide more robust evidence on the efficacy and 
safety of HOPE. This will help to definitively determine its benefits over traditional 
preservation methods like SCS.

Furthermore, exploring the integration of HOPE with innovative technologies 
such as real-time monitoring of tissue metabolism, pharmacologic or biological 
modifications of the donor heart during perfusion may further refine the evaluation 
and conditioning of cardiac allografts. This comprehensive and innovative approach 
will enable more effective and individualized care, leading to improved short- and 
long-term outcomes for patients with end-stage heart diseases.
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Abstract

This chapter aims to explore the history of xenotransplant, contemporary practices, 
ethical considerations, and the challenges associated with xenotransplantation. Due to 
the persistent scarcity of donor organs available for transplantation, various alternative 
sources are under investigation, one of which is xenotransplantation—transplanting 
organs from one species to another. Among nonhuman primates, porcine is consid-
ered the most suitable species for organ usage, as they grow to human size in just a 
few months. Significant progress has been made in the genetic engineering of pigs, 
whose hearts closely resemble human hearts in both structure and function. Genetic 
engineering plays a crucial role in overcoming immune barriers in xenotransplanta-
tion, helping to prevent T-cell-mediated and hyperacute rejection. Although using 
large animal models for orthotopic heart transplants presents technical challenges, 
the approach holds promise. Despite some religious prohibitions on pork, leaders in 
Muslim and Jewish traditions generally consider porcine organ donation ethical, as it 
saves lives. While technological advances have reduced the risk of xenografts transmit-
ting novel viruses, this danger remains and has serious implications for the informed 
consent process in clinical xenotransplantation research.

Keywords: xenotransplant, xenograft, genetic engineering, genetic modification, 
organ preservation, rejection

1. �Introduction

Approximately 6.7 million Americans aged over 20 years have heart failure (HF),
with estimates suggesting a rise to 8.5 million Americans by 2030. The lifetime 
risk has escalated to 24%, implying that approximately one in four individuals will 
encounter HF at some stage in their lives [1].

For patients with end-stage heart failure, the most effective treatment is receiving 
a heart transplant from either a brain death or circulatory death donor. To tackle the 
shortage of donated hearts, alternative sources are being explored. Many countries have 
implemented large-scale organ recovery programs, either voluntary or mandatory, with 
sophisticated allocation systems to ensure fair distribution and optimal outcomes [2].

The limited availability of donors is a significant barrier to heart transplantation. 
To expand the donor pool, hearts from extended criteria donors, such as those of 
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advanced age, left ventricular hypertrophy, hepatitis B or C infection, donor-recip-
ient size mismatch, and prolonged ischemic times, are frequently utilized with the 
satisfactory outcomes [3].

The scarcity of donor organs and tissues continues to be the most significant 
obstacle to expanding transplantation, despite numerous advancements in the field 
over recent decades. In the United States, the national transplant waiting list currently 
include over 100,000 individuals, with 3% of them being heart failure patients; in 
contrast, only 3.659 heart transplants are performed annually, indicating that nearly 
half of the patients will not receive a heart transplant [4].

One potential solution to bridge the gap between the supply and demand for donor 
hearts is xenotransplantation. Xenotransplantation involves the transplantation of 
organs from one to another species. Pigs are considered the most suitable species 
for xenotransplantation due to their anatomical and physiological similarities to 
humans, their low risk of transmitting xenozoonoses, and their compatibility with 
genetic engineering techniques that help reduce the risk of organ rejection. Despite 
these advantages, the genetic differences between pigs and humans have posed 
challenges, such as immune rejection and the potential transmission of diseases [5]. 
While primates are genetically closer to humans, their use is ethically and ecologically 
unsustainable, as many are endangered. Pigs, on the other hand, are widely bred and 
consumed, making them a more viable ethical option for harvesting organs to treat 
human diseases [6, 7].

2. �Xenotransplantation in the mythology

Before the idea of xenotransplantations emerged, folklore already contained tale 
of being that were part of human, part animal. Prehistoric cave art seldom depicts 
humans, but in France’s Lascaux cave, dating back to around 15,000 BC, a unique 
depiction shows a human with a bird’s head. Ancient Egyptian deities are often 
illustrated with human bodies and animal heads. Anubis has a jackal’s head and the 
Great Sphinx of Giza from about 2500 BC is portrayed as a lion with a woman’s head. 
A first account of xenotransplantation appears in Indian mythology, found in Sanskrit 
text from the twelfth century BC [7]. According to the legend, Indian gods Shiva 
and Parvati had a child named Ganesha while Shiva was away hunting. Like many 
mythical figures, Ganesha was born a giant, and upon his return, Shiva mistakenly 
beheaded him, thinking he was a stranger. Parvati threatened to destroy the universe 
unless Shiva revived their son. Since Shiva could not replace Ganesha’s head, he 
instructed his servants to retrieve the head of the first creature they encounter, result-
ing in Ganesha being revived with an elephant’s head [8].

In Ancient Greek mythology, the Minotaur is depicted as having a man’s body with 
a bull’s head, while the Sphinx is a winged lion with a woman’s head, and Centaurs 
have the body of a horse and the torso and head of a man. In Homer’s “Odyssey” writ-
ten around 750 BC, Ulysses’s crew is magically turned into half-human, half-swine 
creatures by the sorceress Circe. More recent legends of werewolves and vampires, 
which involve transformations from human to animal, also reflect these hybrid 
beings [8]. The late Keith Reemtsma suggested an early example of xenotransplanta-
tion might be Daedalus and his son Icarus’ attempt to fly from Crete to Greece using 
wings attached to their arms. Though Icarus failed, potentially due to what Reemtsma 
humorously referred to as hyperacute rejection or adhesive failure, Daedalus succeed, 
marking a 50% success rate for the venture [9, 10].
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The Lamassu (Figure 1), a mythological creature from ancient Mesopotamian art, 
features a human head, the body of a lion or bull, and the wings of an eagle. Regarded 
as a protective deity, it was often positioned at city or palace entrances to guard 
against evil. These statues are primarily associated with the Assyrian Empire, espe-
cially in cities like Nineveh and Nimrud. The Lamassu has been chosen as the emblem 
for the International Xenotransplantation Association and its scientific journal, 
“Xenotransplantation” [11].

2.1 History of cardiac xenotransplantation

Early xenotransplantation involved cells and tissues, such as blood, bone, skin, 
and testicular tissue. However, the transplantation of whole organs was delayed due to 
the lack of techniques to manage bleeding after the removal of a diseased organ and to 
effectively restore blood circulation following transplantation [10–12].

In the seventeenth century, the earliest documented instance of xenotransplanta-
tion (as well as blood transfusion) to humans was performed by Jean-Baptiste Denis, 
who transfused lamb’s blood into a 15-year-old boy [11].

In 1838, Sharp-Kissam conducted the first corneal transplant by placing a pig’s 
cornea into the eye of a 35-year-old man. During the nineteenth century, scientists 
began experimenting with skin xenografts from a variety of animals, including pigs, 
sheep, frogs, pigeons, and chickens, for biological dressings, as well as using bovine 
embryonic skin grafts for skin dressings [10].

In the twentieth century, Voronoff attempted to “rejuvenate” elderly men by con-
ducting several chimpanzee and baboon testicular transplants purportedly thereby 
elevating energy levels in patients. In the 1960s, Reemtsma carried out 13 chimpan-
zee-to-human kidney xenotransplants, most of which failed within 4–8 weeks due to 
rejection or infections, except for one that lasted for 9 months [11].

Figure 1. 
Lamassu, the mythological creature with a human head, the body of a bull or lion, and the wings of an eagle. It 
stands majestically in an ancient Assyrian setting.
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Alexis Carrel transformed organ transplantation by creating the triangulation 
technique for vascular anastomosis [13, 14]. Throughout the twentieth century, mul-
tiple efforts at xenotransplantation were undertaken, utilizing organs from nonhu-
man primates as well as mammals such as rabbits, sheep, and pigs.

In 1906, Mathieu Jaboulay conducted the initial documented effort to transplant 
pig and goat kidneys into individuals suffering from chronic kidney disease, but both 
operations were unsuccessful due to graft thrombosis [15]. Similarly, in 1909, Ernst 
Unger’s attempt to use a macaque kidney ended in failure [16]. These early efforts 
were largely unsuccessful due to the lack of effective immunosuppression and were 
discontinued until the 1960s [5]. At that time, Keith Reemtsma used immunosuppres-
sive drugs and full-body radiation to successfully graft a monkey kidney into a human 
patient, who survived for 2 months before dying of pneumonia. Reemtsma continued 
his research, with one patient surviving up to 9 months [17–19].

In 1964, James Hardy, a cardiac surgeon in Jackson, Mississippi, performed the 
first non-human to primate (NHP) heart transplant at the University of Mississippi 
using a chimpanzee heart on a 68-year-old patient suffering from heart failure with 
left leg gangrene and shock. However, the chimp’s heart was too small to meet the 
demands of the patient body, requiring manual cardiac massage and pumping for 
only an hour before the patient lost consciousness and expired. An autopsy and 
histopathological exam later revealed that antibody-mediated graft rejection was the 
primary cause of death [20, 21].

In 1967, Christian Barnard conducted the initial human heart transplant on Louis 
Washansky, who lived for 18 days afterward. The second individual survived for 
19 months, while the fifth and sixth patients lived for 13 and 24 years, respectively 
[22, 23]. Following Barnard’s groundbreaking transplant, there was a surge in heart 
transplants worldwide, with over 100 performed across 24 countries, temporarily 
shifting attention away from xenotransplantation [24]. Dr. Barnard also performed 
two xenotransplantations in 1977. The first patient was a 25 years old female with his-
tory of prior severe aortic stenosis underwent Bjork-Shiley aortic valve replacement 
and had severe hemolysis from the mechanical valve. She subsequently underwent a 
redo aortic valve replacement with aortoventriculoplasty. The patient was not able to 
wean off cardiopulmonary bypass. Dr. Barnard decided to perform a heterotrophic 
heart transplant using a baboon heart. However, both hearts developed ventricular 
fibrillation and not recovered [21]. Dr. Barnard later performed a second heterotro-
phic xenotransplant in the same year, using a chimpanzee heart transplanted to a 
60 years old male underwent aortic valve replacement who had cardiogenic shock 
and was unable to wean from cardiopulmonary bypass. This patient survived 4 days 
postoperatively, but the heart function gradually declined. The patient expired from 
severe graft rejection [21].

After Barnard’s achievement, many mammalian hearts were used in transplants, 
with one notable case of Stephanie Fae Beauclair, also known as “Baby Fae,” a pediat-
ric patient diagnosed with hypoplastic left heart syndrome. Leonard Lee Bailey and 
the team from Loma Linda University Medical Center transplanted a baboon heart 
into Baby Fae on October 26, 1984 and she survived for 20 days, marking the first 
recorded pediatric heart xenotransplant [21, 25, 26].

2.2 Current status of xenotransplantation

In January 2022, a groundbreaking medical procedure was performed when David 
Bennett Sr., a 57-year-old man suffering from heart failure, became the first patient to 
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receive a heart transplant from a genetically modified pig. This operation was carried 
out by Dr. Bartley P. Griffith, Dr. Muhammad M. Mohiuddin, and their team at the 
University of Maryland Medical Center. Bennett’s health had declined so severely that 
he was dependent on mechanical circulatory support and extracorporeal membrane 
oxygenation (ECMO). Due to non-compliance with medications and medical recom-
mendations, he was ineligible for a human heart transplant or LVAD therapy because 
of an irregular heart rhythm. As this procedure was not included in a clinical trial, the 
medical team requested special authorization from the FDA under “compassionate 
use.” Initially, Bennett showed signs of recovery—he could communicate with family, 
watch TV, and work with a physical therapist during his stay in the hospital. After 
about 40 days, his condition worsened, and he passed away on March 8, 2022 [27], 
two months after the transplant [28, 29].

The team discovered the presence of a virus known as porcine cytomegalovirus 
(CMV) in the transplanted heart. The donor pig had been genetically modified to 
reduce the risk of Bennett’s body rejecting the organ, and it had undergone multiple 
screenings for infections. Despite these precautions, concerns remain about the 
possibility of viruses being transmitted from animals to humans during xenotrans-
plantation. Experts, however, believe the virus found in Bennett’s donor pig is not 
capable of infecting human cells. Although Bennett did not survive, the procedure 
was considered a milestone in xenotransplantation, and researchers aim to continue 
exploring the use of animal organs to save human lives [27].

This procedure marked a breakthrough, as it was the first pig heart transplant 
to sustain life for 2 months, significantly longer than previous attempts. The pig’s 
heart had been heavily genetically modified, with 10 gene alterations [28]. These 
modifications included knocking out the galactose α-1,3-galactose (Gal) gene, 
creating genetically engineered α1,3-galactosyltransferase gene-knockout (GTKO) 
pigs. Human complement regulatory proteins (CRPs), including human membrane 
cofactor (CD46) expression, human decay-accelerating factor (CD55) expression, 
and membrane attack complex inhibitor protein (CD59), were added to prevent the 
human immune system from attacking the pig tissue [30, 31]. Additionally, human 
antithrombotic genes were introduced to prevent thrombotic microangiopathy. 
Immunosuppressive therapies were used to reduce T and B cell activities and prevent 
heart muscle hypertrophy [6, 32, 33]. A new experimental drug, KPL-404, was also 
administered to inhibit communication between T and B cells, reducing anti-porcine 
antibodies [28]. Improved preservation techniques, such as ex vivo heart storage, 
helped reduce perioperative cardiac xenograft dysfunction (PCXD), a common cause 
of graft failure within the first couple days after transplantation [6, 34].

Lawrence Faucette, a 58-year-old man, was the second person to receive a pig 
heart transplant on September 20, 2023. He was suffering from end-stage heart 
failure and was not eligible for a human heart transplant due to severe peripheral 
vascular disease and other comorbidities. Based on the first pig to human heart trans-
plant, the team considered better screening to identify the presence of porcine viruses 
and administer intravenous immunoglobulin G (IVIG) to remove anti-pig antibodies 
[35]. Faucette was continuing to recover and was able to sit up in the chair after 2 days 
postoperatively and lived for nearly 6 weeks after transplant. Faucette passed away on 
October 30, 2023 from graft rejection (Table 1) [35].

Genetic engineering plays a crucial role in overcoming immune barriers for 
successful xenotransplantation by addressing issues such as T cell-mediated rejection 
and hyperacute rejection. However, conducting orthotopic, life-sustaining heart 
transplants using large animal models remains a technical challenge. Most cardiac 
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xenografts are heterotopic, meaning they are connected to the recipient’s major blood 
vessels in the abdominal cavity and function more like an appendage rather than a 
fully functional heart. These heterotopic grafts are not responsible for sustaining the 
recipient’s life. Yet, with long-term immunosuppression, xenografts engineered with 
porcine GalT KO, human complement regulatory proteins (CRPs), and thrombo-
modulin genes have survived in baboons for several years after transplant [6, 32].

More recent advancements have taken orthotopic heart xenotransplantation fur-
ther. In baboon models, life-sustaining grafts have survived for over 6 months when 
using GalT KO, human membrane cofactor protein (CD46), and human thrombo-
modulin pig hearts, combined with a regimen of immunosuppressive therapies such as 
rituximab, antithymocyte globulin (ATG), inhibition of CD40-CD154 (CD40 Ligand) 
costimulatory pathway, mycophenolate mofetil, and steroids. These developments 
signal an exciting leap forward in the potential for heart xenotransplantation [6, 33].

Year Author Place Animal 
source

Patient 
description

Survival References

1964 Hardy Jackson, MS, 
USA

Chimpanzee 68-year-old 
man

90 min [20]

1968 Ross London, UK Pig 48-year-old 
man

4 min [9]

1968 Cooley Austin, TX, 
USA

Sheep 48-year-old 
man

10 min [36]

1969 Marion Lyon, France Chimpanzee Young 
woman

“Quickly” [37]

1977 Barnard Cape Town, 
South Africa

Baboon 25-year-old 
woman

5 h 30 min [38]

1977 Barnard Cape Town, 
South Africa

Chimpanzee 60-year-old 
man

4 days [38]

1984 Bailey Loma Linda, 
CA, USA

Baboon 14-day-old 
baby

20 days [26]

1992 Religa & 
Czaplicki

Sosnowiec, 
Poland

Pig 31-year-old 
man

23 h [39]

1996 Baruah Sonapur, 
India

Pig 32-year-old 
man

7 days [9]

2022 Bartley 
Griffith

Maryland, 
USA

Pig 57-year-old 
man

60 days [29]

2022 Nader 
Moazami

NYU, USA Pig 72- year-old 
man*

72 h** [21]

2022 Nader 
Moazami

NYU, USA Pig 64-year-old 
women*

72 h** [21]

2023 Bartley 
Griffith

Maryland, 
USA

Pig 58-year-old 
man

30 days [35]

There have been 13 heart xenograft experiments. Donors were chimpanzees in three cases, baboons in two cases, pigs in 
seven cases, and sheep in one case.
*These recipients were brain death patients, and they were part of experimentation.
**As part of the research protocol, the observation period was set to 72 h.

Table 1. 
History of heart xenotransplantation.
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The production of transgenic hA20, a zinc finger protein enzyme activated by 
tumor necrosis factor (TNF), suppresses nuclear factor-kB activation and prevents 
TNF-induced apoptosis. Although there was no significant enhancement in organ 
survival, the expression of this transgene was confined to the pig heart and seemed to 
slightly decrease ischemia-reperfusion injury [6, 40]. Additionally, human thrombo-
modulin (CD141), an anticoagulant protein located on the surface of endothelial cells, 
was produced transgenically. This modification was one of the crucial transgenic 
alterations in pig hearts that helped prolong the survival of heterotopic heart xeno-
transplants in baboons [6, 41].

Mohiuddin and colleagues reported that GTKO.hCD46.hTBM pig heart xeno-
grafts, transplanted heterotopically into baboons, survived for over a year. Their 
immunomodulatory strategy included the use of anti-CD40 antibodies, which 
successfully reduced the production of antipig antibodies, minimized thrombotic 
microangiopathy in the organ, and lowered the incidence of systemic consumptive 
coagulopathy [6, 42].

Additionally, Mohiuddin and colleagues tested a modified immunomodulation 
method, focusing on the anti-CD154-CD40 costimulation pathway in baboon recipi-
ents of GTKO.hCD46.hTBM pig hearts. The findings revealed that ongoing treatment 
with the anti-CD40 (2C10R4) antibody successfully prevented xenograft rejection, 
leading to graft survival of over 2 years. This approach may hold potential for pig-to-
human xenotransplantation (Figure 2 and Table 2) [6, 35, 43].

2.3 Religious condition and community perspectives

Several factors we should consider for the ideal animal heart donor include 
anatomically like human heart, proper size to support human circulation, immuno-
logical compatibility, easy to breed, less cost of animal care, and low zoonotic disease 
spreading [21]. Baboons were used in the first attempt of heart xenotransplantation 

Figure 2. 
Gene-edited pigs for human heart transplantation.
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due to similarity of immunology and anatomy. Nevertheless, there are some concerns 
about high cost and ethical considerations. Baboons are now widely adopted for 
animal-to-human heart xenotransplantation [21]. Pigs are considered an ideal species 

Gene Gene product GE Native 
function

Xeno-strategy

Controlling rejection

1. GGTA1 
(ɑ1,3-galactosyltransferase)

Gal (Galactose-alpha-
1,3-galactose)

Knockout Carbohydrate 
antigen on cell 
surface

Decrease 
preformed 
antibody binding 
and HAR

2. B4GalNT2 (β1,4-
nacetylgalactosyltransferase)

SDa (SD antigen) Knockout Cell membrane 
antigen

Decrease 
preformed 
antibody binding 
and HAR

3. CMAH 
(N-acetylneuraminic acid 
hydroxylase)

Neu5Gc 
(N-glycolylneuraminic 
acid)

Knockout Glycocalyx 
component

Decrease 
preformed 
antibody binding 
and HAR

Preventing complement activation

4. CD46 CD 46 (membrane 
cofactor protein)

Human 
transgene

Cleaves C3b 
and C4b

Decrease 
complement 
activation

5. CD55 CD55 (decay 
accelerating factor)

Human 
transgene

Dissociates 
C3 and C5 
convertases

Decrease 
complement 
activation

Controlling coagulopathy

6. TBM TBM 
(thrombomodulin)

Human 
transgene

Sequesters 
thrombin from 
fibrinogen, 
activates 
protein C

Decrease 
coagulability

7. EPCR EPCR (endothelial 
protein C receptor)

Human 
transgene

Positions 
protein C for 
activation

Decrease 
coagulability

Controlling inflammation

8. CD47 CD47 Human 
transgene

Binds 
SIRP-α on 
macrophages, 
preventing 
phagocytosis

Decrease 
macrophage 
activity

9. HO-1 HO-1 (heme 
oxygenase-1)

Human 
transgene

Degrades free 
heme

Proactive ischemia 
reperfusion 
response

Controlling excessive growth

10. Growth hormone receptor Growth hormone 
receptor

Knockout Diverse effects 
on growth and 
metabolism

Match porcine 
graft growth with 
primate recipient

Table 2. 
Components of the 10-GE pig.

264



Xenotransplantation: Current Situation and Future Perspective
DOI: http://dx.doi.org/10.5772/intechopen.1008687

9

for organ utilization compared to primates, as they grow and enlarge to human size 
within just a few months. Moreover, significant progress has been made in the genetic 
engineering of pigs, whose hearts are structurally and functionally like human hearts 
[44]. However, xenotransplantation raises various concerns, including zoonotic risks, 
ethical dilemmas, and religious issues [45]. Social approval of xenotransplantation 
remains uncertain. Religious objections have also emerged, particularly within Jewish 
and Muslim traditions, which historically prohibit the use of pigs. Nonetheless, some 
reconciliation has been observed when xenotransplantation is performed to save 
human lives or prevent worsening of diseases [6, 46].

Although certain religious traditions, such as Judaism and Islam, prohibit the 
consumption of pork, some religions find the donation of porcine organs acceptable 
when it serves to save human lives. Dietary restrictions for Jews and Muslims do 
not extend to tissue implantation perspective. Approximately half of Seventh-day 
Adventists and more than a third of Buddhists practice vegetarianism, which may 
lead to refusal of xenogeneic tissue. While many Hindus prohibit the use of both 
human and animal tissue, there are some who accept human tissue and organ dona-
tions. Vegans typically favor human (allogeneic) tissue over animal (xenogeneic) 
tissue. Scientologists, Lutherans, Baptists, Evangelicals, and Catholics usually accept 
both allogeneic and xenogeneic acellular grafts. In contrast, Jehovah’s Witnesses, 
Methodists, and members of The Church of Jesus Christ of Latter-day Saints allow 
individuals to make their own choices regarding these matters [6, 46, 47].

One potential solution to these concerns is to clarify that only a small portion of 
transplant patients would benefit from xenotransplantation. In the meantime, some 
patients might explore alternative treatments that do not require animal involve-
ment. As a result, the justification for utilizing animals in this manner is that only a 
small number of animals would be necessary as organ donors, since they are the only 
feasible solution for a particular group of patients requiring transplants [6, 47].

Communities of animal rights have opposed the use of animals as organ sources 
due to concerns about their intelligence, sentience, and capacity for suffering. The 
debate over whether donor animals have rights remains unclear. Animal rights 
advocates view pigs as complex, intelligent beings and argue that they should not 
be sacrificed for human organs, despite their long history of being used for meat 
consumption [48]. Similar to nonhuman primates, especially baboons, which 
exhibit advanced social behaviors, the use of these animals in research and organ 
donation raises ethical issues. However, the use of porcine tends to be less contro-
versial. Organizations like People for the Ethical Treatment of Animals (PETA) have 
expressed their opposition to the use of animals and animal-derived tissues for medi-
cal training, experimentation, and clinical treatments. This includes their opposition 
to using biologic meshes derived from animals for the repair of soft tissues [6, 37].

2.4 Infectious disease

The risk of transmitting infections from swine to human is a major concern in 
xenotransplantation. Instances, such as HIV/AIDS, Ebola, swine flu (influenza A/
H1N1), and avian flu (influenza A/H5N1), demonstrate how infections can be 
transferred from animals to humans. Pigs can carry several viral pathogens, including 
the hepatitis E virus, swine lymphotropic herpesviruses, and cytomegalovirus (CMV) 
[40]. While many of these issues can be mitigated by breeding pathogen-free pigs, 
porcine endogenous retroviruses (PERV) remain a problem as they are embedded in 
the genomes of all pigs and cannot be eliminated through breeding alone. There are 
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worries that PERVs might infect human cells, mutate, cause cancer, or merge with 
other viruses to form new infections. Recent developments, like the gene-editing 
elimination of all proviruses in pig genomes, have considerably lessened, but not 
completely eradicated, these risks. Endogenous retroviruses in pigs, which can 
potentially spread to human cells and cause illness, have been partially addressed by 
gene-knockout techniques that significantly lower the risk [37].

Porcine endogenous retroviruses (PERVs) are categorized into three subtypes, 
PERV-A, PERV-B, and PERV-C [49]. While all pig breeds carry PERV-A and PERV-B, 
PERV-C is only present in a few breeds [50]. The recombinant virus PERV-A/C 
has shown increased infectivity in human cells [51]. Therefore, the International 
Xenotransplantation Association suggests donor pigs used for xenotransplantation 
be free from PERV-C [52]. Several in vitro, but not in vivo studies have demonstrated 
the transmission of PERVs from pigs to human cells and between human cells, 
though only specific cell types were affected, as many lack the necessary receptors for 
PERVs infection [53]. In 2017, Niu and colleagues used somatic cell nuclear transfer 
to deactivate all PERVs in a swine primary cell line, leading to the development of 
healthy, PERV-free pigs [54]. While these pigs offer a promising new approach to 
xenotransplantation with reduced PERVs risk, their susceptibility to reinfection 
remains unknown. Although CRISPR/Cas9-modified PERV-inactivated cell lines 
produced non-infectious virus particles, they were no longer capable of spreading the 
virus, protecting the mutant cells from reinfection [55].

Despite advances in reducing the risk of xenografts causing a novel virus outbreak, 
the danger persists and has important implications for the informed consent process 
in heart xenotransplantation clinical trials. Recipients of swine hearts may pose a 
health risk to themselves, their families, and the broader public. Therefore, as man-
dated by U.S. Public Health Service regulations for xenotransplantation, the informed 
consent process must clearly outline these risks. Since many zoonotic diseases such as 
HIV and Creutzfeldt-Jakob disease can have long-latency periods before symptoms 
appear, patients must be informed about the need for periodically and lifelong labora-
tory and clinical monitoring. Additionally, privacy concerns, such as the mandatory 
reporting of sexual contacts and the requirement for an autopsy upon death, should 
be communicated thoroughly to patients and their relatives [56].

3. �Organ preservation

The current gold standard for heart preservation involves antegrade flushing of 
the coronary arteries with a cardioplegic solution, followed by cold ischemic storage 
at 4 degree Celsius [57]. Ischemic times <4 h are linked to a higher chance of survival, 
while ischemia extending >6 h significantly increases the risk of 1-year mortality. To 
improve outcomes, better organ preservation techniques are needed to reduce cell 
metabolism and minimize ischemia reperfusion injury [58].

Steen and his collaborators effectively conducted orthotopic allotransplantation 
of pig hearts following 24 h of preservation. They accomplished this by perfusing the 
donor hearts with an oxygenated, cold (8°C) hyperoncotic cardioplegic solution that 
included hormones and erythrocytes, utilizing a heart preservation system (XVIVO 
heart assist transport, Sweden). The hearts were kept in this preservation system for 
an additional 24 h before transplantation into recipient pigs [59]. A similar preser-
vation method was utilized during the first pig-to-human heart transplant earlier 
this year. In this case, a technique developed by Lund University was adapted, using 
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an ex vivo device to preserve the pig heart, which was submersed in a fluid contain-
ing hormones such as epinephrine and cortisol, as well as dissolved cocaine. This 
approach demonstrated good preservation of the heart, which maintained proper 
function after being transplanted [28].

Although traditional cold antegrade flushing of cardioplegia solution has been 
effective in human allotransplantation for decades, Längin and colleagues noted 
that these methods were ineffective and insufficient for pig hearts transplanted into 
baboons. Ischemic storage resulted in significant deterioration of heart function and 
decreased oxygen delivery to tissues, leading to multi-organ dysfunction in many 
trials. In contrast, cold, nonischemic preservation with continuous perfusion consis-
tently prevented primary graft failure, highlighting the need for stable perioperative 
survival in long-term experimental xenotransplantation studies [60].

4. �The future of xenotransplantation

The field of xenotransplantation has made significant strides over the past decade, 
thanks to advancements in immunosuppression, genetic engineering, and a deeper 
understanding of cross-species incompatibilities. Consequently, cardiac xenografts 
have achieved survival rates of over 3 years [61]. With the right immunosuppressive 
protocols, the longevity of xenografts can be further extended. Acute humoral xeno-
graft rejection, a slower form of rejection driven by antibodies, is now uncommon, 
and acute cellular rejection is no longer the main reason for graft failure. Instead, the 
primary challenge seems to be coagulation issues between the donor and recipient, 
appearing as thrombotic microangiopathy in pig-to-human heart transplants. This 
leads to ischemic damage to the myocardial cell and subsequently causes consumptive 
coagulopathy [62]. Despite these challenges, the future of xenotransplantation looks 
promising.

5. �Conclusions

Xenotransplantation holds promise for the future, offering the potential to 
reduce or even eliminate organ transplant waiting lists by expanding the donor pool. 
However, the technique still faces significant challenges that must be addressed 
before it can transition from an experimentation to a standard practice. While it has 
the capacity to increase the availability of donor hearts, several critical issues remain 
unresolved. Ongoing research continues to bring this innovation closer to becoming a 
viable option for transplantation.
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In a world where medical advancements are transforming lives daily, one area remains 
both extraordinary in its potential and deeply challenging in practice: organ donation. 
Bridging the Gap and Saving Lives - A Comprehensive Guide to Organ Donation explores 
this fascinating and crucial sphere of healthcare, aiming to illuminate the path from 

donor to recipient and the myriad of elements that influence this journey.
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