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Opening vignette

Consider a routine follow-up with a kidney transplant recipient: You are sitting with 

your patient presenting with an elevated serum creatinine. To assess potential allograft 

rejection or injury you do not reach for a single piece of information. You look at the trend 

rather than one value, you check the proteinuria, you recall the donor-specific antibodies 

from last year, you open the most recent biopsy results and you weigh all of it against 

everything you know about this particular patient. In a few minutes you have combined five 

different kinds of information into one judgement, almost without noticing. This ordinary 

act–holding many sources together and deciding what they mean as a whole–turns out to 

be the single hardest thing for artificial intelligence to do. The current landscape of AI tools 

in transplantation largely features fragmented, siloed architectures. Most of these tools 

read a single type of data–the biopsy, the transcriptomic signature, or the cfDNA value 

alone–and are built to answer one specific diagnostic or prognostic question.
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There is no single “transplant AI”

With the launch of this inaugural piece, we proudly 
introduce our new educational series, “Decoding AI for 
Transplantation.” This opening contribution is intended to 
paint the overarching landscape of the field, establishing a 
baseline framework before subsequent educational pieces look 
closely at specific computational methods, novel algorithmic 
approaches, and pressing ethical concerns.

A pervasive challenge in contemporary medical discourse 
is the tendency to evaluate “Artificial Intelligence” as a single, 
monolithic entity, like a uniform “black box” expected to 
revolutionize clinical care overnight. In reality, there is no 
singular, all-encompassing AI tool for transplantation; 
instead, the technology consists of highly narrow 
algorithms (or “AI tools”) designed for a specific purpose, 
each reading a particular kind of data [1, 2]. The fundamental 
clinical skill this series aims to cultivate, therefore, is not the 
capacity to critique “AI” in the abstract, but rather the 
practical ability to differentiate between these disparate 
technologies. This analytical categorization can largely be 
achieved by interrogating two fundamental questions: first, 
what specific modality of data does the tool read and second, 
what precise clinical objective is it engineered to fulfil?

What does it read, and what can it do?

Take the two questions in turn, because together they locate 
almost any tool you will meet (Figure 1).

The first question is simple: what kind of data does 
the tool read? We call this its modality. Some tools read 
structured clinical data–creatinine, proteinuria, HLA 
mismatch, donor-specific antibodies. Others read images, 
typically the digitized biopsy slide [3]. Some read molecular 
data – the gene-expression signature of a tissue sample [4, 5], or 
donor-derived cell-free DNA in the blood [6]. Some read 
longitudinal data, following how a value moves over months 
rather than its level on a single day. And some now read free 
text–notes, letters, the literature–using large language models 
[7]. Each modality is, in effect, a different language, and most 
tools speak only one.

The second question is the task–the job the tool performs. A tool 
may be built to diagnose (what is happening in this graft now?), to 
screen or monitor (is something developing before it becomes 
clinically obvious?), to predict (what is the long-term risk?), or to 
guide a treatment decision. The same modality can serve different 
jobs, and the same job can be approached through different 
modalities–which is precisely why the word “AI” tells you so 
little on its own.

FIGURE 1 
Around the edge are the five data modalities a tool may read–clinical, histological/image, molecular, longitudinal and textual; along the bottom are 
the clinical tasks it may perform–diagnosis, monitoring, prediction and decision support. Most tools occupy a single modality for a single task; some 
already combine several sources into a multimodal model (centre), where foundation models and large language models increasingly act as the 
connective tissue binding heterogeneous inputs into one representation. There is no single “transplant AI”–only many tools at different points on this 
map, moving unevenly toward the integration a clinician performs at the bedside.
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Placing real transplant tools on these two axes makes the 
point concrete. Digital-pathology models read images to help 
diagnose rejection on biopsy [3]. Transcriptomic classifiers read 
molecular data for the same diagnostic question [4, 5], by an 
entirely different route. Donor-derived cell-free DNA, 
increasingly embedded in multimodal screening tools, reads 
the blood to monitor for subclinical rejection before a biopsy 
is taken. A risk score such as the iBox reads clinical, histological 
and immunological data together to predict long-term graft 
survival [8]–the first of our four tools to combine modalities 
rather than rely on one. Four tools, four positions on the map, 
and only by naming each tool’s data and task can you judge what 
it offers, and what it cannot.

The illusion of completeness: unimodal 
precision vs. clinical synthesis

Categorizing a tool by its data input and clinical function 
reveals a critical limitation that a single headline metric can 
easily hide: most algorithms capture only a narrow slice of the 
total clinical picture. The biopsy-reading model has never 
seen the cell-free DNA result; a purely clinical risk score 
knows nothing of the histology. Each model can be 
excellent within its specific (diagnostic) domain and is, by 
design, blind to everything outside it.

That is the reverse of what a clinician does. At the bedside you 
are the integrator: the value of your judgement comes not from any 
one number but from seeing the big picture and holding the 
individual results together–the rising creatinine made meaningful 
by the proteinuria, the antibodies reinterpreted in the light of 
the biopsy. A tool that returns one confident result from one 
source is, in this sense, doing something you cannot; it answers a 
narrower question–often very well, but a narrower one. A narrow 
answer delivered with confidence is easy to mistake for a 
complete one.

To be fair, some tools already reach beyond a single modality. 
But these still remain narrow next to the synthesis a clinician 
performs without thinking. The honest description of the field is 
a spectrum: many single-modality tools, a growing few that combine 
two or three sources, and none that yet sees the whole patient, but 
then neither does the clinician alone, and multimodal integration is 
precisely the path toward seeing more than either the eye or a single 
tool can on its own.

Putting the patient back together–and 
why this is so difficult

The direction of travel follows from all this, and it is the ambition 
behind the centre of Figure 1: to combine these tools, feeding clinical, 
histological, molecular and longitudinal information into models that 
produce one integrated picture. This is what multimodal AI means– 
and the principle is not speculative.

It is worth understanding why this frontier is genuinely hard, 
because this is where many promising tools stumble. Different 
modalities live on different scales and timeframes: a slide, a 
single blood value and a years-long trajectory are not naturally 

comparable and forcing them into one model confronts us with a 
real problem, not a formality. Sources are often missing–no 
biopsy this visit, the anti-HLA DSA result not yet back–and a 
model trained on complete data can behave unpredictably 
without them [9]. Unlike traditional statistics, which offers a 
wide range of flexible methods for missing data [10], AI 
methodology is not yet at that stage; the more sources a 
model blends, the harder it becomes to see why it reached its 
conclusion, exactly when you most want to know. This is the role 
increasingly proposed for foundation models and large language 
models: not as oracles that replace judgement, but as connective 
tissue able to take in very different kinds of input and help bind 
them–a useful job, and a difficult one.

The holy grail, stated simply, would be to train computational 
models to replicate what clinicians already perform instinctively: to 
evaluate the patient holistically rather than viewing an isolated organ 
system or a singular assay. In reality we should not try to develop 
machine learning methods that replicate what clinicians do, but 
provide better tools to help clinicians make better decisions. This 
conceptual thread unifies this article series and underlines the 
message visualized in Figure 1, illustrating a trajectory that 
moves from the fragmented, highly specialized tools of today 
toward a fully integrated clinical paradigm tomorrow.

A framework for critical appraisal

For the reader, this reframing turns an intimidating field into 
a set of answerable questions. Faced with any “AI in transplantation” 
paper or product, the first move is not to ask whether “AI works”, 
but to locate the tool. The first two questions have been introduced: 
what data does it read, and what job does it do? Three further 
questions complete the appraisal: how much does it integrate, how 
was it tested, and does it challenge my decision [7, 11–13]? A tool 
that reads one modality for one task can be excellent and still be only 
a part of the picture. A tool that claims to integrate many should be 
held to a higher standard, not a lower one, because its reach is wider 
and its failures quieter. And the ordinary questions never disappear– 
was it validated elsewhere, does it change a decision, does it help the 
patient. There is no single “transplant AI” to adopt or dismiss; there 
are many tools, each to be read on its own terms. Embracing this 
complexity is a more demanding approach, but ultimately a more 
useful one. In the end the question is not whether AI can replace our 
judgement but how we can use AI to make the best possible 
judgement to help patients.

Box 1 – Decoding AI: five fundamental questions

1. What kind of data does this tool read–clinical, image, molecular, 
longitudinal, or text?

2. What is its job–diagnosis, screening or monitoring, prediction, or decision 
support?

3. Does it read one modality or combine several–and if it integrates, how does 
it cope when a source is missing?

4. Was it tested in patients and centre other than the ones it was built on?
5. Does it change a decision or improve an outcome–or only describe a risk 

you already sensed?
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Box 2 - Key takeaways and glossary

Three takeaways

1. There is no single “transplant AI”: the field is many tools, each defined by the 
data it reads and the clinical job it does.

2. Most tools see only a slice of the patient; some already combine 
modalities, but none yet matches the integration a clinician performs 
at the bedside.

3. The direction is integration (multimodal AI) - already underway, genuinely 
hard, and to be read more critically as it grows, not less.

Glossary

Data modality. The kind of information a tool reads - clinical numbers, 
biopsy images, molecular signals, time trajectories, or text.

Task. The clinical job a tool performs - diagnosis, screening/monitoring, 
prediction, or decision support.

Multimodal AI. A model that combines several data types into one output, 
rather than relying on a single source.

Foundation model/large language model (LLM). A large, general-purpose 
model (often trained on text) that can take in varied inputs and be adapted to 
many tasks.

External validation. Testing a tool in patients or centres other than those it 
was developed on, to see whether it travels.

Transplant International 
Published by Frontiers 

European Society for Organ Transplantation 04

Aubert et al. 10.3389/ti.2026.17554

17

https://doi.org/10.1038/s41591-022-01981-2
https://doi.org/10.1038/s41591-021-01614-0
https://doi.org/10.1016/S2589-7500(21)00211-9
https://doi.org/10.1016/j.ajt.2025.04.025
https://doi.org/10.1097/TP.0000000000004624
https://doi.org/10.1038/s41591-024-03087-3
https://doi.org/10.1038/s41586-023-05881-4
https://doi.org/10.1136/bmj.l4923
https://doi.org/10.1136/bmj.l4923
https://doi.org/10.1056/NEJMc2104626
https://doi.org/10.1186/s12916-019-1466-7
https://doi.org/10.1186/s12916-019-1466-7
https://doi.org/10.1136/bmj-2023-078378
https://doi.org/10.1136/bmj-2023-078378
https://doi.org/10.1136/bmj-2024-082505
https://doi.org/10.3389/ti.2026.17554


TYPE News and Views
PUBLISHED 14 September 2026
DOI 10.3389/ti.2026.17609

Reshaping the landscape of HLA 
desensitization through immune 
engineering

Delphine Kervella1,2,3 and Oriol Bestard1,2,3*
1Kidney Transplant Unit, Nephrology Department, Vall d’Hebron Hospital Universitari, Vall d’Hebron 
Institut de Recerca (VHIR), Vall d’Hebron Barcelona Hospital Campus, Universitat Autònoma de Barcelona, 
Barcelona, Spain, 2Laboratory of Nephrology and Transplantation, Vall d’Hebron Institut de Recerca 
(VHIR), Vall d’Hebron Barcelona Hospital Campus, Universitat Autònoma de Barcelona, Barcelona, Spain, 
3Redes de Investigación Cooperativa Orientadas a Resultados en Salud (RICORS), Barcelona, Spain

KEYWORDS

access to transplantation, CAR T cells, desensitization, HLA allosensitization, kidney 

transplantation

Kidney transplantation in highly HLA-sensitized candidates remains one of the 
greatest unmet challenges in transplantation. Since transplantation with donor 
specific antibodies (DSA) is associated with an increased risk of rejection and 
graft loss [1], strategies to enable HLA compatible transplantation should be 
encouraged, such as kidney exchange programs and different prioritization 
programs [2]. However, despite major advances in histocompatibility testing and 
allocation policies prioritizing sensitized recipients, patients with broad sensitization 
(cPRA >99%) continue to experience prolonged waiting times, low access to 
compatible donors, and increased mortality while on the waiting list [3–5]. 
Consequently, HLA desensitization has emerged as the only viable option for 
transplantation in many of these patients.

Over the past decades, numerous desensitization strategies have sought to 
overcome HLA sensitization and expand access to transplantation. However, most 
have relied on off-label immunosuppressive therapies targeting isolated components of 
the humoral immune response, circulating antibodies, plasma cells, or memory B cells, 
rather than the integrated biology of alloimmune memory. Consequently, clinical 
efficacy has been inconsistent and durable desensitization has remained largely 
elusive [6, 7].

The introduction of imlifidase represented the first major breakthrough by enabling 
rapid elimination of circulating donor-specific antibodies (DSA) and successful HLA- 
incompatible transplantation in selected highly sensitized recipients [8–10]. Although 
encouraging short- and intermediate-term outcomes have been reported, its long-term 
impact remains uncertain because rapid antibody rebound, driven by persistent memory 
B cells and long-lived plasma cells, frequently occurs within days to weeks after 
transplantation [11, 12]. Thus, while imlifidase established proof-of-concept that deeply 
entrenched humoral alloimmunity can be therapeutically overcome, it also highlighted the 
need for strategies capable of durably targeting the cellular reservoirs that sustain HLA 
antibody production.

Three reports published in the New England Journal of Medicine [13–15] provide 
compelling proof-of-concept that immune-engineering approaches may substantially 
expand the therapeutic armamentarium for HLA desensitization. The remarkable 
efficacy of chimeric antigen receptor (CAR)-T cells and T-cell engager (TCE) 
bispecific antibodies targeting B-cell and plasma-cell lineages in hematologic 
malignancies, together with their emerging success in severe refractory autoimmune 
diseases [16, 17], has now prompted their translation into transplantation. Four highly 
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sensitized kidney transplant candidates (cPRA >99.8%) 
underwent successful desensitization followed by HLA- 
compatible kidney transplantation after receiving different 
immune-engineering platforms targeting complementary 
cellular compartments through CD19, B-cell maturation 
antigen (BCMA), or both. Rather than simply removing 
circulating donor-specific antibodies (DSAs), these pioneering 
approaches aim to eradicate the cellular reservoirs responsible 
for sustaining humoral alloimmune memory. Although based on 
only a handful of patients, these reports provide an important 
biological proof-of-concept and establish a strong rationale for 
future clinical investigation.

Direct comparison among these studies is challenging because 
they employed distinct therapeutic platforms (one CD19 CAR-T, 
two dual CD19/BCMA CAR-T, and one CD3×BCMA TCE), 
different cell doses, and variable lymphodepletion regimens. 
Nevertheless, all strategies produced profound reductions in 
circulating HLA antibodies, enabling timely HLA-compatible 
kidney transplantation. Perhaps even more strikingly, none of 
the treated patients experienced DSA rebound following 

transplantation despite re-exposure to donor HLA antigens, 
suggesting that these approaches may interfere with the 
immunological mechanisms underlying anamnestic humoral 
responses. This observation is particularly intriguing for 
strategies primarily targeting only one of the two principal 
compartments sustaining alloantibody production (memory 
B cells or long-lived plasma cells) as compensatory responses 
arising from the untargeted compartment have previously been 
described with other, predominantly monoclonal antibody-based, 
desensitization approaches [18, 19]. Indeed, these observations 
are consistent with a recent desensitization experience using a 
BCMA-directed TCE combined with obinutuzumab, a next- 
generation anti-CD20 monoclonal antibody, which similarly 
induced marked reductions in HLA antibodies, enabled 
successful transplantation, and maintained durable biological 
effects after transplantation [20].

Importantly, despite the intensity of these immune 
interventions, all reports describe an acceptable short-term 
safety profile. Treatment-related toxicities were limited, with 
only one patient receiving high-dose CD19 CAR-T therapy 

TABLE 1 Main goals and biological features of different desensitization strategies.

Feature Conventional 
desensitization 

(PLEX/IVIG ± anti- 
CD20)

Imlifidase CD19 CAR-T CD19/BCMA CAR-T BCMA T-cell 
engager (TCE)

Primary humoral 

immune 

compartment 

targeted

Circulating antibodies + partial 

B-cell depletion

Circulating IgG 

antibodies

CD19+ B-cell lineage (including 

naïve, memory B cells and some 

plasma cells; largely sparing 

CD19− long-lived plasma cells)

CD19+ B-cell lineage + BCMA+ 

plasma cells (including long-lived 

plasma cells)

BCMA+ plasma cells 

(sparing BCMA− 

memory B cells)

HLA antibody 

kinetics

Partial and variable reduction Immediate, 

complete but 

transient 

elimination

Progressive decline Progressive, potentially more 

sustained decline

Progressive decline

Access to HLA- 

compatible 

transplantation

Limited ✓ ✓ ✓ ✓

Observed DSA 

rebound

Frequent Frequent None observed* None observed* None observed*

Principal biological 

limitation

Incomplete control of humoral 

alloimmunity

Persistence of 

humoral immune 

memory

Persistence of CD19− long-lived 

plasma cells

Prolonged 

hypogammaglobulinemia and 

immune deficiency

Persistence of 

memory B cells

Major unanswered 

question

— How can antibody 

rebound be 

prevented?

Is depletion of CD19+ B-cell 

compartments sufficient for 

durable desensitization?

Does dual targeting provide 

superior durability that justifies 

deeper immune depletion?

Is plasma-cell 

depletion alone 

sufficient without 

eliminating memory 

B cells?

Conceptual 

advance

Suppress humoral 

alloimmunity

Remove 

circulating 

antibodies

Reprogram humoral immune 

memory

Reprogram humoral immune 

memory

Reprogram humoral 

immune memory

*No DSA, rebound has been observed during the available follow-up. However, long-term durability remains unknown and will likely depend on both the completeness of depletion of the 
relevant humoral immune compartments and the nature of subsequent HLA, antigen re-exposure, including repeated HLA, antigen encounters, shared epitopes, and persistent antigen 
expression from retained failed allografts.
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developing mild grade I cytokine release syndrome (CRS), no 
cases of immune effector cell-associated neurotoxicity syndrome 
(ICANS), and no major opportunistic infections either during 
dialysis or after transplantation under conventional induction and 
maintenance immunosuppression. However, all patients 
developed profound hypogammaglobulinemia due to depletion 
of polyclonal immunoglobulins, necessitating prolonged 
intravenous immunoglobulin replacement in most cases.

Beyond their clinical findings, these reports provide valuable 
mechanistic insights into the biology of HLA antibody 
persistence. Serial antibody measurements illustrate the 
extraordinary burden of circulating HLA antibodies in highly 
sensitized patients and suggest that several physiological antibody 
turnover cycles are required before complete clearance becomes 
evident. This was particularly evident for anti-HLA-DQ 
antibodies, consistent with their typically higher circulating 
antibody burden in highly sensitized recipients. Furthermore, 
in patients who underwent a single immunoadsorption session 
before transplantation, a marked reduction in HLA antibody 
levels was achieved without subsequent rebound, further 
supporting the notion that antibody production had been 
effectively suppressed rather than merely transiently reduced.

Comprehensive immune phenotyping further supports the 
proposed mechanisms of action. Peripheral blood B cells were 
completely depleted in all patients throughout follow-up, 
except in the two recipients of dual CD19/BCMA CAR-T 
cells, in whom B-cell reconstitution occurred after 
approximately 53 days. Bone marrow analyses demonstrated 
effective depletion of CD19-positive cellular populations 
across all strategies, whereas profound elimination of bone 
marrow-resident plasma cells was observed only in patients 
receiving BCMA-targeted therapies. Likewise, lymph node 
analyses showed marked depletion of B-cell populations 
following both CD19-only and dual CD19/BCMA CAR-T 
therapies, although comparable tissue analyses were 
unfortunately unavailable in the patient treated with the 
CD3×BCMA bispecific antibody. In this line, antibodies 
directed against previously encountered HLA specificities 
appeared more resistant to depletion following CD19 CAR-T 
therapy. In contrast, no preferential persistence of antibodies 
against repeated donor HLA mismatches was observed in the 
patient receiving BCMA-targeted therapy despite antigen 
rechallenge at kidney transplantation. Although based on a 
single case, these observations suggest that the durability of 
established alloantibody responses may depend on the 
underlying mechanisms sustaining humoral immune 
memory, including the relative contribution of memory 
B cells, long-lived plasma cells, and persistent antigenic 
stimulation.

Collectively, these pioneering studies provide compelling 
proof-of-concept that immune-engineering approaches may 
reshape the landscape of HLA desensitization. However, many 
fundamental questions remain. Which therapeutic platform, or 
combination of cellular targets, provides the optimal balance 
between efficacy and safety? The slower decline of anti-HLA-DQ 
antibodies, likely reflecting their particularly high antibody 
burden, together with the persistence of antibodies directed 
against previously encountered HLA antigens after some 

treatment approaches, illustrates that distinct components of 
humoral alloimmunity may differ in their susceptibility to 
these new immune engineering therapies (Table 1). Whether 
depletion of memory B cells alone is sufficient, or sustained 
plasma-cell depletion is also required to prevent anamnestic 
alloantibody responses, remains unknown. Addressing these 
questions will require adequately powered prospective clinical 
trials comparing these different strategies, which should 
invariably be accompanied by comprehensive mechanistic 
studies to define which cellular compartments must be 
effectively targeted for durable control of humoral 
alloimmunity. Equally important, the long-term consequences 
of prolonged hypogammaglobulinemia, the optimal post- 
transplant immunosuppressive strategy, and the risk of 
opportunistic viral infections remain to be established before 
these transformative approaches can be broadly implemented. 
Ultimately, lessons from these emerging immune-engineering 
platforms may pave the way toward HLA-specific desensitization, 
selectively eliminating pathogenic alloimmune memory while 
preserving protective immunity, likely complemented by non– 
antigen-specific plasma cell–directed therapies [21–23].
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Chronic lung allograft dysfunction (CLAD) is a challenging clinical entity in lung 
transplantation. It is common, deadly, difficult to prevent, and almost entirely unresponsive 
to therapy. As the number one killer of lung transplant patients after the first year [1], it also 
limits lung transplant as a therapy for advanced lung disease both by reducing its cost- 
effectiveness and requiring stringent selection criteria to minimize its risks. It was described 
over four decades ago now after the first lung transplants in the 1980s (then referred to 
collectively as bronchiolitis obliterans syndrome or BOS) [2], but despite significant 
advances in the time since in understanding its pathology, clinical course, risk factors, 
outcome associations, physiologic and radiographic subtypes, and finally the development of 
a consensus definition [3], the lung transplant community has had only limited success in 
evolving meaningful strategies to address CLAD.

In recent years though, there have been important developments. The first successful 
multicenter randomized clinical trial (RCT) of CLAD prevention was recently completed by 
a consortium of Scandinavian countries (ScanCLAD), demonstrating that tacrolimus is 
superior to cyclosporine in preventing CLAD [4]. Although only a minority of centers were 
still using cyclosporine as de novo immunosuppression after transplant [5], this new 
evidence can and should change practice there. It also informs clinicians when making 
decisions about whether to rotate patients from tacrolimus to cyclosporine and for what 
indications it is worth the trade-off. The successful completion of a multicenter clinical trial 
studying the role of anti-fibrotic therapy in patients with the BOS subtype of CLAD– 
specifically, that it showed no benefit–has also helped move the needle on a perennial 
question in what is understood to be a fibrotic airways process [6]. A single-center RCT in 
Vienna has also now shown that extracorporeal photopheresis (ECP) may prevent CLAD, in 
addition to potentially lowering rates of rejection and infection as well [7]. These works build 
on a previous successful Belgian clinical trial showing that azithromycin prophylaxis can 
reduce CLAD risk [8].

Despite these advances though, the evidence for CLAD therapeutics remains mixed or 
entirely lacking, and this can result in heterogeneity in the clinical approach [9, 10]. CLAD is 
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a universally feared complication, particularly in its rapidly 
progressive forms, and clinicians faced with an ailing patient and 
armed with limited evidence do not tend to stand by. The 
interventions clinicians impose are well-intentioned and may in 
some cases be beneficial but can set the stage for patient- and system- 
level harms, such as adverse drug effects, infectious or malignant 
complications of immunosuppression, and resource utilization 
without clear benefit. It is these contexts where clinical practice 
guidelines can make a difference by evaluating the evidence, 
providing grounded recommendations, and highlighting the 
important gaps that need to be addressed.

Enter the European Society for Organ Transplantation 
(ESOT) CLAD guidelines, reported in this issue of Transplant 
International [11]. A panel of noted European lung transplant 
experts spanning 8 countries has produced a document that at 
least in part fills this role. The group conducted a comprehensive 
literature search resulting in 8 recommendations addressing 
various CLAD prevention and treatment subjects, including 
macrolide therapy, maintenance immunosuppressive choices, 
extracorporeal photopheresis, and anti-rejection therapies, 
among others. The choice of what topics to address is 
strategic, as these reflect some of the most widely used and 
widely available therapies for CLAD, some of which have 
significant risk such as anti-thymocyte globulin and 
alemtuzumab. It should be noted that this is not the first 
guideline on CLAD management. A 2014 joint statement of 
the International Society for Heart and Lung Transplantation 
(ISHLT), European Respiratory Society, and American Thoracic 
Society summarized potential treatment strategies for CLAD 
(then BOS), in addition to diagnostic recommendations, though 
there was limited focus on prevention. This document also 
predated the 2019 definition consensus statement and 
particularly given the evolution of the evidence-base in the 
interim, a new guideline statement 12 years later is logical 
and much needed.

Due to limitations imposed by the ESOT guideline format, 
which restricts these documents to 8 PICO questions and 
associated recommendations, the authors acknowledge that 
they could not delve comprehensively into other important 
topics which are relevant to CLAD prevention and treatment. 
These include the role of induction therapy, palliative care 
strategies, retransplantation, anti-reflux surgery, corticosteroid 
therapy, and others. While understandable, these are 
regrettable omissions which render the document non- 
definitive and mean the community must await either a new 
iteration of this document or another guideline from another 
organization. Induction therapy and retransplantation in 
particular are important aspects of transplant care on which 
guidance is needed, particularly given practice is heterogenous 
[12]. There have been several clinical trials on induction therapy 
in lung transplantation, but none have demonstrated an effect, 
and these drugs can have risks for patients with frequent 

infections [13, 14]. Meanwhile retransplantation is a critical 
therapeutic resource for advanced CLAD in an otherwise well 
patient but one which is difficult to balance against first-time 
transplants in donor resource-constrained settings. While it is 
addressed by the ISHLT candidate selection guidelines, this 
document would seem an ideal place to formally comment 
on its use.

Considered on its own merits though, this author group has 
produced a meaningful evidence-based document with 
measured clinical guidance that will be helpful for smaller/ 
newer lung transplant programs, in training lung transplant 
clinicians, and in helping existing programs re-evaluate their 
current approaches. Most importantly, it sheds light on the area 
most in need of study: CLAD therapeutics. It is this author’s 
hope that with the evolution of the evidence base in recent 
years, armed with a standard definition and consensus 
endpoints [15], and with the current trials underway, we are 
entering an era in which the next iteration of a CLAD 
management document contains evidence for therapies 
which are not only effective in preventing CLAD, but in 
treating patients already affected by it.

Data availability statement

The original contributions presented in the study are included in 
the article/supplementary material, further inquiries can be directed 
to the corresponding author.

Author contributions

KH wrote the editorial.

Funding

The author(s) declared that financial support was not received 
for this work and/or its publication.

Conflict of interest

The author(s) declared that this work was conducted in the 
absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest.

Generative AI statement

The author(s) declared that generative AI was not used in the 
creation of this manuscript.

Any alternative text (alt text) provided alongside figures 
in this article has been generated by Frontiers with the 
support of artificial intelligence and reasonable efforts 
have been made to ensure accuracy, including review by the 
authors wherever possible. If you identify any issues, 
please contact us.

Abbreviations: CLAD, chronic lung allograft dysfunction; BOS, bronchiolitis 
obliterans syndrome; RCT, randomized clinical trial; ECP, extracorporeal 
photopheresis; ESOT, European Society for Organ Transplantation; ISHLT, 
International Society for Heart and Lung Transplantation.

Transplant International 
Published by Frontiers 

European Society for Organ Transplantation 02

Halloran 10.3389/ti.2026.17855

23

https://doi.org/10.3389/ti.2026.17855


References

1. Dellgren G, Cherikh WS, Singh TP, Kim KH, Lewis A, Keller BC, et al. The 
international thoracic organ transplant registry of the international society for heart 
and lung transplantation: 2026 annual report of heart and lung transplantation. J Heart 
Lung Transpl (2026). doi: 10.1016/j.healun.2026.04.001

2. Burke CM, Theodore J, Dawkins KD, Yousem SA, Blank N, Billingham ME, 
et al. Post-transplant obliterative bronchiolitis and other late lung sequelae in 
human heart-lung transplantation. Chest (1984) 86(6):824–9. doi: 10.1378/chest. 
86.6.824

3. Verleden GM, Glanville AR, Lease ED, Fisher AJ, Calabrese F, Corris PA, et al. 
Chronic lung allograft dysfunction: definition, diagnostic criteria and approaches to 
treatment. A consensus report from the pulmonary council of the ISHLT. J Heart Lung 
Transpl (2019) 38:1–44. doi: 10.1016/j.healun.2019.03.009

4. Dellgren G, Lund TK, Raivio P, Leuckfeld I, Svahn J, Holmberg EC, et al. Effect of 
once-per-day tacrolimus versus twice-per-day ciclosporin on 3-year incidence of chronic 
lung allograft dysfunction after lung transplantation in scandinavia (ScanCLAD): a 
multicentre randomised controlled trial. Lancet Respir Med (2023) 12:34–44. doi: 10. 
1016/s2213-2600(23)00293-x

5. Combs MP, Walter K, Hixson H, Belloli EA, Najor MS, Chan KM, et al. Impact of 
tacrolimus vs cyclosporine on chronic lung allograft dysfunction incidence and allograft 
survival in the international society of heart and lung transplantation registry. J Heart 
Lung Transpl (2025) 44(3):307–17. doi: 10.1016/j.healun.2024.10.013

6. Perch M, Corris P, Lordan J, Bessa V, Magnusson J, Verleden GM, et al. A European 
multi-center, randomized controlled trial of pirfenidone in bronchiolitis obliterans 
syndrome after bilateral lung transplantation. Eur Respir J (2025) 67:2402154. doi: 10. 
1183/13993003.02154-2024

7. Benazzo A, Cho A, Auner S, Schwarz S, Kovacs Z, Ramazanova D, et al. 
Extracorporeal photopheresis for the prevention of rejection after lung 
transplantation: a prospective randomised controlled trial. Eur Respir J (2025) 65(2): 
2400733. doi: 10.1183/13993003.00733-2024

8. Vos R, Vanaudenaerde BM, Verleden SE, De Vleeschauwer SI, Willems-Widyastuti A, 
Van Raemdonck DE, et al. A randomised controlled trial of azithromycin to prevent 
chronic rejection after lung transplantation. Eur Respir J (2010) 37(1):164–72. doi: 10. 
1183/09031936.00068310

9. Kapnadak SG, Milinic T, Morrell ED, Brandon W, Mayer M, Knapp S, et al. Approach 
to prevention and management of chronic lung allograft dysfunction in North American 
lung transplant centers. J Heart Lung Transpl (2026) 45:1470–3. doi: 10.1016/j.healun. 
2026.06.004

10. Michaels M, Kaur K, Weatherald J, Nagendran J, Aversa M, Nador R, et al. 
Variability in lung transplant clinical practices in Canada: results of a national 
survey. Transpl Direct (2026) 12(2):e1897. doi: 10.1097/txd.0000000000001897

11. Bos S, Hellemons M, Dave K, Engel MFM, Holm A, Morlacchi L, et al. European 
society for organ transplantation clinical practice guideline on prevention and treatment 
of chronic lung allograft dysfunction. Transpl Int (2026) 39:16959. doi: 10.3389/ti.2026. 
16959

12. Shagabayeva L, Osho AA, Moonsamy P, Mohan N, Wolfe S, Langer NB, et al. 
Induction therapy in lung transplantation: a contemporary analysis of trends and 
outcomes. Clin Transpl (2022) 36(11):e14782. doi: 10.1111/ctr.14782

13. Snell GI, Westall GP, Levvey BJ, Jaksch P, Keshavjee S, Hoopes CW, et al. A 
randomized, double-blind, Placebo-controlled, multicenter study of rabbit ATG in the 
prophylaxis of acute rejection in lung transplantation. Am J Transpl (2014) 14(5): 
1191–8. doi: 10.1111/ajt.12663

14. Jaksch P, Ankersmit J, Scheed A, Kocher A, Muraközy G, Klepetko W, et al. 
Alemtuzumab in lung transplantation: an open-label, randomized, prospective single 
center study. Am J Transpl (2014) 14(8):1839–45. doi: 10.1111/ajt.12824

15. Greenland JR, Perch M, Halloran K, Levine DJ, Morrell ED, Reed A, et al. 
Considerations for endpoints in lung transplant clinical trials: an ISHLT consensus 
statement. J Heart Lung Transpl (2025) 45:e104–e128. doi: 10.1016/j.healun.2025.09.017

Transplant International 
Published by Frontiers 

European Society for Organ Transplantation 03

Halloran 10.3389/ti.2026.17855

24

https://doi.org/10.1016/j.healun.2026.04.001
https://doi.org/10.1378/chest.86.6.824
https://doi.org/10.1378/chest.86.6.824
https://doi.org/10.1016/j.healun.2019.03.009
https://doi.org/10.1016/s2213-2600(23)00293-x
https://doi.org/10.1016/s2213-2600(23)00293-x
https://doi.org/10.1016/j.healun.2024.10.013
https://doi.org/10.1183/13993003.02154-2024
https://doi.org/10.1183/13993003.02154-2024
https://doi.org/10.1183/13993003.00733-2024
https://doi.org/10.1183/09031936.00068310
https://doi.org/10.1183/09031936.00068310
https://doi.org/10.1016/j.healun.2026.06.004
https://doi.org/10.1016/j.healun.2026.06.004
https://doi.org/10.1097/txd.0000000000001897
https://doi.org/10.3389/ti.2026.16959
https://doi.org/10.3389/ti.2026.16959
https://doi.org/10.1111/ctr.14782
https://doi.org/10.1111/ajt.12663
https://doi.org/10.1111/ajt.12824
https://doi.org/10.1016/j.healun.2025.09.017
https://doi.org/10.3389/ti.2026.17855


TYPE Guidelines
PUBLISHED 18 September 2026
DOI 10.3389/ti.2026.17151

The INTEGRITY 
guidelines – ethical guidance for 
research involving deceased 
donation and transplantation

Dominique E. Martin1*, Ali Abbasi2, Riadh A. S. Fadhil3,4, 
John L. R. Forsythe5, Matthieu Le Dorze6, Jayme E. Locke7, 
Elmi Muller8, Gabriel C. Oniscu9, Helen Opdam10,11, 
Karen Rockell12, Marion J. Siebelink13, Shih-Ning Then14, 
Emma Tumilty1,15 and INTEGRITY Project Collaborator Team
1School of Medicine, Deakin University, Geelong, VIC, Australia, 2Department of Surgery, University of 
California San Francisco, San Francisco, CA, United States, 3Hamad Medical Corporation, Doha, Qatar, 
4Weill Cornell Medicine - Qatar, Doha, Qatar, 5Department of Surgery, The University of Edinburgh, 
Edinburgh, United Kingdom, 6Department of Anesthesia and Critical Care Medicine, Hopital Lariboisiere, 
Paris, France, 7Department of Surgery, New York University Grossman School of Medicine, New York, NY, 
United States, 8Department of Surgery, Faculty of Medicine and Health Sciences, Stellenbosch University, 
Stellenbosch, South Africa, 9Division of Transplantation Surgery, Department of Clinical Science, 
Intervention and Technology, Karolinska Institutet, Stockholm, Sweden, 10Department of Intensive Care, 
Austin Hospital, Heidelberg, VIC, Australia, 11Australian Organ and Tissue Authority, Canberra, ACT, 
Australia, 12UK Organ Donation and Transplantation Research Network C.I.C., Peterborough, 
United Kingdom, 13UMCG Transplantatiecentrum, Universitair Medisch Centrum Groningen, Groningen, 
Netherlands, 14Australian Centre for Health Law Research, Queensland University of Technology, 
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The absence of ethical guidance for research that involves actual and prospective 
deceased donors of organs, cells or tissues for transplantation presents challenges 
for researchers, donation agencies, and participants in such research. To address 
this, the European Society for Organ Transplantation (ESOT), together with the 
International Society for Organ Donation Professionals (ISODP) and The 
Transplantation Society (TTS), convened an interdisciplinary, multinational team 
to develop the first international guidelines for ethical practice in research involving 
deceased donation and transplantation activities (INTEGRITY). The guidelines were 
developed over twelve months via an international, iterative consultative process. 
The resultant principles are presented in this article.

KEYWORDS

deceased donation, ethics of clinical research, guidelines, research ethics, 

transplantation

Introduction

The donation of human organs, cells, and tissues after death for use in therapeutic 
transplantation often presents ethical complexities due to the intersection of end-of-life care 
with opportunities for donation. Foremost among these are concerns for the validity of 
decision-making about donation and respect for the wishes of the prospective donor, for the 
wellbeing of donors prior to death, and for the wellbeing of their families throughout the 
end-of-life period [1]. The allocation of donated organs and tissues for use in transplantation 
further entails concern for equity of access to these scarce resources [2], and ethical 
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challenges can also arise in decision-making by organ transplant 
candidates about acceptance of offered organs from 
deceased donors [3].

These ethical challenges are increasingly complicated by the 
addition of research considerations, as efforts to optimise the 
recovery and utilisation of organs and tissues in transplantation 
require trials of new interventions involving deceased donors or 
donated organs and tissues [4]. There is also growing recognition 
that individuals in whom donation for transplantation after death is 
considered represent a valuable potential source of organs, cells and 
tissues that may be used in various research activities beyond the 
field of transplantation [5]. Relevant research activities range from 
pre- or post-mortem donor or donor-organ intervention studies 
aimed at improving utilisation of organs for transplantation, to use 
of donor tissue samples in basic sciences research, investigation of 
family experiences of and decision-making about deceased 
donation, studies evaluating the properties or outcomes of tissue 
grafts, and many more [6–13].

Ethical guidance for deceased donation for the purpose of 
transplantation is well-established at the international level [14], 
as is ethical guidance for research that involves living persons [15]. 
However, there is little guidance available to support the ethical 
design and conduct of research that involves people for whom 
donation for transplantation is considered during the end-of-life 
period (henceforth ‘donors’) or recipients of transplants obtained 
from deceased donors (henceforth ‘recipients’). In the context of 
deceased donation, the end-of-life period typically extends from the 
time when death is first anticipated, throughout the dying process 
and beyond the determination of death. This period may encompass 
both pre- and also post-mortem interventions in the body of the 
donor. Following the end-of-life period, materials donated by a 
deceased donor or data relating to a donor may be used in research 
even several years later, for example when studying the long-term 
outcomes of deceased donor transplantation. Ethical guidance for 
biobanks may address post-mortem use of materials and data but is 
typically designed to support research use of materials donated by 
living persons or obtained after death in accordance with an advance 
directive [8, 9].

Consequently prospective researchers, transplant clinicians, and 
professionals involved in deceased donation for transplantation 
(henceforth ‘donation professionals’) face considerable difficulties 
when developing, evaluating or implementing studies that intersect 
in various ways with deceased donation for transplantation [16–21]. 
Some guidance has addressed specific types of research involving 
deceased donors, such as research involving the recently deceased 
and donor-intervention studies [20, 22], or regulatory frameworks 
in specific jurisdictions [23]. However, no comprehensive guidance 
has been developed that considers the full range of ethical 
considerations pertinent to the diverse research activities that 
may indirectly or directly involve donors [16]. Consequently, 
uncertainty regarding ethical standards and governance processes 
presents risks of harm for those involved in or impacted by research 
activities and may also impede or prevent valuable research.

To address this problem, the European Society for Organ 
Transplantation (ESOT), together with the International Society 
for Organ Donation Professionals (ISODP) and The 
Transplantation Society (TTS), convened an interdisciplinary, 
multinational team to develop the first international guidelines 

for ethical practice in research involving deceased donation and 
transplantation activities (INTEGRITY). In this paper, we report on 
the INTEGRITY Project, outlining the development process, briefly 
discussing the significance of the eight core ethical principles which 
underpin the full guidelines, and presenting the complete set of 
principles. The complete guidelines are accessible here [https://esot. 
org/the-integrity-project/] in several languages.

Development of the guidelines

The guidelines were developed over 12 months via an 
international, iterative consultative process (see Figure 1). This 
approach was designed to explore potential ethical considerations 
from a wide range of perspectives and experiences, as these 
considerations may be significantly impacted by sociocultural, 
economic and health system factors in the local context in which 
research takes place. The development process can be understood in 
four main phases: initial scoping, iterative drafting with expert input, 
public consultation, and final validation.

Initial scoping

Building on the work of a ‘think tank’ group assembled by ESOT 
as part of the 2021 Milan Congress [16], an initial set of ethical 
concerns and questions of specific relevance to various types of 
research involving deceased donation was developed via review of 
the literature and targeted consultation with members of the ‘core’ 
13 member INTEGRITY Project Team. This international group 
comprised individuals with diverse experience and expertise in 
health law and ethics, research and clinical practice involving 
deceased donation and transplantation, and lived experience of 
transplantation. The resultant list was further expanded and 
refined in consultation with the larger 27 member ‘collaborator’ 
team representing a wider range of expertise from around the world, 
and with stakeholders who participated in a hybrid workshop held in 
Melbourne, Australia in May 2025.

Iterative drafting

An initial draft of the guidelines was prepared by members of the 
core team and revised in response to feedback from collaborators 
received during a hybrid workshop held during the ESOT Congress 
in London, United Kingdom in June 2025, and via email circulation.

Public consultation

A further draft was developed, which was made available for 
public consultation between 2nd October and 7th November 2025, 
via an anonymous online survey hosted on the Research Electronic 
Data Capture software platform [24]. Participation was possible in 
English, Arabic, Chinese, French, Italian, Japanese, Portuguese and 
Spanish. The text of the guidelines and the survey was initially 
translated using Claude (https://claude.ai), with all translations 
subsequently reviewed and validated by native speakers with 
professional experience in transplantation or ethics. In addition 
to some basic demographic questions, the feedback questionnaire 
requested levels of agreement with the proposed principles of the 
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draft guidelines using a five-point Likert scale and respondents had 
the option of providing comments to clarify their views or propose 
additions or revisions.

Any person aged 18 years or older was eligible to participate in 
the consultation. Participation was encouraged via social media 
posts on LinkedIn and X and email communications to the 
members of ESOT, ISODP, and TTS, and by email dissemination 
among collaborator networks. National and regional 
professional societies for transplantation and donation, as well as 
research ethics organizations and representatives of stakeholders 
such as the World Health Organization (WHO) and the World 
Medical Association were also contacted via email to invite their 
participation.

Final validation

The results of the consultation survey were used to guide further 
revisions to the draft guidelines by the core project team, which were 
again reviewed and further revised in response to feedback from the 
collaborator team. A final workshop was held in Kyoto, Japan during 
the ISODP Congress in December 2025 at which further feedback 
was received. The final version was reviewed and endorsed by the 
ESOT, ISODP, and TTS Councils in April 2026.

Results of the public consultation

271 complete responses were submitted during the official 
consultation period, by respondents from 48 countries. 
Respondents represented a broad range of countries and 

professional backgrounds, reflecting the diversity of perspectives 
included in the consultation process. A majority were female (53%; 
male 44%; 3% non-binary or undisclosed) and identified as health 
professionals (54%; 13% were non-clinical organ, cell or tissue 
banking professionals; 10% ethicists, legal scholars, or members 
of ethics committees; 6% researchers; 4% donor family members or 
transplant recipients; 11% other including members of the public). 
No proposed draft principle received less than 75% agreement 
(including agree and strongly agree responses), and 74% of the 
statements including the proposed core principles, received at least 
90% agreement.

The INTEGRITY guidelines

The Guidelines comprise a preamble that defines their scope, a 
set of eight core ethical principles under which several subprinciples 
are outlined that provide further specification, and a glossary that 
defines key terms used in the guidelines.

Purpose and scope

The guidelines are intended to assist researchers, transplantation 
and donation professionals, prospective research participants, 
donation decision-makers (including surrogates making a 
decision on behalf of a possible donor), and ethics governance 
bodies in designing, evaluating and conducting research that 
involves deceased donors or use of organs, cells, or tissues from 
deceased donors. The guidelines apply to research involving adults 
and children, including persons who lack decision-making capacity. 

FIGURE 1 
Development process for the INTEGRITY Guidelines.
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They are applicable to a range of research activities including studies 
that involve:

1. Interventions in the body of the deceased donor.
2. Collection and/or use of personal information from or about 

the deceased donor.
3. Removal, interventions in, and/or use of organs, cells, or 

tissues donated after death—including prior to 
transplantation, use of stored materials, and studies of 
transplant recipients.

4. Collection and use of information from donor families, 
recipients of transplants from deceased donors, or healthcare 
professionals about their lived experiences of deceased donation.

5. Secondary use of information about deceased donors or 
donated materials originally collected for clinical or quality 
assurance purposes.

Use and limitations of the guidelines

All human research activities require ethical governance, including 
those that intersect with deceased donation for transplantation. As 
noted in Principle 1.6, “All research involving deceased donors should 
be subject to scientific and ethical review and oversight at an 
appropriate level.” The ethical oversight of deceased donation and 
transplantation provides a reassuring framework for the protection of 
donors and transplant recipients. However, research activities require 
specific consideration of ethical elements that are not within the scope 
of clinical practice in donation and transplantation. On the other hand, 
many of the ethical complexities of research that intersects with 
deceased donation may be unfamiliar to individuals or groups 
responsible for the ethical oversight of human research.

The INTEGRITY Guidelines are intended to help bridge the gap 
between donation and transplantation ethics, and routine human 

TABLE 1 Principle 1.

Principle 1 

1. All research activities involving deceased donors should be consistent with respect for the dignity of human beings and their bodies. 

1.1 The involvement of deceased donors in research should be celebrated and acknowledged as a valuable gift and contribution to society comparable in significance to donation for 

transplantation. 

1.2 Designated custodians of a deceased donor’s body, organs, cells or tissues should take responsibility for the respectful care of these materials throughout all research activities 

until they are transplanted into living persons, returned to donor families, stored, or appropriately disposed of. 

1.2.1 Where feasible, the ultimate disposal of human remains should be in accordance with the known or expected wishes of the deceased and/or their family. 

1.2.2 Where relevant, those making a decision about deceased donation of organs, cells or tissues in the context of research should receive information about the likely duration of 

storage of donated organs, cells or tissues, and about arrangements for the disposal of remains (see Principle 7). 

1.3 Research activities should respect the cultural, religious, and spiritual needs of people and their families, facilitating where possible preferred practices relating to end-of-life 

care, the process of death, decision-making, and treatment of the human body before and after death. 

1.4 When research activities involve interventions in the body of a deceased donor, care for the body of the deceased should be consistent with the respectful treatment of a deceased 

donor for transplantation. 

1.5 If the body of a deceased donor is physiologically maintained or perfused by machines, e.g., mechanical ventilators or extracorporeal membrane oxygenation (ECMO) devices, 

for the purpose of research after death: 

1.5.1 The family of the deceased should receive support consistent with that provided to the families of deceased donors for transplantation during the period leading to organ and 

tissue removal. 

1.5.2 The family of the deceased should be permitted, where feasible, to attend the deceased. 

1.5.3 The duration of time during which the deceased body is physiologically maintained or perfused should be strictly limited to the period necessary to achieve the relevant 

research aims, with careful consideration of the potential burdens of prolonged protocols on grieving families. 

1.6 All research involving deceased donors should be subject to scientific and ethical review and oversight at an appropriate level. 

1.6.1 Authorities with responsibility for overseeing human research, deceased donation, and transplantation activities in each jurisdiction should establish clear guidance and 

mechanisms to ensure that research involving deceased donors is reviewed appropriately by competent boards or committees, and that the principles outlined in these guidelines 

are upheld in the local context. 

1.6.2 The level of oversight and review required may differ according to the nature of the research, the populations that may be impacted by the research, and/or the potential 

burdens or risk of harm associated with research activities. 

1.6.3 Where unclaimed bodies or organs, cells, or tissues removed from unclaimed bodies after death may legally be used in research, there should be a specific process for ethical 

oversight of such use to avoid the exploitation of vulnerable individuals and communities. 

1.7 When proposed research activities involving deceased donors are not addressed by current legal or ethical frameworks, such frameworks should, where possible, be revised to 

provide governance of these activities. 

1.7.1 Where revision of existing frameworks has not yet occurred, exceptional arrangements for ethical review and oversight of proposed research activities may be implemented, 

provided that the proposed research adheres to these guidelines and complies with relevant laws and ethical standards governing deceased donation in the relevant jurisdiction. 

1.8 Consistent with routine ethical safeguards for human research, when research involves deceased donors: 

1.8.1 The scientific merit of proposed research should be evaluated to avoid unnecessary or futile research activities involving deceased donors. 

1.8.2 A clear and independent mechanism(s) should be established to communicate with stakeholders, facilitate management of inquiries, and handle complaints or concerns about 

proposed or actual research activities.
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research ethics, by highlighting key ethical considerations and 
establishing normative standards for research involving donors.

The Guidelines comprise principles that are designed to be 
adapted for application in local jurisdictions, ensuring alignment 
with relevant national laws and existing ethical oversight. They are 
not intended to replace existing guidance, but rather to address gaps 
in guidance and reinforce the relevance of existing guidance. The 
principles highlight ethical considerations of particular relevance to 
research that intersects with routine practices relating to deceased 
donation for transplantation and should therefore be used in 
conjunction with routine ethical guidance for the conduct of 
human research in general and for deceased donation and 
transplantation of human organs, cells, and tissues. The guidelines 
do not provide practical advice on the implementation of principles. 
Further publications by the INTEGRITY Project team are planned 
that will provide explanatory content to assist in the interpretation 
and application of specific principles in particular research contexts.

While efforts were made to engage members of the public–as 
future possible donors- and donor family members and 
transplant recipients in the development of the Guidelines, these 
key stakeholders comprised a disproportionately small number of 
participants in the consultation and had limited involvement in the 
drafting process. Future revisions to the Guidelines should ideally be 
informed by a wider range of stakeholder perspectives from around the 
world.

The core principles

In this section, we briefly discuss the significance of the eight 
core principles that provide the normative foundation for the 
INTEGRITY Guidelines and present their subsidiary principles in 
tabular format.

All research activities involving deceased donors 
should be consistent with respect for the dignity of 
human beings and their bodies

Principle 1 (see Table 1) draws attention to the specific ethical 
considerations of research involving deceased donors or deceased 
donation. Just as the WHO has designated human organs, cells, and 
tissues for transplantation “health products of an exceptional 
nature” [14], such research should be considered ethically 
exceptional. Many activities within scope of the guidelines may 
not directly involve a living person as a subject of ethical concern, for 
example when stored tissue specimens are used in biomedical 
research. In other research, a living person such as the recipient 
of a deceased donor transplant may be the focus of ethical concern, 
and consideration of the donor may be easily forgotten. The moral 
status and inherent ethical value of a living person are typically 
regarded as substantially greater than those of a deceased individual. 
Nevertheless, for many people, the treatment of the dead—including 
the body and its parts—retains important ethical significance.

This first principle accordingly establishes a requirement to 
consider the ethical dimensions of research involving donors 
regardless of whether the donor is imminently dying, recently 
deceased, or long dead, while allowing that particular ethical 
considerations may be more or less relevant depending on the 
time that has elapsed since death and the nature of research 
activities. The principle is important because most ethical 
guidance for research frames ethical considerations solely with a 
focus on how research may affect the living; in the United States of 
America, regulation of human research ethics notably excludes the 
dead [23]. Philosophers and others disagree on whether deceased 
individuals should be considered to have interests, and the extent to 
which living persons owe respect for such posthumous interests 

TABLE 2 Principle 2.

Principle 2 

2. Research activities should be designed to provide equitable opportunities for individuals and communities to participate in, contribute to, and benefit from research involving 

deceased donors. 

2.1 Research should promote equity by ensuring fairness in the distribution of opportunities to be a research participant, of potential burdens and risks of research, and of potential 

benefits from research. 

2.2 No individuals or groups should be systematically excluded from opportunities for involvement in research solely because of actual or perceived vulnerability. 

2.2.1 To facilitate opportunities for inclusion of vulnerable populations in research, efforts should be made to address potential vulnerabilities, to reduce risks, and to remove 

barriers to participation in research activities. 

2.3 When considering the benefits of research to which individuals and communities should have access, these should be defined as including the scientific knowledge gained or 

therapeutic products derived from research that may be used to prevent illness or disease progress, or to improve quality of care, e.g., for patients and their families, and/or to 

improve health outcomes 

2.4 Where relevant, research involving deceased donors should strive to support equity in healthcare and health outcomes, consistent with the values that underpin deceased 

donation and transplantation programs. 

2.5 Where possible, researchers and research institutions, donation and transplantation professionals, organizations, and registries, healthcare organizations, and other relevant 

organizations should cooperate and/or collaborate 

• to increase opportunities for research, 

• to improve efficiency in use of resources for research, 

• to maximise the relevance and value of research for diverse populations, and 

• to share information and knowledge for the benefit of all. 

2.6 When data about deceased donation and transplantation activities are collected by donation or transplantation programs or by designated registries for non-research purposes 

and these data are not routinely made publicly available, mechanisms should be established to enable data sharing and to ensure equitable access to these data for research purposes.
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[25]. There is similar disagreement regarding the ethical obligations 
living persons may have to respect the known or estimated wishes of 
the dead regarding the treatment of their bodies, personal 
information, and material property. While laws sometimes 
provide a legal framework to govern the disposal of property, 
bodies, and even privacy of personal health data after a person’s 
death, there are often gaps. In many jurisdictions, for example, laws 
provide for the removal and use of tissues and organs after death in 
transplantation and research but lack guidance for those tasked with 
making decisions about involvement of a donor in research activities 
that may commence immediately prior to or following the 
determination of death [26].

Several of the subprinciples derived from Principle 1 reaffirm 
commonly accepted norms such as the importance of considering 
the cultural, religious and spiritual values and preferences of 
stakeholders in research, especially in the context of end-of-life 
care and decision-making. However, others address particular 
concerns that may be rarely encountered in other fields of 
research. For example, Principle 1.5.3 states that when the 
body of a deceased donor is physiologically maintained for the 
purpose of research, as was done in the Parsons’ model for 
xenotransplantation trials [5], the duration of such trials 
should be strictly limited. This aligns with the familiar 
principle of nonmaleficence in human research ethics which 
entails the minimisation of risks and burdens during research 

and limits the duration of trials or interventions. Extended 
utilisation of a deceased body in research requires careful 
assessment of the necessity of such use and proportionality of 
the benefits of research compared with the burdens on families, 
where relevant, and potential threats to the dignity of the 
deceased [22].

Research activities should be designed to provide 
equitable opportunities for individuals and 
communities to participate in, contribute to, and 
benefit from research involving deceased donors

The second principle (see Table 2) affirms the importance of 
justice in research, as demonstrated through equitable opportunities 
to participate in and benefit from research. Although this is a well- 
established principle of human research ethics, it merits inclusion as 
a core principle in these guidelines given the importance of equity in 
deceased donation and transplantation. Deceased donation for 
transplantation is often considered a public good, ideally 
conducted under the auspices of governmental health authorities 
who must uphold public trust by ensuring equitable access to the 
benefits of transplantation for the populations that contribute 
to donation.

Equitable inclusion in research is especially important if all 
members of the wider community are to benefit from scientific 

TABLE 3 Principle 3.

Principle 3 

3. When designing, conducting, or evaluating a research study, ethical consideration should be given to the interests of all individuals who may be involved in or impacted by the 

research activities. 

3.1 The interests of individuals or groups that are most involved in and/or impacted by research activities should receive primary consideration in the ethical design, conduct and 

evaluation of research. 

3.2 The assessment of risks and potential burdens and benefits of research should take into account the perspectives and interests of all individuals and groups who may be affected. 

3.2.1 When research interventions in deceased donors target specific organs, cells or tissues, the potential impact of these interventions on non-target (‘bystander’) organs, cells or 

tissues used, e.g., in transplantation, should be explicitly considered. 

3.2.2 When research considerations influence the donation process and/or allocation of organs, cells or tissues donated for transplantation, the potential impact of these changes on 

the availability of and access to transplantation for individuals and groups should be explicitly considered. (See Principle 4.) 

3.2.3 The likely impact of involvement in research on fulfillment of the deceased donor’s known or expected wishes regarding end-of-life care, donation for transplantation, 

contributing to research, or post-mortem treatment of their body should be considered when evaluating potential benefits, burdens and risks of research. 

3.3 Key stakeholders should be included wherever possible in the design and ongoing oversight of research studies, e.g., donor families, transplant candidates or recipients, 

members of specific cultural communities, or donation and transplantation personnel, with appropriate management of potential conflicts of interests, where relevant. 

3.4 Relevant donation agencies should routinely be consulted when designing studies that involve deceased donors. 

3.5 Health professionals who are involved in deceased donation or transplantation activities but not engaged as researchers in studies that involve deceased donors should routinely 

be informed of research activities that may intersect with their clinical duties; they should have the opportunity to seek further information or assurance regarding the research and 

its potential impact on their practice. 

3.6 Where health professionals are granted the right of conscientious objection with regards to performance of clinical duties that are inconsistent with their moral beliefs, this right 

should be extended to encompass clinical research activities with which they may be asked to assist. 

3.6.1 When exercising the right of conscientious objection in the context of research involving deceased donors, health professionals should strive to ensure that their objection 

does not negatively impact opportunities for patients (or their families) to be involved in and/or benefit from research. 

3.7 Research should only proceed when the expected benefits are judged to outweigh any unavoidable risks or burdens. 

3.7.1 The risks and potential burdens for all those who may be negatively impacted by a research study should be avoided where possible and otherwise minimised as much as 

possible. 

3.7.2 The standard supports and services provided to deceased donors, donor families, transplant recipients and healthcare professionals in the context of deceased donation for 

transplantation should also be provided when these individuals are involved in research, or when deceased donation occurs solely for the purpose of research. Additional or 

extended services may be necessary to ensure appropriate care is provided throughout the course of research activities.
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advances. Equitable representation in research activities supports a 
fair distribution of benefits and burdens and helps to produce 
therapies that are effective for all relevant populations [27]. 
Factors contributing to disparities in deceased donation for 
transplantation and access to transplantation and research 
participation, such as distrust among some communities, may be 
exacerbated when research intersects with donation activities [28].

Equity is also considered in the context of Principle 4, which 
focuses on the potential impact of research activities on the 
availability of and equity of access to transplantation rather than 
equitable inclusion in research and equity in the outcomes of 
research. Inevitably, there is some entanglement between the 
principles. In particular, Principle 4 addresses procedural justice 
in decision-making about research which has important 
implications for equity in access to transplantation as well as 
opportunities for research.

When designing, conducting, or evaluating a 
research study, ethical consideration should be 
given to the interests of all individuals who may be 
involved in or impacted by the research activities

Deceased donation is fundamentally relational, often involving 
complex connections between various stakeholders that require 
careful attention to ensure that relevant interests and the broader 
implications of actions or inactions are considered in decision- 
making. Exploring an opportunity for deceased donation, for 
example, can impact not only the possible donor but also their 
family, other patients requiring healthcare, transplant candidates, as 
well as public trust and future donation behaviours. When an 
opportunity for donation involves research activities, there may 

be additional or alternative stakeholders involved, and the key 
considerations in terms of potential benefits, burdens and risks 
for some or all stakeholders may change.

The scope of the third principle (see Table 3) may initially 
appear unfeasible, requiring an excess of ethical concern by 
researchers. However, it is important to note that consideration 
for the interests of all does not entail exhaustive exploration of every 
possible interest, nor does it require that all those potentially 
impacted must be directly involved in decision-making about 
research. Subprinciple 3.1 notably specifies that “primary 
consideration” should be given to those most involved in or 
impacted by research activities. The views of particular 
stakeholders may be more or less relevant when designing a 
particular study. Similarly, the level of detail required for consent 
for involvement in a study will differ according to the nature of 
research activities in which stakeholders are involved.

Research activities should be designed in ways that 
safeguard the availability of donated organs, cells, 
and tissues and ensure equitable access to the 
benefits of donation and transplantation

Research activities have the potential to increase the availability 
of therapeutic products derived from donated organs, cells, or 
tissues [29–31]. For example, reconditioning or repair of donor 
organs prior to transplantation can improve rates of utilisation and/ 
or graft outcomes [32]. However, inclusion of donated organs in 
some experimental studies could also risk non-utilisation or poorer 
outcomes if studies are unsuccessful. Research can also disrupt 
routine allocation systems if some transplant candidates or 
centres are not eligible, or unwilling, to participate in a study, 

TABLE 4 Principle 4.

Principle 4 

4. Research activities should be designed in ways that safeguard the availability of donated organs, cells, and tissues and ensure equitable access to the benefits of donation and 

transplantation. 

4.1 Efforts should be made to maintain the availability of organs, cells, and tissues for use in transplantation while supporting opportunities for involvement of deceased donors in 

research and use of donations in research. 

4.2 Evaluation of the potential benefits and risks of proposed research involving deceased donation must consider the potential impact of research activities on the availability and 

equitable allocation of organs, cells, and tissues for use in transplantation. 

4.2.1 Ensuring the availability of organs, cells, and tissues for use in therapeutic transplantation should usually take priority if there is a conflict between this goal and research goals 

that require the involvement of deceased donors in research or the use of donated organs, cells, or tissues. 

4.3 Clear policies should be established by relevant institutions, in particular donation and transplantation agencies, to guide the management of requests for endorsement of or 

involvement in research studies, particularly those that require access to and use of deceased donor bodies, organs, cells or tissues, or data about deceased donors, donor families, or 

transplant recipients. 

4.3.1 Policies should enable procedural fairness in decision-making about support for research projects and foster equity in access to donated organs, cells, and tissues for use in 

research and transplantation. 

4.3.2 Representatives of donation authorities, deceased donor and transplant recipient communities, healthcare professionals, custodians of donor organs, cells or tissues, 

custodians of data in donation and transplant registries, and relevant research communities should be included in the development of policies and guidelines. 

4.3.3 Prioritisation of research requests to make use of scarce resources (e.g., donated organs or tissues) or populations (e.g., deceased donors that may be involved in intervention 

studies) should be guided by the values and goals of relevant stakeholders, (e.g., donation programs and deceased donor communities). 

4.4 Decisions about proposed research activities that may temporarily disrupt the routine allocation of organs, cells, and/or tissues for transplantation should be made transparently 

and clearly documented and disclosed to key stakeholders, including the public, which comprises the population of future deceased donors and transplant recipients. 

4.4.1 Where relevant, research protocols should include a mechanism for monitoring and evaluation of the outcomes of any disruptions to routine allocation of organs, cells or 

tissues for transplantation. The results of this evaluation should inform future decision-making about research and about allocation of donated organs or tissues.
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potentially undermining equity in transplantation. Safeguarding the 
availability of donated organs, cells, and tissues for transplant and 
equity of access to the benefits of donation and transplantation is 
thus a core concern that must be carefully considered when 
evaluating the potential benefits and risks of proposed research. 
The principle does not preclude research that may temporarily 
disrupt routine allocation or even foreseeably decrease the supply 
of donated tissues or cells for transplantation, for example, where the 
longer-term benefits of research are expected to outweigh 
these harms.

Principle 4 (see Table 4) also highlights the importance of 
procedural fairness in institutional decision-making about 
research involving donors, which has implications for 
safeguarding donation for transplantation as well as 
equitable opportunities for research (as discussed in the 
context of Principle 2). Historically, there has been little 

transparency regarding the allocation of donated materials, 
typically those deemed unsuitable for use in transplantation, 
to researchers. Anecdotal reports suggest that in many 
countries, allocation decisions for research are often made 
ad hoc, in response to requests from research teams, which 
may favour those with pre-existing relationships with donation 
programs or personnel. More work is needed to help 
institutions and agencies establish procedures to govern 
these decisions, and those relating to direct involvement of 
possible donors in research prior to death, not least to improve 
transparency and accountability for key stakeholders such as 
donor and recipient communities. Further specification of 
principles to guide allocation decisions and policies when 
research activities may temporarily disrupt routine allocation 
systems, especially of organs for transplantation, may also be 
helpful.

TABLE 5 Principle 5.

Principle 5 

5. The privacy and confidentiality of personal information of deceased donors, donor families, and transplant recipients should be protected in all research activities. 

5.1 Appropriate mechanisms to ensure ethical governance of research activities that involve collection, storage, sharing or use of personal information should be implemented 

according to the nature of the activity(ies) and the context in which they occur. Such mechanisms should conform to privacy and data protection laws and standards in the relevant 

jurisdiction(s). 

5.1.1 Specific provisions should be made by researchers and donation and transplantation registries for governance of data collected from Indigenous peoples to respect data 

sovereignty and the values and preferences of Indigenous peoples [33]. 

5.2 Information about the collection, storage and use of data in donation and transplant registries should routinely be available to persons making decisions about deceased 

donation or transplantation; this information should address the possible use of data in research and, where relevant, options to access or limit use of data, withdraw data, or 

otherwise control data held in registries. 

5.3 Access to and use of data held in donation and transplantation registries by researchers should be subject to ethical review and oversight, consistent with other forms of research 

involving deceased donors. 

5.3.1 Registries must establish ethical guidelines for the evaluation of requests to access and use registry data in research. 

5.3.2 Registries should maintain publicly available policies governing protection, use and access to data for research purposes. 

5.3.3 The level of ethical review required for research involving use of data relating to deceased donation or transplantation activities will depend on several factors including: 

• the conditions under which data were collected such as consent provisions relating to use of data in research, 

• the nature of the proposed research including associated risks and potential benefits of data use, 

• the nature of the data that will be provided to researchers. 

5.3.4 Some studies that use only aggregated and anonymised data in research may not require formal research ethics review, whereas others, e.g., those in which potentially sensitive 

population characteristics or outcomes are the focus of analysis, may require substantive evaluation. 

5.3.5 When research involves use of data that are already in the public domain, such as registry data that may be reported in public or governmental websites, formal research ethics 

review may not be required; researchers and organizations that manage donation and transplantation data should nevertheless strive to ensure that relevant values and principles 

from these guidelines are applied in the design and implementation of their research. 

5.4 Where relevant, research protocols should include plans for the management of personal information about deceased donors that may be discovered, and which could have 

significance for donor families, transplant recipients, or specific deceased donor communities. 

5.4.1 Consent for research may include, where feasible and appropriate, tiered or dynamic consent mechanisms that would permit, for example, relevant individuals to be contacted 

in future to make a decision about disclosure of new findings or significant health-related information, or to make decisions about future uses of data or donated organs, cells, and 

tissues (see Principle 7) [34–36]. 

5.5 Where specific research activities pose a significant risk of privacy breaches or loss of anonymity for individual donors, donor families, or transplant recipients, e.g., publication 

of case reports or highly innovative translational research, this risk should be clearly disclosed, and explicit consent should be obtained. (see Principle 7) 

5.5.1 Additional safeguards should be incorporated in research protocols as necessary to manage risks to privacy, such as provision of guidance or professional support to 

transplant recipients or donor families involved in high profile studies relating to social media use, or management of interview requests from news media. 

5.6 Care should be taken to ensure that necessary safeguards for privacy and data protection in research protocols do not create barriers to inclusion of populations that may benefit 

from research. 

5.6.1 Deceased donation or transplantation programs that have low volumes of activity should not be prevented from conducting or reporting research involving small populations. 

Strategies should be used to address concerns about anonymity, e.g., with collaboration between programs or centres (see Principle 2) used to pool data and care in the reporting of 

results (see Principle 6).
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The privacy and confidentiality of personal 
information relating to deceased donors, donor 
families, transplant recipients, and, where relevant, 
healthcare professionals should be protected in all 
research activities

Principles 5 and 6 (see Tables 5 and 6) are consistent with 
routine ethical principles that stipulate protections for the 
privacy of research participants while advocating for 
transparency in research activities. In general, such 
considerations should also apply to research involving 
deceased donors, but they may sometimes be more 
complicated, especially when tensions arise between 
frameworks and policies governing data use and publication 

in research and non-research settings. Such tensions are 
discussed in the context of Principle 6 below.

The use of health records data in research is increasingly an 
ethical concern, as the adoption of electronic records and artificial 
intelligence have expanded opportunities for research [39]. Data 
relating to deceased donors may present complexities in addition to 
those associated with use of routine health records data, or even use 
of data relating to deceased individuals, which is an emerging area of 
ethical interest [40]. For example, some data are collected for the 
purpose of donation for transplantation rather than therapeutic care 
of the donor, other clinical data may be collected after death, and 
some datasets will inevitably combine private information about 
individual donors as well as recipients, or donor family members as 
well as donors. These and other factors may introduce new ethical 

TABLE 6 Principle 6.

Principle 6 

6. All research activities must be conducted transparently and be open to scrutiny, to uphold public trust in deceased donation and in the integrity of research involving deceased 

donors. 

6.1 Routine data collection is a fundamental safeguard of donation and transplantation programs and should be maintained throughout all research activities involving deceased 

donors. 

6.1.1 Data relating to the involvement of deceased donors in research should be routinely collected and reported in national registries, consistent with the international standards 

that mandate the routine collection and public reporting of data relating to deceased donation for transplantation [14, 37]. 

6.1.2 Where national registries do not yet exist, deceased donation and transplantation programs should routinely collect and regularly review information about research activities 

that involve deceased donors. 

6.2 Appropriate mechanisms to ensure the transparency of research activities involving deceased donors should be implemented according to the nature of the research activity(ies) 

and the context in which they occur. Such mechanisms should conform to privacy and data protection laws and standards in the relevant jurisdiction(s). 

6.2.1 A centralised, publicly accessible source of general information about research activities involving deceased donors should be established in association with equivalent 

sources of information about deceased donation for transplantation; this may provide links to other sources of more detailed information about specific research activities, e.g., 

online clinical trials registries or research project websites. 

6.2.2 Researchers have primary responsibility for ensuring mechanisms are in place to maintain effective communication with research participants or other stakeholders in 

studies, and to effectively disseminate the findings of research to relevant stakeholder communities. 

6.2.3 When the nature of research activities may delay or limit the disclosure of results or activities to stakeholders, e.g., due to the timeline of research protocols or commercial 

interests, these constraints on disclosure should be communicated to relevant stakeholders and carefully considered when evaluating the potential benefits and burdens of the 

proposed research. 

6.3 Wherever possible, the results of research involving deceased donors should be: 

• published in scientific journals and communicated to relevant scientific and professional audiences to inform future research in which the involvement of deceased donors is 

considered. 

• made available to all relevant stakeholders, including donor families, using appropriate mechanisms to support their access to and understanding of research outcomes, and 

allowing for individuals to opt-out of such communications if desired. 

6.4 When submitting results for publication, researchers should be required to attest that research involving deceased donors has been conducted in accordance with relevant 

ethical frameworks for research, and that any deceased donation activities involved in the research were consistent with the ethical standards outlined in the WHO Guiding 

Principles, [14] and the Declaration of Istanbul on Organ Trafficking and Transplant Tourism [38]. 

6.4.1 The publication of research that investigates or documents unethical practices relating to deceased donation or transplantation, e.g., evaluating the outcomes of travel for 

transplantation that involves organ trafficking, is ethically permissible provided that the research itself adheres to relevant ethical standards. 

6.5 Data about research activities should generally be reported in aggregate to reduce the risk of identification of individuals. 

6.5.1 Where small numbers, e.g., in low volume donation or transplantation programs, increase the risk of individuals or groups being identified in data reports, consideration 

should be given to the omission of more granular results in publicly accessible reports. 

6.6 When disseminating research findings to relevant audiences, efforts should be made to avoid the stigmatization of individuals and populations and to maintain respect for 

research participants even when they cannot be directly identified. 

6.6.1 Efforts to avoid the stigmatization of populations - for example, when reporting on populations that have a higher probability of requiring organ transplantation and a lower 

probability of contributing to deceased donation of organs - should not discourage the transparent publication of research that reports specific challenges impacting specific groups, 

which is essential for informing efforts to address inequities. 

Concerns about the potential stigmatisation of populations should be carefully addressed at the stage of protocol refinement rather than considered only at the time of 

dissemination of results.
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TABLE 7 Principle 7.

Principle 7 

7. Research activities should promote the autonomy of individuals who may be involved in or impacted by research. 

7.1 Research activities should respect a person’s fundamental interest in 

• having control over their body and personal information, 

• having the option to be involved in decision-making that may impact them and, 

• where relevant, having substitute decision-makers make decisions in accordance with the person’s values and preferences. 

Recruitment 

7.2 Individuals who are responsible for research recruitment or supporting decision-making about involvement in research should receive appropriate training. Core competencies 

of such individuals include being able to: 

• Understand relevant ethical considerations with respect to deceased donation and transplantation as well as research. 

• Provide appropriate care for the decision-makers and/or arrange appropriate referrals to other support services or care providers when necessary. 

• Support informed decision-making about research opportunities. 

7.3 Potential conflicts of interest in the recruitment of donors, donor families, or transplant recipients for research, such as those that may arise as a result of holding dual roles as 

clinician-researchers, should be identified and carefully managed in accordance with relevant policies or guidelines. 

7.4 Research protocols that involve recruitment of patients currently receiving clinical care -whether deceased donors or transplant recipients - should generally require 

coordination with relevant clinical teams or services. 

7.4.1 Relevant donation and transplantation personnel should be familiar with current research activities and research coordinators should be familiar with relevant donation and 

transplantation programs, to avoid disclosure of misinformation and to ensure timely referral to donation, transplantation, or research coordinators, as relevant. 

7.4.2 Where the recruitment of deceased donors for research is not under the auspices of donation personnel, this should routinely require coordination and consultation with 

relevant donation personnel or organizations. 

7.5 In general, opportunities for deceased donation for transplantation should be introduced to relevant stakeholders prior to discussion of opportunities for involvement of 

deceased donors in research. 

7.6 When decision-making about deceased donation for transplantation takes place, decision-makers should be informed of relevant opportunities for involvement of the donor in 

research. 

7.6.1 If organs, cells, and/or tissues cannot be donated for use in transplantation, the option of donating these for use in research should be presented whenever possible. 

7.6.2 When biological specimens and/or data relating to deceased donors for transplantation may be retained for the purpose of research, this should be anticipated and should 

usually be disclosed to individuals making a decision about donation for transplantation. 

7.6.3 Where feasible and desired, it may be appropriate to offer people making a decision about deceased donation more choices about the distribution and use of donations for 

research purposes than are usually permitted when making decisions about deceased donation for transplantation. 

7.7 Where options for involvement in research are present, for example if donated organs or tissues might be used in a range of research activities or transplant candidates might be 

eligible to participate in more than one clinical trial, individuals making a decision about involvement in research or donation for research should be empowered to choose from 

among the available options if they wish to do so. 

Authority for decision-making about involvement of deceased donors in research 

7.8 Where necessary, legal frameworks should be revised and/or established to provide clear mechanisms for authorising the involvement of deceased donors in research. 

7.8.1 In jurisdictions where advance care directives can be used to guide healthcare decision-making for people when they lose decision-making capacity, individuals should be 

enabled to express values or preferences about future involvement in research in such directives. 

7.8.2 In jurisdictions that provide mechanisms for individuals to register their wishes or preferences with regards to donation for transplantation after death, e.g., by joining a donor 

registry, such mechanisms should include opportunities to express preferences or wishes regarding involvement in research or donation for research. 

7.8.3 Where possible, the person(s) with legal authority for substitute decision-making about deceased donation for transplantation should also have authority to make decisions 

about a deceased donor’s involvement in research. 

7.8.4 In some cases, legal authority for involvement of individuals in some types of research may appropriately reside with organizations or groups other than the individuals 

concerned or their substitute decision-makers [42]. 

7.9 Public education about deceased donation should include both information about donation for transplantation and information about opportunities for individuals to be 

involved in research at the end of life or to donate organs, cells or tissues for use in research. Individuals should be encouraged to discuss their wishes regarding donation for 

transplantation and research with their families. 

7.10 Clear and accessible guidance should be provided to substitute decision-makers regarding how decisions about involvement of donors in research should be made. 

7.10.1 Guidance should address how to manage conflicts among members of donor families regarding the involvement of a deceased donor in research; this should be consistent 

with the approach to decision-making about donation for transplantation. 

7.10.2 Subject to the laws in each jurisdiction, when making decisions about research activities that involve interventions in the body of a deceased donor before or after death, 

substitute decision-makers should prioritise the deceased donor’s known or expected values and preferences.

(Continued)
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TABLE 7 Continued 

Consent requirements 

7.11 To support voluntary and informed decision-making, research protocols (and protocols for decision-making about deceased donation that are inclusive of donation for 

research) should take into account: 

• The timing, frequency, and location of discussions about involvement in research, 

• The mechanisms used to provide information about the research, 

• The identity and role of the person involved in requesting or supporting decision-making about research and their roles and relationships with decision-makers, 

• The implications of accepting or declining participation in research on opportunities for transplantation or donation for transplantation, where relevant. 

7.12 Where appropriate and feasible, the process of decision-making about involvement in research and/or donation for research should be designed to support dynamic and 

flexible decision-making, and to minimise confusion and burdens on decision-makers while ensuring that: 

• key information about the research and any practical implications that may be important are communicated and considered, 

• decision-makers are supported and given the option to explore or discuss further information throughout the process, 

• the limitations of information provided are made explicit (e.g., uncertainty regarding future uses of donated organs, cells, or tissues in research) 

• any options for or limitations on withdrawal from research are clearly communicated. 

7.12.1 When designing or evaluating specific research protocols or broader systems for the recruitment of participants in research involving deceased donors, a range of consent 

models should be considered and adapted where necessary to provide the best fit in the local context, while satisfying legal requirements and the ethical obligations outlined herein. 

Disclosure of information 

7.13 The mechanisms used to disclose information to decision-makers about research should be designed to optimise communication and understanding of information and to 

reduce the burdens of information disclosure. 

7.14 The disclosure of information to decision-makers about involvement in research should be designed to ensure that key information is provided, considered, and tailored to 

meet the preferences and needs of individuals in the context of particular research protocols. Such information should typically include: 

• who is conducting the research, 

• the goals of the research, 

• what the research activities involve, 

• the potential benefits, burdens and risks of involvement in the research, and 

• how to obtain more information and/or express concerns or complaints about the conduct of the research. 

7.14.1 Information about substantive risks or burdens of research involvement for individuals should routinely be explicitly disclosed and considered when seeking consent. 

7.14.2 Information that is likely to be considered significant by donors, donor families or transplant recipients and/or could influence their decision-making about involvement in 

research should be routinely provided to those deciding about such involvement. 

7.15 When involvement in research does not present substantive risks or burdens and decision-makers prefer not to receive detailed information about what research involves, it is 

not always necessary or appropriate to impose detailed information on decision-makers, provided that decision-makers have the opportunity to receive more information at the 

time of making the decision or in the future. 

7.16 Some research may involve considerations that entail specific consent requirements including explicit disclosure of information. Information that is likely to be deemed 

significant by research participants and that should usually be disclosed during decision-making about research, where relevant, includes: 

a) The extent to which research activities may deviate from standard clinical practice in deceased donation or transplantation of deceased donor organs, cells, or tissues. 

b) The potential effects of research activities on deceased donation for transplantation or access to transplantation. 

c) The potential impact of research involvement on a donor’s end-of-life care or transplant recipient’s current or future clinical care, including the potential financial 

implications of any changes to care. 

d) Source(s) of research funding and potential commercial interests in the research, including the possibility of donated organs, cells or tissues becoming saleable products. 

e) The potential collection and/or use of genetic data. 

f) The potential creation of perpetual cell lines from donated materials. 

g) The potential use of donated materials in non-human animal research. 

h) The potential use of donated materials in research that may lead to the creation of children. 

i) The potential distribution of donated organs, cells, tissues, or personal data internationally, and/or transfer of custodianship of donated materials or data. 

7.17 Potential assumptions on the part of research decision-makers that may be influenced by expectations of deceased donation for transplantation or of routine transplantation 

activities, and which may not be applicable in the case of some research activities should be explicitly addressed when obtaining consent. 

7.18 Potential or actual conflicts of interest relating to research activities should be avoided, and unavoidable conflicts of interest should be disclosed. 

7.19 When transplant candidates are offered organ, cell or tissue transplants that have been obtained from a deceased donor who was involved in an interventional study, they 

should receive any relevant information that may have clinical implications for their transplant. 

7.19.1 If there are plans to collect or use data about the transplant recipient as part of a study that involves interventions in deceased donors, information about the study should 

usually be disclosed when offering the transplant, even if there is no information of potential clinical significance for the recipient. 

Waiver of consent and presumed consent

(Continued)
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concerns or uncertainty, for example, regarding the purposes for 
which data may be used and by whom. Use of some data relating to 
deceased donors may therefore be considered beyond the scope of 
ethical guidance or legal frameworks established for use of ordinary 
health records data in research.

Principle 5 and its subsidiary principles affirm the importance of 
safeguarding privacy and protecting data relating to deceased 
donors and recipients of deceased donor transplants. The 
subprinciples stop short of providing nuanced guidance on 
specific questions of urgent practical importance in some 
settings, such as when consent may be waived for the use of 
registry data in research. Further work is needed to establish 
more specific guidance to support ethical access to and use of 
data in research activities.

All research activities must be conducted 
transparently and be open to scrutiny, to uphold 
public trust in deceased donation and in the 
integrity of research involving deceased donors

There is a particular concern for transparency in research 
activities involving donors and recipients of transplants from 
deceased donors, due to the need to maintain public trust in 
deceased donation and transplantation systems. Accountability 
for the safe and equitable procurement and use of donations, as 
well as avoidance of exploitation or other harms to donors during 
the end-of-life period, should be a concern not only for researchers 
but also for donation programs and personnel who may not be 
involved in research activities.

Deidentified data relating to deceased donation and 
transplantation are routinely reported in aggregate to the 
public at the national and international levels, although there 
is often less detail and transparency regarding utilisation of 

donated tissues and cells compared with organs used in 
transplantation [41]. However, the frameworks under which 
data are used and shared for the purpose of accountability or 
quality assurance in donation for transplantation may not 
routinely allow for the use of these data in research. 
Conversely, when publishing data collected or generated as 
part of research activities, specific protections may be required 
to minimise the risk of harm to individuals or communities. 
These considerations highlight a potential tension between the 
core principles: the protection of privacy may conflict with the 
requirement for transparency.

The principles make clear that the transparency and 
accountability considered standard for donation for transplant 
activities should be equally applicable when donation occurs for 
research or when donors are involved in research. In combination 
with Principle 5, Principle 6 and its subsidiaries provide a strong 
foundation at the procedural level by recommending that 
mechanisms to facilitate ethical governance and decision-making 
about data collection, storage, and use are needed.

Research activities should promote the autonomy 
of individuals who may be involved in or impacted 
by research

Principle 7 (see Table 7) stipulates respect for the autonomy of 
those involved in or impacted by research, and, in numerous 
subprinciples, articulates several important ethical considerations 
regarding recruitment for and decision-making about involvement 
in research. It thus addresses one of the foremost concerns of 
researchers and donation personnel: consent. Ethical and legal 
uncertainty regarding consent requirements in the context of 
particular types of studies involving donors has been widely 
discussed [21, 43–46]. Key questions include when consent for 

TABLE 7 Continued 

7.20 In some cases, an HREC Human Research Ethics Committee] or equivalent body may approve a waiver of consent requirements or deem it reasonable to presume consent for 

the involvement of individuals or groups in research activities. Factors that may influence whether it is ethically reasonable to presume consent include: 

• the relevant legal framework(s) in the jurisdiction, 

• the practical feasibility of seeking explicit consent, 

• the level of risk or potential burdens for those involved in the research, and whether these exceed the risks or potential burdens that they would otherwise encounter in their 

daily life or as part of their previously agreed involvement in donation or transplantation activities, 

• whether the intended involvement of the individual or use of their data or previously collected or donated organs, cells, or tissues in research is consistent with their known 

or expected values and preferences, 

• the presence of any information indicating that the individual or group would not wish to be involved in this type of research, or that they would wish to make an explicit 

decision about any such involvement.

7.20.1 It is generally reasonable to waive individual consent requirements for research involving use of data about deceased donors or transplant recipients that are routinely 

collected for the purpose of monitoring quality and safety, e.g., in registries, when the research aims to improve deceased donation and transplantation programs and their 

outcomes. Such secondary use of data should be consistent with the guidance outlined in Principle 6.

7.21 Although it may sometimes be reasonable to infer a person’s wishes regarding donation of organs, cells, or tissues for use in research on the basis of their previously expressed 

wishes regarding donation for transplantation, consent for - or refusal of - donation for research or involvement in research should not be presumed solely on the basis of expressed 

wishes regarding donation for transplantation.

7.21.1 In jurisdictions with an opt-out (‘deemed’ or ‘presumed’) model of consent for deceased donation for transplantation, consent or refusal for involvement of deceased donors 

in research should not be presumed solely on the basis of an individual’s decision to opt-out or not to opt-out of donation for transplantation, unless explicitly provided for in 

legislation.
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involvement in research should be obtained and from which 
stakeholders, and how much information should be provided 
and by whom.

Several authors have previously discussed the complexities that 
may arise when recipients of deceased donor organ transplants are 
involved in research due to the logistical challenges of providing 
relevant information and obtaining consent for research during 
decision-making about acceptance of a deceased donor organ offer 
[21, 44]. Researchers and donation personnel may be more anxious, 

however, about the implications of principle 7 and its subprinciples 
regarding decision-making about involvement of donors themselves 
in research. The families of prospective donors typically bear 
responsibility for decision-making about donation and donor 
involvement in research, where relevant. Donation decision- 
making often follows stressful and emotionally exhausting 
decision-making about end-of-life care and may itself be 
overwhelming for some families [47]; the additional cognitive 
load of information about research opportunities may be 

TABLE 8 Principle 8.

Principle 8 

8. Research activities must respect the prohibition of financial gain in the human body and its parts and uphold the principle of financial neutrality in donation. 

8.1 The prohibition of financial gain in the human body and its parts does not preclude the coverage or reimbursement of necessary costs associated with the conduct of research 

involving deceased donors, or the recovery, transport, preparation, preservation, storage or use of donated bodies, organs, cells, or tissues in research activities [50]. 

8.1.1 Costs associated with research activities involving deceased donors should be routinely documented and open to scrutiny by relevant stakeholders. 

Financial neutrality in donation. 

8.2 Deceased donors and their families should neither lose nor gain financially as a result of donation, whether donation occurs for the purpose of transplantation, research, or both. 

8.3 Where additional costs are incurred by deceased donors, donor families, or transplant recipients because of their involvement in research, these should be covered whenever 

possible by relevant research, healthcare or governmental organizations. 

8.4 Financial incentives, including fungible gifts or other rewards, should never be offered to individuals or families in exchange for their agreement to donate the body, organs, 

cells, or tissues after death for use in research, or to involve a deceased donor in a research study. 

8.4.1 The principle of financial neutrality in donation does not preclude the use of incentives for recruitment of transplant recipients or donor family members in research studies, 

provided that: 

• routine ethical concerns regarding the use of incentives in research are appropriately addressed. 

• any incentives offered to donor families for their participation in research do not create actual or perceived conflicts of interest in donation decision-making, e.g., where their 

participation in research is contingent upon the donation decision.

8.5 Individuals with responsibility for recruitment of deceased donors for involvement in research should not be offered incentives or rewards proportionate to their success in 

obtaining agreement for deceased donation or involvement of donors in research. This does not preclude the payment of salaries or other costs associated with recruitment or 

research coordination activities.

8.6 Ceremonies and memorials that celebrate deceased donors who have contributed to research and/or transplantation are encouraged and should not be considered 

inappropriate incentives. 

Commercial interests

8.7 The presence of commercial interests in research involving deceased donors should be accepted where necessary for the success of research that offers substantial benefits for the 

public, especially through the development of new or improved medical products derived from human organs, cells or tissues, or the creation of valuable scientific knowledge 

relating to health.

8.7.1 When evaluating the potential benefits of research for the public, the potential impact of commercial interests on equity of access to these benefits should be carefully 

considered.

8.8 When proposed research activities involving deceased donors are intended or likely to generate financial gains for researchers, research institutions, commercial entities, 

funding agencies, or other parties, or when such gains become apparent in the course of research, relevant parties should be encouraged to invest a proportion of profits in a manner 

that: 

• Benefits public health, e.g., by supporting donation and transplantation programs, 

• Improves equity in access to healthcare resources, e.g., by subsidizing the costs of new medical products derived from donated organs, cells, or tissues for disadvantaged 

populations, and/or, 

• Supports research aimed at improving health outcomes for all.

8.9 The management of commercial interests in research activities requires scrupulous attention in the context of research involving deceased donors to avoid undermining public 

trust in the integrity, values and culture of deceased donation programs and personnel.

8.9.1 When potential, perceived, or actual commercial conflicts of interest relate to research activities that directly involve deceased donors, these should be 

• treated as significant risks when evaluating research, 

• routinely avoided where possible, 

• specifically disclosed to decision-makers about research, 

• routinely disclosed in publications reporting on research activities including reports by donation organizations or registries where relevant.
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considered excessive. Some families may find detailed decision- 
making about donation or research distressing, and donation 
personnel and researchers may question the feasibility of 
informed decision-making in this context. Donation personnel 
may also worry that discussion of research opportunities could 
negatively impact consent for donation for transplantation.

The relevance of autonomy is also more complex when the 
individuals concerned are deceased, as occurs when decision- 
making about research takes place after the determination of 
death. Wicclair, for example, suggests that “it makes no sense to 
protect the autonomy of the dead” [48]. However, he also argues that 
respecting the known or estimated wishes and preferences of the 
dead with regard to involvement in research may be ethically 
justifiable. A key justification for doing so in the case of research 
involving donors is that this would be consistent with the approach 
to decision-making about deceased donation for transplantation.

Although legal frameworks in some jurisdictions allow consent 
to be presumed for the removal of organs for use in transplantation, 
in practice families (or equivalent) are routinely approached to make 
or confirm a decision about donation on behalf of the donor, 
assuming the donor is unable to do so. While family preferences 
sometimes override the known or estimated wishes of a possible 
donor, it is increasingly accepted that surrogate decisions about 
donation for transplantation should ideally follow a substituted 
judgment approach. That is, decisions should be based on what 
the possible donor would choose if they were able to make the 
decision [49]. Similarly, decisions about end-of-life care, such as the 
withdrawal of life-sustaining measures that may precede donation 
after circulatory determination of death, are increasingly made 
according to a person’s known or expected preferences and 
values, provided these are considered clinically appropriate and 
not disproportionately burdensome or harmful. It is thus reasonable 
to infer that decisions about donation for research, or involvement 
of donors in research during the perimortem period, should also be 
made using a substituted judgement approach where possible, as 
indicated in Principle 7.10.2.

The guidelines make clear the importance of tailoring consent 
processes and information disclosure to support effective decision- 
making, while minimising burdens and distress for decision-makers, 
whether they are possible donors providing first person consent, donor 
family members, or transplant candidates. Communicating key 
information for decision-making about research may require 
innovative strategies that differ from the detailed informed consent 
models commonly associated with clinical research or the blanket 
consent or “tick-box” options typically included in donation for 
transplantation forms to allow for use of donated materials in research.

The risks of relying on a “tick-box” option regarding 
involvement in research on the consent form for donation for 
transplantation should be self-evident: some decision-makers may 
decline important research opportunities due to lack of knowledge 
of the nature and potential value of the research, while others may 
agree without realising the extent to which research activities and 
their potential outcomes differ from those of routine donation for 
transplantation. In the absence of clear guidance regarding consent 
requirements and feasible mechanisms to support disclosure of 
information and decision-making about research opportunities, 
there is a risk that research may proceed without appropriate 
consent from or engagement with stakeholders, and/or that 

opportunities for valuable research will be missed. The principles 
outlined in these Guidelines provide grounds for the development of 
more specific guidance and practical advice regarding support for 
decision-making about research in particular settings.

Research activities must respect the prohibition of 
financial gain in the human body and its parts and 
uphold the principle of financial neutrality 
in donation

Finally, principle eight (see Table 8) reaffirms one of the core 
ethical tenets of donation and transplantation, which prohibits 
trade in the human body and holds that donors and donor families 
should neither lose nor gain financially as a consequence of 
donation [14, 38, 51, 52]. Regardless of the purpose for which 
donated organs, cells, or tissues are used–in transplantation or 
research–the underlying ethical concerns about financial interests 
influencing donation decisions, undermining equity, and 
exploiting the vulnerable remain relevant. The subprinciples 
outlined under principle eight do not preclude, where 
necessary and ethically appropriate, the provision of financial 
payment to living persons involved in research to cover the costs 
associated with their participation in research activities, or 
coverage of other research-related costs. Coverage of any costs 
associated with donation, whether for transplantation or research, 
is also consistent with the principle of financial neutrality [53, 54]. 
If a deceased donor’s involvement in research, for example, 
imposes additional financial burdens on their family, these 
should be alleviated wherever possible.

The prevailing ethos of donation for transplant is that of a 
public good, with equitable access to the benefits of deceased 
donor transplantation ideally ensured by public institutions. 
This may appear threatened when deceased donation intersects 
with commercial interests in research. In fact, commercial 
interests are already prevalent in the donation and 
transplantation sectors in many countries, especially in the 
context of the tissue sector [55]. While commercial interests 
may be necessary to bring innovative therapies to patients, such 
interests in research may raise concerns about the injustice of 
industry profiting from materials that are gifted without 
financial gain by donors. This is especially relevant if it is 
unclear or unlikely that the public will be able to freely or 
equitably access the benefits of the research, for example in the 
form of new and expensive medical products derived from 
donated materials. Addressing these concerns prospectively 
is important to maintain public support for donation and 
involvement in research; this requires particular care when 
research may involve the development of perpetual cell lines 
or use of genetic material [56]. The case of Henrietta Lacks, for 
example, has heavily influenced trust and attitudes towards use 
of biospecimens in research [57]. Further guidance will be 
required to address concerns in the context of specific types 
of research and jurisdictions. The subprinciples in this final 
section again provide high-level guidance that may be useful in 
grounding more specific principles or policy with regard to 
commercial interests in research involving deceased donors. In 
particular, the principles affirm the importance of upholding 
the fundamental ethical values embedded in donation for 
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transplantation programs and highlight the need for caution 
and care to ensure that research activities do not jeopardise 
these values and the goals of such programs.

Conclusion

In 2024, the World Health Assembly called on member states to 
“promote research and innovation to maximize the use and optimize 
the outcomes of transplantation of human cells, tissues and organs, 
as well as enable development of alternative therapies to those based 
on the clinical use of human cells, tissues and organs” [58]. These 
inaugural international guidelines provide a strong foundation for 
current research practice but require further work at the local level 
for adaptation and implementation, including training in their use 
for researchers, donation and transplantation professionals, and 
research ethics governance bodies. Further work is also required 
on specific issues at the normative and practical levels, including 
consent requirements and mechanisms, allocation issues, use of 
registry data, and the management of commercial interests 
in research.

Cultural change may also be needed within donation and 
transplant programs to address historical beliefs and practices 
regarding the role of research within the context of deceased 
donation activities. Where opportunities for involvement in 
research arise, these should be considered an option for donors 
and transplant recipients, rather than a competing interest. 
Timely consultation and collaboration between researchers and 
donation and transplantation programs can help integrate 
research opportunities into donation pathways efficiently, 
while maintaining high standards of care for donors, donor 
families and transplant recipients, and can help identify and 
address potential ethical concerns.
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Chronic lung allograft dysfunction (CLAD) is the primary cause of late graft loss 
after lung transplantation, affecting up to half of lung transplant recipients within 
5 years and presenting with heterogeneous phenotypes, most commonly 
bronchiolitis obliterans syndrome (BOS) and restrictive allograft syndrome. 
Prevention and treatment of CLAD are challenging. This European Society for 
Organ Transplantation (ESOT) clinical practice guideline was developed by a 
multidisciplinary Task Force, including patient and allied healthcare 
representation, using systematic reviews and GRADE methodology. Eight key 
PICO questions addressing prevention and treatment of CLAD were evaluated. In 
terms of prevention, recommendations are in favor of using tacrolimus over 
cyclosporine, either mycophenolate or azathioprine, and azithromycin to reduce 
the risk of CLAD. Regarding treatment, montelukast could be considered in early- 
stage BOS. Current data are inconclusive in demonstrating benefits of anti- 
thymocyte globulin, alemtuzumab or extracorporeal photopheresis compared 
with standard of care, and do not support the use of antifibrotics in BOS. The Task 
Force emphasizes the urgent need for high-quality clinical trials and standardized 
care pathways in CLAD management.
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Introduction

Chronic lung allograft dysfunction (CLAD) is the leading long- 
term complication after lung transplantation and remains the major 
cause of death beyond the first post-transplant year [1]. CLAD is 
characterized by gradual and irreversible lung function decline, 
which severely affects quality of life after lung transplantation 
and may eventually be fatal [2].

CLAD develops in approximately one-third to one-half of lung 
transplant recipients within 5 years of transplantation and can 
manifest in different phenotypes [2–4]. The most common are 
bronchiolitis obliterans syndrome (BOS), characterized by an 
obstructive spirometric pattern, and restrictive allograft syndrome 
(RAS), characterized by a restrictive spirometric pattern and 
radiological opacities. Mixed or undefined forms also occur. The 
disease course is highly heterogeneous, but mostly progressive over 
time, necessitating timely intervention to stabilize graft function, 
alleviate symptoms and prevent graft loss [2, 5].

A range of alloimmune and non-alloimmune factors contribute 
to CLAD development and progression. Key pathogenic 
alloimmune drivers include acute cellular rejection, antibody- 
mediated rejection, human leukocyte antigen (HLA) mismatches, 
and donor-specific anti-HLA antibodies (DSAs). Non-alloimmune 
drivers include inflammatory and infectious injuries to the lung 
allograft, due to ischemia-reperfusion injury, bacterial, viral, or 
fungal respiratory infections, gastroesophageal reflux with micro- 
aspiration, and environmental exposures [6].

After lung transplantation, immunosuppressive therapy is used 
to prevent graft rejection and associated functional decline, graft 
loss, and mortality, while preserving the best possible quality of life. 
Standard maintenance immunosuppression includes a calcineurin 
inhibitor (CNI), a cell-cycle inhibitor and corticosteroids [7]. 
Although the optimal immunosuppressive regimen remains 
unknown, practice has changed over time, and the most 
commonly used combination worldwide is currently tacrolimus, 
mycophenolate mofetil (MMF), and prednisolone [8–10]. 
Immunomodulatory drugs, including preventive azithromycin to 
delay CLAD onset, are used in some centers but are not universally 
supported or adopted. Other preventive strategies for CLAD focus 
on reducing modifiable risks and intervening early to preserve graft 
function. Vigilant monitoring and management of known risk 
factors, including prompt treatment of acute rejection, 
pulmonary infections, and gastroesophageal reflux, are considered 
essential to preserve graft function.

Once CLAD is established, no therapies have been definitively 
proven to halt or reverse disease progression, and retransplantation 
remains the only curative option for carefully selected patients. A 
variety of treatment modalities are suggested and used, ranging from 

changes in maintenance immunosuppression to lymphocyte 
depleting and modulatory therapies (e.g., azithromycin, anti- 
thymocyte globulin (ATG), alemtuzumab, extracorporeal 
photopheresis (ECP)), as well as other adjunctive therapies (e.g., 
montelukast) [11, 12]. Most of these drugs are used off-label in the 
management of CLAD. Considering the limited available evidence 
and lack of consensus guidelines on therapeutic strategies in CLAD, 
practice patterns show substantial inter-center variability [10], with 
no universally accepted standard of care. This clinical practice 
guideline therefore aims to provide evidence-based 
recommendations for prevention and treatment strategies for 
CLAD in lung transplant recipients.

Methods

This guideline was developed by a European Society for 
Organ Transplantation (ESOT) Task Force, including 
specialists in respiratory and transplant medicine, with 
recognized expertise in the management of CLAD, as well as 
an allied healthcare specialist and patient representative. The 
patient representative was actively involved in all discussions as 
a full member of the panel and provided input into the final 
recommendation. Between June 2024 and November 2025, the 
panel met 15 times (all videoconferences and one hybrid 
meeting). In addition, a smaller methodology subgroup met 
frequently and regular discussions on individual topics were 
held via email.

PICO and narrative questions

Key clinical questions for both clinicians and patients 
regarding prevention and treatment of new-onset or 
progressive CLAD were discussed. Following ESOT 
methodology, we formulated eight questions in accordance 
with the PICO format (Patient, Intervention, Comparison, 
Outcomes). Due to the limited number of PICO questions 
that could be included, it was not possible to address all 
therapeutic options for CLAD prevention and treatment (e.g., 
induction immunosuppression, anti-reflux surgery, pulse 
corticosteroid therapy, total lymphoid irradiation). The final 
selection of PICO questions was determined based on voting by 
the Task Force members (Supplementary Material 1).

All Task Force committee members decided on the outcomes of 
interest for each PICO question, based on their relative importance 
to adults with CLAD and clinical decision-making [13]. Critical 
outcomes were graft loss, overall survival and serious adverse events 
for all PICO questions, as well as CLAD onset for the PICO 
questions regarding prevention (PICO questions 1–3).

Systematic reviews were performed to answer these PICO 
questions.

Disclosure of potential conflicts of interest

Committee members disclosed all potential conflicts of interest 
prior to the start of the Task Force (Supplementary Material 1). 
Members with potential conflicts abstained from voting on 
recommendations in which there was potential conflict. The 

Abbreviations: ATG, anti-thymocyte globulin; AZA, azathioprine; BOS, 
bronchiolitis obliterans syndrome; CLAD, chronic lung allograft 
dysfunction; CMV, cytomegalovirus; CNI, calcineurin inhibitor; DSA, donor- 
specific antibody; EBV, Epstein-Barr virus; ECP, extracorporeal photopheresis; 
ESOT, European Society for Organ Transplantation; EtD, Evidence to decision; 
FEV1, forced expiratory volume in one second; HLA, human leukocyte antigen; 
MMF, mycophenolate mofetil; PICO, Patient, Intervention, Comparison, 
Outcomes; PTLD, post-transplant lymphoproliferative disease; RAS, 
restrictive allograft syndrome; RCT, randomized controlled trial.
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librarian and medical writer were non-voting members of the Task 
Force.

Systematic review

A systematic review was performed according to ESOT 
methodology. An experienced information specialist (ME) 
designed and ran the search strategies on the electronic 
databases of PubMed, EMBASE and Cochrane Library from 
inception using MeSH terms and keywords for each clinical 
question. The initial searches undertaken in October 2024 were 
updated in December 2025. Results of the searches were sent to 
panel member pairs and the title/abstract and full text were 
independently screened using predefined inclusion and 
exclusion criteria. A detailed description of the methods and 
the PRISMA flow diagrams [14] for all PICO questions are 
summarized in Supplementary Material 1.

Studies were summarized using the GRADE approach (Grading 
of Recommendations, Assessment, Development and Evaluation) 
for guideline development, including both systematic (for PICO 
questions) and narrative (for additional sources) reviews of the 
evidence [15–19].

Assessment of the level of evidence and 
degree of recommendations

The GRADE approach was used to assess the certainty of 
evidence and the degree of recommendations [14, 18, 19]. 
Recommendations were graded as strong or conditional after 
considering the certainty of evidence, balance between desirable 
and undesirable outcomes, assumptions about the relative 
importance of outcomes, implications for resource use, and 
acceptability and feasibility of implementation. Key 
considerations correlated with these gradings are summarized 
in Table 1.

Evidence profiles and evidence-to-decision (EtD) frameworks 
were generated for each PICO question [16] (Supplementary 
Material 2, 3). Based on these formats, the Task Force 
Committee formulated clinical recommendations and decided on 
their strength by consensus or voting, if required. Following the 

GRADE approach, strong recommendations are phrased as “we 
recommend”, while conditional recommendations are phrased as 
“we suggest” [14, 18, 19].

Results

The number of studies identified and selected for each PICO 
question is displayed in the PRISMA flow diagrams (Supplementary 
Material 1). The EtD frameworks for all questions are summarized 
here, with complete versions in the Supplementary Material, and 
grouped into prevention and treatment.

Prevention

Summary of evidence

Two single-center randomized placebo-controlled trials 
(RCT) evaluated azithromycin for CLAD prevention 
(203 patients) [20, 21]. Azithromycin or placebo was 
administered either from discharge (initiated on average at 
36 days post-transplant) for 2 years [16] or preoperatively 
until 31 days post-transplant [21], respectively. In the latter 
study, open-label azithromycin was prescribed after 90 days 
post-transplant and continued in 91% (prior placebo) and 
97% (prior azithromycin) of included patients. Long-term 
outcomes (>2 years) of the first trial were later assessed in a 
retrospective post-hoc analysis (n = 83) [22].

Azithromycin significantly reduced CLAD incidence at 2 years 
compared with placebo (13% vs. 44%; p = 0.017) [20]. At a median 

TABLE 1 GRADE-based recommendations used in this document, based on GRADE [15] and used in accordance with the European Society for Organ 
Transplantation methodology.

Target 
group

Strong recommendation# (“we recommend”) Conditional recommendation 
(“We suggest”)

Patients All or almost all informed people would follow the recommended 

advice for or against an intervention

Most informed people would choose the recommended course of action, but a 

substantial number would not

Clinicians Most patients should receive the recommended course of action The health professional should acknowledge that different choices may be 

appropriate for individual patients and should devote time to the process of shared 

decision-making by which they ensure that the informed choice reflects individual 

values and preferences

Policymakers The recommendation can be adopted as a health policy in most 

situations

Policy making will require substantial debate and involvement of many 

stakeholders

#Strong recommendations based on high-quality evidence will apply to most patients for whom these recommendations are made, but they may not apply to all patients in all conditions; no 
recommendation can take into account all of the unique features of individual patients and clinical circumstances.

PICO question 1

In adult lung transplant recipients, should azithromycin be used to prevent the onset 

of CLAD?

Recommendation

• In adult lung transplant recipients, we suggest using azithromycin to prevent the 

onset of CLAD (Conditional recommendation in favor of the intervention, very 

low certainty of evidence)
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follow-up of 5.5 years, azithromycin-treated patients from Vos et al. 
still showed a lower incidence of CLAD (28% vs. 51%; p = 0.048) and 
significantly longer CLAD-free survival [22].

Other supportive evidence

Two additional retrospective single-center studies assessed the 
effects of azithromycin prophylaxis. One reported increased overall 
survival (p = 0.002) and reduced risk of BOS in patients receiving 
azithromycin, although not significant (p = 0.07) [23]. The other 
study found that azithromycin prophylaxis, initiated at week 3 post- 
transplant or later than 3 weeks post-transplant, compared to 
patients not receiving azithromycin, was associated with a 
significantly lower risk of CLAD, with the earliest initiation 
showing the lowest incidence [24].

In summary, data suggest that azithromycin delays and may 
prevent the onset of CLAD post-transplant; but there is yet no 
clear evidence from RCTs that prophylactic azithromycin reduces 
graft loss and improves overall survival, although longer follow-up data 
are needed for these outcomes. Evidence on optimal initiation time is 
limited, though early initiation post-transplant may be preferred [24]. 
It is currently unclear whether the beneficial effects of azithromycin 
prophylaxis are more pronounced in specific patient populations.

Across the RCTs and post-hoc analysis, adverse effects, including 
serious allergic, cardiac, neurological, gastrointestinal events 
(requiring treatment discontinuation in 5% in the azithromycin 
group vs. 0% in the placebo group), and QT interval changes, were 
comparable between groups or clinically insignificant [20–22]. 
Similarly, the two retrospective single-center studies found no 
increased risk of adverse events, renal dysfunction, or malignancy 
associated with azithromycin [23, 24]. Of note, azithromycin 
prophylaxis did not affect the bronchial bacterial microbiota of 
lung transplant recipients [25].

In contrast, clinical experience indicates that gastrointestinal 
intolerance to azithromycin, related to its gastroprokinetic 
properties, may necessitate dose reduction or discontinuation. 
Ototoxicity was not assessed in the included studies, but prior 
data from patients with chronic lung disease have shown an 
association between long-term azithromycin use and increased 
risk of hearing impairment, which physicians should be 
aware of [26].

Overall, azithromycin is generally well tolerated. However, some 
adverse effects, such as ototoxicity, have not been systematically 
studied, and the long-term impact of continuous use remains 
uncertain.

Justification of recommendation

The Task Force supports the use of azithromycin for CLAD 
prevention, based on evidence demonstrating a clinically 
meaningful reduction in CLAD incidence and a generally 
favorable safety profile with mild and infrequent adverse 
events.

Implementation considerations

Oral administration of azithromycin can be initiated 
during index admission or at routine follow-up visits. No 

additional monitoring beyond standard post-transplant care 
is required.

Future research

Future research on azithromycin should address the optimal 
timing of initiation after lung transplantation and whether 
treatment should be applied universally or targeted to specific 
risk groups. Studies should also incorporate patient-reported 
outcome measures and further evaluate long-term effects, 
including impact on graft and overall survival.

Task Force members had mixed opinions on whether a large 
multi-center randomized trial of azithromycin to prevent CLAD is 
needed. Better evidence would be useful, especially on giving the 
drug to all patients versus only higher-risk ones, and on the best 
timing. However, a placebo-controlled trial raises ethical and 
practical problems: the drug is already widely used, recruiting 
patients would be difficult and the study would need long follow- 
up. The main uncertainty is therefore not whether azithromycin 
works overall, but how and when it should be used, including which 
patients to treat, how long to treat them, and when to 
stop. Pragmatic randomized trials or large multi-center 
observational studies may be more realistic ways to answer these 
questions.

Summary of evidence

Four RCTs were identified (662 patients; 329 tacrolimus, 
333 cyclosporine), with follow-up duration ranging from 
507 days to 3 years [4, 27–29].

Across included trials, tacrolimus was associated with a 
significantly lower incidence of CLAD with moderate certainty of 
evidence [4, 27–29]. No statistically significant difference between 
groups was observed for overall survival (RR 0.91, 95% CI 0.68–1.21, 
p = 0.63–52) [4, 24–26] and graft loss (RR 0.70, 95% CI 0.6–1.06, p = 
0.10) [4, 27, 29], but studies were not primarily powered for 
these outcomes.

Serious adverse events were only reported in the ScanCLAD trial 
[4] and were comparable between groups. Pooled data showed 
similar rates of infection [4, 27–29]; kidney dysfunction (serum 
creatinine >2 mg/dL) occurred significantly more often with 
tacrolimus [27–29] and this was also observed in the ScanCLAD 
trial [4]. In this study, however, upon switching from extended- 
release tacrolimus to immediate-release tacrolimus (protocol change 
during the study), the incidence of kidney dysfunction was no longer 
higher than with cyclosporine. No significant difference in 
malignancy was reported with tacrolimus compared to 
cyclosporine treatment [4, 27, 28].

PICO question 2

In adult lung transplant recipients, should tacrolimus be used over cyclosporine to 

prevent the onset of CLAD?

Recommendation

• In adult lung transplant recipients, we recommend using tacrolimus over 

cyclosporine in the prevention of CLAD. (Strong recommendation in favor of the 

intervention, low certainty of evidence)
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Other supportive evidence

In addition to the RCTs, three quasi-randomized trials [30–32], 
three observational studies [8, 33, 34] and a recent large registry 
study [35] were identified.

Reported overall survival was similar [34] or higher [8, 33] with 
tacrolimus compared to cyclosporine. In the quasi-randomized 
trials, one-year survival did not differ significantly in two studies 
[30, 31], while it was higher in the tacrolimus group in the other [27]. 
CLAD incidence was lower with tacrolimus compared with 
cyclosporine [31, 32]. The large registry study demonstrated that 
receiving cyclosporine for maintenance immunosuppression 
(compared with tacrolimus) was associated with an increased risk 
of developing CLAD (HR 1.16, 95% CI 1.08–1.23, p < 0.001) and 
with an increased overall risk of death/retransplant (HR 1.16, 95% 
CI 1.09–1.23, p < 0.001).

It should be noted that trough levels varied across studies, and 
there is currently no consensus on optimal trough targets at different 
time points after transplantation. The target trough levels for 
tacrolimus used in the ScanCLAD trial were 10–14 ng/mL at 0– 
3 months, 8–12 ng/mL at 3–6 months, 8–10 ng/mL at 6–12 months, 
and 6–8 ng/mL beyond 12 months [4].

Across solid organ transplantation, tacrolimus provides 
superior early rejection control and short-term graft survival 
compared with cyclosporine in kidney [36] and liver [37] 
transplants and is at least non-inferior in heart transplants 
[38]. However, robust, direct evidence that tacrolimus prevents 
late chronic allograft dysfunction beyond these surrogate benefits 
is limited.

No differences in infection rates and kidney dysfunction 
between tacrolimus and cyclosporine were reported [32, 33]. 
Tacrolimus was associated with a higher risk of post- 
transplant diabetes, neurotoxicity and gastrointestinal side 
effects in liver and kidney transplants [36, 37] but lower 
risk of hypertension [39].

Conversion from twice-daily, immediate release to once-daily, 
extended-release tacrolimus formulation appears safe for renal, 
metabolic, and allograft function and may improve adherence 
[40], but additional benefits regarding adverse effects remain 
uncertain. The ongoing Revolution Trial (NCT05001074) 
compares extended- and immediate-release tacrolimus in lung 
transplant recipients, assessing renal function and other clinical 
outcomes [41]. Results expected in 2026 may give insights into the 
optimal formulation.

Justification of recommendation

Data supports the use of maintenance tacrolimus over 
cyclosporine in reducing CLAD incidence. Mortality and 
re-transplantation appeared neutral within the limited time 
frame of most studies, which were not adequately powered to 
detect a clinically meaningful effect. The registry study, which 
included a longer follow-up up to 14 years post-transplant, 
demonstrated an increased overall risk of death/retransplant 
in cyclosporine-treated patients. Overall certainty of evidence 
was considered low based on the low certainty of evidence for 
the critical outcomes graft loss and overall survival, despite 
moderate certainty of evidence for the outcome CLAD, 

necessitating recommendation downgrading for risk of bias 
and imprecision according to GRADE. The moderate certainty 
of evidence for CLAD is in line with other Refs. [12, 42, 43], 
but our overall certainty was rated low because of GRADE 
methodology [44]. However, given the moderate certainty of 
evidence for the CLAD outcome, the Task Force issued a 
strong recommendation for the use of tacrolimus even 
though data on its effect on long-term graft and overall 
survival are limited.

Implementation considerations

There are no major implementation concerns, as both tacrolimus 
and cyclosporine are widely available and included on the WHO 
Model List of Essential Medicines [35]. It remains insufficiently clear 
whether once-daily dosing with extended-release formulation offers 
advantages over twice-daily dosing with immediate-release 
formulation in terms of adverse events and side effects. Ongoing 
and future studies may help clarify this issue. Cyclosporine continues 
to serve as an essential therapeutic option for patients who experience 
unacceptable side effects with tacrolimus.

Future research

Future research should prioritize long-term patient and graft 
survival, renal outcomes and adverse effects of different tacrolimus 
formulations and dosing schedules, and management of severe 
adverse events. Further study is needed on quality of life, optimal 
CNI trough levels, therapeutic drug monitoring and dose reduction 
strategies. Cost-effectiveness of tacrolimus formulations and versus 
cyclosporine could also be important.

PICO question 3

In adult lung transplant recipients, should mycophenolate mofetil be used over 

azathioprine to prevent the onset of CLAD?

Recommendation

• In adult lung transplant recipients, we suggest using either mycophenolate mofetil 

or azathioprine to prevent the onset of CLAD. (Conditional recommendation for 

either the intervention or the comparison, low certainty of evidence)

Remarks

There may be specific patient subgroups in which selecting one agent over the other is 

clinically justified. For example, in patients planning pregnancy, azathioprine (AZA) 

is preferred due to the teratogenic potential of mycophenolate mofetil (MMF). The 

choice of cell cycle inhibitor may also be influenced by individual susceptibility. AZA 

may be preferred in patients susceptible to or with persistent gastrointestinal side 

effects due to mycophenolic acid. Conversely, in patients with or susceptible to 

myelotoxicity, MMF might be preferred. Similarly, patients with gout requiring 

treatment with allopurinol (which may cause a serious drug interaction with AZA) 

may benefit from MMF. Finally, patients with genetic mutations in the thiopurine 

S-methyltransferase (TPMT) gene should avoid AZA (when homozygous deficient) 

or require reduced dosing (when heterozygous), as AZA treatment may induce 

severe, potentially fatal, bone marrow suppression by accumulation of toxic 

metabolites (6-thioguanine nucleotides) in these patients, which does not occur when 

treated with MMF
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Summary of evidence

Two multicenter, randomized prospective open-label studies 
(399 patients) compared post-lung transplant outcomes between 
AZA and MMF [45, 46], with just one study reporting 
CLAD onset [45].

Six-month overall survival rates were similar in one study (86% 
vs. 82%; p = 0.57) [40], while the other study reported an overall 
three-year patient survival of 75% in the MMF group and 69% in the 
AZA group (p = 0.18) [45]. CLAD incidence at 3 years post- 
randomization, CLAD grade, time to onset and survival did not 
differ between groups, but analysis of the composite endpoint 
(CLAD, death, re-transplantation for graft failure, or withdrawal 
due to lack of therapeutic response) showed a significant advantage 
for MMF over AZA, largely driven by a higher rate of treatment 
withdrawal in the AZA group [45].

With respect to side effects, no significant differences between 
AZA and MMF were reported in the incidence of CMV infection or 
disease [46], rates of opportunistic infections, sepsis, abnormal 
kidney function, or malignancy [45].

Other supportive evidence

Several retrospective studies assessed CLAD incidence, yielding 
inconsistent results [8, 33, 47–51].

One study found a numerically, but not statistically, higher 
incidence of CLAD in the MMF group (58% MMF vs. 49% AZA) 
[48]. Three studies reported similar rates of CLAD incidence, graft 
loss, and survival between MMF and AZA [8, 49, 51]. By contrast, 
Speich et al. reported a significantly lower graft loss rate and a 
trend toward better survival in the MMF group; however, 
interpretation of these findings is limited because of substantial 
cross-over (42% of patients receiving AZA were switched 
to MMF) [50].

According to the 2022 consensus on maintenance 
immunosuppression in solid organ transplantation [7], 
mycophenolic acid may be more effective than AZA in 
preventing acute rejection across solid organ transplants, 
including kidney, pancreas, liver, and heart. Although not a 
predefined outcome of our guideline, it is worth mentioning that 
the RCTs found no significant difference in the incidence of acute 
cellular rejection at 6 months, 1 year and 3 years between MMF and 
AZA [45, 46]. Conversely, a lower risk with MMF was reported in 
some retrospective studies [47, 50–52].

Similar adverse events were generally reported across 
studies, although a trend toward increased gastrointestinal 
problems with MMF and a higher incidence of anemia with 
AZA were observed [47, 50]. Rates of infections, malignancy 
and diabetes were comparable between groups [8, 49]. By 
contrast, one study reported lower CMV-related disease 
with MMF [50].

Regarding drug discontinuation, one study found a higher 
frequency in the MMF group (not significant, p = 0.19), mainly 
due to leukopenia and gastrointestinal issues [46], while another 
showed higher rates in the AZA group (p = 0.026) [50]. 
Gastrointestinal tolerance may be improved by spreading 
daily dose throughout the day (e.g., three times daily instead 
of twice daily) or switching to enteric-coated mycophenolate 

sodium, which delays release of mycophenolic acid until the 
small intestine. The latter has been associated with improved 
gastrointestinal symptoms, health-related quality of life, and 
psychological wellbeing in case series of solid organ 
transplant recipients, and may limit dose reductions, 
interruptions or discontinuation [53, 54].

It should be noted that a higher incidence of cutaneous 
squamous cell carcinoma has been observed in solid organ 
transplant recipients exposed to AZA [55].

Switching drugs (e.g., MMF to AZA for fertility reasons) or 
omitting cell cycle inhibitors for a longer time may increase the risk 
of developing de novo DSAs and acute rejection [56].

Finally, MMF warrants caution in patients (both females and 
males) planning pregnancy due to its teratogenic potential [57].

Justification of recommendation

Evidence shows no significant difference in effectiveness 
between AZA and MMF, and both have acceptable safety 
profiles. Accordingly, the Task Force does not suggest the use of 
one agent over the other. Overall, there has been an increased 
utilization of MMF over time. The Task Force additionally reported 
a modest clinical preference for MMF, primarily attributed to its 
perceived lower risk of acute cellular and antibody-mediated 
rejection [7].

Implementation considerations

MMF is considered easy to manage in clinical practice, 
although, unlike AZA, it is not included in the 2025 WHO 
Model List of Essential Medicines [58]. Regarding individual 
susceptibility, the U.S. Food and Drug Administration advise 
thiopurine S-methyltransferase (TPMT) genotyping/ 
phenotyping prior to commencing AZA, due to the risk of 
severe myelotoxicity in TPMT-deficient individuals [59]. 
MMF effectiveness and side effects are influenced by 
polymorphisms in UDP-glucuronosyltransferases enzymes, 
which regulate bioavailability of its active metabolite; routine 
pharmacogenetic testing is not yet standard but may guide 
individualized MMF dosing [60]. Prescribers should be aware 
that cyclosporine can significantly lower MMF blood levels, 
necessitating higher doses to achieve the same area under the 
curve dose level, by inhibiting its enterohepatic recirculation. 
Finally, caution is advised with both AZA and MMF in patients 
with documented short telomere syndrome due to increased 
myelotoxicity, which may necessitate a dose reduction or 
discontinuation of the cell cycle inhibitor.

Out of the scope of this systematic review is the role of 
proliferation signal inhibitors, which may represent an alternative 
in patients intolerant to both MMF and AZA.

Future research

Long-term real-world data may complement RCTs by 
comparing cell cycle inhibitors in lung transplantation. Key 
unresolved questions include DSA development with MMF vs. 
AZA, optimal and individualized dosing, identification of patient 
subgroups that may benefit preferentially from one agent, long-term 
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drug effects, management of MMF during infections, and guidance 
on treatment interruption around vaccinations.

Treatment

Summary of evidence

Currently, there are no published RCTs on the use of ECP in 
CLAD. We identified seven cohort studies with a control group 
assessing 182 CLAD patients treated with ECP compared to 
364 controls [61–67]. All studies suffered from significant selection 
or indication bias; the ECP group often included patients with more 
advanced CLAD stages or rapid decliners. Treatment protocols varied 
with different numbers of cycles per month and in total.

Concerning critical outcomes, one study found a higher re- 
transplantation rate in the ECP group compared with controls (35% 
vs. 15%; p = 0.004) [63]; of note, in this study, the ECP group 
included more patients with higher CLAD stages and more rapid 
decliners than the control group. Two studies showed 31%–55% 
graft loss during follow-up between 12 and 36 months in both ECP 
and control groups [62, 67]. Four studies found no difference in 
overall survival compared with controls [61, 62, 65, 67], whereas the 
study by Pecoraro et al. documented significantly higher survival in 
the ECP group (155 vs. 114 months; p = 0.03) [66]. In Jaksch et al., 
survival benefit for ECP was only found in responders, not in the 
overall ECP group, compared to controls [63].

Different methods were used to measure the effect on forced 
expiratory volume in one second (FEV1) evolution. One study 
reported an overall positive effect on FEV1 of ECP compared to 
controls [66], while two studies found no differences [64, 65]. 
Greater FEV1 decline in the ECP group was observed in two 
studies 61,63], and in one study assessment was not possible due 
to a high rate of early mortality in the ECP group [62].

Response rate—defined as FEV1 stabilization and/or 
improvement—ranged from 33% to 80%. This variation likely 
reflects differences in patient populations or CLAD stages. For 
instance, Del Fante et al. found 60% stable ECP vs. 70% stable 
controls, but with less CLAD stage I patients in the ECP group; over 
time, overall treatment failure occurred in 67% of patients in the 
ECP group compared with 93% of controls [61].

Regarding undesirable effects, no difference in infection rates 
between groups was reported in three studies [63, 65, 66], but one 
study observed a significantly lower incidence of CMV infections in 

the ECP group [63]. A decrease in bacterial and CMV infections 
after ECP initiation compared with the pre-ECP period has also 
been reported, despite lack of direct comparison to the control group 
[61]. Serious complications associated with ECP were infrequent 
across studies.

Other supportive evidence

Thirteen additional observational studies evaluating ECP in 
CLAD were identified, with sample sizes ranging from 8 to 
631 patients and some patient overlap among larger cohorts 
[68–80].

Survival outcomes varied widely. The largest study 
(631 patients) reported overall survival of 86% at 6 months and 
77% at 12 months, with 5-year post-ECP graft survival ranging from 
70% in responders, to 56% in stable patients and 35% in non- 
responders [79], while another large cohort (373 patients) reported 
46% overall survival and 41% graft survival at a median follow-up of 
92 months [73]. Other studies reported a median overall survival of 
7 years, with 50% 10-year graft survival [71], 66% 5-year overall 
survival [75], or median survival ranging from 2.6 years post-ECP 
initiation [72] to a mean of 15 months [80].

Most studies focused on graft function, particularly 
FEV1 evolution before and after ECP initiation. In the largest 
cohort [79], FEV1 stabilization or improvement was observed in 
62% of patients at 6 months and 51% at 12 months, while other 
studies reported response rates of 19%–80% [68–70, 72, 74, 79, 
80]. Interestingly, a recent randomized trial evaluated the 
preventive use of ECP in the early post-operative course and 
found a significantly lower incidence of CLAD at year 3 in the 
ECP group [81].

Several subgroup analyses attempted to identify responder 
profiles. Patients with a BOS phenotype generally demonstrated 
better responses than those with a RAS phenotype [65, 74, 79], 
although findings were inconsistent [61]. Similarly, patients with 
earlier CLAD stages (I–II) tended to respond better than those with 
advanced disease (III–IV) [63, 73, 75, 79], although this association 
was not uniformly observed [61, 66, 74]. Rapid FEV1 decliners 
showed reduced or trending toward reduced responses in some 
studies [63, 74], while others reported no effect [64] or even better 
responses [77].

Adverse effects were generally infrequent. Since ECP is 
thought to have mainly immunomodulatory rather than 
immunosuppressive effects, it may cause fewer infections [79] 
compared to other treatments. Treatable line-related infections 
occurred in 13%–14% of patients requiring central venous access 
[69, 72]. Venous access is a notable concern and may pose a 
significant barrier to treatment with ECP; based on our 
experience, the use of central lines varies considerably across 
centers. No ECP-specific long-term toxicities were reported, with 
long-term follow-up studies showing reassuring safety profiles [71, 
75]. Fatigue and iron deficiency anemia, though underreported, are 
observed in clinical practice and warrant monitoring. In a RCT where 
ECP was used as a preventive immunomodulatory treatment to 
reduce the risk of CLAD, the main adverse event attributable to ECP 
was anemia, reported as a reason for discontinuation in 38% [81].

In conclusion, the actual efficacy of ECP in the treatment of 
CLAD remains uncertain. Multiple sources of bias were identified 

PICO question 4

In adults with (progressive) CLAD, should extracorporeal photopheresis be used?

Recommendation

• In adults with (progressive) CLAD, we suggest either using extracorporeal 

photopheresis or not using it. (Conditional recommendation for either the 

intervention or the comparison, very low certainty of evidence)

Remarks

There may be specific patient populations that respond preferentially to ECP (e.g., 

BOS patients, non-rapid decliners, and/or patients with early CLAD stages), but 

responder profiles need to be consolidated by more data
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across studies, including logistical and co-intervention bias, and the 
lack of adequately matched control groups limited the ability to 
distinguish treatment effects from the natural history of CLAD. 
Results from the ongoing randomized eCLAD trial (UK, 
NCT05721079) are awaited to provide more robust 
evidence [82].

Quality of life and patient-reported outcome measures were not 
assessed in the published studies, representing an important 
gap. Given the burden of long-term, repeated ECP sessions, 
patient engagement, counseling, and stopping protocols are 
essential.

Justification of recommendation

Although ECP shows few severe side effects, the limited 
and not well-established desirable effects, along with the 
significant therapeutic and logistical burden for patients 
and hospitals, preclude the group from making a 
recommendation either for or against the use of ECP in the 
management of CLAD. This recommendation may require 
revision when additional data become available, especially 
following the results of the ongoing multicenter 
randomized controlled eCLAD trial.

Implementation considerations

High procedure costs (see Table 2), requirement for specialized 
equipment and trained personnel at hospitals, potential need for a 
central line, and coordination of travel logistics for the patients 
should be considered when assessing ECP indication. 
Reimbursement policies across healthcare systems are variable.

Future research

Further research on ECP in established CLAD should clarify 
treatment response, define responder subgroups, standardize 
treatment schedules, and assess biological samples to elucidate its 
mechanism of action, patient-reported outcomes, side effects, and 

cost-effectiveness. Additional studies are also needed to evaluate the 
role of ECP in CLAD prevention.

Summary of evidence

We identified nine retrospective observational studies assessing 
ATG as a treatment for CLAD (390 treated patients, 10–108 per study) 
[83–91].

Graft survival ranged from 77% to 80% at a median follow-up of 
10–63 months [84, 88]; in one study with an ATG-free control group, 
median graft survival was lower in ATG-treated patients (26 vs. 
45 months; p = 0.021), possibly reflecting more severe baseline 
disease and residual confounding despite propensity matching 
[90]. Overall survival was 95% at 6 months [87], 90% at 
10 months [84], 54% at 12 months [89] and 56% at 17 months 
[86]. The study by Padhye et al. showed a lower 1-year post-CLAD 
mortality compared with CLAD patients who did not receive ATG, 
although not significant (SHR 0.66, 95%CI 0.39–1.14, p = 0.134) [91].

Across studies, FEV1 response rates varied depending on the 
definition applied. Improvement in FEV1 was observed in 13%–40% 
of patients, while improvement or stabilization was reported in 
23%–52% [83, 85, 86, 88, 89]. A >20% reduction in FEV1 decline 

TABLE 2 Dosing and costs of various CLAD treatments.

Treatment Typical CLAD regimen Costs* Notes

Azithromycin 250 mg orally 3×/week or 250 mg every other day € Generic; very low cost across EU. 

Often <€10 for a month’s supply

Montelukast 10 mg orally daily € Generic; inexpensive in most EU countries

Pirfenidone 801 mg 3×/day (standard dose) €€ Generic; widely available. Actual reimbursed costs vary

ECP Initial: 2 days every 1–2 weeks; Maintenance: 2 days every 

4 weeks**

€€€ Varying availability. Highly variable by center, frequency, and 

technology (online vs. offline). Reimbursement differs by 

country

ATG Short course (3–10 doses, total 3–9 mg/kg) €€€ Varying availability. Vial costs vary; total depends on weight 

and protocol

Alemtuzumab Usually 1–few 10–30 mg IV doses €€€ Varying availability

*Monthly costs in Europe € - < 100€, €€ 100–1.000€, €€€ = >1.000€.
**Differing schedules exist.
ATG, anti-thymocyte globulin; CLAD, chronic lung allograft dysfunction; ECP, extracorporeal photopheresis.

PICO question 5

In adults with (progressive) CLAD, should anti-thymocyte globulin be used?

Recommendation

• In adults with (progressive) CLAD, we suggest either using anti-thymocyte 

globulin or not using it. (Conditional recommendation for either the intervention 

or the comparison, very low certainty of evidence)

Remarks

We suggest using ATG with caution in patients with a history of or risk for 

malignancy (e.g., recent malignancy, malignancy with a high risk of recurrence, 

Epstein-Barr virus (EBV) mismatch), or a history of infections (especially difficult-to- 

treat or fungal infections)
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occurred in 40%–65% of cases [87, 90]. Padhye et al. reported no 
difference in rate of FEV1 decline post- vs. pre-ATG and compared 
with non-ATG treated patients, although no pre-defined lung 
function period was assessed; i.e., the rate of decline 3 months 
after CLAD diagnosis to last follow-up was compared with lung 
function evolution from transplant up to 3 months before CLAD 
diagnosis [91].

Reported undesirable effects included skin cancer (9%–19%) 
and other types of malignancy (7%–8%) [88, 90]. Post-transplant 
lymphoproliferative disorder (PTLD) occurred in 0%–10% of cases 
[83, 84].

Other supportive evidence

The rate of FEV1 decline as a predictor of ATG response yielded 
inconsistent results. A trend toward a better response in rapid 
decliners [90] and CLAD stage I-II patients [88, 89] was 
observed, although this association was not consistently reported 
[87, 90]. No association between response and CLAD phenotype was 
reported in three studies [87, 88, 90].

There was wide variability across studies in terms of follow- 
up and time between CLAD diagnosis and ATG treatment. 
Studies also differed in total dose and type of ATG 
administered, as well as monitoring of lymphopenia. ATG 
was generally used as a second- or third-line therapy, with 
prior treatments varying across studies.

The Task Force judged that the evidence for a positive effect was 
limited, mostly because most studies lacked control groups. 
However, clinical experience suggests that ATG may contribute 
to lung function stabilization in some cases.

Treatment tolerance varied across studies. Fever and chills were 
common [84, 86, 87, 89], while most adverse events were mild [84, 
89]. Infusion-related reactions ranged from 4% [86] to 15% cytokine 
release syndrome and 22% serum sickness [87]. Overall, severe 
reactions appeared rare, and premedication with corticosteroids, 
acetaminophen, and/or antihistamines may reduce symptoms.

Bacterial and/or viral infection rates ranged from 12% to 
35%, with serious infections occurring in 8%–14% of patients 
[88, 89]. Cytopenia was inconsistently reported: severe 
leukopenia occurred in 4% of patients [86] and neutropenia 
in up to 14% [89].

Additional safety information can be derived from ATG use as 
an induction therapy. A systematic review of six small RCTs found 
no clear evidence of a higher risk of adverse outcomes associated 
with T-cell antibody induction (including ATG) compared with 
no induction or with each other, in lung transplantation [92].

Although ATG increases overall immunosuppressive burden, 
retrospective studies showed no clear increase in the risk of PTLD in 
lung or other solid organ transplantation [93]. Current expert 
opinion favors use of the lowest effective dose, with caution in 
EBV-seronegative recipients and other high-risk populations.

Justification of recommendation

There is no high-quality data supporting the use of ATG in the 
management of CLAD, although existing studies and Task Force 
members’ clinical experience suggest potential for lung function 
stabilization. The main limitation of ATG therapy is an increased risk 

of infections. Overall, ATG may be considered as a treatment option in 
selected CLAD patients, including those with concomitant ACR.

Implementation considerations

Availability of this therapy may be limited in certain 
countries, and treatment necessitates hospitalization and 
intravenous access. Administration of ATG via a central line 
or large-bore intravenous access is generally preferred given the 
risk of local irritation and thrombophlebitis. At present, no 
definitive recommendations exist on the optimal dosing, 
duration of treatment, and monitoring of its effects.

Future research

RCTs are warranted to better define efficacy and safety. 
Additional evidence is required to determine optimal dosing, 
treatment duration, and appropriate monitoring strategies. 
Furthermore, data is lacking for high-risk groups, such as EBV- 
mismatched recipients at increased PTLD risk, and for specific 
clinical subgroups, including different CLAD phenotypes.

Summary of evidence

Three small retrospective observational studies were identified 
(41 patients; 10–17 per study) [65, 94, 95], including one with a 
control group of 78 untreated patients [65].

No significant difference in overall survival was observed 
between the treatment group and controls at 6–12 months [65]. 
The other studies reported graft and patient survival of 69% at 1 and 
2 years [94] and 5-year overall survival of 76% [95].

In one study, mean FEV1 did not improve following 
alemtuzumab treatment [94]. In another cohort, a >10% 
increase in FEV1 was observed at 30 days, followed by a 10% 
decline by day 120 [95]. In the controlled study, alemtuzumab was 
associated with a slower decline in FEV1 at 1 month, but not at 
later time points [65]. Reams et al. observed improvement in BOS 
grade in 40% of patients, stability in 30%, and worsening in 30% 
[94]. Ensor et al. reported 53% freedom from BOS progression 
at 6 months [95].

Overall, alemtuzumab was associated with short-term 
attenuation of spirometric decline, mainly in BOS and early-stage 
disease patients, but no survival benefit was shown, and effects 

PICO question 6

In adults with (progressive) CLAD, should alemtuzumab be used?

Recommendation

• In adults with (progressive) CLAD, we suggest either using alemtuzumab or not 

using it. (Conditional recommendation for either the intervention or the 

comparison, very low certainty of evidence)

Remarks

Alemtuzumab should be used with caution in patients with a history of or risk for 

malignancy (e.g., recent cancer, malignancy with a high risk of recurrence, EBV 

mismatch) or a history of infections, particularly difficult-to-treat or fungal infections
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beyond 3–6 months remain unclear [65, 94, 95]. Interpretation of 
the results is limited by selection bias, as alemtuzumab was 
preferentially used for rapidly progressive disease. Further data is 
needed to determine the true effect size. Nonetheless, experience 
from some Task Force centers suggests possible stabilization of lung 
function, and alemtuzumab may be a potential option in patients 
with prior DSAs.

Other supportive evidence

In the identified studies, infection rates ranged from 50% to 
77% while infection-related mortality ranged from 10% to 30% 

[65, 94, 95]. Patients with CLAD already have an increased 
baseline infection risk; alemtuzumab may further increase 
the incidence.

In kidney transplant studies, alemtuzumab or ATG treatment 
for acute T-cell–mediated or glucocorticoid-resistant rejection was 
associated with good long-term graft survival and function, but 
frequent infections and reduced patient survival were reported 
compared with patients not requiring alemtuzumab [96–98]. 
Infection rates were comparable between the alemtuzumab- and 
ATG-treated groups [97].

In a study of alemtuzumab induction therapy in 
lung transplantation, 44% of patients developed (mostly 

TABLE 3 Overview of recommendations.

PICO 
number

PICO question Recommendation

PICO 1 In adult lung transplant recipients, should azithromycin be used to prevent the 

onset of CLAD?

In adult lung transplant recipients, we suggest using azithromycin to prevent 

the onset of CLAD 

Conditional recommendation in favor of the intervention, very low certainty of 

evidence

PICO 2 In adult lung transplant recipients, should tacrolimus be used over 

cyclosporine to prevent the onset of CLAD?

In adult lung transplant recipients, we recommend using tacrolimus over 

cyclosporine in the prevention of CLAD 

Strong recommendation in favor of the intervention, low certainty of evidence

PICO 3 In adult lung transplant recipients, should mycophenolate mofetil be used over 

azathioprine to prevent the onset of CLAD?

In adult lung transplant recipients, we suggest using either mycophenolate 

mofetil or azathioprine to prevent the onset of CLAD 

Conditional recommendation for either the intervention or the comparison, low 

certainty of evidence

PICO 4 In adults with (progressive) CLAD, should extracorporeal photopheresis be 

used?

In adults with (progressive) CLAD, we suggest either using extracorporeal 

photopheresis or not using it 

Conditional recommendation for either the intervention or the comparison, very 

low certainty of evidence

PICO 5 In adults with (progressive) CLAD, should anti-thymocyte globulin be used? In adults with (progressive) CLAD, we suggest either using anti-thymocyte 

globulin or not using it 

Conditional recommendation for either the intervention or the comparison, very 

low certainty of evidence

PICO 6 In adults with (progressive) CLAD, should alemtuzumab be used? In adults with (progressive) CLAD, we suggest either using alemtuzumab or 

not using it 

Conditional recommendation for either the intervention or the comparison, very 

low certainty of evidence

PICO 7 In adults with (progressive) CLAD, should antifibrotics be used? In adults with (progressive) CLAD phenotype BOS, we suggest not using 

antifibrotic therapy with pirfenidone 

Conditional recommendation against the intervention, low certainty of evidence 

In adults with (progressive) CLAD phenotype RAS, we suggest either using 

antifibrotic therapy with pirfenidone or not using it 

Conditional recommendation for either the intervention or the comparison, low 

certainty of evidence

PICO 8 In adults with (progressive) CLAD, should montelukast be used? In adults with (progressive) CLAD, we suggest either using montelukast or not 

using it 

Conditional recommendation for either the intervention or the comparison, low 

certainty of evidence

BOS, bronchiolitis obliterans syndrome; CLAD, chronic lung allograft dysfunction; RAS, restrictive allograft syndrome.
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viral) infections under prophylaxis (27% hospitalized, 
4% ICU), nearly 50% occurring within 6 months. 
Malignancies occurred in 9% of patients (2% PTLD, 7% 
non-PTLD) [99].

Although data does not demonstrate a clear increase in post- 
transplant malignancies with alemtuzumab in kidney or lung 
recipients, clinical experience supports cautious use in patients 
with a prior history of cancer.

Justification of recommendation

Alemtuzumab may stabilize lung function in selected patients, 
but its effect size remains uncertain, and further data is warranted. 
Its use is supported by limited clinical experience, and potential 
infection risks should be carefully weighed in clinical decision- 
making.

Implementation considerations

Alemtuzumab may have limited availability in some regions, 
potentially affecting access. It is generally administered 
intravenously, though subcutaneous or intramuscular routes are 
alternative options. The costs of the drug and management of 
potential adverse events should be carefully evaluated during 
treatment planning.

Future research

RCTs are necessary to establish definitive evidence regarding the 
efficacy, safety, optimal dosing and scheduling of alemtuzumab. 
Future research should additionally assess risk factors for adverse 

FIGURE 1 
Recommendations for prevention of chronic lung allograft dysfunction. Overview of the different preventive strategies for chronic lung allograft 
dysfunction (CLAD) discussed in this Clinical Practice Guideline.

PICO question 7

In adults with (progressive) CLAD, should antifibrotics be used?

Recommendation

• In adults with (progressive) CLAD phenotype BOS, we suggest not using 

antifibrotic therapy with pirfenidone. (Conditional recommendation against the 

intervention, low certainty of evidence) 

• In adults with (progressive) CLAD phenotype RAS, we suggest either using 

antifibrotic therapy or not using it. (Conditional recommendation for either the 

intervention or the comparison, low certainty of evidence)

Remarks

We do not suggest using antifibrotic therapy with pirfenidone in BOS patients given 

the lack of efficacy. However, antifibrotic therapy might be considered in RAS 

patients, as – in theory – it might be more effective in this CLAD phenotype 

demonstrating more extensive fibrosis, although more data are needed to better 

understand the effect size in this patient population
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events (e.g., PTLD risk in patients with EBV mismatch) and focus on 
specific subgroups, such as different CLAD phenotypes and patients 
with DSAs.

Summary of evidence

Two RCTs have evaluated pirfenidone use in lung 
transplant recipients [100, 101]. No published studies of 
nintedanib were identified at the time of writing, although 
there is a recently completed RCT in BOS 
(NCT03283007) [102].

The STOP-CLAD trial did not meet enrollment goals and was 
prematurely ended; therefore, it was underpowered for the 
primary outcome, which was change in radiographic 
assessment of small airways disease. The study included 
23 patients (14 BOS and 9 RAS; 12 pirfenidone and 
11 placebo), and there was no significant difference in 
FEV1 change over the 24-week study period between 
pirfenidone and placebo (−3.1% vs. −3.7%; p = 0.90). No life- 
threatening adverse events were reported. Five serious adverse 
events requiring medical intervention occurred, all in the placebo 
group, including four infections requiring antibiotic treatment 
and one case of hyponatremia [100].

In the EPOS trial (90 BOS patients; 48 pirfenidone and 
42 placebo), both the pirfenidone and control groups showed a 
similar continued FEV1 decline. Secondary endpoints (graft loss, 
death, re-transplantation) and the incidence of serious adverse 
events were similar between groups [101].

As pirfenidone did not demonstrate superiority over placebo 
and standard care, we do not recommend it for treating BOS.

Other supportive evidence

In addition to serious adverse events, the RCTs reported a 
similar overall number of adverse events in the pirfenidone and 
placebo groups [100, 101]; with more gastrointestinal events 
[100, 101] and fewer infections [100] in patients receiving 
pirfenidone. Adverse events judged by blinded adjudication to 
be attributable to the study drug were more common in the 
pirfenidone group [100].

Two small additional observational studies (9–11 patients) assessed 
the role of pirfenidone in lung transplant recipients with CLAD [103, 
104]. In Vos et al. median 3-year overall survival following RAS 
diagnosis was 55% and graft loss occurred in 73% of patients, with 
a median graft loss–free survival of 1.8 years [103]. In the other study, 
median overall survival from treatment initiation was 7 months [104].

FIGURE 2 
Recommendations for treatment of chronic lung allograft dysfunction. Overview of the different treatment strategies for chronic lung allograft 
dysfunction (CLAD) discussed in this Clinical Practice Guideline.
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Across the two studies, a non-significant reduction in the 
rate of FEV1 decline was observed post- vs. pre-pirfenidone at 
3 and 6 months [103, 104], with a significant decrease at 
12 months in the study by Vos et al. [103] (−50 to −10 mL/ 
month; p < 0.05). However, only 6/11 (55%) patients could still 
be evaluated at that time point.

Antifibrotics may cause notable gastrointestinal symptoms, 
requiring dose reduction or treatment discontinuation. Dose 
adjustment due to anorexia or nausea was reported in 55% of 
patients [103], while a single case required treatment interruption 
for gastrointestinal toxicity in the other study [104]. Additional risks 
include phototoxicity and hepatotoxicity.

The final results of the Pirfenidone for Restrictive Chronic 
Lung Allograft Dysfunction (PIRCLAD) study, a single-center 
study on safety and tolerability of pirfenidone in restrictive 
CLAD, are not available yet (NCT03359863) [105]. A 
multicenter RCT evaluating nintedanib in lung transplant 
recipients with BOS Grade 0p-1–2 (INFINITx BOS) was 
recently completed, and the results are awaited (NCT03283007) 
[102]. Other novel antifibrotics, such as nerandomilast [106], may 
warrant investigation in CLAD. Inhaled antifibrotics, currently 
studied in interstitial lung diseases, could be explored for future 
research in CLAD-RAS [107].

Justification of recommendation

Upon review of the current scientific evidence, we do not suggest 
using pirfenidone for CLAD-BOS, as there is no substantial indication 
of efficacy. Conversely, data are insufficient to draw conclusions on 
antifibrotic therapy for CLAD-RAS and further research is warranted.

Implementation considerations

Limited availability and reimbursement may restrict 
implementation. In some countries, nintedanib may be prescribed 
for CLAD-RAS when classified as progressive pulmonary fibrosis 
and/or as an off-label treatment. Patients should be monitored for 
adverse effects, including gastrointestinal symptoms, hepatotoxicity, 
and skin toxicity. Additionally, trough levels of CNI should be 
assessed due to the potential for drug interactions [103].

Future research

Based on the anticipated outcomes from the PIRCLAD study 
involving patients with restrictive CLAD, further investigation in 
this patient population might be recommended. Studies with other 
antifibrotics, such as nerandomilast, could be considered.

FIGURE 3 
Summary of prevention and treatment strategies for chronic lung allograft dysfunction. Overview of the different preventive and treatment strategies 
for chronic lung allograft dysfunction (CLAD) discussed in this Clinical Practice Guideline.
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Summary of evidence

One RCT (30 patients; 15 montelukast, 15 placebo) assessed 
montelukast in lung transplant recipients with BOS and slowly 
progressive FEV1 decline despite prior azithromycin [108].

Graft loss at 1 and 2 years was similar in montelukast 
and control groups. Overall, montelukast had no significant 
effect on FEV1 decline, but a post-hoc subgroup 
analysis demonstrated a decrease in FEV1 decline in 
BOS stage 1 patients, which was not seen in BOS stage 
2–3 patients.

Serious adverse events were similar between groups, and 
treatment discontinuation rates did not differ significantly. Rates 
of respiratory infections were also comparable.

Other supportive evidence

Two additional observational studies assessed montelukast 
in CLAD patients [109, 110]; all studies were from the 
same center.

In the largest study (153 patients; 115 BOS, 38 RAS), 
montelukast stabilized or improved FEV1 in 81% of cases at 
3 months, with benefits persisting up to 12 months, and 

PICO question 8

In adults with (progressive) CLAD, should montelukast be used?

Recommendation

• In adults with (progressive) CLAD, we suggest either using montelukast or not 

using it. (Conditional recommendation for either the intervention or the 

comparison, low certainty of evidence)

Remarks

Montelukast may be effective in cases of early BOS. In patients with new-onset BOS 

stage 1, a trial of montelukast can be considered

TABLE 4 Research recommendations regarding prevention.

Future research recommendations: prevention

Azithromcyin ⁃ Optimal timing of initiation after lung transplantation

⁃ Whether treatment should be applied universally or targeted to specific risk groups

⁃ Patient-reported outcome measures

⁃ Evaluation of long-term effects, including impact on graft and overall survival

Tacrolimus vs. cyclosporine ⁃ Long-term data on overall survival and graft survival; updated results from the ScanCLAD study are anticipated

⁃ Comparative effects of once-daily, extended release vs. twice-daily, immediate-release dosing and of different tacrolimus formulations on renal 

outcomes and other side effects

⁃ Management of unacceptable side effects, including thrombotic microangiopathy, posterior reversible encephalopathy syndrome

⁃ Comparative quality of life outcomes with tacrolimus vs. cyclosporine in lung transplantation; follow-up reports from the ScanCLAD study are 

expected

⁃ Optimal trough levels for CNI at different time points after transplantation, including feasibility and safety of dose reduction

⁃ Adjustment of CNI target levels based on kidney function, immunological risk, risk factors, and drug–drug interactions

⁃ CNI-reduction or CNI-free immunosuppressive strategies, such as mTOR inhibitor-based quadruple low CNI maintenance immunosuppressive 

regimen vs. standard triple maintenance immunosuppressive regimen

⁃ Best practices for therapeutic drug monitoring, including frequency, methodology, and dose adjustment

⁃ Cost-effectiveness of tacrolimus compared with cyclosporine in lung transplantation

MMF vs. AZA ⁃ Optimal dosing, considering pharmacogenetic factors beyond lymphopenia

⁃ Definition of patient subgroups (e.g., those with telomeropathies) that may benefit preferentially from one agent

⁃ Development of DSAs in patients receiving MMF vs. AZA

⁃ Long-term effects of each cell cycle inhibitor

⁃ Alternatives of cell cycle inhibitors, such as the use of mTOR inhibitors instead of MMF or AZA

⁃ Timing and management of MMF discontinuation during infections and its impact on CLAD incidence

⁃ Guidance on pausing cell cycle inhibitors around vaccinations

Other ⁃ Clinical trials with novel drugs for preventing CLAD are an unmet need, and the Task Force recommends conducting well-designed RCTs (ideally 

multicenter RCTs and the use of CLAD adjudication) for CLAD prevention, in accordance with the recent ISHLT consensus statement on Lung 

Transplant Clinical Trials [105]

⁃ Further studies on long-term outcomes of organ preservation strategies are needed to inform about the effects on CLAD incidence

⁃ The use of specific HLA antibody/DSA-directed treatments and whether they reduce the risk of later CLAD development

⁃ In patients with AMR, more data are needed on the efficacy of AMR treatments as a prevention of CLAD

⁃ The role of inhaled immunosuppressive drugs, such as inhaled cyclosporine and mTOR inhibitors, in the prevention of CLAD

⁃ Whether the addition of other immunomodulating or immunosuppressive drugs, such as belumosudil, ECP or tocilizumab, to standard triple 

immunosuppression has an impact on CLAD incidence

AMR, antibody-mediated rejection; AZA, azathioprine; CLAD, chronic lung allograft dysfunction; CNI, calcineurin inhibitor; DSA, donor-specific antibody; ECP, extracorporeal photopheresis; 
HLA, human leukocyte antibody; MMF, mycophenolate mofetil; mTOR, mammalian target of rapamycin.
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responders showing superior progression-free and overall survival 
compared with non-responders [110]. A smaller study (n = 22) 
reported slower FEV1 decline with montelukast compared to 
standard therapy (13 vs. 114 mL/month) [109].

Overall, these data suggest montelukast may stabilize lung 
function and delay disease progression in selected CLAD 
patients. Rapid decliners were less likely to respond [110] and 
were excluded from the randomized trial [108].

Based on available data on pulmonary chronic graft-versus-host 
disease (BOS-phenotype) following allogeneic hematopoietic stem 
cell transplantation, montelukast is recommended as part of the 
standard first-line “FAM” therapy, which includes inhaled 
corticosteroids, azithromycin, and montelukast [111]. 
Nevertheless, the magnitude of montelukast’s therapeutic effect in 
this context remains uncertain.

No severe adverse events were attributed to montelukast; some 
patients reported vivid dreams [110]; such sleep disturbances, 
including nightmares, are known from clinical experience. Rare 
neuropsychiatric adverse events are recognized from broader use in 
asthma and allergic disease, leading the U.S. Food and Drug 
Administration to issue a Boxed Warning for montelukast 
regarding serious mental health–related adverse effects [112]. 
Although data largely derive from non-transplant populations, 

they are relevant to transplant recipients, who experience 
neuropsychiatric vulnerability. No severe neuropsychiatric events 
were reported in the study by Vos et al. [110], and such effects 
appear uncommon from clinical experience.

Overall, data suggest an acceptable safety profile with a low 
likelihood of serious harm in the transplant population.

Justification of recommendation

Overall, the RCT did not demonstrate an effect of montelukast 
on FEV1; however, some benefit was observed in patients with early- 
stage BOS (BOS stage 1). Therefore, montelukast may be considered 
in this group, with discontinuation advised in the event of disease 
progression.

Implementation considerations

The advantage of montelukast compared with other treatments 
(e.g., ECP or ATG) is its oral administration and low costs. 
Treatment response should be monitored and discontinuation 
should be considered in the absence of response. Patients should 
also be monitored for neurological and psychiatric adverse effects, 
and changes in sleep patterns.

TABLE 5 Research recommendations regarding treatment.

Future research recommendations: treatment

ECP ⁃ Definition and prediction of treatment response

⁃ Consolidation of subgroup analyses to better define responder profiles

⁃ Harmonization of practices concerning the frequency and duration of ECP, including RCTs on continuation vs. discontinuation in stable 

patients under treatment

⁃ Evaluation of novel treatment targets, including the use of biomarkers, patient-reported outcome measures (e.g., quality of life and patient 

burden), acceptable and unacceptable side effects/adverse events, and central line requirement

⁃ Development of comparative cost-effectiveness studies

⁃ Beyond its role in CLAD management, more data is needed on the role of ECP in CLAD prevention

ATG ⁃ RCTs are warranted to better define efficacy and safety

⁃ Subgroup analyses to better define responder profiles, including different CLAD phenotypes

⁃ Determination of optimal dosing, treatment duration, and appropriate monitoring strategies

⁃ Data on high-risk groups, such as EBV-mismatched recipients at increased PTLD risk

Alemtuzumab ⁃ RCTs are necessary to better define efficacy and safety

⁃ Subgroup analyses to better define responder profiles, including different CLAD phenotypes and patients with DSAs

⁃ Determination of optimal dosing and scheduling of alemtuzumab

⁃ Better risk assessment for adverse events (e.g., PTLD risk in patients with EBV mismatch)

Antifibrotics ⁃ For the RAS phenotype, further investigation should be decided based on the results from the PIRCLAD study

⁃ Studies with other antifibrotics, such as nerandomilast

Other ⁃ Clinical trials with novel drugs in CLAD are an unmet need, and the Task Force recommends conducting well-designed RCTs (ideally 

multicenter RCTs) for CLAD treatment, in accordance with the recent ISHLT consensus statement on Lung Transplant Clinical Trials [105]

⁃ More data is needed on the efficacy and safety of JAK inhibitors in CLAD

⁃ More data is needed on the efficacy and safety of ROCK inhibitors in CLAD

⁃ More data is needed on the efficacy and safety of mesenchymal stem cells in CLAD

⁃ Data are required on other novel potential disease-modifying drugs

ATG, anti-thymocyte globulin; DSAs, donor-specific antibodies, ECP, extracorporeal photopheresis; JAK, Janus kinase; PTLD, post-transplant lymphoproliferative disease; RCT, randomized 
controlled trials; ROCK, Rho kinase.
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Future research

The Task Force did not formulate specific future research 
recommendations for montelukast, as they perceive priorities 
rather lie elsewhere.

Treatment dosages and schedules

The most common dosages and schedules of CLAD 
therapeutics are summarized in Table 2. Since many studies 
in this field are single center, the dosages used also vary. 
Regarding tacrolimus, different target levels have been used 
even in RCTs. The target levels for tacrolimus from the 
ScanCLAD trial were 10–14 ng/mL at 0–3 months, 8–12 ng/ 
mL at 3–6 months, 8–10 ng/mL at 6–12 months, and 6–8 ng/mL 
beyond 12 months [4]. A recently published guideline for 
German-speaking countries for follow-up care after lung 
transplantation summarizes the target levels for tacrolimus 
used in other studies [12].

Conclusion

The ESOT Task Force recommendations on prevention and 
treatment of CLAD are summarized in Table 3 and displayed in 
Figures 1–3. Future research recommendations for prevention and 
treatment are provided in Tables 4–5.

CLAD remains the primary obstacle to long-term success after 
lung transplantation. It imposes a heavy disease burden, leading to 
substantial morbidity, diminished quality of life, and premature 
graft loss in affected recipients. CLAD prevention and treatment 
are challenging, and guidelines on the management of CLAD are 
lacking. This ESOT clinical practice guideline on the prevention 
and treatment of CLAD—developed by a multidisciplinary Task 
Force including patient and allied healthcare representation, 
using systematic literature reviews and GRADE methodology— 
offers evidence-based recommendations to guide contemporary 
clinical practice.

For prevention, we recommend tacrolimus over cyclosporine as 
the preferred CNI and conditionally suggest prophylactic 
azithromycin to delay or reduce the onset of CLAD. MMF and 
AZA are regarded as comparable cell cycle inhibitors; the choice 
between them and, potentially, other agents (e.g., mTOR inhibitors) 
should be individualized according to gastrointestinal tolerance, risk 
of myelotoxicity, fertility considerations, and other patient- 
specific factors.

For established (progressive) CLAD, no standardized or highly 
effective treatment currently exists. Clinical studies are largely 
limited to surrogate endpoints, such as preservation of graft 
function measured by FEV1, while data on hard clinical 
outcomes, including patient survival and patient-relevant 
outcomes such as quality of life, remain limited. Most 
interventions, including ECP, ATG, alemtuzumab, and 
montelukast, received only conditional recommendations owing 
to very low to low certainty of evidence. Antifibrotic treatment 
with pirfenidone is not suggested in patients with CLAD-BOS 
phenotype, but antifibrotics could be considered in patients with 
the RAS phenotype, pending more robust data. No therapy has been 

conclusively shown to halt or reverse disease progression. 
Retransplantation, while potentially curative, is unfortunately 
available to only a small minority of patients due to organ 
scarcity, procedural complexity and patient-specific comorbidities 
limiting candidacy.

These largely conditional recommendations highlight major 
evidence gaps. High-quality RCTs, conducted in accordance 
with the recent International Society for Heart and Lung 
Transplantation clinical trials consensus statement [113], 
standardized management pathways, responder identification, 
and inclusion of patient-reported outcomes are urgently 
required to better inform future recommendations on the 
management of CLAD. In the interim, individualized risk– 
benefit assessment, shared decision-making, prevention and 
treatment of modifiable risk factors (e.g., non-adherence, 
infections, gastroesophageal reflux), and close monitoring 
remain essential to preserve the best possible graft function 
after lung transplantation.
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Donor-derived viral infections: 
the usual suspects and the new 
kids on the block

Maddalena Peghin and Paolo Antonio Grossi*

University of Insubria, Varese, Italy

The expansion of the transplant donor pool, driven by the need to reduce the 
disparity between supply and demand, carries the risk of use of marginal donors 
with viral infections, including classic viruses and emerging threats. This narrative 
review analyzes these challenges, including new opportunities in managing well 
known viruses such as Hepatitis B, Hepatitis C and Human Immunodeficiency 
Virus in both donors and recipients, thanks to new effective antivirals. 
Furthermore, we highlight the importance of monitoring emerging viral 
pathogens, such as Hepatitis E and Human Herpesvirus 8 (HHV-8) 
implementing both targeted pre-transplant donor screening and timely post- 
transplant diagnosis in the recipient, enabling earlier therapeutic intervention and 
potentially reducing recipient morbidity and mortality. Moreover, respiratory viral 
infections have gained significant attention as potential causes of donor derived 
infection (DDI) transmitted to the recipient, particularly within specific widespread 
and seasonal contexts, and require further attention and investigation. 
Continuous updates to surveillance and screening protocols are essential to 
optimize outcomes of recipients, ensuring transplant safety.

KEYWORDS

donor derived infection/transplant infection, HHV-8, HIV, respiratory viral infections, 

viral hepatitis

Introduction

The number of individuals awaiting transplant continues to overcome donor 
availability. Several efforts are ongoing to expand the donor pool to include donors at 
increased infectious risk [1, 2].

A paradigm shift has occurred in the utilization of organs from HBV- and HCV- 
positive donors, with increasing acceptance of their use in both infected and uninfected 
recipients. The opioid epidemic has climbed sharply in specific settings (primarily North 
America), ascending rates of drug abusers with overdose-related deaths has led to the use 
of available organs from young donors with limited comorbidities, but with higher risk of 
transmission of HCV, HBV and Human Immunodeficiency Virus (HIV) [3–5]. Of 
interest that a significant increase in mortality waitlist has been described for individuals 
who decline these marginal organs compared with those who accept the risk reducing 
wait time [6, 7].

The potential for donor-derived transmission of previously underestimated viruses 
(Hepatitis E, Human herpesvirus 8) highlights the importance of surveillance and screening 
protocols in specific geographical settings [8, 9]. Respiratory viral infections have received 
increased attention in recent years, including as a potential cause of donor derived infection 
(DDI), especially in specific seasonal settings [10]. The complex and intricate relationship 
between climate change, human migration, and infectious disease transmission presents a 
global challenge that can impact the risk of DDI [11, 12].
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The aim of this narrative review is to offer an update on old 
and new challenges in managing donor derived viral 
infections. DDI caused by Arboviruses will be discussed in 
a separate review focused on risk for infectious tropical disease 
transmission.

Hepatitis C

In the past, organs from HCV positive donors were commonly 
discarded or restricted to recipients with chronic HCV due to poor 
outcomes with interferon-based therapy and high risk of 
transmission to uninfected recipients. The advent of effective 
direct-acting antivirals (DAA) has led to HCV eradication and a 
shift toward the use of HCV NAT positive organs. Moreover, 
interest in using HCV-positive donors has grown in association 
with the opioid epidemic in specific geographical settings, reflecting 
a significant expansion of the donor pool [13].

The risk of transmission of the virus varies significantly. The 
transmission rates among all HCV seropositive liver allografts (HCV 
Ab positive, HCV RNA negative) may be relatively low ranging from 
9% to 16% [14]. HCV viremic donors (HCV Ab positive, HCV RNA 
positive) transmit HCV almost universally [15].

Optimal follow up, DAA regimen and timing of therapy 
initiation, has not been established and factors such as genotype, 
renal function, drug-drug interactions and drug access should be 
considered [16].

Initiation of empiric therapy with pangenotypic regimens 
(Glecaprevir/Pibrentasvir or Sofosbuvir/Velpatasvir) is strongly 
favored, because the donor genotype is usually unknown at the 
time of organ allocation and these regimens feature a high 
barrier to resistance, which successfully overcomes potential 
baseline mutations, that are more common in Genotype 1a 
and Genotype 3. Once post-transplant testing confirms the 
specific genotype, clinicians can consider to safely switch the 
patient to targeted, genotype-specific options on the basis of 
drug interaction profiles and local cost-effectiveness [17]. In 
seronegative patients who receive seropositive viremic 
allografts, detectable HCV RNA levels as early as 3 days post- 
transplant have been observed [15]. Peri transplantation (before 
or soon after transplant within the first week) DAA therapies, 
that fully prevent the development of viremia, are likely to 
further mitigate any HCV-associated risks for adverse 
outcomes, but delayed treatment (after detectable HCV RNA 
or at 1 month after transplant) and shortened duration approach 
is common and might be feasible [18, 19]. HCV surveillance and 
treatment protocol for the recipients of HCV Ab positive, HCV 
RNA negative/positive donors based on expert opinion are 
summarized in Table 1.

However, despite a clear decrease in discard rates, HCV positive 
allografts remain an underutilized resource, especially for liver 
transplantation [20]. Main barriers include insurance consent for 
DAA therapy, that is a primarily a challenge in specific countries like 
United States, or logistical issues through national centralized or 
local procedures [21]. Current studies have demonstrated similar 
short-term and long-term outcomes in patients transplanted with 
HCV viremic donors with sustained virologic response after DAA 
therapy, compared to non-HCV donors, even for patients 
undergoing re-transplantation and multivisceral transplantation 
[22–26]. Recent studies on HCV discordant liver transplants 
demonstrated the excellent survival of these organs, with low 
rates of relapse and similar graft survival regardless of HCV 
viremia or allograft fibrosis [27, 28]. Although late recurrence of 
HCV is rare with modern DAA, it remains a threat to necessitating 
surveillance for potential relapse.

Altogether current literature shows a significant increase of 
HCV D+/R− transplantation, underscore the safety and cost- 
effectiveness of this practice and support the expansion of this 
practice further [29, 30] However, it is essential to continue to 
provide full informed consent and ensure adequate access to DAA 
therapy in the peri-transplant period.

Hepatitis B and hepatitis D

HBV positive donors are another potential opportunity to 
expand the donor pool. However, organ discard is frequent due 
to concerns for recipient HBV infection post-transplant 
and outcomes.

The risk of transmission must be stratified based on donor and 
recipients HBV serologic status as well as the organ transplanted, 
with liver being at higher risk [31, 32]. Transplantation into a 
recipient without serological evidence of prior HBV infection or 
vaccination carries the highest risk of transmission. Therefore, 
administration of HBV vaccination before transplantation is 
strongly recommended, but vaccination rates fell short of 
recommendations [33]. Moreover, effective nucleos(t)ide 
analog (NA) therapies are being used as posttransplant 
prophylaxis to decrease the rate of transmission depending on 
the donor and recipient serological profile (Table 2). Currenltly 
tenofovir disoproxil fumarate, tenofovir alafenamide, and 
entecavir are currently preferred over lamivudine due to their 
higher genetic barrier to resistance and to their superior 
antiviral potency [34].

Liver transplantation from HBV core antibody (antiHBc Ab) 
donor carries a high risk (on average around 50%) of transmitting 
hepatitis B to the recipient. A serological profile indicative of 
previous contact with HBV is preferable in the recipient. 
However, liver transplantation in HBsAg/HBsAb negative 
patients is possible, but prophylactic treatment and constant 
post-transplant monitoring is recommended. Similar short- and 
long-term graft and patient survival rates have been observed when 
compared with HBcAb negative grafts [5, 35].

Non hepatic transplantation of HBV core positive organs does 
not pose any additional risk to patients with a serological profile 
indicative of previous contact with HBV. Non liver transplantation 
from antiHBc Ab positive donors in HBsAg/HBsAb negative 

Abbreviations: anti-HBc, Hepatitis B anti-core antibody; anti-HBs, Hepatitis B 
surface antibody; DDI, donor derived infection; DAA, direct-acting antivirals; 
HBsAg, Hepatitis B surface antigen; HBV, hepatitis B virus; HCV, hepatitis C 
virus; HIV, Human Immunodeficiency Virus; KS, Kaposi Sarcoma; KICS, Kaposi 
Sarcoma Inflammatory Cytokine Syndrome; MSM, men who have sex with 
men; NA, nucleos(t)ide analog; NAT, nucleic acid amplification test; PCR, 
polymerase chain reaction; SARS-CoV-2, Severe Acute Respiratory Syndrome 
Coronavirus 2.
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patients poses a particularly low risk of transmitting HBV to the 
recipient, but this risk is not absent and deserve monitoring and/or 
prophylaxis according to the center policy [35, 36].

Use of organs from donors with HBV infection, defined as 
detection of hepatitis B surface antigen (HBsAg) or detectable HBV 
DNA is a potential opportunity to increase organ availability, 
including in naïve non vaccinated recipients [37, 38]. Successful 
liver transplants have been performed using HBV-infected donors 
with similar outcomes as HBsAg negative liver grafts without excess 
mortality, graft loss, or post-transplant HBV-related complications. 
There are limited studies reporting on the safety and outcomes using 
HBV-positive donors for non-hepatic organ transplants, but 
strongly supporting this practice [39]. Of note that fulminant 
hepatitis in recipients of hepatic and non-hepatic grafts has been 
described [38, 39].

Quantifying HBV viral loads has proven to support optimization 
of recipient risk stratification and management in the prevention of 
DDI [39]. There is a lack of standardized antiviral prophylaxis and 
long term follow up, that should be personalized based on expert 
opinion (Table 2). Post-transplant monitoring of liver function, 
HBsAg/HBcAb seroconversion and HBV quantitative detection is 
recommended. Pre-transplant HBV vaccination is strongly 
recommended. Transplant recipients of HBsAg+ organs should 
receive human HBV immunoglobulin (Ig) against HBsAg, 
starting during the intraoperative phase, in association with a 
high barrier NA regardless of the immune status. The initial 
objective is to maintain an anti-HBs titer >50–500 IU/L, 
depending on the recipient’s specific risk stratification for 
recurrence The duration of HB Ig therapy varies according to the 
transplanted organ and the presence of other coinfections, since 
recipients of non-liver organs from HBsAg-positive donors 
generally require short (1–7 days) HB Ig maintenance, whereas 
long-term (at least 1 year) or lifelong HB Ig combination therapy 
remains the standard of care for liver transplant recipients, 
particularly those with HIV/HBV or HBV/HDV coinfection 
(Table 2) [40, 41].

Hepatitis D virus (HDV)/HBV coinfection merits further 
comments. HDV is a small defective RNA virus that requires 
the surface antigen of the hepatitis B virus for its replication, 

assemblage, and transmission. HDV donor screening is 
recommended in HBsAg positive donors, whereas the presence 
of HBV-DNA alone in the absence of HBsAg does not require 
screening for HDV virus. HDV infection is documented by a 
positive HDV antigen or positive anti-HDV IgM (a negative HDV 
IgM result does not exclude chronic HDV infection) or anti-HDV 
IgG with a titer >1:100. If anti-HDV is positive, follow up with 
HDV RNA testing is recommended to confirm active infection. 
Organ allocation must be done on the basis of donor and recipient 
screening due to the risk of HDV superinfection or recurrence 
(Table 3) [42]. HDV/HBV-coinfected liver transplant recipients 
do not represent a risky population compared with HBV infected 
patients in general, but further data on use of HDV/HBV positive 
organs in HDV/HBV positive recipients are needed [43]. 
Currently there is no approved treatment for HDV after 
transplant due to poor Interferon efficacy and limited role of 
bulevirtide in the context of liver transplantation. As thing stand 
now, the most effective method for preventing HDV infection of 
transplanted liver in these patients is dependent on preventing 
HBV recurrence, with an indefinite combination of NAs with HB 
Ig. [44, 45]. HBV vaccination remains the cornerstone of 
prevention of HBV and HDV [46].

In conclusion the use of antiHBc and HBsAg+ grafts was is and 
feasible and might play an important role in expanding donor 
organs especially in area of high prevalence of HBV infection. 
However, more data are needed to study the long-term risk of 
DDI HBV infection and define the optimal management strategies.

Hepatitis E

Hepatitis E virus (HEV) is an RNA virus and a major cause of 
acute hepatitis worldwide. HEV has 8 genotypes, but most infections 
are due to genotypes HEV-1 and HEV-2, that are associated with 
fecal-oral route via contaminated drinking water in low-income 
countries and to HEV-3 and HEV-4, that are related with foodborne 
zoonotic infections in developed regions. HEV-3 is the dominant 
strain in Europe and the Americas, while HEV-4 predominates in 
Asia (China).

TABLE 1 HCV surveillance and treatment protocol for the recipient of HCV Ab positive, HCV RNA negative/positive donors for liver and non-liver organs.

Donor Recipient

• HCV Ab (+), HCV RNA (−) 

• HCV Ab (−), HCV RNA (−)

HCV Ab (+), HCV RNA (+) • Baseline recipient HCV RNA before transplant 

• check HCV RNA early after transplant (3–7 days after transplant) 

• Repeat HCV RNA frequently (weekly or per center protocol) up to 4–6 weeks after transplant 

• Start DAA therapy with a prophylactic or preemptive strategy as soon as the recipient is clinically stable and able to take oral medications 

• Continue treatment for the recommended course and check HCV RNA every 4 weeks until confirm that sustained virologic response at 

12 weeks is achieved

HCV Ab (+), HCV RNA (−) • Baseline recipient HCV RNA before transplant 

• check HCV RNA after transplantation at 1- 3 and 6 months 

• If HCV RNA positive: Start DAA therapy

Abbreviations: HCV, ab, HCV: Hepatitis C Virus antibody; DAA, Direct-Acting Antiviral; RNA, ribonucleic acid.
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In immunocompetent hosts, HEV typically causes a self-limited 
acute hepatitis, whereas in SOT recipients, HEV infection can cause 
chronic hepatitis (defined by replication beyond 3 months after 
infection), that can occur in around two-thirds of infected SOT. 
Moreover, HEV in SOT can lead to cirrhosis, graft dysfunction or 
rejection [47]. Persistent hepatitis E occurs primarily involving 
HEV-3 and 4 [48].

Transmission of HEV through solid organs is very efficient 
(especially for higher plasma viral load > 103 IU/mL), particularly 
through liver grafts and highlights the importance of surveillance and 
screening protocols [5]. The decision to implement universal organ 
donor and recipient HEV screening depends on HEV incidence, since 
in regions with low baseline HEV prevalence routine universal 
screening yields minimal impact on overall transplant safety [9, 49, 50].

TABLE 2 HBV surveillance and treatment protocol for the recipient of HBV positive donors according to recipient serological status.

Donor Recipient Recipient Recipient

HBcAb 

positive 

HBsAg 

negative

• HBsAg (−); HBsAb (−); HbcAb (+) 

• HBsAg (−); HBsAb (+) ° *; HBcAb (−) 

• HBsAg (−); HBsAb (−); HBcAb (−)-

• HBsAg (−); HBsAb (+) °; HBcAb (+) • HBsAg (+)

Prophylaxis and monitoring Prophylaxis and monitoring Prophylaxis and monitoring

Liver 

• NA lifelong prophylaxis 

• Every 3 months during the first year: liver 

function, HBsAg, HBV DNA 

• Every 3–6 months indefinitely: liver function, 

HBsAg, HBV DNA, liver function 

• Every 6–12 months: liver ultrasound + AFP

Liver 

• NA lifelong prophylaxis or according to center 

policy 

• Every 3 months during the first year: liver 

function, HBsAg, HBV DNA 

• Every 3–6 months indefinitely: liver function, 

HBsAg, HBV DNA, liver function 

• Every 6–12 months: liver ultrasound + AFP

Liver 

• NA lifelong ± HB Ig (short § or long-term ̂ ) 

• Every 3 months during the first year: liver 

function, HBsAg, HBV DNA 

• Every 3–6 months indefinitely: liver function, 

HBsAg, HBV DNA, liver function 

• Every 6–12 months: liver ultrasound + AFP

Non liver organs 

• No prophylaxis 

• Every 3 months during the first 6 months: liver 

function, HbsAg, HBV DNA 

• Every 6 months later on after 6 months post- 

transplant: liver function, HBsAg, HBV DNA, 

liver function

Non liver organs 

• No prophylaxis or according to center policy 

• Every 3 months during the first 6 months: liver 

function, HBsAg, HBV DNA 

• Every 6 months later on after 6 months post- 

transplant: liver function, HBsAg, HBV DNA, 

liver function

Non liver organs 

• NA lifelong +/- HBIg intraoperatively 

• Every 3 months during the first 6 months: liver 

function, HBsAg, HBV DNA 

• Every 6 months later on after 6 months post- 

transplant: liver function, HBsAg, HBV DNA, 

liver function 

• Every 12 months: screening for HCC with 

abdominal ultrasound and AFP

HBsAg 

positive 

HDV-RNA 

negative

HBsAg (−); HBsAb (+) °; HBcAb (+) 

HBsAg (−); HBsAb(+) ° *; HBcAb (−)

HBsAg (−); HBsAb (−); HBcAb (−) 

HBsAg (−); HBsAb (−); HBcAb (+)

HBsAg (+) HDV negative

Prophylaxis and monitoring Prophylaxis and monitoring Prophylaxis and monitoring

Liver 

• NA lifelong + HB Ig (short = or long-term ̂ ) 

• Every 3 months during the first year: liver 

function, HBsAg, HBV DNA 

• Every 3–6 months indefinitely: liver function, 

HBsAg, HBV DNA, liver function 

• Every 6–12 months: liver ultrasound + AFP

Liver 

• NA lifelong + HB Ig (short = or long-term ̂ ) 

• Every 3 months during the first year: liver 

function, HBsAg, HBV DNA 

• Every 3–6 months indefinitely: liver function, 

HBsAg, HBV DNA, liver function 

• For liver: Every 6–12 months: liver ultrasound 

+ AFP

Liver 

• NA lifelong DO + HB Ig (short = or long-term ̂) 

• Every 3 months during the first year: liver 

function, HBsAg, HBV DNA 

• Every 3–6 months indefinitely: liver function, 

HBsAg, HBV DNA, liver function 

• Every 6–12 months: liver ultrasound + AFP

Non liver organs 

• NA 6–12 months + HB Ig (short) 

• Every 3 months during the first year: liver 

function, HBsAg, HBV DNA 

• Every 3–6 months indefinitely: liver function, 

HBsAg, HBV DNA, liver function

Non liver organs 

• NA 6–12 months + HB Ig (short) 

• Every 3 months during the first year: liver 

function, HBsAg, HBV DNA 

• Every 3–6 months indefinitely: liver function, 

HBsAg, HBV DNA, liver function

Non liver organs 

• NA lifelong DO + HB Ig (short = or long-term ̂) 

• Every 3 months during the first year: liver 

function, HBsAg, HBV DNA 

• Every 3–6 months indefinitely: liver function, 

HBsAg, HBV DNA, liver function

Abbreviations: AFP, alpha fetoprotein; anti-HBc, Hepatitis B anti-core antibody; anti-HBs, Hepatitis B surface antibody; HBsAg, Hepatitis B surface antigen; HBV, hepatitis B virus; HCC, 
hepatocellular carcinoma; NA, nucleos(t)ide analog.
Symbols: ° (title >10 mlU/mL); *vaccinated; § short: 1–7 days; ̂ long term: one year-lifelong for HBV-HIV, or HBV-HDV, coinfected patients. To maintain an HBsAb titer of 50–500 IU/mL, 
depending on the recipient’s risk level.
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The screening method of choice includes both serology 
(HEV IgM, IgG) and PCR testing. HEV-RNA is more sensitive 
than serologic testing [51]. Undetectable HEV-RNA in donor 
serum would indicate low risk for HEV transmission, although 
liver grafts may harbor infectious HEV RNA even in the 
absence of systemic markers of infection [51]. Donor testing 
result for HEV infection might be done pre- or post-transplant. 
Detection of HEV RNA in donor plasma is not a 
contraindication for organ donation, but triggers improved 
recipient management. Managing strategies for donor derived 
HEV infection is based on early detection of infection (HEV- 
RNA weekly for the first month) and reduction of 
immunosuppression (especially mammalian target of 
rapamycin (mTOR) inhibitors and tacrolimus). In addition, 
for patients without spontaneous viral clearance after 1 month, 

a 3-month course of ribavirin is recommended, achieving 
sustained virologic response in approximately 80% of 
cases (Table 4) [52].

Vaccination against HEV represents a promising prophylactic 
tool, though availability remains geographically restricted (licensed 
in China and Pakistan) [53].

HIV

Overall, there is increasing and solid literature supporting 
transplantation in people with HIV [54]. However, opportunities 
exist to improve knowledge and overcome misconceptions about 
SOT for people with HIV. At the European level, the use of organs 
from HIV D+ is legally allowed only in 6 out of 35 (17%) countries 

TABLE 3 Organ allocation in HDV/HBV coinfected donors and recipients.

Donor Recipient Recipient

• HBsAg positive 

• HDV RNA positive

• HBsAg positive 

• HDV RNA negative

HBsAg positive 

HDV RNA positive

transplant allowed transplant of any organ not recommended: 

Risk of fatal HDV superinfection

HBsAg positive 

HDV RNA negative

liver transplant not recommended: 

Risk of HDV hepatitis recurrence

transplant of any organ allowed

TABLE 4 Management of recipient based on donor and recipient serological and virological Markers of Hepatitis E.

Donor Management of the recipient

HEV IgM or IgG positive 

HEV RNA negative

• Accept organs 

• Post-transplant surveillance of the recipient: HEV-RNA every 2–3 months for the first year after transplant

HEV RNA positive • Consider accepting organs 

• Post-transplant surveillance of the recipient: HEV-RNA weekly for the first month 

• If HEV-RNA positive in the recipient (after 1 month) 

o Liver test at month 1; HEV-RNA in serum and stool at month 2 and 3 

o Pre-emptive ribavirin soon after transplant (starting 1–3 months after transplant depending on individual risk factors * 

o Change of immunosuppression, if possible 

• If HEV-RNA negative in the recipient (after 1 month) 

oHEV serology after 3 months

Recipient

HEV IgM or IgG positive 

and HEV-RNA negative

• Proceed with listing and transplantation 

• Post-transplant surveillance of the recipient: HEV-RNA every 2–3 months for the first year after transplant

HEV RNA positive With normal liver function: 

• Proceed with active transplant listing 

• Monitor HEV RNA 

• Plan for post-transplant ribavirin therapy if needed 

Without normal liver function 

• Delay transplantation if possible 

• Prioritize early ribavirin administration prior to the transplant 

• Change of immunosuppression, if possible

*Risk factors to consider: liver transplant, marginal liver graft, underling liver disease, polyclonal antibodies induction.
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and there is a high willingness to participate in an HIV D+/R+ among 
experts in the field [55]. Moreover, awareness of the ability of patients 
with HIV to both receive and donate organs is limited [56]. Since the 
2015, HOPE Act prospective studies have demonstrated that kidney 
and liver transplantation from HIV D+/R+ recipients are safe and 
effective, with similar graft and patient survival to HIV D−/R+ 
transplantation. Moreover donor-derived HIV superinfection in 
recipients of HIV D+/R+ transplants is rare, and the clinical 
ramifications appear negligible [57].

A recent retrospective small experience after heart 
transplantation in HIV-positive recipients using HIV-positive or 
HIV-negative donors (4 HIV D +/R+, 6 HIV D -/R+) found no 
significant differences in short-term survival, rejection, infection, 
heart graft function and HIV suppression between both groups at 
6 months. Moreover, the lack of difference in donor-derived cell free 
DNA provided reassurance that use of hearts from HIV D+ did not 
trigger increased myocyte injury [58]. This early experience provides 
evidence and the inclusion of cardiothoracic patients in trials might 
be a necessary evolutionary step [59, 60].

Prior to 2017, transplants from HIV-positive donors to HIV- 
negative recipients occurred only inadvertently, because the donor’s 
positive HIV status was discovered after the organs had been 
transplanted. In 2017, the first intentional liver transplantation from 
a living HIV-positive mother to an HIV-negative child was performed. 
Multidisciplinary evaluation, research trial approval and specific 
consent to the procedure were obtained [61]. The recipient started 
antiviral therapy before the transplantation to minimize the risk of 
HIV transmission, continued it after transplantation. No plasma or 
cell-associated HIV-1 DNA or RNA was detected at any stage in the 
recipient, although the child’s HIV status was uncertain [61].

Thanks to modern highly effective antiviral therapy, the use of 
organs from deceased donors with HIV for HIV-negative recipients 
might become a medical consideration in the future, allowing to 
expand the donor pool. However, this approach requires strict 
precautions against transmission and deeply informed, voluntary 
patient consent to manage the remaining ethical and clinical 
complexities [59, 60].

Human herpesvirus 8

Human herpesvirus 8 (HHV-8) is an emerging topic in DDI. 
HHV-8 is a double-stranded DNA virus, whose life cycle is similar to 

that of other herpesviruses. Primary infection is usually 
asymptomatic in immunocompetent hosts. However, HHV-8 
primary infection or reactivation in immunocompromised hosts 
can lead to a spectrum of diseases, ranging from malignancies 
(Kaposi Sarcoma- KS-, Primary Effusion Lymphoma, Diffuse 
Large B-cell Lymphoma and Multicentric Castleman Disease) to 
severe inflammatory syndromes (Kaposi Sarcoma Herpesvirus 
Inflammatory Cytokine Syndrome, KICS).

HHV-8 prevalence varies with geography and ethnicity. Variable 
ranges have been observed in North Europe (5%), United States (3%– 
7%), the Mediterranean (20%–30%) and Sub-Saharan Africa (> 
50%). Moreover, seroprevalence is influenced by behavioral risk, 
being significantly increased in people living with HIV, especially in 
men who have sex with men (MSM) [62]. In particular a recent study 
performed in Unites States found a higher prevalence of HHV-8 
among kidney donors with HIV compared with non-HIV (25.2% 
and 7.5%, respectively), particularly among MSM [63].

In the context of SOT, HHV-8 might cause a DDI, whose timing, 
clinical picture and severity depends on several factors. D+/ 
R-serological status might favor primary infection that is usually 
associated with inflammatory syndromes and aggressive visceral 
forms of KS. Moreover, the degree of immunosuppression and lung 
and liver transplants tend to be associated with more severe disease 
forms and poorer outcome.

Implementation of universal HHV-8 screening for donors and 
recipients should be primarily driven on one hand by local HHV-8 
incidence and resource availability and on the other hand by the 
disproportionate severity of donor-derived post-transplant 
infections. A targeted screening strategy based on donor risk 
factors could balance safety while avoiding the economic 
burden of universal screening. In non-endemic areas, HHV-8 
testing could be prioritized for donors presenting specific 
epidemiological or behavioral risk profiles, such as a history of 
recent incarceration, injection drug use, high-risk sexual behavior, 
HIV coinfection or origin from highly endemic regions [62]. In 
addition, there is a lack of standardized screening since Enzyme- 
Linked Immunosorbent Assay (ELISA) has a poor performance 
and may miss antibodies that target specific latent-phase proteins, 
whereas Indirect Immunofluorescence Assay (IFA) is the preferred 
approach but is operator dependent [62].

Greater awareness of risk through pre-transplant screening could 
support accurate and timely diagnosis, enabling earlier therapeutic 
intervention and potentially reducing morbidity and mortality 

TABLE 5 Recommended monitoring and intervention for HHV-8 high risk recipient (HHV8 D+/R–and R +).

Donor and 
recipient

Monitoring Treatment

HHV8 D+/R– 

HHV8 D+/- and R+

HHV8 DNA test 

• Every 15 days for the first 3 months 

• Monthly between the 4th and 12th month 

• From the 12th month onwards, in anti-HHV-8 positive recipients 

repeat HHV-8 DNA testing during routine check-ups and during 

treatment for acute rejection/intensification of immunosuppression 

• Skin self-examination for detection of KS-like lesions

Primary infection or reactivation with persistent positive HHV-8 

DNA and symptomatic infection 

• Start an antiviral (foscarnet or cidofovir preferred over ganciclovir) 

• Replacement of CNIs with mTOR inhibitors, when feasible 

• If confirmed KICS, additional rituximab 

• If confirmed KS: use Liposomal Doxorubicin 

• If confirmed MCD, PEL: follow specific treatment guidelines

Abbreviations: CNIs, calcineurin inhibitors; DNA, deoxyribo nucleic acid; KS, kaposi sarcoma; KICS, kaposi sarcoma inflammatory cytokine syndrome; mTOR, mammalian target of 
rapamycin; MCD, multicentric castleman disease; PEL, primary effusion lymphoma.
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associated with HHV-8 DDI. Strict clinical and molecular monitoring is 
strongly recommended for high-risk patients (HHV-8 mismatch D+/R- 
or R+). In addition, in case of persistent HHV-8 DNAemia and 
symptomatic infections, switch to an immunosuppressive regimen by 
replacing calcineurin inhibitors with mammalian target of rapamycin 
(mTOR) inhibitors and antiviral treatment (foscarnet or cidofovir, that 
are preferred over ganciclovir) are recommended, although use of 
antivirals is debatable in this setting. In the case of KICS, rituximab 
might be additionally provided (Table 5) [8].

Respiratory viruses

Respiratory viruses have been largely unknown and 
underestimated as a cause of DDI. The SARS-CoV-2 pandemic 
and the increased use of molecular testing have raised awareness of 
the role of respiratory viruses in respiratory tract infections, 
including in the context of DDI [64–66].

In general, transplantation of non-lung organs from donors 
with active respiratory viral infection is considered possible and 
well tolerated, without transmission, except in case of organ 
specific contra-indications (for example myocarditis, hepatitis). 
Since major transplant societies offer limited guidance, the 
utilization of these organs is determined by individual centers, 
leading to significant variations in practice at both national and 
international levels. In contrast, lung and bowel recipients remain 
uniquely vulnerable due to the high likelihood of direct viral 
transmission in the respiratory or gastrointestinal tracts, 
depending on the type of virus. In general lungs should not be 
used from donors with proven respiratory viral infection as the 
primary cause of death or causing clear lower respiratory tract 
involvement. However, since molecular testing detects viral RNA/ 
DNA even in the absence of active, infectious virions, this 
approach is associated with the risk of wasting organs that 
could otherwise be safely transplanted [67].

Most available literature is focused on SARS-CoV-2 [10]. As thing 
stand now, current strategies for donor evaluation still include universal 
microbiologic screening with standard SARS-CoV-2 PCR of lower 
respiratory tract 24–72 h before organ procurement in most 
countries worldwide [68, 69]. Because of the absence of the risk of 
transmitting SARS-CoV-2 through non-lung solid organs, some experts 
propose that universal, routine testing of asymptomatic, non-lung 
deceased donors should be re-evaluated [68]. Of interest that a recent 
Italian study found that molecular testing for SARS-CoV-2 RNA on 
64 graft biopsies (liver and kidney) and 68 perfusion fluid samples at 
procurement were negative in 100% of cases, including in donors with 
lower respiratory tract samples with a high viral load (Ct value <30) [70]. 
Lung transplantation from SARS-CoV-2 is generally contraindicated, 
but careful consideration to proceeding might be done based on risks 
and benefits, generally provided that lower respiratory tract testing is 
negative and antivirals are administered to the recipient [67, 71].

The use of organs from donors with positivity for Rhinovirus/ 
Enterovirus, seasonal Coronavirus, Influenza, Paramyxovirus 
(Parainfluenza Virus, Human Metapneumovirus-MPV-, Respiratory 
Syncytial Virus-RSV-), Adenovirus and Boacavirus is a challenging 
topic, due to limited available data [72–74]. Screening for respiratory 
viral pathogens other than SARS-CoV-2 at donor evaluation is not 
recommended routinely and is usually conducted only in symptomatic 

donors. Moreover, deepening on guidelines, screening might be 
limited only to Influenza virus during epidemic periods or might 
include a complete multiplex PCR panel [75]. Therefore, the true 
incidence and burden of these diseases remain poorly understood. 
Certain viruses, namely Influenza and those from the Paramyxovirus 
are more likely to be associated with lower respiratory tract infections, 
higher hospitalization rates compared with Rhinovirus/Enterovirus 
and seasonal Coronavirus in lung transplant recipients [76]. Particular 
attention should be paid to Adenovirus-positive donors, given the virus 
propensity to cause systemic dissemination or end-organ damage in 
immunocompromised recipients depending on the virus serotype and 
the organ involved and to influenza A/H5N1 for the higher risk of 
viremia [73, 77]. However, there is limited reported evidence to 
support systematic viral testing of donor respiratory specimens, 
with a concrete risk of difficult to interpret result and discard of 
low-risk donors.

Most available literature on risk of DDI is based on influenza 
virus. There is currently no evidence demonstrating transmission of 
the virus through transplantation of non-lung organs, nor evidence 
of increased morbidity among recipients of these organs [69]. There 
are 2 reports of possible transmission of seasonal influenza A and B 
viruses by transplantation of lungs and kidneys from infected 
donors, but detailed molecular proof was lacking [78, 79]. Some 
experts recommend that recipients of organs from influenza positive 
donors should receive antiviral treatment for 5–10 days following 
transplant, unless the donor has already received a full course of 
treatment to reduce severity and infectivity [80]. Of note that a 
recent case report described a case of fatal acute respiratory distress 
syndrome caused by donor-derived human MPV after lung 
transplantation from an asymptomatic donor, confirmed after 
next-generation sequencing of MPV genomes [81]. Further 
studies are essential to precisely quantify the transmission risks 
of respiratory viruses during lung transplants to refine diagnostic 
and screening protocols.

Maintaining up-to-date vaccinations for circulating respiratory 
viruses in transplant candidates is crucial to mitigating risk. In 
general, recipients should be protected with vaccination against 
SARS-COV-2, influenza and RSV [82].

Conclusion

Balancing the transmission risk of viral DDIs against the high risk of 
waitlist mortality is crucial, because of the growing ethical imperative to 
ensure equitable transplant access. By comprehensively understanding 
donors at risk for viral infections and their potential clinical 
consequences, transplant teams can perform targeted mitigation 
strategies, through rigorous pretransplant and posttransplant 
microbiological testing and target therapies.

However, the current clinical landscape is significantly limited by 
a lack of standardized consensus screening and management 
protocols for old and emerging risk viruses. Future research 
priorities in DDI viral infections should focus on improving the 
current use of post-transplant quantitative molecular testing and on 
exploring the role of post-exposure prophylaxis against preemptive 
treatment strategies in recipients. Moreover, clinical trials are urgently 
required through evaluating the role new advanced diagnostics, 
including rapid metagenomic next-generation sequencing, and new 
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novel therapeutics, as well as virus-specific T-cell immunotherapies. 
Finally, coordinated financial and infrastructural investments are 
needed to strengthen epidemiological vigilance registries and 
communication networks to ensure rapid trace-backs investigations.
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Although kidney transplantation (KTx) remains the optimal therapy for end-stage 
kidney disease, long-term graft survival and patient outcomes continue to be 
limited by cardiometabolic complications and chronic allograft dysfunction. 
Nutritional management has evolved from supportive care to a core 
component of post-transplant follow-up. The early post-transplant phase is 
marked by catabolism, high-dose immunosuppression, and metabolic 
instability, leading to increased protein requirements but also potential 
susceptibility to hyperfiltration injury. In the stable post-transplant phase, a 
moderate protein intake similar to that recommended for chronic kidney 
disease (CKD) may support graft longevity, although evidence in kidney 
transplant recipients (KTRs) remains limited and inconsistent. Plant-forward 
dietary models, including Mediterranean and DASH patterns, consistently 
improve cardiometabolic risk, inflammation, oxidative stress, and dietary acid 
load, with potential benefits for graft outcomes. Predominantly plant-based diets 
may further reduce uremic toxin generation and improve mineral metabolism, 
though careful monitoring for micronutrient deficiencies is required. Low-protein 
approaches, such as PLADO, remain largely theoretical in transplant populations, 
while ketogenic or very low-carbohydrate diets raise concerns regarding acid– 
base balance, renal hemodynamics, and long-term tolerability. Overall, 
personalised nutritional strategies tailored to graft function, 
immunosuppression, and metabolic profile are essential to optimise long-term 
transplant health.

KEYWORDS

immunosuppression, ketogenic diet, kidney transplantation, mediterranean diet, 

metabolic complications

Introduction

Kidney transplantation is the preferred treatment for end-stage kidney disease, offering 
superior survival and quality of life compared to chronic dialysis, but long-term outcomes 
are limited by metabolic complications, cardiovascular disease, and chronic allograft 
dysfunction.

[1] Nutrition, once considered ancillary, is now recognized as a pivotal determinant of 
graft and patient outcomes [1–3].

In the immediate post-transplant period, high-dose immunosuppression and catabolic 
stress necessitate adequate protein intake to maintain nitrogen balance and support lean 
mass. The recommended protein intake during this phase is typically 1.0–1.3 g/kg/day, as 
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supported by recent reviews and observational studies [4–6]. 
However, excessive protein intake may induce glomerular 
hyperfiltration and accelerate graft injury, so intake above 
1.4 g/kg/day is generally not advised for prolonged periods [4, 5]. 
During stable phases, moderate protein restriction (0.8–1.0 g/kg/ 
day) may be beneficial for graft longevity, though evidence in 
transplant recipients is limited and sometimes conflicting [4, 7, 
8]. For those with chronic allograft dysfunction or reduced eGFR 
(<25 mL/min), lower protein targets (0.55–0.60 g/kg/day) may be 
considered [4].

Beyond macronutrient targets, dietary patterns such as the 
Mediterranean and Dietary Approaches to Stop Hypertension 
(DASH) diets are associated with reduced cardiovascular risk and 
improved graft outcomes, emphasizing plant-based foods, reduced 
processed meats, and lower sodium intake [1, 7, 9, 10]. These 
patterns may also beneficially modulate the immune system and 
gut microbiome [3, 11].

In summary, nutritional management in kidney transplant 
recipients should be individualized, with attention to phase- 
specific protein requirements, overall dietary patterns, and 
metabolic risk factors, as supported by current evidence [1–12].

Methods

This manuscript is a narrative review summarising the current 
evidence on nutritional strategies for kidney transplant recipients. A 
non-systematic literature search was performed using the PubMed/ 
MEDLINE, Scopus and Google Scholar databases to identify studies 
published up to January 2026. Search terms included combinations 
of the following: “kidney transplantation,” “kidney transplant 
recipients,” “nutrition,” “diet,” “protein intake,” “Mediterranean 
diet,” “DASH diet,” “plant-based diet,” “vegetarian diet,” 
“ketogenic diet,” “microbiota,” and “allograft function.” Priority 
was given to clinical practice guidelines, randomised controlled 
trials, cohort studies, meta-analyses and high-quality narrative 
reviews published in English. This review aimed to provide an 
overview of emerging dietary approaches and nutritional 
management strategies in kidney transplantation from a clinical 
perspective, rather than conducting a formal systematic review or 
meta-analysis.

Pre-transplant and peri-transplant 
nutritional optimization: prehabilitation and 
ERAS-based approaches

Nutritional management in kidney transplantation should not 
only begin after surgery. The pre- and peri-transplant periods are 
critical for identifying malnutrition, sarcopenia, obesity, frailty, 
micronutrient deficiencies and metabolic risk factors, which can 
affect surgical recovery and long-term transplant outcomes [1–4]. In 

other surgical populations, multimodal prehabilitation and 
Enhanced Recovery After Surgery (ERAS) protocols combining 
nutritional optimisation, physical exercise, anaemia correction, 
glycaemic control and patient education have been associated 
with a shorter hospital stay, fewer postoperative complications, 
faster functional recovery and improved survival [5–8].

However, direct evidence remains limited in kidney transplant 
candidates. Available studies suggest that poor nutritional status, 
sarcopenia, frailty and obesity prior to transplantation are associated 
with delayed graft function, infectious complications, prolonged 
hospitalisation, cardiovascular events and reduced patient and graft 
survival [9–14]. Therefore, pre-transplant nutritional education may 
be clinically relevant, particularly when integrated into 
multidisciplinary care involving nephrologists, nutritionists, 
transplant surgeons and rehabilitation specialists [1, 15]. Key 
objectives include optimising protein-energy status, avoiding 
protein-energy wasting in dialysis patients, managing weight in 
obese patients, correcting vitamin and mineral deficiencies, 
restricting sodium for blood pressure control, and counselling on 
food safety and metabolic risk after transplantation [1, 15–17].

Peri-transplant nutrition should aim to minimise catabolism 
and support wound healing, early mobilisation and recovery [6–8]. 
Although ERAS pathways are being adopted more widely in solid- 
organ transplantation, there is still insufficient standardisation of 
kidney-transplant-specific nutritional protocols [1, 3]. Currently, 
recommendations are largely extrapolated from general surgery, 
chronic kidney disease (CKD), dialysis, and transplant observational 
studies, rather than from adequately powered randomised trials in 
kidney transplant recipients [1, 3].

Future studies should evaluate whether structured pre- 
transplant nutritional education and multimodal prehabilitation 
programmes can improve clinically meaningful outcomes. These 
outcomes include postoperative complications, delayed graft 
function, length of hospital stay, readmissions, reversal of frailty, 
sarcopenia, quality of life, graft function trajectory and long-term 
patient survival [1, 3, 18].

Dietary approaches for kidney transplant 
recipients

Over the past decade, several dietary patterns have grown in 
popularity due to their potential to reduce cardiovascular risk, 
exhibit anti-inflammatory properties, and promote weight loss 
[13]. Among these, plant-based diets and low-carbohydrate or 
ketogenic diets have received considerable attention 
(Supplementary Tables S1, S2).

Plant-based diets

In earlier decades, it was generally assumed that animal-derived 
proteins contain all the essential amino acids that the human body 
cannot produce in sufficient quantities (classifying them as proteins 
of high biological value), and they are more effective at maintaining 
the body’s protein pool due to their higher content of sulphur- 
containing amino acids [14, 15]. However, increasing interest in 
plant-based dietary approaches has challenged this paradigm. Diets 
composed primarily or exclusively of plant-derived foods are now 
considered feasible in populations with chronic diseases, including 

Abbreviations: CKD, Chronic kidney disease; DDKT, Deceased donor kidney 
transplantation; DASH, Dietary Approaches to Stop Hypertension; KD, 
Ketogenic diets; KTRs, kidney transplant recipients; KTx, Kidney 
transplantation; PLADO, Plant-Dominant Low-Protein Diet; PLAFOND, 
Plant-Focused Nutrition in Diabetes; SCFA, Short-chain fatty acid; TMAO, 
Trimethylamine N-oxide.
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CKD [16]. A recent study demonstrated that the risk of incident 
CKD in the general population was reduced by 4% for each 
additional 0.1 g/kg/day of plant protein intake [14, 17]. Within 
nephrology, plant-based dietary patterns uniquely allow for the 
implementation of very low protein regimens (0.4 g/kg body 
weight/day) [1]. Compared with animal-based diets, plant-based 
diets provide higher amounts of fiber and alkali, which contribute to 
the improved correction of CKD-associated metabolic acidosis and 
the prevention of intestinal dysbiosis [3, 14]. It is important to note 
that plant-based diets and veganism are not synonymous. Rather, 
plant-based diets represent a spectrum of dietary models in which 
the majority of protein intake is derived from plant sources. 
Examples include the Mediterranean diet, the Dietary 
Approaches to Stop Hypertension (DASH) diet, and the PLADO 
diet. Due to their favorable metabolic effects, recent clinical practice 
guidelines on nutrition in CKD have endorsed plant-based dietary 
patterns. While both sets of guidelines acknowledge the limited 
evidence available to recommend one specific protein source, the 
KDOQI guidelines do not rule out plant-based diets, and the 
KDIGO guidelines explicitly recommend them [1, 14, 18].

Mediterranean diet
The Mediterranean diet is a dietary pattern that is primarily 

cardioprotective and anti-inflammatory. It originates from the 
traditional eating habits of people living in coastal regions of the 
Mediterranean. It is characterised by a high consumption of extra- 
virgin olive oil, vegetables, legumes and whole grains, as well as a 
moderate intake of fish and wine. Overall, it involves moderate 
protein intake of around 0.8 g/kg/day without being specifically 
designed as a low-protein regimen. [19]. Robust evidence supports 
its role in reducing the risk of type 2 diabetes, cardiovascular disease 
and all-cause mortality [20].

Adherence to the Mediterranean diet is associated with multiple 
metabolic and vascular benefits, including reductions in 
inflammation, oxidative stress, endothelial dysfunction, metabolic 
acidosis, hyperlipidemia, hyperglycemia and elevated blood pressure 
[4, 9, 10, 21, 22]. In both the general population and kidney 
transplant recipients (KTRs), higher Mediterranean Diet Scores 
correlate with improved renal outcomes [4, 23]. In a large multi- 
ethnic cohort of 3,298 individuals followed for 15 years, higher 
adherence was associated with approximately 50% lower odds of 
incident eGFR <60 mL/min/1.73 m2 [23]. Similarly, among 
632 KTRs, adherence to the Mediterranean diet was protective 
against kidney function decline and graft loss, with stronger 
effects observed in patients with proteinuria [4].

The renoprotective effects of the Mediterranean diet likely arise 
from the modulation of several interconnected pathways, including 
oxidative stress, systemic inflammation, endothelial function, 
dietary acid load, lipid metabolism, protein intake and glycemic 
control. High consumption of fruits and vegetables increases 
antioxidant and dietary fiber intake, while a greater proportion of 
omega-3 fatty acids contributes to reductions in oxidative stress and 
inflammation [4, 24–26]. Low meat intake combined with high fruit 
and vegetable consumption improves acid–base balance [4, 27], and 
a lower dietary acid load is associated with reduced CKD risk [28].

The largely plant-based protein profile of the Mediterranean diet 
may also reduce proteinuria. Plant proteins, which have lower 
bioavailability and acidogenic potential, may induce less 

glomerular hyperfiltration and intraglomerular pressure than 
animal proteins, thereby reducing renal hemodynamic stress. 
Typical protein intake approximates 0.8 g/kg/day, mainly from 
non-red and non-processed sources [22]. Additionally, plant 
proteins are associated with a lower endogenous acid load and 
reduced sulphur and phosphorus amino acid content, potentially 
limiting tubular injury and hyperfiltration [3].

Finally, the diet’s high content of monounsaturated fats and 
polyphenols, and low saturated fat intake, further contributes to its 
protective effects [29–32]. In KTRs, improvements in oxidative 
status, acid–base balance and glomerular hemodynamics have 
been documented [4, 9, 10, 21–23, 29, 33]. Overall, the 
Mediterranean diet emerges as a valuable strategy to support 
general health and potentially long-term graft survival in KTRs.

Dietary approaches to stop hypertension (DASH) diet
The Dietary Approaches to Stop Hypertension (DASH) diet was 

originally developed by the US National Institutes of Health to treat 
or prevent hypertension. The DASH diet primarily targets sodium 
reduction and blood pressure control by encouraging the 
consumption of fruits, vegetables and low-fat dairy products, 
while reducing saturated fat intake and maintaining moderate 
protein consumption. It does not specifically promote a 
plant-based diet.

In the United States, the average sodium intake exceeds 
3,400 mg per day, surpassing the maximum recommended intake 
of 2,300 mg per day set out in the 2015–2020 Dietary Guidelines 
[34]. Excess sodium intake has been linked to hypertension, 
cardiovascular events and, in experimental models, to the 
promotion of chronic allograft rejection [34]. Clinical evidence 
demonstrates that the DASH diet significantly lowers blood 
pressure, total cholesterol and low-density lipoprotein cholesterol 
levels [35]. In an 8-week controlled feeding trial, the DASH diet 
reduced systolic and diastolic blood pressure by 5.5 mmHg and 
3.0 mmHg respectively compared to standard diets [36]. The DASH 
diet remains one of the most effective dietary strategies for blood 
pressure control [37].

Hypertension affects 50%–80% of adult KTRs, contributing to 
shorter graft survival and increased cardiovascular morbidity and 
mortality [38]. Thus, the DASH diet is a particularly relevant 
intervention for this population. In a prospective cohort study of 
632 KTRs, greater adherence to the DASH diet was associated with a 
lower risk of decline in kidney function (hazard ratio: 0.95; P = 
0.008) and reduced all-cause mortality (hazard ratio: 0.95; P = 0.01) 
[7]. Similar renal and cardiovascular benefits have been observed in 
other studies [9, 10, 39], which are likely to be mediated through 
favorable effects on serum lipids, blood pressure, insulin resistance, 
inflammation, oxidative stress, arterial stiffness and endothelial 
function. In summary, the DASH diet provides a robust, 
evidence-based approach to restricting sodium and controlling 
blood pressure in KTx patients.

Vegetarian and vegan diets
Vegetarian diets, historically adopted for religious, cultural or 

ethical reasons, are increasingly promoted for health and disease 
prevention. Evidence suggests that reducing or eliminating meat 
intake may attenuate kidney disease progression [9, 10, 40]. 
Vegetarian diets include heterogeneous patterns, from lacto-ovo 
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vegetarian to vegan diets, and do not inherently guarantee 
nutritional quality, as processed foods may still be 
consumed [40].

In kidney transplant recipients, protein source and quantity 
critically influence graft survival. High protein intake, especially 
from animal sources, induces afferent arteriolar dilation, glomerular 
hyperfiltration and intraglomerular hypertension, promoting 
fibrosis and progressive renal injury [40–42]. Protein restriction 
reduces hyperfiltration and stabilizes kidney function [42]. Data 
from chronic kidney disease populations show that low-protein diets 
delay dialysis initiation and slow progression to end-stage kidney 
disease [43, 44], whereas high-protein and red-meat–based diets are 
linked to faster kidney function decline and increased 
microalbuminuria [45, 46].

Plant-based diets improve mineral metabolism and acid–base 
balance. Plant phosphorus has lower bioavailability, resulting in 
reduced serum phosphate and FGF23 levels associated with better 
graft outcomes [9, 40, 47–51]. Plant potassium generally has milder 
effects due to enhanced fecal excretion and alkalinisation [9, 40, 52, 
53]. High fiber intake reduces uremic toxins and inflammation [54–
56]. Nutritional risks include vitamin B12 and iron deficiency, 
requiring monitoring [57]. Overall, well-planned plant-based low- 
protein diets may support long-term graft preservation [12, 58].

Low protein intake and plant dominant low protein 
diet (PLADO)

There is growing evidence that protein restriction slows 
chronic kidney disease progression [3, 59–62], although its 
impact on kidney transplantation outcomes remains 
uncertain. Dietary protein intake drives urea and nitrogenous 
waste production, increasing renal excretory burden. Protein 
restriction activates protective mechanisms, including 
downregulation of the renin–angiotensin system [3, 63, 64], 
reduced glomerular hemodynamic stress [59, 65, 66], limited 
renal hypertrophy [63], decreased ammoniagenesis [63] and 
lower metabolic activity [67]. Conversely, high-protein diets 
increase metabolic demand, promote renal vasodilatation and 
exacerbate intraglomerular pressure in transplant kidneys, 
leading to hyperfiltration and structural injury [42, 59].

Plant-focused low-protein dietary approaches, including the 
Plant-Dominant Low-Protein Diet (PLADO) and the Plant- 
Focused Nutrition in Diabetes (PLAFOND), have been proposed 
for CKD and diabetes management. The Plant-Dominant Low- 
Protein Diet (PLADO) is a structured, nephroprotective dietary 
strategy designed to reduce glomerular hyperfiltration and 
metabolic burden. It involves controlled protein restriction (0.6– 
0.8 g/kg/day) and a diet consisting predominantly of plant-derived 
protein sources (generally 50%–75%) [2, 68]. The Plant-Focused 
Nutrition in Diabetes (PLAFOND) model further emphasises high 
fiber intake, low glycemic index and adequate energy provision [69]. 
Although these diets may slow CKD progression, evidence 
supporting benefits or safety in kidney transplant recipients 
is lacking.

Evidence on protein intake after transplantation is conflicting. 
Low intake may preserve graft function, whereas higher intake 
supports nitrogen balance, muscle mass, fatigue and quality of 
life [2, 4, 6, 70, 71].

Low-carb diets

Metabolic complications are common after kidney 
transplantation, and dietary strategies have been explored to limit 
weight gain, hypertension, dyslipidemia and insulin resistance [13]. 
Immunosuppressive therapies, especially glucocorticoids, promote 
hyperglycemia and obesity [72–76]. Adequate glycemic control is 
clinically relevant because it is associated with slower kidney disease 
progression [77–79].

Ketogenic diets have gained interest for metabolic control, 
improving satiety, weight reduction and insulin sensitivity, while 
reducing inflammation [80–82]. A ketogenic diet usually limits 
carbohydrates to 30–50 g/day, inducing nutritional ketosis 
through glycogen depletion and ketone body production [83, 84]. 
Ketone bodies provide energy for several organs, including kidneys, 
during carbohydrate restriction.

Nutritional ketosis is defined by ketone levels of 0.5–3 mmol/L 
[85], whereas therapeutic ketosis reaches higher concentrations [86]. 
Keto-adaptation involves mitochondrial and enzymatic 
upregulation in oxidative tissues [85, 87]. Importantly, nutritional 
ketosis differs from diabetic ketoacidosis, as pH and glucose 
remain normal.

In kidney transplant recipients, evidence on ketogenic diets is 
limited and controversial. Potential concerns include acid load, 
hyperkaliemia, protein catabolism and graft injury, although early 
CKD data suggest preserved pH during nutritional ketosis [85, 88]. 
Reported adverse effects include fatty liver and insulin resistance 
[40, 89, 90]. Data in transplant populations are scarce, 
heterogeneous and insufficient to define safety or graft benefit. 
Short-term use under specialist supervision appears feasible for 
obesity, but long-term advantages resemble those of 
Mediterranean-style diets [91].

High reliance on processed ketogenic products may be 
inappropriate for transplant recipients. Moreover, long-term 
adherence is difficult, and carbohydrate quality may be more 
relevant than quantity [92, 93]. Diets rich in whole, high-fiber 
carbohydrates show superior cardiovascular and metabolic 
outcomes compared with ketogenic diets [94]. In the post- 
transplant setting, high-quality carbohydrates may reduce post- 
transplant diabetes and obesity risk [95, 96]. Therefore, balanced 
dietary patterns emphasizing carbohydrate quality may better 
address metabolic complications after transplantation.

Dietary protein intake: implication for kidney 
allograft survival and function

There is currently insufficient evidence to determine the optimal 
quantity or type of dietary protein for KTRs, so formal 
recommendations cannot yet be established. Nevertheless, certain 
patient- and transplant-related factors may inform the 
individualisation of protein intake.

The 2020 KDOQI Clinical Practice Guideline for Nutrition in 
CKD recommends a low-protein diet of 0.55–0.60 g/kg/day or a very 
low-protein diet of 0.28–0.43 g/kg/day, supplemented with keto acid 
or amino acid analogues, for adults without diabetes. For adults with 
CKD and concomitant diabetes, an intake of 0.6–0.8 g/kg/day of 
protein is considered appropriate. It is notable that no specific 
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dietary protein intake targets are currently provided for adult kidney 
transplant recipients [1].

The net state of immunosuppression and dietary 
protein requirements in kidney transplant 
recipients

The immunosuppressive status of KTRs fluctuates over 
time. During the immediate post-transplant period and 
when treating acute rejection, escalating the use of 
immunosuppressive agents — particularly high-dose 
corticosteroids — can accelerate protein catabolism and lead 
to muscle wasting [2, 97]. To counteract muscle loss, protein 
intake should be increased [2].

Evidence from two key studies has provided insights into 
protein needs (Table 1). A prospective cohort study of KTRs 
after deceased donor kidney transplantation (DDKT) found that 
patients consuming a low-protein diet had higher protein catabolic 
rates than those with higher protein intake [6]. Similarly, a 
randomised controlled trial involving non-diabetic KTRs found 
that low protein intake was associated with negative nitrogen 
balance and muscle mass loss, whereas higher protein intake 
resulted in positive nitrogen balance and muscle gain [2]. These 
studies suggest that an intake of at least 1.0–1.3 g/kg/day of protein 
may help preserve lean mass during the early post-transplant phase.

When steroid doses are tapered, the need for protein appears to 
be lower. A cross-sectional study indicated that a minimum intake of 
0.72 g/kg/day may be sufficient 1 year after transplantation [2]. 

TABLE 1 Suggested protein intake in kidney transplant recipients across different clinical phases.

Clinical phase Immunosuppressive status Suggested protein intake Evidence strength

Immediate post-transplant (0-1 month, 

high-dose corticosteroids) [11, 12, 17]

Escalated immunosuppression, high-dose 

steroids

1.0–1.3 g/kg/day to maintain nitrogen 

balance and prevent muscle wasting

Higher intake (≥1.4 g/kg/d; mean ~1.6– 

1.8) associated with better early eGFR, 

hemoglobin, lipids and no increase in 

short-term complications or infections 

Suggested evidence strength: Low– 

moderate (retrospective cohorts, 

observational)

Early stable post-transplant (1- 

6 months, low or stable steroid 

dose) [13]

Reduced/stable immunosuppression ≥0.72 g/kg IBW/day to avoid skeletal 

muscle loss

≥0.72 g/kg IBW/day predicted to 

prevent net skeletal muscle loss at 

12 months. Several cohorts link higher 

intake (~1.0–1.1 g/kg/d) with better 

fatigue, QoL, and survival proxies 

Evidence strength: Low–moderate 

(observational, modeling)

Medium -long term post 

-transplant [13]

Reduced/stable immunosuppression ≥0.72 g/kg IBW/day to avoid skeletal 

muscle loss

Reviews suggest 0.8–1.0 g/kg/d for 

stable KTRs, with cautious trial of 0.6– 

0.8 g/kg/d low-protein, plant-dominant 

patterns to mitigate hyperfiltration, if 

nutritional status is preserved 

Evidence strength: Low (narrative 

reviews, conflicting observational data)

Chronic allograft dysfunction/ 

rejection [1]

Variable; inflammation may be present, 

corticosteroids often tapered

≥0.55–0.60 g/kg/day (low protein diet 

may improve glomerular permselectivity, 

but intakes <0.55 g/kg/day risk negative 

nitrogen balance)

Proposed range aims to slow 

progression while avoiding negative 

nitrogen balance; largely extrapolated 

from CKD LPD data and one crossover 

KTR nitrogen-balance study 

Evidence strength: Low (CKD RCTs, 

small transplant studies, extrapolation)

Failed allograft (return to dialysis) [15] Immunosuppression generally minimized or 

stopped

1.0–1.2 g/kg/day (aligned with ESKD 

recommendations)

Aligns with ESKD guidelines and 

hemodialysis data, where ≥1.0– 

1.2 g/kg/d is recommended to prevent 

protein-energy wasting 

Evidence strength: Moderate (CKD/ 

ESKD trials and guidelines; indirect for 

failed graft)

ESKD: end stage kidney disease; IBW:ideal body weight.
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Conversely, in cases of chronic allograft dysfunction, the 
inflammatory environment may increase protein requirements. 
Data from a crossover RCT involving 14 KTRs with chronic 
rejection compared low (0.55 g/kg/day) and high (2.0 g/kg/day) 
protein diets. The low-protein group showed lower urinary protein 
and better glomerular permselectivity, though they only achieved a 
slightly positive nitrogen balance [98].

It is important to note that current nutritional 
recommendations for kidney transplant recipients are supported 
by relatively limited transplant-specific evidence and are often based 
on studies conducted in populations with chronic kidney disease. 
The unique physiological and metabolic characteristics of kidney 
transplant recipients, including chronic immunosuppression, 
altered inflammatory status, post-transplant metabolic 
complications and the presence of a functioning allograft, may 
limit the direct applicability of CKD-derived nutritional 
strategies. Consequently, adequately powered randomised 
controlled trials conducted specifically in kidney transplant 
populations are urgently needed to define optimal dietary 
patterns, protein and energy requirements, and long-term 
nutritional interventions capable of improving graft survival, 
cardiometabolic outcomes, sarcopenia and patient quality of life.

Dietary calorie-protein intake across post- 
transplant periods

In addition to immunosuppression, the post-transplant period 
itself influences protein requirements. In a 12-year prospective 
cohort of 43 KTRs, a low-protein intake (0.73 g/kg/day) was 
associated with stable GFR, whereas higher intake (1.40 g/kg/day) 
was associated with a significant decline [99].

However, evidence from observational studies remains 
inconsistent. In a cross-sectional analysis of 204 KTRs, protein 

intake >1.2 g/kg/day was associated with proteinuria [5], while a 
larger cohort of 625 KTRs showed no association with creatinine 
clearance [100]. It is important to note that excessively low protein 
intake may also be detrimental: in cohorts of 604 and 940 KTRs, 
lower protein intake was associated with an increased risk of graft 
loss and mortality [8, 101].

Overall, the current evidence base supports a moderate protein 
intake of 0.8–1.0 g/kg/day for the first three to twelve months after 
transplant, with the possibility of increasing this to 1.2–1.4 g/kg/day 
thereafter. Recommendations following graft failure are in line with 
the guidelines for end-stage kidney disease (ESKD) (0.55–0.6 g/kg/ 
day) (Figure 1) [1].

Adequate energy intake is a critical component of nutritional 
management after kidney transplantation and should 
accompany protein prescriptions to maintain neutral nitrogen 
balance and prevent muscle catabolism [1, 2, 70]. In the 
immediate post-transplant period, calorie requirements 
generally increase due to surgical stress, exposure to 
corticosteroids, tissue repair and heightened metabolic 
demand [2, 6, 70]. Approximately 30–35 kcal/kg/day is 
commonly suggested as an energy intake during the early 
catabolic phase, whereas lower requirements (25–30 kcal/kg/ 
day) may be appropriate during stable long-term follow-up, 
depending on factors such as age, physical activity, body 
composition, graft function, and metabolic comorbidities [1, 
58]. It is important to note that inadequate caloric intake can 
lead to the breakdown of endogenous proteins and sarcopenia, 
even when protein intake appears sufficient [2, 6, 71]. 
Conversely, excessive calorie intake can lead to obesity, post- 
transplant diabetes mellitus, metabolic syndrome and 
cardiovascular complications. These remain major 
determinants of long-term graft and patient outcomes [13, 72, 
95, 96].

FIGURE 1 
Protein intake in different post-RTx periods and among different clinical conditions.
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Comparison of international guidelines 
(ESPEN, KDOQI, KDIGO)

Compared with older, nutrient-restriction paradigms, today’s 
triad of ESPEN–KDOQI–KDIGO collectively pushes toward: early 
anabolic support; longer-term weight, blood pressure (BP), and 
glycemic control; and endorsement of healthy dietary patterns 
rather than transplant-unique restrictions. Collectively, these 
guidelines reflect a paradigm shift: from nutrient restriction to 
holistic, patient-centered dietary strategies (Table 2).

Intestinal microbiota and nutritional 
regimens in kidney transplant patients

The gut microbiota is increasingly recognized as a key 
modulator of health and transplant outcomes. After 
transplantation, KTRs commonly develop dysbiosis, with 
reduced microbial diversity and depletion of short-chain fatty 
acids (SCFAs)-producing bacteria such as Faecalibacterium 
prausnitzii [102]. Immunosuppressive agents directly alter 
microbial composition and function [103]. This imbalance 

TABLE 2 comparison of the main features of different nutrition guidelines focusig on KTRs.

Guideline Kidney transplant 
recipient (KTR) coverage

Key nutrition recommendations Limitations

ESPEN (2021; 

2024 update)

No specific guidance for stable KTR; 

transplant nutrition not addressed

Inpatient focus: energy/protein delivery, artificial nutrition 

routes, refeeding prevention

Gap in outpatient and post-transplant care; 

limited applicability beyond hospitalization

KDOQI (2020) Explicitly includes patients with 

functioning kidney transplants

- Routine nutrition screening and assessment (validated tools, 

body composition) 

- Individualized protein/energy prescriptions by stage (higher 

in acute post-transplant, tailored for long-term) 

- Sodium restriction for BP control 

- Promotion of dietary patterns based on whole, minimally 

processed foods

Does not mandate a single protein target for all 

KTR; evidence for long-term outcomes still 

limited

KDIGO (2009– 

2022)

Scattered transplant-related 

recommendations across thematic 

guidelines

- Lifestyle and CV risk management integrated with 

immunosuppression 

- Pre-transplant risk factor optimization (e.g., obesity) 

- Post-transplant: BP control (standardized measurement, 

sodium moderation), weight management, PTDM prevention

No standalone nutrition CPG for KTR; lacks 

detailed macronutrient prescriptions

KTR: kidney transplant recipients; BP: blood pressure; CV: cardiovascular; PTDM: Post-transplant Diabetes Mellitus; CPG: clinical practice guidelines.

FIGURE 2 
The evolving landscape of post-transplant nutrition: from immunosuppression to dietary-microbiome interplay.
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may impair gut barrier integrity and promote systemic 
inflammation [104].

Dietary modulation offers an effective strategy. High-fiber diets 
enhance microbial fermentation and SCFA production, which 
support epithelial integrity and improve tacrolimus bioavailability 
[11]. Butyrate specifically promotes regulatory T-cell differentiation 
[105]. Conversely, patterns high in red meat and refined sugars 
increase production of harmful metabolites such as trimethylamine 
N-oxide [106] (Figure 2).

Clinical recommendations and future directions

The following recommendations, derived from available and 
current evidences, provide a roadmap for the longitudinal care of 
KTRs, emphasizing a multidisciplinary, phase-specific approach.

Macro-structural dietary recommendations

• Prioritizing the Mediterranean Framework: For the stable KTR, 
the Mediterranean diet should be the default recommendation. 
Its emphasis on extra-virgin olive oil, high fiber, and plant- 
derived proteins offers a synergistic effect that addresses the 
leading cause of death in this population: cardiovascular disease.

• The DASH Alternative: In patients where hypertension is the 
primary driver of allograft injury, the DASH diet provides a 
structured, evidence-based approach to sodium restriction while 
ensuring nutritional adequacy.

• Carbohydrate Quality and Metabolic Syndrome: Given the high 
incidence of post-transplant diabetes mellitus (PTDM), 
clinicians should move away from simple carbohydrate 
restriction. Instead, the focus should be on carbohydrate 
quality—prioritizing whole grains and low-glycemic-index 
foods to counteract the metabolic disturbances induced by 
glucocorticoids and calcineurin inhibitors.

The precision protein prescription

Protein intake must be tailored to the “chronological age” of the 
transplant and the patient’s metabolic demands.

• The Early Catabolic Window (0–3 Months): To counteract 
surgical stress and steroid-induced muscle wasting, an intake 
of 1.0–1.3 g/kg/day is recommended.

• The Maintenance Phase (3–12 Months): Transition to 0.8– 
1.0 g/kg/day. Clinicians must be vigilant to ensure intake 
does not fall below 0.72 g/kg/day to avoid sarcopenia, which 
is independently associated with poor outcomes.

• The Dysfunction Phase (Chronic Allograft Nephropathy): In the 
setting of declining eGFR, moderate restriction to 0.55– 
0.60 g/kg/day may be protective, provided the patient is not 
in a state of chronic inflammation.

Microbiome-targeted interventions

Fiber as an Immunomodulator: Clinicians should encourage 
high dietary fiber intake (25–30g/day) not just for gastrointestinal 
health, but as a strategy to produce short-chain fatty acids (SCFAs). 

SCFAs, specifically butyrate, may support immune tolerance and 
protect the gut-vascular barrier.

To advance the field of transplant nutrition, future research 
must prioritize large-scale, transplant-specific randomized 
controlled trials to evaluate the long-term impact of plant- 
dominant dietary patterns, such as the PLADO diet, on eGFR 
slopes and graft longevity. Additionally, rigorous investigations 
are needed into the safety and efficacy of nutritional ketosis as a 
targeted intervention for refractory post-transplant obesity, 
specifically assessing its potential to improve metabolic markers 
without precipitating metabolic acidosis. There is also a compelling 
need for precision nutrition strategies that utilize microbial profiling 
to personalize fiber and protein intake based on the individual’s 
unique gut environment.

Ultimately, while the technical success of a kidney transplant 
begins in the operating room, its long-term preservation is sustained 
in the kitchen; transitioning to personalized, pattern-based 
nutritional therapy is therefore essential to ensuring that the gift 
of a transplant lasts a lifetime (Figure 3.).

Conclusions: a new paradigm in 
transplant nephrology

The historical focus of transplant medicine has traditionally 
centered on the refinement of surgical techniques and the 
optimization of immunosuppressive regimens to prevent acute 
rejection. However, as 1-year graft survival rates have plateaued 
at high levels, the challenge has shifted toward mitigating the 
chronic drivers of graft loss: cardiovascular disease, metabolic 
syndrome, and chronic allograft dysfunction.

This review highlights a significant transition in clinical thought: 
nutritional management is no longer a secondary support 
mechanism but a primary therapeutic intervention.

Data from literature underscores that focusing on single 
nutrients (e.g., sodium or protein) in isolation is less effective 
than adopting comprehensive dietary patterns. The 
Mediterranean and DASH diets emerge as the most robust 
frameworks because they address the multi-faceted nature of 
post-transplant health—simultaneously targeting systemic 
inflammation, oxidative stress, and endothelial dysfunction.

While the biological rationale for plant-based and low-protein 
diets is strong—centering on the reduction of glomerular 
hyperfiltration and acid load—this review identifies a critical 
“evidence gap.” Much of our current practice relies on the 
extrapolation of data from non-transplant CKD populations. The 
unique physiology of the transplant recipient, characterized by 
pharmacological immunosuppression and a solitary functioning 
kidney, necessitates a dedicated body of research.

One of the most compelling frontiers identified is the interaction 
between nutrition and the gut microbiome. The realization that 
dietary fiber can modulate the immune response and potentially 
alter the metabolism of drugs like tacrolimus opens a new chapter in 
personalized transplant medicine. This suggests that the “net state of 
immunosuppression” is not merely a product of drug dosage, but a 
complex interplay between pharmacology and the intestinal 
environment (Figure 2).
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The evidence supporting nutritional interventions in kidney 
transplant recipients is constrained by substantial methodological 
limitations. Most available studies are observational, retrospective, 
or conducted in relatively small cohorts, which restricts statistical 
power, external validity, and causal inference. Dietary intake is 
typically assessed using self-reported questionnaires, introducing 
recall and measurement bias. Residual confounding is also 
considerable, as healthier dietary patterns often cluster with other 
favourable lifestyle behaviours. In addition, transplant populations 
are highly heterogeneous with respect to immunosuppressive 
regimens, graft function, and comorbid conditions. Finally, many 
nutritional recommendations—particularly regarding plant-based 
and low-protein diets—are extrapolated from chronic kidney 
disease cohorts rather than derived from randomized trials in 
transplant recipients, highlighting the urgent need for adequately 
powered, transplant-specific studies.
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Normothermic regional perfusion (NRP) may mitigate ischemic injury in 
controlled donation after circulatory death (cDCD) liver transplantation. We 
updated the most recent meta-analysis (search closed June 2023) by 
incorporating subsequent evidence and comparing NRP with non-NRP cDCD 
and with donation after brain death (DBD). We performed a systematic review of 
five databases and random-effects meta-analyses; dichotomous outcomes were 
pooled as risk ratios, the Mantel-Haenszel estimator was preferred for rare events, 
pooled incidences used a logit-binomial model, risk of bias was assessed with 
ROBINS-I and certainty with GRADE. Twenty observational studies were included 
(1776 NRP-cDCD liver recipients). Versus non-NRP cDCD, NRP reduced ischemic 
cholangiopathy (risk ratio 0.16, 95% confidence interval 0.09–0.28; number 
needed to treat 9), graft loss (0.41, 0.32–0.54), recipient death (0.46, 0.34– 
0.62), hepatic artery thrombosis (0.51, 0.30–0.85), other biliary complications 
(0.49, 0.32–0.73) and primary non-function (0.51, 0.28–0.94); these reductions 
persisted after excluding grafts managed with ex situ machine perfusion. Versus 
DBD, no outcome differed significantly. Pooled ischemic cholangiopathy 
incidence was 1.8%, 12.7% and 1.2% with NRP, non-NRP and DBD. NRP 
markedly reduces ischemic cholangiopathy and improves other outcomes 
versus non-NRP cDCD, approaching DBD; the evidence remains observational, 
with moderate-to-serious risk of bias.
Systematic Review Registration: https://www.crd.york.ac.uk/prospero/display_ 
record.php?ID=CRD420261404939, identifier PROSPERO CRD420261404939.
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Introduction

Liver transplantation from controlled donation after circulatory 
death (cDCD) is now an established means of enlarging the donor 
pool, but the mandatory interval of warm ischemia that follows 
withdrawal of life-sustaining treatment and circulatory arrest 
predisposes to ischemic cholangiopathy (IC), early allograft 
dysfunction (EAD) and biliary and vascular complications at 
rates exceeding those of donation after brain death (DBD) [1–3]. 
IC—non-anastomotic biliary strictures arising in a graft with a 
patent hepatic artery—is the most feared of these, frequently 
irreversible, and a leading cause of graft loss and 
retransplantation in cDCD.

Normothermic regional perfusion (NRP) addresses this injury at 
its origin. By restoring oxygenated, normothermic blood flow to the 
abdominal organs in situ before procurement, NRP reverses the 
warm-ischemic insult, replenishes cellular energy substrates and 
permits functional assessment of the graft before acceptance [3, 4]. 
The technique may be confined to the abdomen (abdominal NRP, 
A-NRP) or extended to the thorax for combined cardiothoracic 
recovery (thoracoabdominal NRP, TA-NRP). It is distinct from ex 

situ machine perfusion, in which the explanted organ is perfused on 
a device; the two can also be combined sequentially.

NRP programs matured first in Europe—Spain [1, 2, 5–8], 
the United Kingdom [3, 9], France [10, 11], the Netherlands [12] 
and Sweden [13]—and have since expanded across the 
United States, where thoracoabdominal recovery for 
simultaneous heart procurement has driven uptake [14–18]. 
Single-center and registry series have consistently reported 
lower IC and improved graft survival with NRP, and several 
matched analyses suggested that NRP-cDCD outcomes 
approach those of DBD [5, 6, 10]. Yet the evidence is 
fragmented: comparators differ (super-rapid recovery with 
static cold storage [SCS] or ex situ normothermic machine 
perfusion [NMP]), cohorts overlap (national registries 
encompassing single-center series; clustered registry data), 
outcome definitions are inconsistent, and most series are 
small and single-center.

The most recent systematic review and meta-analysis pooled 
11 studies (search closed 9 June 2023) and found that, versus non- 
NRP cDCD, NRP reduced IC, primary non-function (PNF), graft 
loss and recipient death, with no difference versus DBD [19]. A 
subsequent broader systematic review and meta-analysis compared 
hypothermic, normothermic and regional machine-perfusion 
strategies and reached concordant conclusions on ischemic 
cholangiopathy [20], but it evaluated NRP as one of three 
perfusion techniques and reported only two NRP outcomes, 
rather than focusing specifically on NRP in cDCD liver 
transplantation across the full outcome set of the reference 
review that we update [19]. Since that search the evidence base 
has nearly doubled, propelled chiefly by large North-American 
cohorts and registry analyses [15–18]. We therefore performed 
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an updated systematic review and meta-analysis incorporating all 
subsequent evidence, applying explicit anti-duplication rules for 
overlapping cohorts and contemporary statistical methods, to 
deliver the most current and robust estimate of the effect of NRP 
in cDCD liver transplantation, and to clarify outcomes that 
remained uncertain in the previous synthesis.

Materials and methods

Protocol, eligibility, and search

The review was conducted and reported in accordance with 
the PRISMA 2020 statement [21] and updated the protocol of the 
reference meta-analysis [19]; it was prospectively registered 
(PROSPERO CRD420261404939) and additionally followed the 
MOOSE recommendations for meta-analyses of observational 
studies. The PICO framework comprised adult (≥18 years) 
recipients of a liver graft from Maastricht-III controlled 
donation after circulatory death (population); graft recovery by 
in situ NRP, whether abdominal (A-NRP) or thoracoabdominal 
(TA-NRP) (intervention); and two comparators analyzed 
separately—non-NRP cDCD procurement (super-rapid 
recovery with static cold storage, with or without ex situ HOPE 
or NMP) and donation after brain death (comparators). Primary 
outcomes were ischemic cholangiopathy, primary non-function 
and recipient death; secondary outcomes were graft loss, early 
allograft dysfunction (Olthoff criteria [22]), hepatic artery 
thrombosis, other biliary complications (anastomotic strictures 
and leaks), length of stay and graft utilization.

Eligible studies were randomized trials or comparative 
cohort studies (prospective or retrospective) reporting at 
least one primary outcome for NRP-cDCD versus non-NRP 
cDCD and/or DBD, in adults, published in English or 
Spanish, with no start-date restriction. We excluded 
uncontrolled (uDCD) donation without disaggregable cDCD 
data, studies without a comparator, purely technical 
descriptions, animal studies, case reports, and conference 
abstracts with insufficient data, and—consistent with the 
reference review—grafts from jurisdictions imposing a 
mandatory no-touch (stand-off) period exceeding 5 min (for 
example, Italy, 20 min). When cohorts overlapped, the most 
complete or most recent publication was retained and the 
decision documented.

Five databases were searched: MEDLINE (via PubMed), 
Embase, Scopus, the Cochrane Library (CENTRAL) and the 
Web of Science Core Collection, complemented by hand- 
searching the reference lists of recent reviews and of the 
included studies. The strategy combined three concept blocks 
with the Boolean AND—(i) normothermic regional perfusion, 
(ii) circulatory-death donation, and (iii) liver and 
transplantation—deliberately omitting comparator and 
outcome blocks to preserve sensitivity, with both resolved at 
screening; the term “ECMO” was admitted only when co- 
occurring with circulatory-death or donation terms, to 
retrieve the foundational NRP literature without the noise of 
cardiorespiratory-support ECMO. Records were managed in 
Rayyan, de-duplicated, and screened in duplicate at the title/ 

abstract and full-text levels, with disagreements resolved by an 
arbiter. The full search string for each database and the per- 
database record counts are provided in the Supplementary 
Material.

Data extraction and risk of bias

Two reviewers extracted data independently using a 
standardized, piloted form that captured study characteristics 
(design, period, center or registry, country), donor data (age, 
NRP type and duration, ischemia times), recipient data (age, 
MELD), and every predefined outcome with its original 
definition. Extraction was subjected to multichannel 
verification—triangulation of figures, tables and text; verification 
of column order against reported percentages (several primary 
studies list the comparator or DBD arm in the first column); 
recomputation of every percentage from raw counts; 1: 
1 reconciliation of sample sizes against the previous meta- 
analysis; and a second independent extraction. Ischemic 
cholangiopathy was defined as non-anastomotic biliary strictures 
in a graft with a patent hepatic artery; “other biliary complications” 
as anastomotic strictures plus leaks, excluding ischemic 
cholangiopathy and hepatic artery thrombosis. Risk of bias was 
assessed independently by two reviewers with ROBINS-I [23], with 
disagreements resolved by an arbiter and the results displayed as a 
traffic-light plot; no randomized trial was identified. The certainty of 
evidence for each outcome was rated with GRADE [24]. As a final 
quality-control step, an expert clinician performed a final clinical 
reading of the extracted dataset and of the complete manuscript to 
confirm the clinical plausibility and internal consistency of all 
outcomes and conclusions.

Statistical analysis

The two comparisons were analyzed independently, and 
abdominal and thoracoabdominal NRP were grouped as “NRP,” 
as in the reference review. Dichotomous outcomes were pooled as 
risk ratios (RR) using DerSimonian-Laird random-effects models 
[25], cross-checked with REML and with Hartung-Knapp; a 
0.5 continuity correction was applied only to studies with a zero 
cell. For rare-event outcomes the Mantel-Haenszel estimator 
without continuity correction was preferred, with the Peto odds 
ratio in support, per Cochrane guidance [26]; this mattered for 
ischemic cholangiopathy versus DBD, where the inverse-variance 
estimate (RR 1.21) was unstable because of multiple double-zero 
studies, whereas the Mantel-Haenszel (0.70), Peto (0.70), crude 
(0.79) and drop-zero (0.91) estimates were concordant and non- 
significant. Recipient death and graft loss were pooled as RR from 
counts, too few hazard ratios being available to pool, with individual 
hazard ratios described narratively. Pooled incidences used a logit- 
binomial random-effects model, which is more robust than the 
Freeman-Tukey transformation under high heterogeneity [27]; the 
latter is reported only as a cross-check. Heterogeneity was 
summarized with I2, τ2 and 95% prediction intervals computed 
with the t-distribution (k−2 degrees of freedom) [28], and 
continuous outcomes were converted from medians to means by 
the method of Wan et al. [29]. Prespecified sensitivity (fixed versus 
random effects, Mantel-Haenszel and Peto, drop-zero, and 
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exclusion of the salvage study and of higher-risk studies) and 
subgroup (comparator type, region, and use of ex situ machine 
perfusion) analyses were performed, complemented by leave-one- 
out and Baujat influence diagnostics. To address potential 
confounding by ex situ machine perfusion (normothermic 
machine perfusion [NMP] or hypothermic oxygenated perfusion 
[HOPE]), an additional analysis restricted the NRP versus non-NRP 
comparison to grafts managed without ex situ perfusion in either 
arm; on full-text re-review, one study whose comparator was 
entirely NMP [11] and one in which dual HOPE was used in 
both arms [12] were excluded, and a three-arm study contributed 
through its static-cold-storage arm only, with its NMP arm removed 
[9]. Publication bias was not formally tested because every analysis 
included fewer than 10 studies [26]; contour-enhanced funnel plots 
are provided for completeness (Supplementary Figure S2). 
Overlapping cohorts were resolved with predefined hierarchical 
rules applied to each outcome-by-comparison pair: each study 
competed only within its comparison; national registries served 
as anchors; the 11 previously included studies were retained; and the 
new anti-duplication was applied chiefly to the 9 added studies. For 
GRADE, observational studies began at low certainty and were 
downgraded for risk of bias, inconsistency (I2 > 60%) or imprecision 
(a confidence interval crossing 1), and upgraded for a large (RR ≤ 

0.55) or very large (RR ≤ 0.20) effect, applied cautiously given 
possible residual confounding. All analyses were reproduced 
independently in R/metafor and in Python with exact agreement; 
the complete statistical and anti-duplication decisions, and the per- 
study data (Supplementary Table S2), are reported in the 
Supplementary Material.

Results

Study selection and characteristics

Of 1,573 records identified, 858 duplicates were removed, 715 were 
screened, 118 full texts were assessed and 20 studies were included 
(11 from the previous meta-analysis by Mastrovangelis et al. [19] and 
9 published subsequently); 98 reports were excluded with documented 
reasons (Figure 1) [19]. The included studies comprised 1776 NRP- 
cDCD liver recipients across the 20 included studies (1,512 in the 
16 studies contributing to the meta-analysis) and their non-NRP and 
DBD comparators across Europe (predominantly Spain) and North 
America, and ranged from single-center series to national registry 
cohorts (Table 1). All 20 studies contributed to the qualitative 
synthesis, whereas 16 contributed to the quantitative synthesis 

FIGURE 1 
PRISMA 2020 flow diagram of study selection. Of 1,573 records identified across five databases, 858 duplicates were removed, 715 were screened, 
118 full texts were assessed, and 20 studies were included (11 from the previous meta-analysis and 9 new). Exclusion reasons are shown at each stage.
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(meta-analysis); the remaining four were retained descriptively but 
excluded from pooling—two US registry analyses in which NRP 
could not be isolated or incidence was unreported [14, 15], one 
Cambridge cohort overlapping an included study [32], and one 
technique-comparison study [31]. Throughout, non-NRP cDCD 
comparators comprised the conventional pathway of super-rapid 
recovery followed by static cold storage (SRR/SCS) unless a study 
used ex situ machine perfusion—normothermic (NMP) or 
hypothermic oxygenated (HOPE)—which is specified in Table 1.

Risk of bias

On ROBINS-I, no study was at low risk of bias; 7 were at 
moderate and 13 at serious risk, driven chiefly by confounding (12/ 

20 serious—inherent to non-randomized designs) and selective 
reporting (9/20). The two reviewers reached concordant overall 
judgements (Figure 2). A domain-level summary is provided in 
Supplementary Figure S1.

NRP versus Non-NRP cDCD

Between four and seven studies contributed to each pooled 
comparison—all fewer than ten, which precluded formal small- 
study (publication-bias) testing [26]. Findings are presented by 
endpoint (a risk ratio below 1 favours NRP); the pooled 
estimates are summarized in Figure 3, per-study forest plots 
appear in Supplementary Figure S4, GRADE summaries in 
Table 2 and pooled incidences in Table 3.

TABLE 1 Characteristics of the 20 included studies.

Study Country Design Comparison NRP/ 
comparator (n)

Pooled

Hessheimer 2022 [1] Spain National registry vs. cDCD-SRR/SCS 545/258 Yes

Gaurav 2022 [9] UK Single-center vs. cDCD-SCS and vs. cDCD-NMP (3-arm) 69/97 (SCS) + 67 (NMP) Yes

Mohkam 2022 [11] France/UK Multicenter, PSM vs. cDCD-NMP 68/34 Yes

Schurink 2022 [12] Netherlands Single-center (salvage) vs. cDCD-SCS and vs. DBD (3-arm, 

DHOPE)

20/49/81 Yes*§

Rodríguez-Sanjuán 

2019 [5]

Spain Single-center vs. DBD 11/51 Yes

Miñambres 2020 [2] Spain Multicenter vs. DBD 16/29 Yes

Savier 2020 [10] France Multicenter vs. DBD 50/100 Yes

Ruíz 2021 [6] Spain Single-center, matched vs. DBD 100/200 Yes

Viguera 2021 [7] Spain Multicenter vs. DBD 144/447 Yes

Fernández 2022 [30] Spain Single-center, PSM† vs. DBD 22/51 Yes

Rodríguez 2022 [8] Spain Single-center vs. DBD 39/78 Yes

Brubaker 2024 [16] USA Multicenter vs. cDCD-SRR/SCS 106/136 Yes

Croome 2025 [17] USA Multicenter vs. cDCD-SRR/SCS 62/297 Yes

Campo-Cañaveral 

2023 [31]

Spain National (lung + liver) vs. DBD 145/1,162 Yes

Bluhme 2024 [13] Sweden National pilot, 

matched

vs. DBD 18/28 Yes

Bababekov 2025 [18] USA Single-center vs. cDCD-SRR/SCS 97/79‡ Yes

Bekki 2023 [14] USA Registry (UNOS) vs. non-NRP cDCD (registry) 24/1,267 No (incidence NR)

Wisel 2023 [15] USA Registry (UNOS) vs. non-NRP cDCD (registry) 133/1,219 No (NRP not 

isolated)

Secanella 2023 [32] Spain Multicenter, matched TA-NRP vs. A-NRP 6/12 No (technique)

Puttappa 2025 [29] UK Single-center vs. cDCD-SCS or -NMP 101/137 No (overlaps Gaurav)

PSM, propensity-score matching; SCS, static cold storage; NMP, normothermic machine perfusion; SRR, super-rapid recovery; NR, not reported. *Salvage study, included with caution 
(sensitivity analysis). †NRP, subgroup (n = 22) of a mixed cDCD, cohort. ‡Numbers are recipients transplanted; 86 NRP, and 74 comparator recipients reached 6-month follow-up (the 
denominator for ischemic cholangiopathy). §Dual HOPE, was used in 25% of NRP, and 40% of comparator grafts; this study was excluded from the ex situ perfusion–free sensitivity analysis, in 
which the three-arm SCS/NRP/NMP, study contributed through its static-cold-storage arm only. Comparator groups: cDCD-SRR/SCS, conventional controlled DCD, pathway (super-rapid 
recovery followed by static cold storage); cDCD-NMP, ex situ normothermic machine perfusion; DHOPE, dual hypothermic oxygenated perfusion; DBD, donation after brain death. In three- 
arm studies (Gaurav; Schurink) NRP, was compared with each comparator arm separately, with arm sizes shown. In registry studies (Bekki; Wisel) non-NRP cDCD, denotes any non-NRP, 
procurement, not separable by preservation method.
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Ischemic cholangiopathy

NRP markedly reduced ischemic cholangiopathy (RR 0.16, 95% 
CI 0.09–0.28; 6 studies; I2 = 0%), lowering the pooled incidence from 
12.7% without NRP to 1.8% (NNT 9); this non-NRP incidence 
reproduces the 13.2% of the reference review, an external validation 
of our dataset. GRADE: moderate certainty.

Graft loss

Reduced with NRP (RR 0.41, 0.32–0.54; 5 studies; I2 = 0%), from 
a pooled incidence of 9.6%–3.4% (NNT 18). GRADE: low certainty.

Recipient death

Reduced (RR 0.46, 0.34–0.62; 4 studies; I2 = 0%), from 7.0% to 
4.0% (NNT 27). GRADE: low certainty.

Hepatic artery thrombosis

Reduced (RR 0.51, 0.30–0.85; 6 studies; I2 = 0%), from 5.1% to 
3.4% (NNT 40). GRADE: low certainty.

Other biliary complications

Reduced (RR 0.49, 0.32–0.73; 5 studies; I2 = 45%, moderate 
heterogeneity), from 20.1% to 9.5% (NNT 10). GRADE: low 
certainty.

Primary non-function

Reduced (RR 0.51, 0.28–0.94; 6 studies; I2 = 0%; NNT 67). The 
marginal pooled incidence was similar between groups (3.0% vs. 
3.0%) because the incidence and relative-effect pools draw on 
different sets of studies (see Table 3 footnote); within the 
comparative pool the crude rates were 2.0% versus 3.1%. 
GRADE: low certainty.

Early allograft dysfunction

The only heterogeneous endpoint (RR 0.65, 0.45–0.94; 
7 studies; I2 = 74%), with pooled incidence falling from 35.9% 
without NRP to 22.4%. A prespecified subgroup analysis by 
comparator type (Supplementary Figure S6) showed the 
reduction was confined to cold-storage or super-rapid- 

FIGURE 2 
Risk-of-bias assessment (ROBINS-I) by study and domain (D1, confounding; D2, selection of participants; D3, classification of interventions; D4, 
deviations from intended interventions; D5, missing data; D6, measurement of outcomes; D7, selection of the reported result). Green, low; yellow, 
moderate; red, serious risk of bias.
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FIGURE 3 
Pooled risk ratios by outcome for both comparisons (NRP vs. non-NRP cDCD, left; NRP vs. DBD, right; random-effects models). A risk ratio below 
1 favors NRP. The grey line denotes the 95% prediction interval for heterogeneous outcomes; the ischemic cholangiopathy estimate for the DBD 
comparison is the Mantel-Haenszel estimate (MH).

TABLE 2 Summary of findings (GRADE).

NRP vs. non-NRP cDCD

Outcome Studies; n RR (95% CI) Absolute/1,000 Certainty

Ischemic cholangiopathy 6; 1878 0.16 (0.09–0.28) 107 fewer Moderate

Recipient death 4; 1,380 0.46 (0.34–0.62) 38 fewer Low

Graft loss 5; 1,556 0.41 (0.32–0.54) 56 fewer Low

Other biliary complications 5; 1,542 0.49 (0.32–0.73) 103 fewer Low

Hepatic artery thrombosis 6; 1734 0.51 (0.30–0.85) 25 fewer Low

Primary non-function 6; 1882 0.51 (0.28–0.94) 15 fewer Low

Early allograft dysfunction 7; 1924 0.65 (0.45–0.94) Heterogeneous Very low

NRP vs. DBD

Outcome Studies; n RR (95% CI) Effect Certainty

Ischemic cholangiopathy 7; 2055 0.70 (0.16–3.01)‡ No difference Very low

Primary non-function 8; 2051 1.84 (0.92–3.68) No difference Very low

Recipient death 6; 1,266 0.56 (0.29–1.07) No difference Very low

Graft loss 4; 613 0.43 (0.15–1.23) No difference Very low

Early allograft dysfunction 5; 713 0.94 (0.64–1.39) No difference Very low

Hepatic artery thrombosis 8; 2,155 0.65 (0.33–1.25) No difference Very low

Other biliary complications 6; 1938 0.88 (0.59–1.31) No difference Very low

CI, confidence interval; RR, risk ratio. ‡Mantel-Haenszel estimate (preferred for rare events). Absolute effect = events per 1,000 fewer with NRP, relative to the pooled comparator risk.
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recovery comparators (RR 0.58, 0.39–0.86; 5 studies) and was 
absent versus ex situ normothermic machine perfusion (RR 1.68, 
0.82–3.45; 2 studies—Mohkam et al. and the isolated NMP arm 
of Gaurav et al., 101 NMP recipients) and versus a single 
hypothermic-oxygenated-perfusion study (RR 0.56, 0.25– 
1.26). Because the three-arm cohort of Gaurav et al. 
contributes to two subgroups through its separate comparator 
arms, the subgroup study counts (2 and 1,5) sum to eight 
although seven studies enter the overall pool. This subgroup 
is exploratory and must be read with caution: EAD definitions 
based on early post-transplant transaminase release (Olthoff, 
MEAF) are susceptible to biomarker washout during ex situ 
perfusion, which our data cannot separate from a genuine 
functional effect. GRADE: very low certainty.

Length of stay

Intensive-care and hospital stays did not differ significantly 
(mean differences of about −0.5 to −1.2 days favouring NRP; all 
confidence intervals crossing zero), with high heterogeneity 
reflecting differing health systems and reporting.

NRP versus DBD

Four to eight studies contributed to each endpoint—again fewer 
than ten, precluding small-study testing—and heterogeneity was low 
(I2 ≤ 4%) for every endpoint except early allograft dysfunction (I2 = 
34%); no outcome differed significantly and every estimate was of 
very low certainty by GRADE (Table 2; per-study forest plots in 
Supplementary Figure S5). Incidences are given as NRP versus DBD.

Ischemic cholangiopathy

RR 0.70 (Mantel-Haenszel 0.16–3.01; 7 studies); the inverse- 
variance estimate (1.21) was unstable because most studies recorded 
no events. Incidence 1.8% versus 1.2%.

Primary non-function

RR 1.84 (0.92–3.68; 8 studies). Incidence 3.0% versus 2.1%.

Recipient death

RR 0.56 (0.29–1.07; 6 studies). Incidence 4.0% versus 6.4%.

Graft loss

RR 0.43 (0.15–1.23; 4 studies). Incidence 3.4% versus 6.0%.

Early allograft dysfunction

RR 0.94 (0.64–1.39; 5 studies; I2 = 34%). Incidence 22.4% 
versus 24.7%.

Hepatic artery thrombosis

RR 0.65 (0.33–1.25; 8 studies). Incidence 3.4% versus 5.1%.

Other biliary complications

RR 0.88 (0.59–1.31; 6 studies). Incidence 9.5% versus 10.7%.
Overall, NRP recipients had outcomes statistically 

indistinguishable from DBD, although wide confidence intervals 
and very low certainty preclude formal equivalence claims.

Sensitivity analysis excluding ex situ 
machine perfusion

The NRP-versus-non-NRP comparison was repeated after 
excluding all grafts managed with ex situ perfusion: Mohkam 
et al. (comparator entirely NMP) and Schurink et al. (dual HOPE 
in both arms) were removed, and the three-arm cohort of Gaurav 
et al. contributed through its static-cold-storage arm only. 
Every effect persisted in the same direction and remained 
statistically significant, by endpoint: ischemic cholangiopathy 
RR 0.14 (0.08–0.26; 5 studies; I2 = 0%); graft loss 0.41 (0.32– 
0.53; 4 studies; I2 = 0%); recipient death 0.47 (0.35–0.64; 3 studies; 
I2 = 0%); other biliary complications 0.54 (0.37–0.79; 4 studies; 
I2 = 30%); hepatic artery thrombosis 0.48 (0.28–0.83; 4 studies; 
I2 = 0%); primary non-function 0.49 (0.27–0.92; 5 studies; I2 = 
0%); and early allograft dysfunction 0.58 (0.39–0.86; 5 studies; 

TABLE 3 Pooled incidences of each outcome by donor and procurement group.

Outcome NRP, % (95% CI); k Non-NRP cDCD, % (95% CI); k DBD, % (95% CI); k

Ischemic cholangiopathy 1.8 (1.2–2.9); 14 12.7 (8.8–18.1); 6 1.2 (0.5–2.8); 7

Recipient death 4.0 (2.1–7.5); 12 7.0 (1.7–24.1); 4 6.4 (3.9–10.5); 6

Graft loss 3.4 (1.4–7.9); 9 9.6 (3.2–25.4); 5 6.0 (3.8–9.4); 4

Other biliary complications 9.5 (7.5–11.9); 11 20.1 (14.6–27.0); 5 10.7 (6.4–17.3); 6

Hepatic artery thrombosis 3.4 (2.4–4.6); 13 5.1 (3.3–7.8); 6 5.1 (3.3–7.8); 8

Primary non-function 3.0 (2.2–4.3); 14 3.0 (1.7–5.2); 6 2.1 (1.5–2.9); 8

Early allograft dysfunction 22.4 (16.0–30.5); 11 35.9 (21.2–53.9); 7 24.7 (19.3–31.0); 5

Values are random-effects logit-binomial pooled incidences (%) with 95% confidence intervals; k, number of contributing studies. These are observed pooled event rates within each group and 
are not adjusted for between-group differences in case mix. Incidences are pooled over all studies reporting each outcome, whereas relative effects (Table 2) are pooled only over the comparative 
studies contributing to each comparison; because these study sets differ, the marginal incidences do not reproduce the relative effects—for example, primary non-function shows near-identical 
marginal incidences (3.0% vs. 3.0%) yet a significant relative effect (RR, 0.51), because within the comparative pool the crude rates are 2.0% versus 3.1%. CI, confidence interval; cDCD, controlled 
donation after circulatory death; DBD, donation after brain death; NRP, normothermic regional perfusion.
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I2 = 78%) (Supplementary Table S3; Supplementary Figure S3). 
Heterogeneity was therefore unchanged by the exclusion, and 
the pooled incidences and GRADE certainty reported above 
apply. The NRP-versus-DBD comparison was inherently 
free of ex situ perfusion. Estimates were also robust to 
alternative estimators (fixed versus random effects, Mantel- 
Haenszel, Peto) and to exclusion of the salvage study and of 
higher-risk studies (Supplementary Table S1). All estimates 
were reproduced in R/metafor and in Python with exact 
agreement.

Discussion

This updated meta-analysis, which expands the evidence base of 
the most recent NRP-specific synthesis [19], is consistent with and 
reinforces its central message: in cDCD liver transplantation, NRP 
substantially reduces ischemic cholangiopathy—the principal 
liability of cDCD—and is associated with less graft loss, 
mortality, hepatic artery thrombosis and biliary morbidity than 
non-NRP procurement. The estimates are remarkably concordant 
with the previous review (PNF identical at 0.51; recipient death 
0.46 vs. a hazard ratio of 0.50), while the larger number of events 
yields greater precision and, for IC, a somewhat stronger effect (RR 
0.16 vs. 0.23) [19]. That two independent datasets, methods and 
analytic teams converge on the same conclusion is itself reassuring.

Our update offers several contributions. First, it incorporates the 
emerging North-American experience—registry and multicenter 
cohorts [15–18]—extending generalizability beyond the 
predominantly European evidence of the prior review and 
reproducing the protective signal across health systems and 
across the A-NRP and TA-NRP techniques. Second, we applied 
explicit anti-duplication rules to overlapping cohorts that threaten 
naïve syntheses: Spanish single-center series nested within the 
national registry [1, 5–8, 30], and a clustered US registry signal 
[14–18], were prevented from double-counting patients, and a 
Cambridge cohort overlapping an included study was excluded 
from pooling [9, 32]. Third, during verification we detected and 
corrected genuine extraction pitfalls in the primary literature— 
reversed column order with the comparator listed first [2], 
evaluable rather than enrolled denominators for EAD [16, 17], a 
mixed cohort in which only a subgroup received NRP [33], and— 
prompted by peer review—a salvage cohort in which dual HOPE 
had been used in both arms [12], which we reclassified accordingly; 
these errors, left unchecked, would have biased the pooled estimates, 
and their correction is a methodological contribution in its own 
right. Reassuringly, restricting the analysis to grafts free of ex situ 
machine perfusion preserved every effect (Supplementary Table S3). 
Fourth, we used contemporary methods: a logit-binomial model for 
incidences (avoiding the documented artefacts of the Freeman- 
Tukey transformation [27]), the Mantel-Haenszel estimator for 
rare events (avoiding the continuity-correction bias that 
destabilized the inverse-variance IC-versus-DBD estimate), and 
t-based prediction intervals [28]. Finally, we report numbers 
needed to treat for clinical translation and reproduced every 
estimate in two independent engines.

The heterogeneity of EAD merits emphasis, as it was unresolved 
(and non-significant) in the previous review [19]. In an exploratory 

subgroup analysis by comparator type (Supplementary Figure S6), 
the EAD benefit of NRP was apparent relative to cold storage and 
super-rapid recovery (RR 0.58, 0.39–0.86) but not relative to ex situ 
normothermic machine perfusion (RR 1.68, 0.82–3.45), the latter 
based on the two studies that provide isolated NMP comparators 
(Mohkam et al. and the NMP arm of Gaurav et al.; 101 NMP 
recipients). Because this rests on only two studies it should be 
regarded as hypothesis-generating. Importantly, it should not be 
read as evidence of a biological effect: EAD definitions that 
incorporate early post-transplant transaminase release (Olthoff, 
MEAF) are vulnerable to biomarker washout during ex situ 
perfusion, a confounder that our analysis cannot disentangle 
from any true functional benefit [9, 11]. EAD is therefore 
comparator-dependent rather than inconsistent—a clinically 
meaningful distinction that also cautions against pooling 
perfusion-based and cold-storage comparators indiscriminately. 
Beyond outcomes, several included studies underline a parallel 
benefit of NRP on organ utilization, allowing transplantation of 
grafts that would otherwise be discarded [14, 15]; utilization and 
quality gains together strengthen the case for NRP at a 
programmatic level.

Our findings are concordant with, and extend, previous 
syntheses. An earlier meta-analysis of regional perfusion across 
DCD solid-organ transplantation [34] and a systematic review of 
machine-perfusion strategies by donor type [35] reported 
directionally similar benefits, and a recent broader systematic 
review and meta-analysis of hypothermic, normothermic and 
regional perfusion likewise found a marked reduction in ischemic 
cholangiopathy with NRP versus super-rapid recovery (RR 0.10) 
[20]. Our contribution is specific rather than duplicative: we focus 
exclusively on NRP in cDCD liver transplantation with the original 
three-arm PICO, substantially increase the number of NRP-cDCD 
recipients relative to the reference NRP-specific review [19], 
incorporate the emerging North-American registry experience, 
apply explicit anti-duplication rules, correct extraction errors in 
the primary literature, use contemporary statistical methods and 
GRADE, and demonstrate that the findings persist after excluding ex 
situ machine perfusion. Convergence across independent datasets 
and methods strengthens confidence in the estimates while 
underscoring their observational nature.

The limitations are intrinsic to the evidence. All studies are 
observational and at moderate-to-serious risk of bias, dominated by 
confounding by indication: NRP may be applied to more favorable 
donor-recipient pairs, which could inflate its apparent benefit. 
Cohort overlap, although mitigated, cannot be fully excluded 
without individual-patient data. Events are sparse for several 
outcomes; fewer than 10 studies contributed to every analysis, 
precluding formal assessment of publication bias; and death and 
graft loss were pooled as risk ratios rather than time-to-event hazard 
ratios. Outcome definitions—particularly of IC and of EAD (Olthoff 
criteria vs. the MEAF score)—were not uniform [22]. Consequently 
certainty is moderate at best (for IC) and low to very low otherwise, 
and the apparent equivalence with DBD reflects absence of evidence 
of a difference rather than demonstrated equivalence; for IC 
specifically the DBD comparison was statistically unstable and 
should be read with caution. Although the sensitivity analysis 
excluding ex situ machine perfusion addresses one important 
source of confounding, residual confounding by indication 
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cannot be excluded in observational data, and our estimates should 
be interpreted as associations rather than causal effects.

These caveats notwithstanding, the consistency, magnitude and 
graded nature of the IC reduction (a number needed to treat of 
about 9, with incidence falling from 12.7% to DBD-like levels 
of <2%) are clinically compelling and biologically coherent. 
Future priorities include randomized and registry-embedded 
pragmatic trials, a harmonized definition of ischemic 
cholangiopathy, individual-patient-data meta-analysis to 
definitively resolve cohort overlap and to compare A-NRP with 
TA-NRP, and longer follow-up to confirm both the durability of the 
benefit and the approximation to DBD outcomes.

Conclusion

In controlled DCD liver transplantation, NRP is associated with a 
marked reduction in ischemic cholangiopathy (moderate certainty) 
and with improvements in mortality, graft loss and vascular and 
biliary complications (low certainty), with results that approach those 
of DBD (very low certainty). This updated synthesis—building on 
prior work with a larger and more geographically diverse evidence 
base—reinforces the role of NRP in expanding the cDCD donor pool, 
while underscoring the observational nature of the evidence and the 
need for higher-certainty studies.
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Lungs are highly affected by brain death, with females showing a higher 
inflammatory response, linked sex hormones acute reduction. With the aging 
of world population, the number of older donors is increasing. So, the study of 
menopause associated changes gain importance. Here we investigated 
menopause’s effects in female brain death rats, previously subjected to 
transitional follicular depletion and aging. Female Wistar rats were divided 
in young and menopause groups. After follicular depletion, rats aged for 
10 weeks. The animals were submitted to brain death and Sham operated rats 
served as controls. White blood cell counts, bronchoalveolar lavage were 
analyzed and inflammatory mediators were quantified. Lung tissue was 
evaluated for myeloperoxidase, intercellular adhesion molecules, miRNA 
expression, and protein and gene expression of estradiol receptors. In 
menopause group, there was increase in systemic and tissue leukocyte 
infiltration, myeloperoxidase expression, inducible nitric oxide synthase, 
intercellular adhesion molecule-1, lung edema, and loss of IL-10 
regulation. Additionally, we found alterations in estradiol receptors along 
with changes in the expression of miRNAs associated to inflammation, 
vascular function and senescence. Menopause increases lung inflammation 
after brain death, by higher leukocyte infiltration and reduction of IL-10 and 
may impact the outcome of lung transplantation.

KEYWORDS

brain death, donor, inflammation, lung, menopause, rats

Introduction

Organ transplantation is a fundamental approach for patients with advanced stages 
of various diseases, offering the possibility of prolonging and improving quality of life. 
However, current data highlight that the shortage of organs available for 
transplantation remains a global and growing challenge, aggravated by the aging 
population and the increasing demand of patients on waiting lists [1, 2]. According 
to the Global Observatory on Donation and Transplantation (GODT, 2025) out of 
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47.000 organ donors, 30% were over 60 years old and the average 
age of organ donors has been increasing over the years [3]. To 
respond to the high demand, the inclusion criteria were 
expanded, allowing the use of marginal organs, including 
those from older donors.

Brain death (BD), the main source of organ donation, triggers 
unregulated immunological and inflammatory changes that 
compromise the quality of organs intended for transplantation 
[1, 2, 4]. Among these, significant hormonal changes result from 
pituitary failure, with the lung being one of the organs most 
vulnerable to their effects and which may be associated with 
pulmonary edema after autonomic storm, such alterations may 
become a challenge for the success of lung transplantation [5, 6]. 
In the case of lung transplants, donors over 65 years of age are 
associated with shorter graft survival [7, 8].

Experimental studies, comparing males and females, confirm 
different responses to brain death. One such study demonstrated 
that female rats suffer greater lung injury after BD when 
compared to male rats [9]. Ferreira et al. highlighted 
important differences between the sexes to BD [10], mainly 
greater inflammation in females, but without impact on 
microcirculatory perfusion, an impact that was only 
documented in male animals [11, 12]. Such studies point to 
the importance of the acute reduction of female sex hormones 
after BD, after the loss of the hypothalamic-pituitary-ovarian 
axis resulting in greater inflammation in females.

Therefore, given the expansion of the criteria to include 
older donors and knowing that the donor’s sex and hormones 
influence the lung status, we investigated the effects of 
menopause and aging in rats subjected to BD, analyzing the 
release of inflammatory mediators and the influx of leukocytes 
into the lungs.

Materials and methods

This study was approved by the Animal Research Ethics 
Committee of the Faculty of Medicine of the University of São 
Paulo under number (SDC) no 5635 23 037. All animals were 
handled in accordance with “Principles of Laboratory Animal Care” 
written by the National Society for Medical Research and the “Guide 
for the Care and Use of Laboratory Animals” published by the Institute 
of Laboratory Animal Resources from the National Institute of Health 
(NIH Publication No 86–23, revised 1996). Female Wistar rats (n = 48) 
were randomized into 4 groups: Menopause rats (Menopause BD; n = 
8) and young rats (Young BD; n = 8) with both groups subjected to the 
BD procedure, and as controls, sham operation were used for both 
groups as well, the menopause (Menopause sham; n = 8) and young 
(Young sham; n = 8).

Menopause model and aging

The chemical follicular depletion model was based on Mayer 
et al. (2002) [13]. Briefly, the rats (8 weeks old) received an 
intraperitoneal injection of 4-vinylcyclohexene diepoxide (VCD, 
80 mg/kg, Merck, USA) diluted in corn oil for 6 weeks. After 
treatment, they were kept aging in the rodent vivarium for 
10 weeks. At the end of the last week (170–180 days old), blood 
samples were collected for hormonal dosages and menopause 
confirmation. In addition, they were monitored weekly for 
weight and estrous cycle.

Identification of the estrous cycle phases

The estrous cycle phase identification was performed by means 
of a vaginal smear using a Pasteur pipette with saline solution. The 
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samples were placed on a slide and stained with 5 µL of crystal violet 
dye (5%), for identification by optical microscopy.

Determination of serum hormone levels

Blood was collected from the animal’s tail vein and circulating 
hormone concentrations (estradiol, progesterone, corticosterone 
and follicle stimulating hormone (FSH)) were determined using 
Cayman kits (Cayman Chemical, USA) and MyBiosource 
(MyBiosource, USA). The protocols recommended by the 
manufacturers were used.

Brain death model

The BD induction model was based on Breithaupt-Faloppa et al. 
[9]. Briefly, after intubation, anesthesia and vessel cannulation, a 
Fogarty ® 4F catheter (Baxter Healthcare, USA) was inserted in the 
intracranial space for rapid infusion of 400 µL of 0.9% NaCl. BD was 
confirmed by clinical criteria such as hypertensive peak pressure, 
bilateral mydriasis, apnea and absence of brainstem reflexes. Once 
confirmed, the use of isoflurane was discontinued. Animals in the 
sham group were subjected to surgical procedures without BD 
induction and remained anesthetized throughout the period.

Determination of total and differential 
circulating leukocyte and platelet counts

At the beginning, at the third hour and at the end of the 
experiment, samples (20 μL of blood) were obtained, 
homogenized in diluent and subjected to automatic cell counting 
on a hematologic analyzer (BC-2800vet, Mindray, China).

Concentration of IL-1β and IL-10 in serum 
and lung culture media

The determination of inflammatory mediators was performed 
using commercial Kits (Duo Set, R&D System®, USA). Serum 
samples were obtained 6 h after BD and lung tissue culture was 
established as previously described in Breithaupt-Faloppa et al. [9]. 
After 24 h media samples were collected. The mediator’s 
concentrations were expressed in pg/mL (serum) and pg/mL/mg 
of protein (media). Assays were conducted following manufacture 
specifications, and optical density was obtained using a 
spectrophotometer (SpectraMax® PLUS Microplate Reader, 
Molecular Devices, USA).

Histopathological analysis of the lung

Lung fragments were fixed in formaldehyde solution (10%) for 
24 h. The tissues were processed, embedded in paraffin, cut (4 µm) 
and the sections stained (hematoxylin/eosin). Conventional 
morphometric analyses were performed by two examiners 
blinded to the groups in order to evaluate hemorrhage and 
tissue edema. The sections were captured by a DS-Ri1 digital 
camera (Nikon, Japan), coupled to a microscope (Nikon). Five 
areas per image were extracted and exported in a format 
compatible with the NIS Elements Software (NIS-elements, 
Nikon, Tokyo, Japan).

Bronchoalveolar lavage and bone marrow 
cell counts

After euthanasia, bronchoalveolar lavage (BAL) fluid was 
collected through the trachea with a syringe containing 5 mL of 
Phosphate Buffered Saline (PBS) injected into the airways. The BAL 
sample was centrifuged and the cell pellet was resuspended in 1 mL 
of PBS. The samples were subjected to automatic total and 
differential cell counting (BC-2800vet, Mindray, China). The 
bone marrow, the left femur was removed and a needle 
connected to a syringe containing 10 mL of PBS was introduced 
into the medullary canal. The sample were centrifuged and the cell 
pellet was resuspended in 1 mL of PBS. The samples were subjected 
to automatic total and differential cell counting (BC-2800vet, 
Mindray, China).

MPO activity in lung tissue

The lung tissue samples were homogenized with 3 mL/g of 
hexadecyltrimethylammonium bromide (HTAB) and centrifuged 
and the ortho-dianisidine and H2O2 solutions were added. A sodium 
azide solution was added to stop the reaction. Using a 
spectrophotometer (Spectramax®, Molecular Devices, USA), 
absorbance was determined at 450 nm.

Immunohistochemical investigation of 
adhesion molecules (ICAM-1), inducible 
nitric oxide synthase (iNOS), 
myeloperoxidase (MPO) and estrogen 
receptors (ER- α, ER-β and GPER)

Lung fragments were removed and inflated with a solution of 
OCT (optimal cutting temperature) solution, then immersed in 
hexane and frozen in liquid nitrogen. Serial sections (8 μm thick) 
were placed on silanized slides (StarFrost®, Knittelglass, Germany) 
and fixed in ice-cold acetone for 10 min. The slides were washed 
with TRIS-saline-tween-20 buffer solution (TBS-T) followed by 
blocking of endogenous peroxidase with H2O2 solution (2%) for 
15 min at room temperature, and blocking of nonspecific sites with a 
protein buffer consisting of TBST and 2% bovine serum albumin 
(BSA) for 1 h at 37 °C. For the immunodetection of ICAM-1 and 
MPO (BosterBio, USA), iNOS (Abcam, USA), and estrogen 
receptors (Novus Biologicals, USA), primary antibodies diluted 
(1:100 and 1:200 for the estrogen receptors) in TBS-T/BSA were 
used. The sections were incubated overnight at 4 °C. The slides were 
washed with TBS-T and incubated with a 1:200 solution of anti- 
rabbit IgG secondary antibody associated with horseradish 
peroxidase (HRP) (BosterBio, USA) for 2 h at 37 °C. After 
another wash with TBS-T, the slides were incubated with 3- 
amino-9-ethylcarbazole (AEC) substrate solution for 30 min and 
counterstained with hematoxylin. The staining present in the tissue 
sections was recorded using an image acquisition system with a DS- 
Ri1 digital camera (Nikon, Japan) and analyzed using the NIS- 
Elements-BR software (Nikon). For the negative control, the 
samples were incubated with PBS instead of primary antibodies. 
The results analysis was expressed as stained area/vessel area 
(ICAM-1) and stained area/total area (MPO, iNOS, ER-α, ER-β 
and GPER).
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Real time PCR analysis of estradiol receptors 
and miRNA expression in lung tissue

RNA and miRNA extraction were conducted using a 
commercial kit (Mirvana, Applied Biosystems, CA, USA). 
Complementary DNA for the RNA and miRNA genes was 
synthesized using commercial kits: High-Capacity cDNA Reverse 
Transcription (Applied Biosystems, CA, USA) and TaqMan miRNA 
Reverse Transcription kit (Thermo Fisher, MA, USA), respectively. 
Real-time PCR (StepOnePlus; Applied Biosystems) for the estradiol 
receptor gene expression analysis was performed using the TaqMan 
primers (Applied Biosystems): GAPDH (RN01775763_g1), ER-α 
(RN01640372_m1), ER-β (RN00562610_m1), and GPER 
(Rn00592091_s1). For miRNA analysis, the following TaqMan 
primers (Applied Biosystems) were used: U6 snRNA (001973), 
27a-3p (000408), 21a-3p (002493), 145-5p (002278), 155 
(002571), 34c (000428), and 202-3p (462472). The targets were 
amplified following the following cycling conditions: 2 min 
at 50 °C, 10 min at 95 °C, 40 cycles of 15 s at 95 °C, and 1 min 
at 60 °C.

Analysis of results

Data relating to hormones were subjected to the non-parametric 
Mean-Whitney test and the leukogram/platelets and blood pressure 
were analyzed of the three-way analysis of variance (ANOVA). The 
remaining results were analyzed using a two-way ANOVA, followed 
by the Benjamini, Kriger, and Yekutieli tests. Statistical analyses 
were performed using GraphPad Prism software version 10, and 
the results are expressed as mean ± standard error of the 
mean (SEM).

Results

Validation of the menopause model

Hormonal concentrations of FSH, progesterone, 
estradiol and corticosterone were measured in serum 
collected 1 week before the BD experiments. Rats in the 
menopause group showed an increase in FSH concentration 
and a significant decrease in progesterone, estradiol and 
corticosterone concentrations compared to young females 
(Figure 1).

Analysis of hemodynamic parameters

All the animals presented the hypertensive peak characteristic 
of the BD model, followed by a period of arterial hypotension of 
approximately 1 h, and by normalization of the blood pressure 
thereafter. The data show differences between the BD groups and 
their respective sham groups. BD rats showed a significant 
increase in mean arterial pressure (MAP) in the first minute 
after catheter inflation, compared to the sham group, and 
differences were observed between the young BD group and 
the menopause BD group. Menopause rats showed significantly 
lower PAM peak values compared to young animals, as shown in 
Figure 2.

Determination of total and differential 
leukocyte counts

Total and differential leukocyte counts were analyzed, and 
a significant increase was observed in the total number of 

FIGURE 1 
Characteristics of the female rats after menopause induction. (A) FSH serum concentrations; (B) Estradiol serum concentrations (C) Progesterone 
serum concentrations and (D) Corticosterone serum concentrations. Data are expressed as media±SEM from 16 animals.
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FIGURE 2 
MAPs of Young-Sham, Young BD, Menopause Sham and Menopause BD female monitored from balloon catheter inflation (0) to the end of the 
experimental period (6 h). The data are presented as the mean ± SEM from 12 animals. * In relation the Menopause BD.

TABLE 1 Total and differential number of circulating leukocytes of rats from the young and menopausal group submitted or not (Sham) to brain death. Data 
represent the mean ± SEM.

WBC (cells/mm3) PLT (×109/L) 

PlateletsGroups Total Lymphocytes Monocytes Granulocytes

Young 

Sham

0 h 9928.6±1643.1 6785.7±1274.4 400±72.4 2742.9±401.1 1069.4±59

3 h 17471.4±1960.3* 4014.3±987.4 1014.3±290.7* 12442.9±1239.6* 708.1±165.1*

6 h 19042.9±3250.1* 6057.1±1391.1 742.9±84.1 12242.9±3583.1* 709.6±124*

Young 

BD

0 h 12328.6±1190 7585.7±833.9 628.6±119 4114.3±496.9 1211.7±91.5

3 h 11500±2058.2 4000±901.3 342.9±78.2µ 7157.1±1683.9µ 687.9±83.2*

6 h 13085.7±2172.3 2985.7±689.2 414.3±50.8 9685.7±1616.1* 654.7±32.2*

Menopause 

Sham

0 h 7377.8±504.1 4833.3±285.8 377.8±49.4 2166.7±266.7 817.6±90α

3 h 13133.3±2137.6 4833.3±968.7 755.6±157.3 5644.4±1620.7 695.8±95

6 h 23311.14184.9* 15833.3±4432*α 1288.9±217.6*α 6200±1629.7α 819.2±79.4

Menopause 

BD

0 h 8357.1±737.7 5557.1±528.7 585.7±113.3 2321.4±231.9 913.6±52.9α

3 h 11171.4±1740.8 5807.1±1072.1 642.9±83.7 5171.4±1480.2α 726.2±60.3

6 h 15492.9±1425.2*µ 6807.1±.1064.6µ 1092.9±150.3α 7592.9±1535.5* 726.4±47.6

P time <0.0001 0.0211 0.0015 <0.0001 <0.0001

P BD 0.5393 0.0322 0.0198 0.0006 0.2389

P Menopause 0.0140 0.0912 0.0885 0.3221 0.7281

P time × BD 0.0624 0.0010 0.0035 0.2848 0.0064

P Time × Menopause 0.0169 0.0049 0.0100 0.2553 0.2635

P BD × Menopause 0.9211 0.3731 0.1889 0.1672 0.9081

P Time × Menopause × BD 0.5521 0.2717 0.3531 0.3421 0.9016

* In relation the respective Basal; α in relation a young; µ in relation the respective sham.
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circulating leukocytes after BD surgical manipulation. The 
menopause sham group showed a significant increase, mainly 
in lymphocytes, at 6 h, compared to basal and the young sham 
group. In the young group, there was a predominantly 
granulocytes and monocytes increases just after 3 h, while 
in the menopause group, this increase only occurred after 6 h. 
In the 3-way ANOVA comparisons, there was a difference in 
relation to time in total leukocytes and in the cell 
types evaluated. In relation to menopause, there was a 
difference only in the total number of leukocytes. 
Regarding BD, there was a difference in all cell types but 
not in total leukocytes. In platelet analyses, a decrease in 
the number of platelets was observed after surgical 
manipulation (Table 1).

Analysis of the hemorrhagic profile and 
edema in the lungs

As observed in Figure 3, menopause rats, independent of BD, 
presents greater edema and hemorrhage compared to young rats 
(Sham and BD).

Cell quantification in bronchoalveolar 
lavage fluid and bone marrow

The data show a significant increase in all cell types in 
bronchoalveolar lavage fluid in menopause BD rats compared 
with young BD. In addition, there was a higher number of 
lymphocytes and granulocytes in the menopause BD than their 

FIGURE 3 
Histological analysis of lung sections (HE). (A) edema and (B) hemorrhage from young or menopause rats subjected or not (Sham) to BD. Data represents 
the mean ± SEM from 8 animals. Arrows show higher intensity of pulmonary hemorrhage in menopause sham animals compared to other groups.

FIGURE 4 
Total number of cells (A) leucocytes; (B) lymphocytes, (C) macrophages and (D) granulocytes from rats from the young and menopause group 
submitted or not (Sham) to BD. Values represent the mean ± SEM from 8 animals.
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respective sham, as shown in Figure 4. The results of bone marrow 
counts do not indicate any differences between groups as shown at 
the Table 2.

Concentration of serum and lung culture 
(explant) inflammatory mediators

In Table 3 the quantification the inflammatory mediators in the 
serum and lung explant is presented. There was a significant increase 
in serum IL-10 concentration in the young BD compared to the 
respective sham group, however this response was not observed in 
menopause BD.

Evaluation of the presence of leukocytes in 
lung tissue

No significant differences were observed in the analysis of MPO 
activity (Figure 5B). Additionally, quantification of lung MPO 
positive stained cells was performed and the results showed an 
increase in these cells in menopause rats, in both the sham and BD 
groups (Figure 5A).

Quantification of ICAM-1 and iNOS

The data indicate an increase in ICAM-1 expression in 
menopause rats, independent of BD (Sham and BD) (Figure 6A), 

and a higher number of iNOS positive cells were also observed in the 
menopause group compared to young rats (Figure 6B).

Quantification of estradiol receptors in 
lung tissue

Estradiol receptors expression analyses in lung tissue were also 
performed, as shown in Figure 7. A significant increase in ER-α 
expression was observed in menopause rats (BD and Sham) when 
compared to young rats. In addition, the ER-α gene expression is 
upregulated in menopause sham rats compared and young sham 
rats, being reduced by BD. The data also indicates a reduction in 
GPER expression in menopause rats (Sham and BD) and in young 
rats subjected to BD. The same was not observed when evaluating 
the gene expression of this receptor. Differently, in the analysis of 
ER-β expression, there was an increase in young BD rats compared 
to their respective sham, with a lower expression of this receptor in 
menopause BD rats.

miRNA receptors in lung tissue

miRNAs expression were analyzed in lung tissue, and an 
upregulation of miRNAs 27a, 21a, 145, 155, and 34c was 
observed in menopause sham rats compared to young sham. The 
miRNAs 145, 155, and 34c were upregulated in young BD rats 
compared to their respective sham. In addition, a downregulation of 
miRNA 34c was observed after BD (Figure 8).

Discussion

Donor inclusion criteria have been expanded across organ 
transplantation to address organs shortage and increase the 
transplant opportunities. This expansion includes accepting 
organs from older donors, and, when the donor is female, it is 
important to consider menopause. Menopause is accompanied by 
several physiological changes, including those in the immune 
system. In order to understand the effects of menopause on lung 
donors, we submitted menopause rats to BD, comparing them with 
young animals. Most studies still focus on changes occurring in male 

TABLE 2 Total number of bone marrow cells from young and menopause rats 
subjected or not (sham) to brain death. Values represent the mean ± SEM.

Bone marrow (106/mL)

Young sham 69.071 ± 8.981

Young BD 68.071 ± 10.261

Menopause sham 60.044 ± 19.222

Menopause BD 60.679 ± 19.677

P BD 0.9745

P menopause 0.1580

TABLE 3 Concentration of serum mediators (pg/mL) and explant (pg/mg) of rats from the young and menopause group submitted or not (Sham) to brain death. 
Serum 6 h and lung culture explant 24 h. Data presented as the mean ± SEM.

Inflammatory mediators

Serum Explant

Groups IL-1 IL-10 IL-1 IL-10

Young sham 3.03 ± 0.18 3,137.11 ± 1,639.59 88.38 ± 100.53 4,197.70 ± 2,306.19

Young BD 3.16 ± 0.72 8,687.55 ± 2,515.96* 239.05 ± 209.40 2,877.78 ± 2,400.87

Menopause sham 4.04 ± 0.60 2,172.52 ± 1,539.55 46.02 ± 63.80 1,071.33 ± 375.90α

Menopause BD 3.96 ± 0.65 2,161.83 ± 2047.88α 180.64 ± 243.93 1,418.66 ± 1,314.57α

P BD 0.9762 0.1724 0.0613 0.4138

P menopause 0.3086 0.0693 0.4972 0.0005

*in relation to Young sham; α in relation to Young BD.
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donors; therefore, it is important to emphasize that this study 
specifically investigated the effects of menopause in organ 
donors, a group that has been understudied but growing steadily 
over the years. In this context, we chose to use an experimental 
model of menopause that better reflects the hormonal fluctuations 
observed clinically in women [13]. The association of BD with 
menopause exacerbated lung inflammation, reinforcing the 
importance of considering the woman’s age and cycle stage when 
evaluating lung donors.

Previous clinical and experimental studies identified the acute 
reduction in female sex hormones following BD [9, 14]. This 
reduction is related to increased systemic and lung inflammation 
in young female rats, and treatment with estradiol is able to reduce 

leukocyte infiltration and edema formation [15]. Here, 
menopause led to even higher leukocyte infiltration and edema, 
accompanied by an increase in all cell types in the BAL and 
increased MPO expression. In addition, in the menopause group, 
the leukocyte response was more intense and late compared to 
young animals. These results emphasize the greater mobilization 
of leukocytes to the lung parenchyma and suggest a compromise 
in the regulatory mechanisms of inflammation. In this sense, 
clinical studies have demonstrated that the menopause period is 
characterized by a pro-inflammatory state, induced mainly by the 
reduction of female sex hormones, and that the estrogen 
deficiency marked by menopause can impact the leukocyte 
subpopulation [16–18].

FIGURE 5 
(A) Number of cells stained for MPO in tissue sections from 6 animals and (B) Myeloperoxidase (MPO) activity from 8 animals in lung tissue samples 
from young or menopause rats submitted or not (Sham) to BD. Data represents the mean ± SEM. Arrows show higher number of cell stained for MPO in 
menopause group in relation to young.

FIGURE 6 
(A) Expression of intercellular adhesion molecule (ICAM)-1 and (B) inducible nitric oxide synthase (iNOS) in lung sections from young or menopause 
rats subjected or not (Sham) to BD. Representative photomicrographs of the immunohistochemical reaction. Data represents the mean ± SEM 
from 5 animals.
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Our data indicate an increase in iNOS protein expression in 
lung tissue in the menopause group, as well as an increase in 
ICAM-1 expression, which may lead to greater leukocyte 
adhesion and migration to lung tissue. iNOS may contribute 

to an imbalance in nitric oxide (NO) production, which can 
intensify the inflammatory process and favor increased vascular 
permeability [19]. In addition, higher lung hemorrhage was 
observed in the menopause sham group. These animals have 

FIGURE 7 
Protein and gene expression of the (A,D) estradiol receptor α (ER-α), (B,E) estradiol receptor β (ER-β) and (C,F) protein G associated estradiol receptor 
(GPER) in lung sections from young or menopause rats subjected or not (Sham) to BD. In (A–C), data represents the mean ± SEM and in (D–F), data are 
expressed as median and 95% percentile interval (n = 8 animals).

FIGURE 8 
Analysis of miRNA expression in lung tissue from young or menopause rats subjected or not (Sham) to BD. (A) miRNA 27a; (B) miRNA 30b; (C) miRNA 
21a; (D) miRNA 145; (E) miRNA 155 and (F) miRNA 34c. Data expressed as median and 95% percentile interval from 7 animals. Relative gene expression 
analysis and miRNA were normalized using endogenous control, and relative expression was determined using naive control (non-manipulated rats).
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reduced hormone concentrations due to the induction of 
menopause and were maintained mechanically ventilated. 
One study showed that the reduction of sex hormones leads 
to the formation of new vessels and the loss of vascular 
protection conferred by estrogen [20]. These new vessels 
could, therefore, be more prone to injury and rupture, mainly 
to hemorrhage. This indicates that the menopause period itself 
can compromise vascular integrity. Previous study by the group 
using ovariectomized young rats [21] differ from this, specially 
by the time of hormonal reduction; here, the aging factor was 
added to the protocol, once menopause is a condition associated 
with higher age.

Since estrogen deficiency is associated with mechanisms that 
regulate inflammation, we investigated serum inflammatory 
mediators. IL-10 is a cytokine that helps to regulate the 
inflammatory response [22]. In our study, we observed increased 
IL-10 production in young rats, an effect not observed in the 
menopause group. Furthermore, we performed cytokine 
quantifications in lung explant culture medium (24 h), which 
reinforced the idea that there is a loss of regulation in the 
production of this cytokine. Clinical studies suggest that during 
menopause, women have higher production of pro-inflammatory 
cytokines and lower production of anti-inflammatory cytokines 
[22–24].

Considering the modulating role of estradiol in the 
inflammatory response, we performed analyses of estradiol alpha, 
beta, and GPER receptors. Genetic and protein alterations were 
observed with increased expression of ER-α in menopause rats, 
possibly a compensatory mechanism for the loss of the hormone. 
This receptor is strongly associated with reproductive function, 
vascular protection, and multiple mechanisms [25]. Regarding 
ER-β and GPER receptors. ER-β is associated with the 
modulation of the immune response and shows high expression 
in the lungs, while GPER, being a membrane receptor with rapid and 
non-genomic signaling, may not show detectable changes at the 
gene level [26–28].

To better understand the mechanisms involved in the 
inflammatory response observed primarily in menopause rats, 
we performed a miRNA screening based on their association 
with inflammatory processes, oxidative stress, apoptosis, 
senescence, and vascular function. We observed that miRNA 
27a-3p, already upregulated in the menopause sham group, is 
associated with modulation of macrophage function and may 
suppress the anti-inflammatory cytokine IL-10 via TGF-β, being 
largely studied as a potential therapeutic target for the treatment 
of inflammatory conditions [29, 30]. The miRNAs 21a, 145 and 
155 were also found upregulated in the menopause sham group 
in comparison to young sham indicating their modulation by 
menopause process. The miRNA 21-5p is highly expressed in 
monocytes/macrophages and takes an important role in 
cardiovascular diseases, cancer, and immune response, in 
addition to its role in the process of chronic inflammation 
associated with aging (inflammaging) [31]. It can modulate 
the inflammatory response through direct and indirect 
activities in the NF-κB and NLRP3 pathways, depending on 
the context [32, 33]. Like miRNA 21a, miRNA 155 is strongly 
associated with inflammaging, and due to its central role in the 
innate and adaptive immune response, it has also been altered 

during menopause, reinforcing its pro-inflammatory context 
[34, 35]. miRNA 145, is associated with vascular changes and 
leukocyte adhesion, in addition to its pro-inflammatory role 
[36]. This may contribute to the increased ICAM-1 observed in 
our results. In vascular smooth muscle cells from patients with 
diabetes type 2, the secretion of pro-inflammatory cytokines has 
been associated with elevated miRNA levels, suggesting a role in 
vascular senescence [37]. The miRNA 34c, associated with 
apoptosis and senescence processes [25], showed 
upregulation in the menopause group compared to young 
rats and controls. Studies show that miRNAs are related to 
menopause, since the hormonal decline alters post-transitional 
regulatory mechanisms of genes involved in the regulation of the 
immune and inflammatory response. Our findings highlight the 
role of miRNAs in the context of BD induced lung inflammation 
in menopause females.

It is important to highlight that, from a clinical point of view, 
menopause in humans occurs alongside aging, which makes this 
model translationally relevant. The follicular depletion model 
using VCD represents one of the closest models to the human 
menopause transition. However, a limitation of the present 
study is that it does not allow for a complete differentiation 
between the effects of menopause and aging, since, after 
follicular depletion, the animals continue to age naturally. 
Therefore, some of the observed inflammatory effects may be 
related not only to the loss of ovarian hormones but also to 
processes associated with inflammaging. Additionally, the 
animals used do not correspond to such an advanced stage of 
aging, suggesting that senescence processes may still be in their 
initial phases. Future studies including the evaluation of 
hormonal rescue with estradiol or estrogen receptor 
modulators may help to further elucidate the mechanisms 
related to menopause and aging.

Taken together, our study reinforces the idea that female sex 
hormones have a significant influence on modulating the 
inflammatory state generated by BD. In addition, the results 
show that menopause intensifies lung inflammation, 
characterized by increased inflammatory infiltrate, alterations in 
nitric oxide synthase and adhesion molecules, and, most 
importantly, by the loss of IL-10 regulation. Considering the 
increasing number of female donors in menopause, our findings 
reinforce the relevance of investigating therapeutic strategies 
targeted at this group.
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Five years after changing from opt-in to opt-out consent systems in England and 
the Netherlands, we examine the impact on donor registrations, consent rates, 
donor numbers, and reflect on lessons learned. Opt-out legislation was 
implemented in May 2020 in England and July 2020 in the Netherlands. In 
England, 44% of the population is now registered; 40% recording an opt-in 
decision and 4% an opt-out decision. In the Netherlands, mandated donor 
registration resulted in the entire adult population having their decision 
recorded: “Yes, I want to be a donor” (34%), “No objection” (24%), or “No, I 
don’t want to be a donor” (31%), while 11% leave the “Decision to next of kin”. 
Despite these structural changes, the consent categories created by opt-out 
legislation (“deemed” consent in England and “No objection” in the Netherlands) 
remain challenging in practice, with fewer than 50% of families agreeing to 
donation. In England, the family consent rate declined from 69% to 57% 
between 2020 and 2025 and the donor numbers remain below pre-pandemic 
levels. In contrast, the Netherlands experienced a modest increase in family 
consent rates and donor numbers compared to the opt-in consent system. 
Opt-out legislation provides an important policy framework, but sustained 
system-level commitment remains essential.

KEYWORDS

donor register, England and Netherlands, lessons learned, opt-out consent system, organ 

donation policy

Introduction

In May and July 2020, England and the Netherlands shifted their consent systems for 
organ donation from Opt-In to Opt-Out. The primary aim was to increase consent for organ 
donation and, ultimately, increase the number of organ donors.

In England, all adults aged 18 and over are considered potential organ and tissue donors 
unless they have made a decision not to donate or are part of a small number of protected 
groups. Under the legislation this is referred to as deemed consent. Within the 
United Kingdom, Wales commenced deemed consent in 2015, England 2020, Scotland 
in 2021 and Northern Ireland in 2023. The legislation across the four UK nations, and the 
UK’s Crown Dependencies, is broadly similar [1].

While there is no legal requirement to record a donation decision, individuals may 
choose to register an opt-in or opt-out decision on the National Health Service (NHS) Organ 
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Donor Register (ODR) or express their wishes verbally to family 
members, who can relay this information during donation 
discussions.

The primary route for opt-in registrations is through driving 
licence applications or renewals, accounting for approximately 89% 
of registrations [2]. In comparison, around 7% occur via the website 
and 4% via the NHS App. Opt-out decisions can only be recorded 
through the website or NHS App. In the Netherlands, an “active 
donor registration” process was implemented, fundamentally 
changing the structure of the Donor Register into a mandated 
choice system. By July 2021, the entire population aged 18 and 
older had a recorded decision. Individuals could register “Yes,” 
“No,” or delegate the decision to next of kin or a specific person. 
Those who did not respond were registered as having “No 
objection,” ensuring a recorded preference for all adults. 
Individuals can change their decision at any time. In 2022, 
several of the current authors (NEJ, CW, DG) published an early 
comparative analysis of the introduction of opt-out legislation in 
England and the Netherlands [3]. Full details of implementation and 
the consent systems are outlined in that paper. We concluded that 
legislation alone is unlikely to increase donation and that successful 
implementation requires established operational infrastructure, 
adoption of digital infrastructure, clinical codes of practice, 
professional training, sustained public awareness campaigns and 
engagement across society, including with faith and 
community groups.

We also observed that legislative reform can enable wider system 
investment, stimulating funding for donation infrastructure and 
public promotion, and opening dialogue with communities about 
organ donation. At the time of publication, however, it was too early 
to determine the impact of opt-out legislation on consent rates or 
donor numbers, and any early analysis would be confounded by the 
COVID-19 pandemic.

Now, 5 years after the introduction of opt-out legislation, this 
study evaluates its impact on donor registrations, consent rates and 
donor numbers in England and the Netherlands, and provides 
further insights into the lessons learned.

Materials and methods

England

Data on donor registrations, consent rates and numbers of organ 
donors were obtained from NHS Blood and Transplant (NHSBT), 
which maintains the ODR, the Potential Donor Audit (PDA) and 
the UK Transplant Registry.

The PDA captures all deaths under the age of 81 occurring in 
UK intensive care units or emergency departments and identifies 
potential organ donors. Data are entered by Specialist Nurses in 
Organ Donation (SNODs). A key metric derived from the PDA 
is the organ donation consent rate, defined as the proportion of 
eligible families approached for a donation decision in whom 
consent for donation is obtained; in England this includes those 
donors who have registered an opt-out decision. For 
comparative purposes in this paper, this is referred to as 
family consent. Population estimates for England were 
obtained from the Office for National Statistics [4].

The Netherlands

In the Netherlands, donor registration data were obtained from 
the national Donor Register [5]. In addition, medical records of 
patients who died in intensive care units were reviewed 
retrospectively. Potential donors were defined as donors who are 
medically suitable for donation, regardless of their registration in the 
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Donor Register, including those with a “No” registration. In the 
Netherlands the key measure of consent is the overall consent rate, 
defined as the proportion of all potential donors in whom consent 
for donation is obtained; this includes those who have registered a 
“No” decision.

These data are recorded in NovaNORD, a database maintained 
by the Dutch Transplant Foundation, and entered by (organ) donor 
coordinators [6].

Comparative analysis

For comparative purposes, donor register data for both 
countries were summarised for the period before and after 
the introduction of opt-out legislation (2019–2025). Organ 
donation consent rates were analysed for 2017–2025 and 
deceased donor numbers for 2010–2025 to provide longer- 
term contextual trends.

Relative Risk and corresponding 95% confidence intervals 
(CI’s) were calculated to test the hypothesis that opt-out 
legislation would increase the overall consent rate for organ 
donation. The “Risk in exposed group” is analysed for the years 
during the opt-out legislation (2022–2025) and the “Risk in 
unexposed group” for the years before implementation of the 
legislation (2017–2019). The years 2020 and 2021 were 
excluded due to potential confounding effects of the 
COVID-19 pandemic. Statistical significance was assessed 
using P-values corresponding to values of the standard 
normal distribution; a P-value <0.05 was considered 
statistically significant. All Sankey diagrams created using 
SankeyMATIC.

Ethics statement

This study, using data from Dutch and English organ donation 
data registers, was conducted in accordance with the principles of 
the World Medical Association Declaration of Helsinki. Both the 
Netherlands and England operate under ethical frameworks 
consistent with the Declaration of Istanbul on Organ Donation 
and Transplantation. No interventions or procedures involving 
human participants were performed, and only anonymized, 
registry-based data were used.

Results

Organ donor registrations

England

In January 2026, 44% of the 57.7 million residents in 
England were registered on the ODR, comprising 40% with 
an opt-in decision and 4% with an opt-out decision. This 
compares to 35% opt-in and 2% opt-out of the population in 
January 2020, immediately prior to the implementation of 
deemed consent legislation. Only 136 individuals had 
nominated a representative to make a donation decision on 
their behalf. Trends in donor registration between 2019 and 
2026 are shown in Figure 1.

The Netherlands

Following the active donor registration process, the entire Dutch 
population aged 18 years and older was recorded in the Donor 
Register by July 2021. In January 2026, 34% of residents had 
registered “Yes, I want to be a donor,” 24% “No objection,” and 
31% “No, I do not want to be a donor,” while 11% delegated the 
“Decision to next of kin” or “Specific person.” Overall, 58% of the 
population had registrations permitting organ donation. 
Registration proportions have remained largely unchanged since 
July 2021 (Figure 2).

Family consent rates for organ donation

England

The annual family consent rate for organ donation following 
approaches to donor families in England declined from 69% in 
2020 to 57% in 2025, the lowest level recorded in more than a decade 
(Table 1). See Supplementary Table 2 for the distinction in family 

FIGURE 1 
Number of donor registrations in England on the NHS Organ 
Donor Register 1st of January 2019–2026*. * Only 136 individuals have 
nominated a representative to make a donation decision on their 
behalf, so this is not displayed in the figure.

FIGURE 2 
Number of donor registrations in the Netherlands on the 1st of 
January 2019–2026.
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consent rates between donation after brain death (DBD) and 
donation after circulatory death (DCD) donors.

The Netherlands

In the Netherlands, the annual family consent rate for organ 
donation following approaches to donor families declined from 60% 
in 2021 to 56% in 2025. However, this is still higher than the family 
consent rate under the opt-in system, which peaked at 48% in 2020 
(Table 1).

Donor registration, family approach, and 
overall consent rate

England

Changes to the PDA data collection system in September 
2020 enabled more accurate recording of donor registration status. 
Consequently, the proportion of unknown registrations declined from 
71% in 2017 to 12% in 2025 (Table 2). Since September 2020, the 
potential donors with known registration status, the proportion 
registered as opt-in increased steadily to 37% by 2025, while opt- 
out registrations remained low at approximately 3%.

The consent group of identified eligible organ donors included 
in the PDA in England 2017 – 2025 is provided in Supplementary 
Table 1. The number of families approached for organ donation, 
based on the consent group, and family consent rate in England 
2017 – 2025 is given in Supplementary Table 3. The Sankey visuals 
compare the period before and after implementation of opt-out 
legislation, see Figure 3.

The inferential statistical analysis, using Relative Risk, showed 
that the overall consent rate in England is significantly lower 
following the implementation of opt-out legislation compared to 
the period before, see Table 3.

The Netherlands

Analysis of potential organ donors between 2017 and 
2025 shows an increase in “Yes” registrations from 24% to 29% 
and the emergence of the “No objection” category to approximately 
20% of potential donors (Table 4). Over the same period, the 
proportion of potential donors registered as “No, I do not want 
to be a donor” increased from 16% to 39%. The proportion without a 
recorded registration declined from 52% to 6% following 
implementation of active donor registration.

Family support varied by registration category. Families generally 
supported donation when the donor had registered “Yes,” whereas in 
cases of “No objection” families declined donation in more than half 
of cases (Supplementary Table 4). When the decision was delegated 
to next of kin, consent rates ranged between 28% and 52%. 
Considering both donor registration and family decision-making, 
the overall consent rate across all potential donors remained 
approximately 35% between 2017 and 2025.

The Sankey visuals compare the period before and after 
implementation of opt-out legislation, see Figure 4.

The inferential statistical analysis, using Relative Risk, 
showed that the overall consent rate in the Netherlands is not 
significantly higher following opt-out legislation compared to 
the period before, see Table 3.

Organ donor numbers

England

Deceased donor numbers declined sharply in 2020, coinciding 
with the introduction of opt-out legislation and the COVID-19 
pandemic. Donor numbers fell from a peak of 1,432 in 2019 to 
1,043 in 2020. Numbers have since increased gradually to 1,207 in 
2025, although they remain below pre-pandemic levels (Figure 5). In 

TABLE 1 Annual consent rate for organ donation following approaches of donor families in England and the Netherlands January 2017 – December 2025.

Calendar year England Netherlands

Opt-out implemented May 20, 2020 Opt-out implemented July 1, 2020

Annual family consent 
rate (%)

Monthly range (min %, 
max %)

Annual family consent 
rate (%)

Monthly range (min %, 
max %)

2017 65 (62, 69) 45 Not available

2018 67 (61, 71) 44 Not available

2019 68 (64, 74) 42 Not available

2020 69 (65, 74) 48 Not available

2021 66 (58, 72) 60 (52, 71)

2022 62 (56, 70) 60 (51, 65)

2023 61 (57, 70) 61 (49, 72)

2024 59 (52, 62) 59 (48, 73)

2025 57 (54, 61) 56 (48, 61)

In the Netherlands, the family consent rate includes all potential donor families approached for donation. Following the implementation of the legislation, many individuals registered as ‘No’ 
were no longer approached because their donation decision was already known. In England, the family consent rate includes all eligible donor families approached for donation, including those 
of donors who had opted out.
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recent years, DCD has exceeded DBD, with 678 DCD and 529 DBD 
donors recorded in 2025.

The Netherlands

Between 2010 and 2025, the number of deceased donors in the 
Netherlands increased following implementation of the opt-out system, 
with the highest number recorded in 2024 (n = 360). However, donor 
numbers in recent years remain broadly comparable with earlier peaks, 
such as 2014 (n = 269). A notable trend is the increasing number of 
donors following euthanasia, rising from 13 in 2022 to 34 in 2025. In 
total, 189 organ donors following euthanasia have been realised since 
2012 (Figure 6).

Discussion

Reflections after 5 years of implementation 
of the opt-out consent system

England

A government-commissioned evaluation of deemed consent 
legislation in England examined the perspectives of families 
approached for organ donation and healthcare professionals 
involved in donation discussions [7, 8]. Many families had 
limited understanding of deceased organ donation and perceived 
themselves as the principal decision-makers, rather than deemed 

TABLE 2 Registration on the Organ Donor Register (where known) of identified potential organ donors* in England included in the Potential Donor Audit 
2017–2025.

Calendar 
year

Total 
audited 
deaths 

number

Total 
potential 
donors 
number

Total number 
of potential 

donors 
where ODR 
registration 

known

ODR opt-in 
registration 
number/Total 
where ODR 
registration 
known 
number (%)

ODR opt-out 
registration 
number/Total 
where ODR 
registration 
known 
number (%)

Not 
registered 
number/ 
Total where 
ODR 
registration 
known 
number (%)

*Register not 
consulted or 
outcome not 
documented 
number/Total 
potential 
donors 
number (%)

2017 28,507 6,226 1,786 1,564/1,786 (87.6) 7/1,786 (0.4) 215/1,786 (12.0) 4,440/6,226 (71.3)

2018 27,926 6,196 1,772 1,539/1,772 (86.9) 24/1,772 (1.4) 209/1,772 (11.8) 4,424/6,196 (71.4)

2019 27,631 6,331 1,965 1,720/1,965 (87.5) 42/1,965 (2.1) 203/1,965 (10.3) 4,366/6,331 (69.0)

2020 30,960 6,367 2,743 1,581/2,743 (57.6) 100/2,743 (3.6) 1,062/2,743 (38.7) 3,624/6,367 (56.9)

2021 35,239 6,255 4,707 1,615/4,707 (34.3) 123/4,707 (2.6) 2,969/4,707 (63.1) 1,548/6,255 (24.7)

2022 31,195 5,895 5,035 1,713/5,035 (34.0) 148/5,035 (2.9) 3,174/5,035 (63.0) 860/5,895 (14.6)

2023 29,975 5,937 5,153 1,887/5,153 (36.6) 130/5,153 (2.5) 3,136/5,153 (60.9) 784/5,937 (13.2)

2024 29,888 5,910 5,123 1,871/5,123 (36.5) 139/5,123 (2.7) 3,113/5,123 (60.8) 787/5,910 (13.3)

2025 27,865 5,714 5,024 1,878/5,024 (37.4) 169/5,024 (3.4) 2,977/5,024 (59.3) 690/5,714 (12.1)

*The ODR, is not consulted for all potential donors; where potential donors are assessed to be medically unsuitable for organ donation prior to the family approach, the ODR, register may not be checked.

FIGURE 3 
Number of eligible donors, family approaches and family consents by consent group in England, pre and post opt-out legislation. Around a third of 
eligible donors, in England, are deemed medically unsuitable through donor screening programs so families are not approached. Note: The family consent 
rate is presented in this diagram, the denominator differs from that used in Figure 4 for the Netherlands.
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consent as an expression of the deceased’s choice. Families relied 
heavily on specialist nurses in organ donation for guidance and 
emotional support and reported high satisfaction with their care. 
Healthcare professionals reported that the legislation had not 
reduced the complexity of family discussions or end-of-life care, 
and most remained unconvinced that legislation alone would 
improve consent rates. The evaluation concluded that deemed 
consent was unlikely to have caused the observed decline in 
consent rates, suggesting other factors influenced the reduction 
in consent and donor numbers.

Public attitudes towards the NHS have shifted markedly since 
the COVID-19 pandemic. YouGov® polling indicated 70% of 
respondents rated the NHS as “good” in 2020, whereas since 

October 2022 more than 60% have consistently rated it as “bad” 
[9]. A preliminary analysis suggests a moderate positive correlation 
between positive public opinion of national NHS services and family 
consent rates (correlation coefficient +0.73; Supplementary 
Figure 1). Internal NHSBT surveys similarly show declining 
public awareness of the organ donation system and softening 
support for donation in principle.

In England, the coexistence of opt-in and opt-out pathways 
creates a complex dual consent system. Deemed consent may 
confuse the public, leading to misunderstanding or 
disengagement, where individuals neither opt-in nor opt-out. 
Registration patterns have remained relatively stable since 
implementation, suggesting limited sustained public engagement. 

TABLE 3 Comparison of overall consent rates in England and the Netherlands before and after implementation of the Opt-Out Act.

Hypothesis Group Consent 
(n)

Objection 
(n)

Total Risk 
[95% CI]

Relative risk (RR); 
[95%CI]

Chi P-value

England

Overall consent 

rate

Exposed (opt-out Act) 6,063 10,897 16,933 0.356 [0.349– 

0.363]

0.961 [0.934–0.989] −2.65 <0.05*

Unexposed (before opt- 

out Act)

5,650 9,590 15,240 0.370 [0.363– 

0.378]

Netherlands

Overall consent 

rate

Exposed (opt-out Act) 1,022 2,001 3,023 0.338 [0.321– 

0.354]

1.060 [0.995–1.128] 1.842 >0.05

Unexposed (before opt- 

out Act)

1,679 3,006 4,685 0.358 [0.344– 

0.372]

CI , confidence interval; * = p-value <0.05.

TABLE 4 Registration in the Donor Register of identified potential organ donors* in the Netherlands in the intensive care unit 2017–2025.

Calen- 
dar year

Total 
deaths 
in ICUs 
number

Total 
identified 
potential 
donors 
number

Yes, I want 
to be a 
donor 

number/ 
Total 

registered 
number (%)

No 
objection 
number/ 

Total 
registered 

number (%)

No, I do not 
want to be a 

donor 
number/ 

Total 
registered 

number (%)

Decision by 
next of kin 
number/ 

Total 
registered 

number (%)

Not 
registered 
number/ 

Total 
registered 

number (%)

*Register 
not 

consulted 
number/ 

Total 
potential 
donors 

number (%)

2017 7,755 951 203/851 (23.6) NA 137/851 (16.1) 67/851 (7.9) 444/851 (52.2) 100/951 (10.5)

2018 7,990 1,039 229/921 (24.9) NA 158/921 (17.2) 64/921 (6.9) 470/921 (51) 118/1,039 (11.4)

2019 7,373 1,033 189/904 (20.9) NA 184/904 (20.4) 62/904 (6.6) 469/904 (51.9) 129/1,033 (12.5)

2020 7,618 987 205/876 (23.4) NA 204/876 (22.8) 52/876 (5.9) 415/876 (47.4) 111/987 (11.2)

2021 7,750 915 250/874 (28.6) 158/874 (18.1) 302/874 (34.6) 80/874 (9.2) 84/874 (9,6) 41/915 (4,5)

2022 6,981 1,102 309/1,050 (29.4) 214/1,050 (20.4) 403/1,050 (38.4) 79/1,050 (7.5) 45/1,050 (4.3) 52/1,102 (4.7)

2023 6,810 1,147 318/1,101 (28.9) 218/1,101 (19.8) 439/1,101 (39.9) 77/1,101 (7) 49/1,101 (4.5) 46/1,147 (4)

2024 6,793 1,244 344/1,188 (29) 237/1,188 (19.9) 426/1,188 (35.9) 110/1,188 (9.3) 71/1,188 (6) 56/1,244 (4.5)

2025 6,732 1,192 318/1,129 (28.2) 222/1,129 (19.7) 440/1,129 (39) 78/1,129 (7) 71/1,129 (6.3) 63/1,192 (5.3)

NA, not applicable.
*The Donor Register was not consulted for all identified potential organ donors, such as in cases where donation had already been discussed with the family before consulting the register, the 
donor was from abroad, or the donor was a child.
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On the other hand, the inferential analysis demonstrated significant 
lower overall consent rates.

England operates a “soft” opt-out model in which families are 
expected to support the deceased’s decision. In practice, families 
may override both expressed opt-in decisions and deemed consent. 
In more than 50% of applicable deemed cases in recent years, 
families have not supported donation (Table 3). This highlights 
the continued centrality of the family at the bedside and raises 
important questions about the practical authority of individual 
decisions and “soft” opt-out legislation. Similar patterns across 
other UK nations suggest these challenges are systemic rather 
than purely legislative.

Together, these findings suggest that legislative reform alone is 
insufficient to create a supportive culture for deceased organ 
donation. Societal understanding, trust in healthcare institutions 

and effective professional practice remain central to donation 
discussions and family consent.

The Netherlands

Since implementation of the opt-out system in July 2020, active 
donor registration has doubled registrations in the Donor Register 
from 7 million to 14 million, covering the entire population aged 
18 and older. Knowing the potential donor’s wishes provides greater 
clarity during the family approach. The annual family consent rate 
rose to approximately 56%, compared with 48% under the opt-in 
system. However, the large number of “No, I do not want to be a 
donor” registrations has considerably reduced the donor pool. 
When the entire consent process, from donor registration to 
family approach, is considered, the increase in overall consent 

FIGURE 4 
Number of potential donors, family approaches and family consent per outcome in the Donor Register in the Netherlands, pre and post opt-out 
legislation. Note: This diagram presents the overall consent rate, the denominator differs from that in Figure 3 for England.

FIGURE 5 
Number of DBD, DCD organ donors in England 2010–2025. Donation after brainstem death (DBD) = deceased organ donation following diagnosis 
of death using neurological criteria; Donation after circulatory death (DCD) = deceased organ donation following diagnosis of death using 
cardiorespiratory diagnosis.

Transplant International 
Published by Frontiers 

European Society for Organ Transplantation 07

Jansen et al. 10.3389/ti.2026.16664

112

https://doi.org/10.3389/ti.2026.16664


rate compared with the opt-in system is small, which was also the 
outcome of the inferential analysis.

The number of realised donors has nevertheless increased. This 
partly reflects increasing donation after euthanasia. In 2024, an 
exceptionally high number of potential donors, despite declining 
intensive care deaths, also contributed to a high number of realised 
donors. Greater opportunities for extended criteria donors, 
abdominal normothermic regional perfusion for DCD donors, 
machine preservation, and, since 2021, DCD heart donation have 
further expanded the potential donor pool. Given the limited 
increase in overall consent, the increase in realised donors cannot 
be attributed to the opt-out system alone.

A positive aspect of the Dutch system is that all 14 million adults 
are now registered, ensuring that family approaches are based on the 
potential donor’s documented wishes. Under the opt-in system, 
families often faced donation decisions without knowing their loved 
one’s preferences. The opt-out system has also prompted discussion 
within many families, with some now initiating donation 
conversations in intensive care.

England

Faced with falling donor numbers in 2024, the Organ Donation 
Joint Working Group (ODJWG), jointly chaired by the Department 
of Health and Social Care and NHS Blood and Transplant produced 
A Bolder, Braver Approach for Organ Donation in the UK. [10]. The 
Group brought together UK clinical leaders, donor family 
representatives and international experts. It concluded that 
deemed consent legislation is positive and permissive, does not 
require amendment and has helped signal support for donation and 
enable system improvements. However, it found no reliable 
evidence that opt-out legislation alone increases consent rates 
and noted persistent public confusion about deemed consent. 
The report advises against using legislation in public-facing 
marketing, unless legally required, or in discussions with grieving 
families. Deemed consent was considered too complex and 

potentially counterproductive in acute grief, with concern that 
referencing the law may provoke resistance or “reactance.” 
Instead, communication should focus on the individual’s values, 
the positive impact of donation and supporting families. The Group 
recommends acting within the law but not leading with it, 
positioning legislation as a supportive framework rather than a 
tool of persuasion. Implementation of the Report is ongoing 
across the UK.

England’s experience provides several lessons. We continue to 
consider the legislation valuable: it signalled societal and 
governmental support for donation while respecting individual 
autonomy through the mechanism of opt-out. It also enabled 
engagement with faith and community groups, broadening 
conversations beyond the clinical setting.

However, implementation could have been bolder. Campaigns 
emphasised choice and positioned opt-in and opt-out equally, rather 
than articulating a clear pro-donation societal norm. The law alone 
therefore did not generate a pro-donation culture, a factor that 
moderates policy effectiveness [11]. If opt-out legislation is intended 
as both a legal and cultural shift, it requires confident, sustained 
public messaging that supports pro-donation social norms while 
respecting individual autonomy. Low public acceptance may 
otherwise hinder successful implementation [12].

The Netherlands

The opt-out system was introduced during the COVID-19 
pandemic, limiting opportunities to train intensivists on 
approaching families about the new “No objection” category. In- 
person training was not possible, and even trained intensivists might 
wait months or years before encountering their first case. Van 
Oosterhout et al. found that donor conversations involve a 
complex interplay between donor registration and clinician- 
family interactions [13]. Clinicians’ personal considerations, 
previous experiences with the family and professional context 
shaped four distinct approaches to discussing “Yes” or “No 

FIGURE 6 
Number of DBD, DCD, and donors following euthanasia in the Netherlands 2010–2025. Donation after brain death (DBD) = deceased organ 
donation following diagnosis of death using neurological criteria; Donation after circulatory death (DCD) = deceased organ donation following diagnosis 
of death using cardiorespiratory diagnosis.
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objection” registrations, each reflecting increasing family influence 
by the family on the outcome of the donation decision.

The family’s role is also influenced by awareness and 
understanding of the opt-out system. Registration of 
7 million previously unregistered residents occurred during 
the COVID-19 pandemic, a period of high mortality fear, that 
may not have been ideal for considering donation preferences. 
However, 31% registered “No, I don’t want to be an organ 
donor” suggesting that those strongly opposed could still 
record their preference.

Similar findings emerged in Nova Scotia, Canada, where deemed 
consent was also introduced during the pandemic. Sarti et al. found 
variable family awareness of the new law and their role in decision- 
making [14]. Some were optimistic about deemed consent, while 
others felt that continued family consultation limited its potential 
impact.

Limitations

Our study has several limitations. First, implementation of 
opt-out legislation in both England and the Netherlands 
coincided with the COVID-19 pandemic, making it difficult 
to separate the effects of legislative change from wider impacts 
on healthcare systems, public attitudes and organ donation 
activity. Second, this observational analysis of national 
registry and audit data cannot establish causality. Third, 
organ donation activity is influenced by multiple factors 
beyond legislation. Fourth, differences in registration systems, 
data collection methods and consent processes limit direct 
comparisons between countries. Finally, donor registrations 
and consent rates may not fully capture wider societal 
attitudes towards donation.

Conclusion

Five years on, our earlier conclusions remain broadly valid. 
Legislation alone has not transformed donation rates. Operational 
infrastructure, professional training, digital systems and stakeholder 
engagement remain essential. In both England and the Netherlands, 
opt-out legislation functioned as an enabler, signalling 
governmental commitment, unlocking investment, and creating 
opportunities for engagement with faith and community groups.

We underestimated the extent to which legislative change is 
symbolic rather than transformative in itself. While opt-out 
legislation signals a pro-donation stance, it does not 
automatically create a pro-donation culture. The Dutch 
experience illustrates this clearly: the new category “No 
objection” remains challenging, with fewer than half of families 
supporting donation.

We also underestimated the importance of narrative clarity and 
cultural positioning. In both countries, public campaigns were 
deliberately neutral, emphasising individual choice and avoiding 
pressure to donate. While principled, this limited the opportunity to 
present donation as an expected and valued social contribution. 
Legislative reform that aspires to cultural change requires sustained, 

confident public messaging that supports donation as a shared 
societal good while respecting individual autonomy.

Taken together, the experiences of England and the Netherlands 
suggest that opt-out legislation should be understood not as a 
standalone solution, but as a structural platform from which 
supportive systems, public engagement and a pro-donation 
culture can be built.
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Habit impacts healthy behaviors. The SystemCHANGE™ intervention supports 
associating medication taking with existing habits or creating new habits to 
improve medication adherence. This secondary analysis of United States and 
Türkiye MAGIC study data examines differences in habit between 
SystemCHANGE™ and attention control groups, differences in habit between 
countries, and habit as a relationship mediator between the SystemCHANGE™ 
intervention and immunosuppressive medication adherence in adult kidney 
transplant recipients. The Medication Event Monitoring System measured 
medication adherence. Objective habit index was computed during screening, 
intervention, and maintenance. During the SystemCHANGE™ intervention, habit 
strength was higher than during the screening and maintenance periods in both 
groups (mean difference 0.042, 95% confidence interval (CI): 0.004 to 0.080, p = 
0.030). Habit index was lower for US participants compared to Turkish participants 
(mean difference −0.195, 95% CI: −0.300 to −0.089, p < 0.001). Habit was a 
mediator of the SystemCHANGE™ intervention on medication adherence 
(indirect effect was 0.094, 95% CI: 0.080 to 0.114, p < 0.001). The 
SystemCHANGE™ intervention exerted an impact on habit in two different 
populations which then had a positive impact on medication adherence.
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GRAPHICAL ABSTRACT 

Introduction

Health behavior change interventions have traditionally focused 
on motivation and intention with mixed results, particularly with 
difficult to change behaviors such as medication adherence. Such 
studies ignore routines and habits, which may account for their 
marginal effectiveness for individuals with acute and chronic 
illnesses [1–4] and equivocal findings for adult kidney transplant 
recipients [5].

Habit is critical in changing and maintaining healthy 
behaviors. Approximately 43% of daily behaviors are 
performed out of habit [6]. Habits are defined as automatic 
impulses to engage in a behavior in the presence of conditioned 
contextual cues. Habit formation is the process by which a 
behavior becomes automatic or habitual through regular 
repetition. Repetition of a behavior in a consistent context 
progressively leads to increased automaticity with which the 
behavior is performed when the situation is encountered [7, 8]. 
After some time, the automaticity of the behavior reaches a 
plateau and becomes a habit.

Duhigg theorized the “habit loop” to explain the process by 
which a habit is formed. The cue occurs first and “tells your brain to 
go into automatic mode and which habit to use”. [9], p.19 The 
routine happens next. It is the “physical, mental or emotional 
behavior that follows the cue”. [9], p.19 Finally, the reward 
occurs which “helps your brain figure out if this particular loop 
is worth remembering for the future”. [9], p.19 The loop becomes 
more automatic over time until a habit is created.

For a health behavior habit to form, it takes about 2 months, but 
the time is variable, with some habits taking nearly a year to form 
and become automatic [10]. Factors that positively influence habit 

formation include habits selected by individuals themselves, more 
frequent habit practice, morning habits, habits that are more 
enjoyable, stability of the context in which the habit takes place, 
and planning specifically for implementation of the habit [10].

The association between habit and medication adherence is 
clear. In a systematic review of 11 studies, using self-report of 
habit and behavior automaticity, habit strength was strongly 
associated with medication adherence in 91% of the studies [11]. 
Recently, habit strength has been measured using more rigorous 
objective measures instead of self-report. In a secondary analysis of 
108 studies and 15,818 participants, most of whom were being 
treated for hypertension and osteoporosis, medication adherence 
was associated with lower daily or weekly medication timing 
variability, so stronger habit strength [12]. Additionally, habit 
strength accounted for over 30% of the variability in medication 
adherence. Likewise, in 79 patients with type 2 diabetes receiving 
oral medications, higher habit strength using an objective measure, 
was significantly associated with medication adherence [13].

The Change Habits by Applying New Goals and Experience 
(SystemCHANGE™) intervention, has propelled adherence 
interventions in a new direction [14, 15]. This is a secondary 
analysis of the US and Türkiye MAGIC study data, which sought 
to examine 1) differences in habit strength between the 
SystemCHANGE™ intervention group and the attention 
control group, as well as demographic predictors of this 
difference, 2) differences in habit strength between the two 
countries, and 3) habit as a mediator of the relationship 
between the SystemCHANGE™ intervention and 
immunosuppressive medication adherence, using a new 
objective measure of habit called the “habit index”, in adult 
kidney transplant recipients.
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Materials and methods

Design

This is a secondary analysis of the MAGIC (ClinicalTrials.gov
identifier NCT02416479) and MAGIC Türkiye (ClinicalTrials.gov
identifier NCT06106854) studies’ data. The designs were single- 
blinded (participants), two-arm randomized controlled trials using 
repeated measures [14, 15]. Immunosuppressive medication intakes 
during the three-month screening phase were recorded using 
electronic monitoring. Immunosuppressive medication adherence 
during screening was quantified by computing the agreement of 
recorded intakes with the prescribed number and timing of intakes. 
After the screening phase, participants with an immunosuppressive 
medication adherence score of ≥85% exited the studies and those 
with a score of less than 85% were given the opportunity to enter the 
intervention phase of the studies where they were randomized to 
either the SystemCHANGE™ intervention (treatment) or the 
attention control intervention (control). Electronic monitoring 
continued in both groups. The 85% cut point was established 
with adult kidney transplant recipients using a cluster analysis 
approach where data from those who were adherent with 
morning and evening immunosuppressive medication doses had 
an electronic medication monitoring adherence score ranging from 
85% to 100% [16]. Additionally, immunosuppressive medication 
nonadherence below 85% has been shown to impact clinical 
outcomes for adult kidney transplant recipients [17]. All 
participants received standard care. The attention control 
intervention delivered over 6 months included monthly receipt of 
an educational brochure addressing healthy living with a kidney 
transplant. After the six-month intervention phase a six-month 
maintenance phase followed during which there was no 
intervention. Electronic monitoring of both groups continued. 
The objective of the maintenance phase was to observe if the 
effects of the intervention remained once the intervention stopped.

The SystemCHANGE™ intervention is based on socio- 
ecological theory [18] and process improvement methods [19]. In 
an iterative process using a plan-do-check-act improvement process, 
patients create a ‘personalized system solution’ by embedding their 
medication-taking in existing daily routines, evaluating the 
solution’s effect on consistent medication-taking guided by 
objective medication adherence data and an interventionist, then 
revising the solution as necessary and continuing the cycle.

Setting and sample

For the MAGIC US study, participants were recruited from five 
transplant centers in the midwestern and southern US. For the 
MAGIC Türkiye study, participants were recruited from a 
transplant center in Izmir, Türkiye. The inclusion criteria were: 
individuals 18 years of age or older who had received a kidney-only 
transplant; who self-administered at least one prescribed 
immunosuppressive medication taken twice daily with a 
functioning kidney transplant; who were not hospitalized; had no 
diagnosis that would immediately shorten the lifespan; had access to 
a telephone; had the ability to speak, hear, and understand English or 
Turkish; were able to open an electronic monitoring cap on a 
medication bottle; had agreement from the transplant physician 

and nephrologist to participate; and were not cognitively impaired. 
In both studies, all participants who met the study inclusion criteria 
were invited to be in the study and screened for 3 months for 
adherence. For the US study, 281 individuals were excluded due to 
high adherence while 130 participants with medication non- 
adherence were invited to be in the intervention; 41 of these 
declined and 89 were randomized. Five participants dropped out 
from the study during the intervention period. For the Türkiye 
study, 16 were excluded due to high adherence while 60 participants 
with medication non-adherence were invited to be in the 
intervention; 18 of these declined/were unable to continue in the 
study and 42 were randomized with no attrition during the 
intervention phase.

Instruments

The following variables were collected at baseline: gender, age, 
relationship status, education level (as a 3-level categorical variable: 
primary school, secondary school, and college or higher), 
employment status, etiology of kidney disease, and type of 
transplant (from living or deceased donor).

Immunosuppressive medication adherence was measured using 
the Medication Event Monitoring System ([MEMS®], AARDEX 
Group, Belgium) which includes a bottle cap with a microprocessor 
that records the occurrence and time of each bottle opening [20].

Habit index was computed from the objective medication 
adherence data using a recently developed habit index [13], 
quantifying week-by-week consistency in the pattern of 
medication intakes. This habit index was previously shown to 
correlate with a widespread, self-reported habit metric [13]. 
Computation of the objective habit index is located in the 
Supplementary Material. The habit index was computed for each 
participant during the entire 3-month screening, during each month 
of 6-month intervention and during each month of the 6-month 
maintenance period. The habit index ranges between 0 and 1, with 
0 corresponding to taking medication at systematically different 
times (more than 2 h apart) from 1 week to the other, and 
1 corresponding to a participant having a perfectly consistent 
medication intake pattern from week to week, e.g., taking the 
medication at 10:47 am every Monday, at 2:59 pm every 
Tuesday, not taking a dose on Wednesdays, etc.

Procedure

For the MAGIC US study, the Institutional Review Board 
determined the present secondary analysis of the MAGIC US 
study data was exempt (Project number 2095804). For the 
MAGIC Türkiye study, the Institutional Review Board (Project 
number 2023/27-02) approved the study. Habit strength and 
immunosuppressive medication adherence data were extracted by 
a data analyst from the medication intake data.

Data analysis

Demographic data were characterized using descriptive 
statistics. Chi-squared tests were used to compare count data 
between countries, and a Student’s unpaired t-test was used to 
compare age and baseline habit between the two populations.
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A mixed linear model with random intercepts was used to model 
habit strength, measured at several timepoints, as a function of the 
following covariates: habit during screening, treatment group, phase 
in the study (intervention or maintenance), country, gender, age, 
and type of transplant (from living or deceased donor). Interaction 
terms between group, phase, and country were also modelled. These 
variables were selected a priori for inclusion in the model. Addition 
of more demographic variables in the model was investigated using a 
bidirectional forward stepwise approach and likelihood ratio tests, as 
detailed in the Supplementary Material. This procedure did not 
result in including additional demographic variables in the model.

A mediation analysis was performed to investigate whether habit 
was a mediator of the effect of the intervention on medication 
adherence. Medication adherence, more precisely its 
implementation component [21], was quantified as the 
proportion of days with exactly two immunosuppressive 
medication intakes. The mediation analysis used several 
regressions to estimate the direct effect of habit on medication 
adherence and its indirect effect through the intervention. The 
previously selected demographics were included in these 
regression models. Computations were performed using Python 
version 3.7.3 [22]. Further details on statistical methodology are 
provided as Supplementary Material.

Results

Data from the MAGIC US study included 84 participants 
with mean age 51.6 years (standard deviation [SD] 10.6 years), 
with 58.3% (n = 49) male. The data from the MAGIC Türkiye 
study included 42 participants with mean age 46.1 years (SD 
13.2 years), with 71.4% (n = 30) male. Table 1 delineates the 
overall and country-specific sample demographics. The two 
populations are different in several aspects: age, education, 
employment status and type of transplant.

Figure 1 shows the evolution of mean habit strength among the 
two groups (intervention versus attention control) among the two 
studies (US and Türkiye). The underlying data are provided in a 
Supplementary Table. For participants in the intervention groups 
for both countries, habit strength was higher during the 
SystemCHANGE™ intervention than during screening and 
maintenance (regression coefficient for interaction between group 
and study phase = 0.042, 95% CI: 0.004 to 0.080, p = 0.030, with 
reference group being control and reference phase being 
maintenance). Participants from the US had a lower habit index 
overall when compared to Türkiye (regression coefficient for 
country being US = −0.195, 95% CI: −0.300 to −0.089, p < 
0.001). Habit in US participants seems to remain higher even 

TABLE 1 Participant demographics (n = 126).

Variable Overall n, % or mean, ±SD United States (n = 84) Türkiye (n = 42) p-value for equality

Gender 

Male 

Female

79 (62.7) 

47 (37.3)

49 (58.3) 

35 (41.7)

30 (71.4) 

12 (28.6)

0.152 

Age in years 49.7 ± 11.7 51.6 ± 10.6 46.1 ± 13.2 0.022

Relationship status 

Living with someone 

Single

75 (59.5) 

51 (40.5)

48 (57.1) 

36 (43.9)

27 (64.3) 

15 (35.7)

0.441 

Education 

Primary school 

Secondary school 

College or higher

23 (18.3) 

59 (46.8) 

44 (34.9)

5 (6.0) 

54 (64.3) 

25 (29.7)

18 (42.9) 

5 (11.9) 

19 (45.2)

<0.001 

Employment status 

Retired 

Unemployed/Housewife 

Disabled/self employed/other 

Working full or part-time

21 (16.7) 

15 (11.9) 

31 (24.6) 

59 (46.8)

9 (10.7) 

7 (8.3) 

31 (36.9) 

37 (44.0)

12 (28.6) 

8 (19.0) 

0 (0.0) 

22 (52.4)

<0.001 

Etiology of kidney disease 

Hypertension 

Polycystic kidney disease 

Diabetes mellitus 

CKD/Other/Unknown/ 

Missing

45 (35.7) 

14 (11.1) 

23 (18.3) 

4 (34.9)

30 (35.7) 

10 (11.9) 

11 (13.0) 

31 (39.4)

15 (35.7) 

4 (9.5) 

12 (28.6) 

11 (26.2)

0.193 

Type of transplant 

Cadaveric/deceased donor 

Living donor

79 (62.7) 

47 (37.3)

62 (73.8) 

22 (26.2)

17 (40.5) 

25 (59.5)

<0.001 

Baseline habit 0.517 ± 0.232 0.400 ± 0.146 0.764 ± 0.180 <0.001
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during the maintenance phase (regression coefficient for interaction 
between country and group = 0.111, 95% CI: 0.002 to 0.221, p = 
0.047 with reference group being control and reference country 
being US). Finally, older participants had a slightly higher habit 
index (regression coefficient = 0.002, 95% CI: 0:000 to 0.005, p = 
0.038). No other demographic variable had a statistically 
significant impact.

The mediation analysis demonstrated that habit mediated 
the effect of intervention on medication adherence. The 
SystemCHANGE™ intervention had a significant effect on 
adherence (total effect = 0.215, 95% CI: 0.192 to 0.238, p < 
0.001). The direct effect of the intervention on adherence was 
0.121 (95% CI: 0.102 to 0.140, p < 0.001). The indirect effect of 
the intervention on adherence (through improving habit) was 
0.094 (95% CI: 0.080 to 0.114, p < 0.001), meaning that 
approximately 43% of the effect of the intervention is 
mediated by habit.

Discussion

This is the first study to show that habit strength, measured 
using a new objective habit metric, was statistically significantly 
higher when participants were receiving the SystemCHANGE™ 
intervention, compared to those receiving an attention-control 
intervention. The SystemCHANGE™ intervention’s impact on 
habit was immediately effective because the participants 
implemented the SystemCHANGE™ at the beginning of the 
intervention when the intervenor and the participant 
collaborated to explore habits around desired medication 
taking time. This included identifying important people for 
the medication taking process, examining the participant’s life 
routines, habits and life cycles, and identifying and initiating a 
SystemCHANGE™ personalized system solution. For example, 
these solutions included placing medication next to regularly 
occurring habits such as near the coffee pot when making coffee, 
near the toothbrush when brushing teeth, near the television 

remote control for watching favorite shows, or near pet 
medications when pets received their medications. Because 
these solutions embedded medications in existing habits and 
were implemented at the beginning of the intervention, habit 
strength and consequently, medication adherence, immediately 
improved and were maintained [14, 23, 24]. As such, this 
provides evidence for future testing of reduced ‘doses’ of the 
SystemCHANGE™ intervention or perhaps providing 
periodic boosters.

These findings are consistent with a recent systematic review of 
11 studies including people taking medications for asthma, diabetes, 
hypertension, cystic fibrosis, psoriasis and contraception that found 
habit strength was strongly correlated with medication adherence, 
and stronger habit was associated with higher medication adherence 
rates [11]. These findings are also congruent with the recent study by 
Phillips et al. where the same objective habit metric was used to 
demonstrate an association between habit strength and medication 
adherence in adults with type 2 diabetes during a 
1 month period [13].

This study is also the first to explore habit strength across two 
different countries, and therefore, cultural groups finding country- 
level differences in medication-taking habit during screening, 
during the SystemCHANGE™ intervention and the maintenance 
period between the US and Türkiye. These differences may originate 
from the different populations included in the two studies. The 
finding that habit strength was higher in the younger Turkish sample 
compared to the older US participants contrasts with the findings 
that older aged individuals, even with some cognitive decline, had 
higher medication taking automatized routines compared to healthy 
adults [25]. The routines and habits established in older individuals 
have been viewed as protective for medication adherence.

Other, more important differences than age between the two 
populations could explain the differences. The influence of the 
Turkish sample having significantly more living donor kidney 
transplants than the US sample on habit strength and thus 
immunosuppressive medication adherence could be explained 
by the findings that Turkiye has the highest rate of living-donor 
transplantation worldwide [26]. Moreover, nearly 80% of living- 
donor transplantations are performed using organs donated by 
first- or second-degree relatives. This unique characteristic may 
influence post-transplant outcomes, as family-member donors 
are often more actively involved in the recipient’s care process. 
Living donors may monitor the recipients of their kidneys in 
matters such as taking medications [27]. This may have 
contributed to the high level of medication adherence among 
recipients. Such involvement may enhance the recipient’s 
awareness of the donation process and foster a greater sense 
of responsibility toward protecting the transplanted organ, 
thereby promoting better adherence to medical 
recommendations and long-term graft care.

These results confirm the hypothesized effect of the 
SystemCHANGE™ intervention. Indeed, this intervention is 
designed to link medication-taking to a patient’s established 
routines, to support improving medication-taking habit. The 
results of the present work demonstrated that habit was a 
mediator of the positive effect of the intervention on medication 
adherence.

FIGURE 1 
Mean habit strength by month for SystemCHANGE and Attention 
control for both US and Turkiye. Note: S, Screening; I=Intervention; M, 
Maintenance.
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Strengths and limitations

This study’s follow up of 6 months for the intervention period 
and 6 months for the maintenance period are much longer than 
previous habit strength studies [13]. The SystemCHANGE™ 
intervention taps into reliable personal systems for linkage of 
medication taking routines to habit so that medication taking 
happens at the same time every day without relying on intention 
or memory. Consequently, habit strength and thus medication 
adherence is sustained over long periods of time [14].

The original MAGIC studies aimed at testing whether the 
SystemCHANGE™ intervention improved medication adherence. 
Studies on behavioral interventions, by design, suffer a self-selection 
bias, as participants who may benefit the most from an intervention 
are also more likely to decline participation in the study [28].

The size of the US sample was determined through a power 
analysis aimed at detecting an effect of the SystemCHANGE™ 
intervention on medication adherence. This analysis is reported 
in the original article [14]. On the other hand, the Turkish sample 
was small, which might have prevented detecting an effect of the 
intervention during the maintenance period. This could limit the 
generalizability of the findings to the population. Additionally, 
important structural differences between the populations such as 
age, education level, employment status, and type of transplant 
donor may introduce confounding and limit the interpretation of 
country-level differences. The finding that the Turkish sample was 
younger, less educated, retired/less disabled, and received more 
living donor kidney transplants could have influenced the results 
and therefore, country-level differences should be interpreted 
with caution.

This analysis did not examine other variables that may influence 
immunosuppressive medication taking habit strength such as time 
of day during which the habit occurred and stability of the context in 
which the habit took place [10]. Additionally, depression and 
anxiety, two factors that may influence habit were also 
not studied [29].

The reference value of the habit index was computed over the 
entire 3-month screening period, to replicate the methodology that 
was used for the computation of the medication adherence score in 
the original MAGIC studies. However, habit (and medication 
adherence) may have changed during the 3-month screening 
period, because of the introduction of electronic monitoring of 
adherence causing a Hawthorne effect. The effect of the introduction 
of electronic monitoring on adherence is unclear [16, 30, 31] and, to 
the best of the authors’ knowledge, the effect of the introduction of 
electronic monitoring on habit has not been studied.

Finally, because this work is a secondary analysis that was not 
prespecified in the design of the original MAGIC studies, it carries 
the associated limitations. Deciding upon this analysis a posteriori, 
once the trial results were already available, introduces a potential 
risk of analytical bias, meaning these findings should be considered 
exploratory.

Clinical implications

These findings have important clinical implications. Briefly 
assessing habits of kidney transplant recipients around the 
prescribed times of immunosuppressive medication taking could 

provide actionable strategies for linking medication taking to 
existing routines therefore establishing good medication taking 
habits. Additionally, conversations between the provider and the 
patient should happen early in the post-transplant period so positive 
medication taking habits can be established as soon as possible after 
transplant.

Future research

Further trials are planned to examine whether these results are 
replicable in those with other chronic conditions such as chronic 
kidney disease and breast cancer using the SystemCHANGE™ 
intervention, the habit strength index, and objectively measured 
medication adherence using the MEMS®. Additionally, multi-level 
influences on habit strength should be explored, including the link 
between demographic variables and habit strength. Finally, the 6- 
month SystemCHANGE intervention involved monthly “checks” 
with participants collaboratively reviewing their medication 
adherence data and assessing whether the SystemCHANGE 
solution was continuing to be effective. The intervention was 
immediately effective within the first month with a slight drop in 
habit strength between months 5 and 6. Consequently, testing a 
3 and 6 months SystemCHANGE “booster” seems like the next 
logical step in this line of research.

Conclusion

This study’s results support that objectively measured habit 
strength is higher at the completion of a six-month 
SystemCHANGE™ intervention when compared to a six-month 
attention-control intervention in two culturally diverse samples of 
adult kidney transplant recipients. This positive impact on habit 
strength is linked to a positive impact on medication adherence.
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Previous studies suggest that donor liver normothermic machine perfusion (NMP) 
reduces injury and enables functional assessment, resulting in an increase in 
utilisation. The PLUS study was designed to assess the impact of NMP availability 
on utilisation of livers at high risk of non-use. Using a threshold-crossing design, 
functional utilisation was assessed in a real-world retrospective registry-based 
control cohort. A predetermined efficacy threshold was set, and a prospective 
cohort was recruited in all UK liver transplant centres with NMP made available for 
all livers at high risk of non-utilisation. Availability of NMP resulted in a significant 
increase in functional utilisation (OR: 1.26, 95% CI: 1.04–1.53), but this did not 
exceed the pre-determined efficacy threshold. The threshold was exceeded in the 
subgroup of donation after circulatory death (DCD) livers, although this increase 
was reduced with adjustment for the use of normothermic regional perfusion. 
NMP was used in only 31% of retrieved livers, with variation between centres. The 
benefit of having NMP available was less than anticipated, likely due to low use in 
some centres associated with staff availability. Provision of NMP as a service, or 
centralisation of NMP use in assessment and recovery centres, may improve 
uptake.
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Introduction

Liver transplant numbers in the UK have remained largely static 
over the past 10 years, whilst the number of patients waiting for liver 
transplantation has increased by 11% [1]. Around 70 patients die on 
the UK liver transplant waiting list each year. Only 57% of offered 
livers are transplanted, largely due to an increasing proportion of 
‘high-risk’ organs and the lack of reliable preoperative viability 
assessment [2]. This is not just a UK phenomenon – this 
discrepancy between supply and demand is an international concern.

This organ shortage has led to increased interest in interventions 
with the potential to increase organ utilisation. Machine perfusion, 
either in-situ (normothermic regional perfusion; NRP) or ex-situ 
(normothermic or hypothermic machine perfusion) offers potential 
for reconditioning and functional assessment prior to transplant 
[3–5]. There is an increasing view that the ability to assess function 
ex-situ by means of normothermic machine perfusion (NMP) may 
improve confidence in transplanting more marginal organs, 
improving utilisation.

Randomised controlled trials comparing NMP to static cold 
storage (SCS) have shown reduced early allograft dysfunction with 

lower incidence of reperfusion injury, especially for higher risk livers 
such as those from donors after circulatory death (DCD) [6, 7]. The 
pivotal multicentre European randomised controlled trial also 
demonstrated an increase in utilisation of retrieved livers with 
NMP (non-utilisation 11.7% vs. 24.1%), despite eligibility for the 
trial requiring all livers to be suitable for either preservation method 
[6]. This suggests that clinicians were using the technology to assess 
the suitability of livers prior to transplantation, improving 
confidence and utilisation without compromising post-transplant 
outcomes. Registry-based studies from the US have demonstrated 
similar improvements in liver utilisation with NMP, particularly 
from DCD donors, although historically the utilisation of DCD 
livers in the US has been lower than in European countries [8, 9]. 
The benefit of NMP appears to be greatest for patients with low 
model for end-stage liver disease (MELD) scores [10]. 
Implementation of NMP may also have the potential to reduce 
waiting times, particularly for patients with hepatocellular 
carcinoma [11]. Small-scale studies, including most notably the 
VITTAL study from Birmingham [12], suggest that a meaningful 
proportion of donor livers that are currently declined on 
conventional criteria could in fact be transplanted successfully.

Despite this potential beneficial effect of NMP use, there are no 
previous prospective studies designed to quantify the effect of NMP 
on organ utilisation. NMP is a resource-intensive alternative to SCS: 
high level evidence is important if this technology is to be funded by 
healthcare payers. There is a need to quantify the magnitude of this 
potential utilisation benefit in an appropriately-powered study in a 
real-world setting. The Perfused Liver Utilisation Study (PLUS) was 
designed to assess the impact of NMP availability (as opposed to 
NMP use) on the utilisation of livers at high risk of non-use in the 
UK transplant setting.

GRAPHICAL ABSTRACT

Abbreviations: ARC, Assessment and Recovery Centre; CI, Confidence 
Interval; DBD, Donation after Brain Death; DCD, Donation after Circulatory 
Death; DLI, Donor Liver Index; DUI, Donor Utilisation Index; HOPE, 
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Normothermic Machine Preservation; NRP, Normothermic Regional 
Perfusion; MEAF, Model for Early Allograft Function; MELD, Model for End- 
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Materials and methods

Study design

The trial evaluated the effect of NMP availability on “functional 
utilisation”: the proportion of donor liver offers resulting in a 
functioning transplant at 12 months. To identify livers at greatest 
risk of non-use, a novel, regression-based score was developed using 
UK Transplant Registry (UKTR) data to estimate the probability of 
non-utilisation of individual livers offered for transplant (SDC1). 
This algorithm, the Donor Utilisation Index (DUI), identified the 
60% of donors livers at greatest risk of decline for inclusion in the 
study [13].

PLUS was originally conceived as a randomised controlled 
trial, with eligible liver offers randomised to having NMP 
available or not. During sequential investigators’ meetings, 
surgeons in most centres became increasingly unwilling to 
randomise high-risk liver cohorts (particularly DCD) to SCS, 
prefering some form of machine preservation. The study was 
therefore revised to a “threshold-crossing” design, in which a real- 
world control cohort, selected consecutively according to the 
same objective inclusion/exclusion criteria to minimise bias, 
was used a priori to estimate the counterfactual (SCS cohort). 
A threshold was set for the primary outcome prior to recruiting a 
prospective single-arm study cohort (NMP available cohort) [14]. 
The lower bound of the 95% confidence interval for effect size had 
to exceed the pre-defined efficacy threshold to demonstrate 
superiority.

The study protocol was prospectively registered (16th 
November 2021; ISRCTN11552402). Ethical approval was 
granted by the South Central – Oxford C Research Ethics 
Committee (ref 21/SC/0297). Patients on the liver transplant list, 
liver recipients and family members were consulted during study 
design. A patient representative was part of the trial management 
group and trial steering committee, advising on conduct and 
dissemination.

Inclusion/exclusion criteria

Eligible liver offers were DBD or DCD livers from UK 
donors aged 16 years or over, with a DUI >0.27, offered to 
any of the 7 UK liver transplant centres. This DUI threshold was 
selected as it identified the 60% most poorly utilised livers, with 
utilisation of 26% compared to 85% in livers with a DUI ≤0.27. 
Eligible offers were predominantly DCD livers (79%), reflecting 
lower utilisation compared to DBD livers. Offers from donors 
with HIV or hepatitis C were excluded, as were livers 
undergoing any other form of ex-situ machine perfusion or 
where the participating centre was unable to offer NMP at the 
time due to logistical reasons (unavailability of device, 
consumables or trained staff). Livers from donors 
undergoing NRP were eligible, with planned adjustment for 
NRP use in analysis. All eligible livers were enrolled to ensure 
comparability between cohorts.

Eligible recipients were adults (≥18 years) on the elective or 
super-urgent transplant waiting list. Those declining NMP use 
through local consent policy, receiving a split liver or reduced 
liver or multiorgan transplant were excluded.

Real-world control cohort

To estimate the counterfactual, the primary outcome was 
assessed in a real-world control cohort where NMP was not 
routinely available, derived from the UKTR between 1st January 
2018 and 31st December 2019 (SDC2). Identical inclusion/exclusion 
criteria were applied to this cohort as to the prospective study 
cohort, with stratified random sampling used to exclude a small 
proportion of patients to mimic the consent process used in the 
prospective cohort. A predefined efficacy threshold of at least 
40 additional functional transplants per year was set, equivalent 
to an odds ratio of 1.22 for functional utilisation. This threshold was 
agreed by all seven participating centres to represent the minimum 
clinically-important increase in transplant rates that would justify 
the increased cost and logistical complexity of NMP use.

Study cohort

A prospective cohort was recruited between 11th April 2022 and 
3rd April 2023, with NMP made available for all eligible liver offers. 
Participating centres were informed of NMP availability at the time 
of offer, and the impact of availability on the primary outcome was 
assessed by comparing the two cohorts against the pre-defined 
efficacy threshold.

NMP was used at the discretion of the implanting surgeon. All 
participating centres had access to an OrganOx metra device and 
disposable kits at no additional cost, with limited per-case funding 
provided for staff time. NMP could be used either from the donor 
centre (device-to-donor) or following SCS and transport to the 
recipient centre (back-to-base) at the preference of the implanting 
team. The OrganOx metra device was used according to the current 
instructions for use and local protocols, with a minimum of 4 h and 
maximum of 24 h of perfusion time.

Primary outcome

The primary outcome was defined as the proportion of livers 
with “functional utilisation”: transplantation of an offered liver with 
1-year graft survival. This ensures that any increase in utilisation 
does not occur at the cost of inferior graft outcomes.

Secondary outcomes

Pre-specified secondary outcomes included: proportion of non- 
utilisation, median biochemical liver function in the first 7 days 
post-transplant [bilirubin, GGT, ALT, INR, lactate (recorded during 
high-level care only)], and 12 months post-transplant (bilirubin, 
ALP, ALT, AST), median Model for Early Allograft Function score 
(MEAF), 12-month graft and patient survival, proportion of 
transplants with primary non-function, median length of ITU 
and hospital stay, proportion of recipients requiring renal 
replacement therapy after transplant and proportion of recipients 
experiencing adverse events in the first 3 months and 12 months 
after transplant. Outcomes for both cohorts were collected from the 
UK Transplant Registry (UKTR), with additional outcomes 
collected in study case report forms for the prospective cohort 
over a 12-month follow-up period. Unexpected serious adverse 
events during the 12-month follow-up period were collected for 
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the prospective cohort only. A health-economic analysis has been 
undertaken and will be presented in a separate manuscript.

Sample size and statistical design

The sample size assumed a 50% increase in 1-year functional 
utilisation from 21.8% in the control cohort to 32.7% in the 
prospective NMP available cohort, representing 135 additional 
successful transplants per year. Allowing for cross-over for those 
in the prospective cohort not receiving NMP the study was powered 
to detect an increase in functional utilisation to 31.2%. To achieve 
90% power using a 2.5% one-sided significance level to detect an 
increase of at least 40 additional transplants per year, 1,035 liver 
offers were required. This allowed for up to 25% loss due to logistical 
constraints, and 10% loss due to post-recruitment exclusions and 
loss to follow-up. Protocol v1.0 planned a smaller sample size of 
799 liver offers, but this was revised in v2.0 to allow for higher loss to 
follow-up and NMP unavailability for logistical reasons. An 
embedded feasibility study assessed recruitment rates and NMP 
use at 6 months, but there was no formal interim outcome analysis.

Primary analysis was by modified intention-to-treat, where 
livers unable to be perfused for logistic reasons were excluded, 
along with any found to be ineligible after study entry (once 
recipient characteristics were known). Analyses were adjusted for 
donor type and use of NRP (DBD, DCD with NRP, DCD without 
NRP) as a fixed effect as these both have an important effect on 
organ utilisation.

Primary outcome results, from logistic regression models, are 
reported as odds ratios (OR) with 95% confidence intervals (CI), and 
p-values for the cohort effect under the null hypothesis of no 
difference. Pre-planned subgroup analyses for the primary 
outcome investigated the effect of donor type, donor liver index 
(DLI, a UK-derived algorithm that predicts transplant outcome 
based on donor parameters [15]) and DUI.

Sensitivity analyses and secondary outcome analyses are 
described in SDC3.

All analyses were performed in SAS v9.4M5.

Results

Study cohorts and demographics

The flow of liver offers through the study is shown in Figure 1. The 
control cohort comprised 2,465 liver offers where SCS was the routine 
method of preservation and NMP was unavailable. The prospective 
study cohort comprised 1,056 liver offers. Of this cohort, 983 met the 
eligibility criteria for the modified intention-to-treat analysis. 
542 control offers and 278 study offers resulted in transplants.

Donor, liver and recipient characteristics were comparable 
between the two cohorts (Tables 1–3) and median follow-up 
time post-transplant was 365 days for both cohorts. For those 
livers resulting in a transplant, there was an increase in the 
proportion of DCD livers in the prospective cohort (61.2% vs. 
51.5%), indicating an increased willingness to transplant DCD 
livers where machine perfusion is available. Use of NRP was also 
higher (29.0% vs. 12.4%), reflecting changes in practice as the 
prospective cohort was more recent than the control cohort.

NMP use

In the prospective study cohort NMP was used for 31.1% of 
eligible livers that arrived at a transplant centre (12.4% of all livers 
offered). Of those where NMP was used, four livers (3.3%) used a 
device to donor approach, and 116 (96.7%) used a back to base 
approach. The approach was unknown for two livers (Table 2). 
There was considerable variation in NMP use between centres 
(SDC4) and the key reasons for non-use of NMP related to (i) 
livers being deemed untransplantable; (ii) surgeon deemed the liver 
clinically suitable for transplant without perfusion; and (iii) 
perfusion kit/staff unavailability (SDC10).

Primary outcome

The primary outcome of functional utilisation was significantly 
higher in the prospective study cohort (NMP available) (25.2% vs. 
19.6%, OR: 1.26, 95% CI: 1.04–1.53), representing 47 additional 
functional transplants per year (95% CI 8–90 transplants) (Figure 2). 
However, the lower bound of the 95% confidence interval did not 
exceed the pre-defined threshold of 40 additional liver transplants 
per year, therefore the intervention is not considered superior under 
the threshold-crossing design. The difference in functional 
utilisation was primarily due to increased organ utilisation in the 
cohort with NMP available (27.8% vs. 22.0%) with smaller 
improvements in patient (95.1% vs. 92.9%) and graft (90.8% and 
89.1%) survival. Reasons for non-use of livers transported to the 
recipient centre for the prospective cohort are shown in SDC12; the 
most common reason for non-use in NMP treated livers was poor 
function on the device (78.1%).

Subgroup analyses demonstrated a statistically significant 
interaction when looking at the impact of NMP availability by 
donor type (p = 0.0245), with a greater difference in functional 
utilisation observed in the DCD group (OR: 1.70, 95% CI: 
1.36–2.12), exceeding the efficacy threshold. However, this 
analysis did not include adjustment for NRP, which is not used 
for DBD donors. In a post hoc analysis which only included DCD 
donors and with risk adjustment for NRP the OR was 1.37 (95% 
CI 1.08–1.73; p = 0.0089), not exceeding the efficacy threshold. In 
livers from DCD donors, post hoc analysis demonstrated no 
significant interaction between the impact of NMP and use of 
NRP (p = 0.8861).

There were no statistically significant interactions between NMP 
availability and the DUI (p = 0.3087) or DLI (p = 0.0833), although 
for some subgroups the lower bound of the 95% confidence interval 
did exceed the efficacy threshold (Figure 2). A per-protocol analysis 
also did not exceed the efficacy threshold (OR: 1.18, 95% CI: 
0.96–1.44). Two secondary, pre-specified propensity score 
matched analyses were also undertaken. The first mirrored the 
primary analysis and assessed the effect of NMP availability on 
functional utilisation of offered livers, and this also did not exceed 
the efficacy threshold (OR: 1.14, 95% CI: 0.93–1.39) (Figure 3). The 
second propensity score matched analysis instead assessed the 
impact of NMP usage (rather than availability) on functional 
utilisation. Post-hoc, this analysis was amended to avoid the bias 
whereby only retrieved livers could have received NMP and 
therefore analysed only retrieved livers in the prospective cohort, 
and compared between those where NMP was used, and propensity 
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score matched livers where NMP was not used. This analysis did 
exceed the efficacy threshold, indicating that NMP does increase 
functional utilisation of retrieved livers when it is used (post hoc, OR: 
2.18, 95% CI: 1.35–3.51) (Figure 3). The sample size was lower for 
the propensity score matched analyses than for the primary analysis.

Secondary outcomes

There were no statistically significant differences in biochemical 
liver function tests at 12 months post-transplant, graft and patient 
survival, primary non-function, length of hospital stay, length of 
ITU stay, and need for renal replacement therapy (SDC5). 
Sensitivity analyses of graft and patient survival outcomes 
adjusting for recipient risk factors did also not result in 
statistically significant differences between the two cohorts (SDC6).

Biochemical liver function on days 1–7 and MEAF score were 
only available for the prospective cohort with a mean MEAF score of 
4.5 (SDC8).

A larger proportion of organs were retrieved in the prospective 
study cohort (NMP available) compared to the retrospective control 
cohort (SCS) (45.8% vs. 33.7%). The proportion of organs retrieved 
but not transplanted was also higher in the prospective study cohort 
(38.2% vs. 32.9%, respectively). Following adjustment for donor type 
and NRP, this yielded an adjusted odds ratio for organ non- 
utilisation of 1.33 (95% CI: 1.04–1.71). This was statistically 
significant at the 5% level (p = 0.0226) (SDC9).

There was one positive perfusate culture reported. Using data 
collected through the UKTR the proportion of recipients 

experiencing infections (41.0% vs. 22.9%, respectively), treated 
biopsy-proven rejection episodes (19.6% vs. 16.2%, respectively), 
and biliary complications requiring intervention (8.7% vs. 5.1%, 
respectively) in the first 3 months post-transplant was higher in the 
retrospective control cohort (SCS) than the prospective study cohort 
(NMP available). Slightly lower proportions were observed in the 
retrospective control cohort (SCS) for vascular complications, (9.0% 
vs. 12.7%) and reoperations (6.4% vs. 9.0%) at 3 months post- 
transplant. However, data completeness varied, so no formal 
statistical comparisons were performed (SDC5).

Adverse events

SAEs were only reported in the prospective study cohort (NMP 
available). There were 156 SAEs reported in 94 recipients (36.9% of 
the cohort) (SDC7). 62 SAEs were reported for cases where NMP 
was used, but only 1 was reported to be linked to errors in device 
function and use, and only 4 possibly related to the intervention.

Discussion

The perfused liver uitlisation study (PLUS) was originally 
conceived as a randomised controlled trial. During study setup, 
clinicians became increasingly unwilling to transplant high-risk 
livers without perfusion, necessitating a change to a ‘threshold- 
crossing’ design in which a prospectively recruited cohort is 
compared with a retrospective real-world control cohort using 

FIGURE 1 
Consort flow diagram to show the flow of liver offers through the PLUS study. SCS, static cold storage; NMP, normothermic machine perfusion.
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TABLE 1 Donor characteristics for enrolled and transplanted livers.

Enrolled livers Transplanted livers

Donor 
characteristic

Retrospective 
(SCS) 
(n = 2,397)

Prospective 
(NMP available) 
(n = 983)

Total 
(n = 3,380)

Retrospective 
(SCS) 
(n = 542)

Prospective 
(NMP available) 
(n = 278)

Total 
(n = 820)

Age (years) 60 (51–69) 60 (51–68) 60 (51–69) 58 (48–68) 58 (46–65) 58 (48–67)

Sex

Male 

Female

1,454/2,397 (60.7) 

943/2,397 (39.3)

614/983 (62.5) 

369/983 (37.5)

2,068/3,380 

(61.2) 

1,312/3,380 

(38.8)

311/542 (57.4) 

231/542 (42.6)

162/278 (58.3) 

116/278 (41.7)

473/820 (57.7) 

347/820 (42.3)

BMI (kg/m2) 27.8 (24.2–32.0) 28.1 (24.3–31.9) 28.0 (24.2–31.9) 27.1 (23.6–31.3) 27.7 (23.4–30.9) 27.4 

(23.6–31.2)

Ethnic origin

Asian 

Black 

White 

Other

56/2,375 (2.4) 

25/2,375 (1.1) 

2,249/2,375 (94.7) 

45/2,375 (1.9)

27/959 (2.8) 

13/959 (1.4) 

909/959 (94.8) 

10/959 (1.0)

83/3,334 (2.5) 

38/3,334 (1.1) 

3,158/3,334 

(94.7) 

55/3,334 (1.6)

19/536 (3.5) 

9/536 (1.7) 

495/536 (92.4) 

13/536 (2.4)

6/274 (2.2) 

7/274 (2.6) 

259/274 (94.5) 

2/274 (0.7)

25/810 (3.1) 

16/810 (2.0) 

754/810 (93.1) 

15/810 (1.9)

Donor type

DBD 

DCD

519/2,397 (21.7) 

1,878/2,397 (78.3)

201/983 (20.4) 

782/983 (79.6)

720/3,380 (21.3) 

2,660/3,380 

(78.7)

263/542 (48.5) 

279/542 (51.5)

108/278 (38.8) 

170/278 (61.2)

371/820 (45.2) 

449/820 (54.8)

Smoker 1,552/2,383 (65.1) 593/979 (60.6) 2,145/3,362 

(63.8)

334/541 (61.7) 173/276 (62.7) 507/817 (62.1)

History of diabetes 339/2,377 (14.3) 151/973 (15.5) 490/3,350 (14.6) 79/538 (14.7) 34/277 (12.3) 113/815 (13.9)

History of tumour 178/2,365 (7.5) 65/971 (6.7) 243/3,336 (7.3) 44/537 (8.2) 18/274 (6.6) 62/811 (7.6)

Cardiac/respiratory 

arrest

1,191/2,334 (51.0) 477/958 (49.8) 1,668/3,292 

(50.7)

271/532 (50.9) 136/274 (49.6) 407/806 (50.5)

Cause of death

CVA 

Anoxia 

Trauma 

Other

1,080/2,298 (47.0) 

909/2,298 (39.6) 

48/2,298 (2.1) 

261/2,298 (11.4)

454/947 (47.9) 

371/947 (39.2) 

18/947 (1.9) 

104/947 (11.0)

1,534/3,245 

(47.3) 

1,280/3,245 

(39.4) 

66/3,245 (2.0) 

365/3,245 (11.2)

282/524 (53.8) 

170/524 (32.4) 

11/524 (2.1) 

61/524 (11.6)

140/272 (51.5) 

103/272 (37.9) 

5/272 (1.8) 

24/272 (8.8)

422/796 (53.0) 

273/796 (34.3) 

16/796 (2.0) 

85/796 (10.7)

Length of ITU stay 

(days)

3.4 (1.8–5.8) 3.8 (2.2–5.9) 3.5 (1.9–5.8) 2.4 (1.4–4.0) 3.1 (1.9–4.6) 2.6 (1.5–4.2)

Donor utilisation index1

DBD 

DCD

0.41 (0.33–0.55) 

0.76 (0.59–0.89)

0.40 (0.31–0.54) 

0.77 (0.61–0.89)

0.41 (0.32–0.55) 

0.76 (0.60–0.89)

0.38 (0.32–0.48) 

0.61 (0.46–0.75)

0.35 (0.29–0.44) 

0.62 (0.47–0.76)

0.37 

(0.31–0.47) 

0.61 

(0.46–0.75)

(Continued)
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the same pre-defined inclusion/exclusion criteria. All seven UK 
centres agreed to take part and recruitment was rapid.

PLUS demonstrated a statistically significant increase in 
functional utilisation of poorly utilised liver offers with 
availability of NMP (from 19.6% to 25.2%), but this did not 
exceed our pre-defined efficacy threshold. The threshold crossing 
design sets a higher burden of proof than a typical randomised 
controlled trial, requiring the lower bound of the confidence interval 
to exceed a predefined effect size to account for potential bias from 
the non-randomised design [14]. Although the effect size equates to 
an additional 47 successful liver transplants per year in the UK (a 4% 
increase), the lower confidence bound (8 transplants) did not meet 
the threshold of 40. Whilst the study design is sensitive to the 
threshold selected at the outset, these conclusions would not have 
changed unless the threshold has been selected to be below 
8 additional transplants per year, which represents a less than 1% 
increase in UK transplant numbers.

The most likely explanation for the smaller than expected effect 
size was lower-than-anticipated uptake of NMP (12% of livers 
offered, 31% of eligible retrieved livers) and varied greatly 
between centres (ranging from 2.4% to 60.3% of eligible retrieved 
livers). Post-hoc propensity matched analysis suggests that when 
NMP is used, its effect on utilisation is greater, indicating that its full 
potential was likely not realised.

Several factors likely contributed to lower uptake than 
anticipated. Whilst the device and consumables were funded, the 
study budget did not cover the cost of 24/7 staffing infrastructure. In 
centres with existing infrastructure, NMP use was far higher than in 
more resource constrained centres. Similar patterns have been 
reported in the US, with lower use seen in low-volume centres 
lacking a dedicated perfusionist [16] as well as disparities related to 
insurance provider [17]. This disparity in access to new perfusion 
technologies is concerning and may have a knock-on impact on 
waiting times for patients in low-volume centres. Although logistical 

constraints were anticipated in the study design, it appears very 
likely that “clinician decision” was recorded as the reason not to 
undertake NMP in many cases where “logistical constraints” was the 
actual reason.

In the original European randomised controlled trial of NMP, 
the impact on utilisation was larger than that seen in the current 
study [6]. That study recruited all retrieved livers regardless of 
quality, with a higher baseline chance of utilisation. NMP was 
managed by a dedicated research fellow who travelled with the 
device to the donor hospital, removing the logistical burden from 
the receiving centre. In the PLUS study, NMP use was almost 
entirely back-to-base. Whilst there are no prospective 
randomised trials comparing the device-to-donor and back-to- 
base approaches, non-randomised studies suggest broadly similar 
outcomes [18, 19]. Uptake of NMP may be improved by provision as 
a service (with device and perfusionist included), or by centralisation 
of perfusion in dedicated Assessment and Recovery Centres (ARCs). 
Organs that should be considered for ARC assessment include (i) 
those with the highest risk of decline (perhaps defined by the DUI 
derived for this study) to allow further viability assessment and 
improve chances of utilisation, (ii) those where more time is 
required for logistical reasons, and (iii) organs declined by all 
centres, for assessment and reoffering if they meet pre-defined 
viability criteria. Embedding ARCs within dedicated organ 
recovery centres is a viable option that is already gaining traction 
in the US [20]. Centralised provision of perfusion technologies also 
has the benefit of consistent protocols and data collection, and the 
potential to reduce the evolving disparities in access.

Other factors affecting NMP uptake include a preference to 
proceed straight to transplant following SCS (with or without 
NRP) for lower-risk livers, or for other machine perfusion 
technologies including hypothermic oxygenated machine 
perfusion (HOPE), which is logistically much simpler. Indeed, 
the most common reason documented for NMP non-use during 

TABLE 1 Continued

Enrolled livers Transplanted livers

Donor 
characteristic

Retrospective 
(SCS) 
(n = 2,397)

Prospective 
(NMP available) 
(n = 983)

Total 
(n = 3,380)

Retrospective 
(SCS) 
(n = 542)

Prospective 
(NMP available) 
(n = 278)

Total 
(n = 820)

Donor liver index2

DBD 

DCD

1.28 (1.10–1.42) 

2.28 (1.99–2.57)

1.21 (1.06–1.36) 

2.25 (1.99–2.53)

1.25 (1.10–1.40) 

2.27 (1.99–2.56)

1.25 (1.09–1.40) 

2.10 (1.81–2.45)

1.20 (1.04–1.38) 

2.11 (1.91–2.37)

1.23 

(1.09–1.39) 

2.10 

(1.84–2.41)

Summary of missing data:
Enrolled livers: Age, sex, BMI, donor type, DUI, 0; Ethnic origin, 46 (22 SCS, 24 NMP available); Smoking status, 18 (14 SCS, 4 NMP available); History of diabetes, 30 (20 SCS, 10 NMP available); 
History of tumour, 44 (32 SCS, 12 NMP available); Cardiac/respiratory arrest, 88 (63 SCS, 25 NMP available); Cause of death, 135 (99 SCS, 36 NMP available); Length of ITU, stay, 22 (13 SCS, 9 
NMP available); DLI, 25 donors (3 DBD SCS, 18 DCD SCS, 2 DBD NMP available, 2 DCD NMP available).
Transplanted livers: Age, sex, BMI, donor type, DUI, 0; Ethnic origin, 10 (6 SCS, 4 NMP- available); Smoking status, 3 (1 SCS, 2 NMP available); History of diabetes, 5 (4 SCS, 1 NMP available); 
History of tumour, 9 (5 SCS, 4 NMP available); Cardiac/respiratory arrest, 14 (10 SCS, 4 NMP available); Cause of death, 24 (18 SCS, 6 NMP available). Length of ITU, stay, 4 (2 SCS, 2 NMP 
available). DLI, 4 (0 DBD SCS, 2 DCD SCS, 2 DBD NMP available, 0 DCD NMP available).
Data are n/N (%) for categorical variables, and median (IQR) for continuous variables. SCS, static cold storage; NMP, normothermic machine perfusion; BMI, body mass index; DBD, donor 
after brainstem death; DCD, donor after circulatory death; CVA, cerebrovascular accident.
1See SDC for definition of the donor utilisation index (Mehew et al. [13]).
2UK donor liver index, Collett et al. [15].
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the PLUS study was clinician preference to proceed directly to 
transplant, although this may also partly reflect logistical/ 
resource challenges with use of NMP. Livers undergoing 
HOPE were excluded from the current study, although the 
number was relatively small. DCD livers undergoing NRP 
were included, with adjustment in analysis, and NRP use 

increased in the prospective cohort. Notably, the effect of 
NMP availability exceeded our pre-defined efficacy threshold 
in the DCD subgroup, although this effect on utilisation was 
reduced when corrected for NRP use in post hoc analysis. This 
suggests that the significant improvement in functional 
utilisation of DCD livers seen between the two cohorts 

TABLE 2 Retrieval and perfusion characteristics for enrolled and transplanted livers.

Enrolled Transplanted

Liver characteristic Retrospective 
(SCS) 
(n = 2,397)

Prospective 
(NMP available) 
(n = 983)

Total 
(n = 3,380)

Retrospective 
(SCS) 
(n = 542)

Prospective 
(NMP available) 
(n = 278)

Total 
(n = 820)

Livers retrieved 808/2,397 (33.7) 450/983 (45.8) 1,258/3,380 

(37.2)

Degree of steatosis1

Mild 

Moderate 

Severe

283/497 (56.9) 

180/497 (36.2) 

34/497 (6.8)

152/299 (50.8) 

114/299 (38.1) 

33/299 (11.0)

435/796 (54.6) 

294/796 (36.9) 

67/796 

(8.4)

210/298 (70.5) 

83/298 (27.9) 

5/298 (1.7)

105/157 (66.9) 

50/157 (31.8) 

2/157 (1.3)

315/455 

(69.2) 

133/455 

(29.2) 

7/455 (1.5)

NRP used2 54/436 (12.4) 84/290 (29.0) 138/726 (19.0) 41/279 (14.7) 64/170 (37.6) 105/449 (23.4)

Cold ischaemic time (hours) 7.9 (6.4–9.5) 7.3 (6.0–9.3) 7.7 (6.3–9.5)

NMP used3 122/392 (31.1) 122/392 (31.1) 90/278 (32.4) 90/278 (32.4)

NMP used (% enrolled) 122/983 (12.4) 122/983 (12.4)

NMP approach

Back to base 

Device to donor

116/120 (96.7) 

4/120 (3.3)

116/120 (96.7) 

4/120 

(3.3)

84/88 (95.5) 

4/88 (4.5)

84/88 (95.5) 

4/88 (4.5)

Time between donor perfusion 

and NMP start (hours)

6.5 (5.4–7.5) 6.5 (5.4–7.5) 6.4 (5.0–7.1) 6.4 (5.0–7.1)

Time on NMP (hours)

Median (IQR) 7.4 (5.7–10.2) 7.4 (5.7–10.2) 8.1 (6.1–10.5) 8.1 (6.1–10.5)

Range 1.4–21.8 1.4–21.8 3.1–21.8 3.1–21.8

Categories

≤4 h 

4 - ≤8 h 

8 - ≤12 h 

>12 h

6/119 (5.0) 

57/119 (47.9) 

39/119 (32.8) 

17/119 (14.3)

6/119 (5.0) 

57/119 (47.9) 

39/119 (32.8) 

17/119 (14.3)

3/87 (3.4) 

40/87 (46.0) 

30/87 (34.5) 

14/87 (16.1)

3/87 (3.4) 

40/87 (46.0) 

30/87 (34.5) 

14/87 (16.1)

Time between removal from 

NMP and recipient reperfusion 

(hours)4

0.9 (0.7–1.1) 0.9 (0.7–1.1)

Summary of missing data (where expected):
Enrolled livers: Retrieval status, NRP usage, NMP usage, 0; Steatosis, 7 (5 SCS, 2 NMP available); Degree of steatosis, 2 (1 SCS, 1 NMP available); NMP approach, Time between donor perfusion 
and NMP, 2; NMP duration, 3; Time between NMP and recipient reperfusion, 42.
Transplanted livers: NRP usage, NMP usage, 0; Steatosis, 4 (2 SCS, and 2 NMP available); Degree of steatosis, 2 livers (1 SCS, 1 NMP available); Cold ischaemia time, 9 (3 SCS, 6 NMP available); 
NMP approach, Time between donor perfusion and NMP, 2; NMP duration, 3; Time between NMP and recipient reperfusion, 10.
Data are n/N (%) for categorical variables, and median (IQR) for continuous variables. SCS, static cold storage; NMP, normothermic machine perfusion, NRP, normothermic regional perfusion.
1Degree of steatosis is only reported for livers reported as steatotic.
2Denominator is retrieved DCD livers.
3Denominator is livers received by a centre.
4Arterial or portal reperfusion, whichever occurred first.
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TABLE 3 Recipient characteristics (pre-transplant).

Recipient characteristic Retrospective control (SCS) 
(n = 542)

Prospective study (NMP available) 
(n = 278)

Total 
(n = 820)

Age (years) 57 (50–63) 58 (49–63) 58 (50–63)

Sex

Male 372/542 (68.6) 196/272 (72.1) 568/814 (69.8)

Female 170/542 (31.4) 76/272 (27.9) 246/814 (30.2)

BMI (kg/m2) 28.4 (25.0–32.4) 28.8 (24.4–32.0) 28.4 (24.8–32.3)

Ethnic origin

Asian 27/533 (5.1) 20/250 (8.0) 47/783 (6.0)

Black 6/533 (1.1) 7/250 (2.8) 13/783 (1.7)

White 480/533 (90.1) 219/250 (87.6) 699/783 (89.3)

Other 20/533 (3.8) 4/250 (1.6) 24/783 (3.1)

Urgency status

Elective 523/542 (96.5) 264/272 (97.1) 787/814 (96.7)

Super-urgent 19/542 (3.5) 8/272 (2.9) 27/814 (3.3)

HCV status positive 65/530 (12.3) 17/269 (6.3) 82/799 (10.3)

Encephalopathy present 202/539 (37.5) 90/264 (34.1) 292/803 (36.4)

Renal support 25/541 (4.6) 21/269 (7.8) 46/810 (5.7)

Primary liver disease

Acute hepatic failure 14/540 (2.6) 6/272 (2.2) 20/812 (2.5)

Autoimmune and cryptogenic disease 29/540 (5.4) 14/272 (5.1) 43/812 (5.3)

Cancer 146/540 (27.0) 44/272 (16.2) 190/812 (23.4)

Fatty liver disease – non-alcohol related 62/540 (11.5) 42/272 (15.4) 104/812 (12.8)

Fatty liver disease – alcohol related 133/540 (24.6) 75/272 (27.6) 208/812 (25.6)

Hepatitis B 8/540 (1.5) 5/272 (1.8) 13/812 (1.6)

Hepatitis C 12/540 (2.2) 6/272 (2.2) 18/812 (2.2)

Metabolic liver disease 8/540 (1.5) 5/272 (1.8) 13/812 (1.6)

Primary sclerosing cholangitis 36/540 (6.7) 35/272 (12.9) 71/812 (8.7)

Primary biliary cholangitis 39/540 (7.2) 13/272 (4.8) 52/812 (6.4)

Regraft 29/540 (5.4) 12/272 (4.4) 41/812 (5.0)

Other 24/540 (4.4) 15/272 (5.5) 39/812 (4.8)

UK end stage liver disease (UKELD score) prior to transplant1

Elective 53 (50–57) 54 (50–58) 53 (50–57)

Super-urgent3 61 (60–64) 62 (60–67) 61 (60–64)

Model for end stage liver disease (MELD score) prior to transplant2

Elective 13 (10–17) 15 (11–19) 14 (10–18)

Super-urgent3 36 (31–40) 24 (22–38) 35 (24–39)

INR 1.3 (1.2–1.6) 1.4 (1.2–1.7) 1.3 (1.2–1.6)

Creatinine (µmol/L) 75 (62–93) 74 (60–91) 75 (61–92)

Bilirubin (µmol/L) 36 (19–79) 41 (20–86) 37 (19–81)

(Continued)
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resulted from a combination of the two technologies in DCD 
donation. Indeed, there is already evidence from the UK that 
NRP can improve liver utilisation [3], and so in many cases 
(especially given resource constraints) additional NMP 

following NRP may have limited impact. However, even with 
the use of NRP, NMP allows additional opportunity to 
recondition and assess function ex-situ prior to transplant, 
and the two technologies are increasingly seen as 

TABLE 3 Continued

Recipient characteristic Retrospective control (SCS) 
(n = 542)

Prospective study (NMP available) 
(n = 278)

Total 
(n = 820)

Sodium (mmol/L) 137 (134–140) 137 (134–140) 137 (134–140)

Summary of missing data:
Age, 0; Sex, BMI, and urgency status, 6 (0 SCS, 6 NMP available); Ethnic origin, 37 (9 SCS, 28 NMP available). HCV status, 21 (12 SCS, 9 NMP available); Presence of encephalopathy, 17 (3 SCS, 
14 NMP available); Renal support,10 (1 SCS, 9 NMP available); Primary liver disease 8 (2 SCS, 6 NMP available); UKELD, 34 elective (30 SCS, 4 NMP available), 2 super-urgent (1 SCS, 1 NMP 
available); MELD, 34 elective (30 SCS, 4 NMP available), 2 super-urgent (1 SCS, 1 NMP available); INR, 40 (29 SCS, 11 NMP available); Creatinine, bilirubin, and sodium, 9 (1 SCS, 8 NMP 
available).
1UKELD, 5.395 ln (INR) + 1.485 ln (creatinine μmol/L) + 3.130 ln (bilirubin μmol/L)– 81.565 ln (sodium mmol/L) + 435.
2MELD, 9.57 ln (creatinine mg/dL) + 3.78 ln (bilirubin mg/dL) + 11.2 ln (INR) + 6.43.
3Small number of super urgent recipients (25 total, 18 in SCS, and 7 in NMP available).
Data are n/N (%) for categorical variables, and median (IQR) for continuous variables. SCS, static cold storage; NMP, normothermic machine perfusion; BMI, body mass index; HCV, Hepatitis 
C virus; UKELD, UK End stage Liver Disease; MELD, Model for End stage Liver Disease; INR, international normalised ratio.

FIGURE 2 
Forest plot showing the primary endpoint (functional utilisation) and planned subgroup analyses. SCS, static cold storage; NMP, normothermic 
machine perfusion; CI, confidence interval; DBD, donor after brainstem death; DCD, donor after circulatory death; DUI, donor utilisation index; DLI, donor 
liver index; NRP, normothermic regional perfusion; mITT, modified intention-to-treat.
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complementary rather than exclusive particulary for livers 
failing NRP criteria [21, 22]. The increase in the proportion 
of livers retrieved, and the proportion of DCD livers 
transplanted, in the prospective cohort in our study suggest 
that with the combined use of these technologies transplant 
clinicians are more likely to accept organs for assessment that 
would previously not have been retrieved.

The liver non-utilisation rate (of retrieved livers) increased in 
the prospective cohort. This was accompanied by a significant 
increase in the liver retrieval rate, suggesting an increased 
willingness to retrieve and assess higher-risk organs in this 
cohort, possibly due to increased availability of both NMP and 
NRP allowing preservation and assessment.

No significant differences were seen in secondary outcomes. 
One-year graft and patient survival were consistent with national 
data, despite the cohort consisting of relatively high DLI livers. 
Despite an increase in the proportion of DCD livers transplanted in 
the NMP cohort, a smaller proportion reported biliary 
complications. The VITTAL study has previously suggested a 
high rate of non-anastomotic biliary strictures when 
transplanting very high-risk declined livers following use of 
NMP, albeit with long pre-perfusion cold ischaemic times [12]. 
Improved definition of cholangiocyte viability markers during NMP 
(including bile production, bile pH and bicarbonate levels) may help 
to mitigate this risk [23]. The current results suggest that in this 
cohort of livers at high risk of non-utilisation, functional assessment 
during NMP allows safe transplantation without an increase in the 
risk of post-transplant complications.

PLUS addressed an important question–what would the effect 
be of making of NMP available routinely? Strengths of the study are 
the real-world nature of the liver and patient cohorts, involving all 
UK transplant centres. The use of registry data for follow-up 
improved the efficiency of the study, allowing direct comparison 
to the retrospective control cohort.

The experience of running this study illustrates the 
challenges of conducting any trial of a novel (but available) 

intervention in which the judgement of investigators may be in 
flux (i.e., loss of equipoise leading to unwillingness to recruit 
consistently). We believe that the use of a rigorous but non- 
randomised design of the type used in PLUS may prove to be a 
useful precedent in future transplant studies. The use of a 
threshold-crossing design is novel in transplantation: it 
removes the need to randomise patients to receive 
conventional therapy (including no intervention), but 
requires the assumption that the retrospectively-recruited 
cohort remains typical of current practice. Indeed, one of the 
main weaknesses of the threshold-crossing design is that 
changes in practice over time may favour better outcomes in 
the study cohort. In PLUS, pre-study analysis demonstrated that 
the primary outcome of functional utilisation had remained 
remarkably static over time in the 4 years prior to the study, 
and the donor and recipient characteristics were also very 
similar between the cohorts. In fact, as seen in SDC12, the 
functional utilisation of DCD livers had been falling slightly 
over time, making the observation of increased utilisation in the 
prospective study cohort even more important. The main 
differences seen were in the characteristics of livers retrieved 
and transplanted, which are likely due to a combination of the 
study intervention and increased use of NRP between the 
cohorts, which we corrected for in the analysis.

In summary, PLUS supports the hypothesis that NMP 
availability increases functional utilisation of high-risk livers, but 
that the benefit of this new technology may be restricted unless it is 
properly resourced. Future implementation requires consideration 
of provision of NMP as a service, or centralised delivery of NMP in 
assessment and repair centres.

The main conclusions of this study, therefore, are that: (i) 
NMP availability increases organ utilisation, although less than 
expected; (ii) alternative trial designs are feasible and may be 
required where equipoise is lacking; (iii) evaluation of new 
technologies must include the infrastructure needed for 
effective implementation.

FIGURE 3 
Forest plot showing sensitivity analysis for the primary endpoint (functional utilisation). SCS, static cold storage; NMP, normothermic machine 
perfusion; CI, confidence interval; mITT, modified intention to treat; DBD, donor after brainstem death; DCD, donor after circulatory death; DUI, donor 
utilisation index; DLI, donor liver index.
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The scarcity of the human leukocyte antigen (HLA)-compatible donor pool, which 
leads to a long waiting time for transplantation, often requires specific national or 
supranational strategies to improve kidney graft access for highly sensitized (HS) 
patients. Acceptable national mismatch priority is a way to increase the number of 
potential matched donors without increasing the immunologic graft failure risk. In 
2005, the French Acceptable Mismatch program (AMP) was successfully introduced as 
a strategy to improve kidney allocation for HS patients. The AMP was enhanced in 
2015, authorizing up to four HLA-A, -B, -DR, and -DQβ mismatches, provided that 
each mismatch was an acceptable antigen. Our study compared graft survival between 
AMP allocation and other kidney allocation modalities among HS recipients between 
2016 and 2022 (N = 2,985). After adjustment for donor and recipient characteristics 
using Cox regression, we found that the risk of graft failure was higher for HS non-AMP 
transplantations (hazard ratio 1.19 [95% CI 1.04–1.36]; 1.31 [95% CI 1.08–1.59] with 
death censored). The French AMP improves access to kidney transplantation for HS 
patients. Post-transplant survival is comparable to other kidney allocation modalities, 
possibly because of the absence of preformed donor-specific antibodies in recipients’ 
historical and recent serum, which is associated with reduced risk of rejection.

KEYWORDS

acceptable mismatch program, allocation, highly sensitized, human leukocyte antigen, 

kidney transplantation

Introduction

Highly sensitized (HS) patients, who have high levels of preformed anti-HLA (human 
leukocyte antigen) antibodies, face significant challenges in accessing kidney transplantation 
because of the limited pool of HLA-compatible donors. The definition of a candidate 
considered HS varies across countries and national consensus statements. Currently, two 
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main criteria are used to assess the severity of sensitization: Virtual 
Panel-Reactive Antibodies1 and calculated Reaction Frequency 
(cRF)2. Both estimate the proportion of deceased donors 
incompatible with a patient owing to pre-formed HLA antibodies 
[1]. This immunologic barrier leads to prolonged waiting times and 
increased morbidity and mortality while on a waiting list.

To address this issue, several complementary strategies exist 
worldwide: 1) national priorities for candidates with high cRF and 
long dialysis duration, including Acceptable Mismatch Programs 
(AMPs); 2) expansion of kidney-exchange programs and cross- 
border sharing, both expanding donor options without increasing 
rejection risk or compromising long-term graft survival; 3) 
immunologic forgiveness policies (unacceptable antigen delisting 
for antibodies that declined in level or disappeared over time or that 
do not activate complement); and 4) desensitization strategies.

In France, national priorities in the allocation rules are 
based on two principles: difficulty in access to transplantation 
and the excellence of HLA matching. A kidney recipient is 
considered HS if their peak cRF is ≥85%; these patients 
automatically receive national HS priority, provided that their 
current cRF remains >70%. The system operates via three 
sequential, prioritized allocation pathways, with systematic age 
matching and ABO blood-group compatibility exemption in 
certain circumstances (see below). The pathways are 1) full- 
match HLA-A, -B, and -DR priority; 2) the AMP; and 3) a 
priority allowing no more than one mismatch for HLA-A, -B, 
and -DR between the donor and the recipient. In 2024, 9% of 
new registrations and 17% of active prevalent candidates were 
considered hyperimmunized [2].

In some cases, a long list of unacceptable HLA antigens (Ag) 
or high cRF is insufficient to explain immunologic difficulties 
in accessing a transplant. This is particularly true because the 
national score for allocating kidney grafts favors a good HLA 
match, especially for class-II Ag in recipients <45 years old. 
This situation may be due to rare haplotypes, including those 
with no linkage disequilibrium or partial or complete 
homozygosity. Therefore, another indicator is used: the 
Potential Matched Donor (PMD). The PMD estimates the 
number of compatible and well-HLA matched donors 
among all utilized kidney donations after brain 
determination of death (DBDD) donors within the same 
blood group over the past 5 years [3, 4].

A low PMD score indicates that the patient has very few suitable 
donors. Consequently, these patients receive additional points in the 
French National Kidney Allocation Score (NKAS) whenever a 

GRAPHICAL ABSTRACT

Abbreviations: AMP, Acceptable Mismatch Program; cDCDD, controlled 
donation after circulatory determination of death; cRF, calculated Reaction 
Frequency; DBDD, donation after brain determination of death; DSA, donor- 
specific antibody; eGFR, estimated glomerular filtration rate; HLA, human 
leukocyte antigen; HLA Ab, anti-HLA antibodies; HLA Ag, HLA antigens; HS, 
highly sensitized; MFI, mean fluorescence intensity; PMD, potential matched 
donor; SAFB, single antigen flow beads.

1 Virtual Panel-Reactive Antibodies is based on the frequency of 

unacceptable antigens in the theoretical donor population.

2 cRF estimates the proportion of HLA-incompatible deceased donors 

among all transplanted kidney deceased donors (or actual deceased 

donors within the same blood group, over a specific period).
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compatible and well-matched donor becomes available (see Table 1
for a description of kidney transplantation allocation pathways). 
This final point explains why a certain number of HS patients 
undergo transplantation via the NKAS system.

France introduced its AMP in 2005 (Table 2). An initial 
evaluation in 2010 demonstrated improved access to kidney 
transplantation for HS patients, with no difference in graft 
survival from other patients. Within 2 years, access to 
transplantation for highly immunized incident patients increased, 
but access decreased for non-immunized or slightly immunized 
patients during the same period [5]. The AMP was significantly 
enhanced in 2015 with the adoption of advanced solid-phase assays, 
such as Luminex, which have revolutionized HLA antibody (Ab) 
screening and identification, particularly for class-II HLA Ag. Single 
Antigen Flow Bead (SAFB) assays enable precise, semi-quantitative 
detection of HLA Ab and acceptable HLA Ag, in accordance with 
national guidelines issued by the French Society of 
Histocompatibility and Immunogenetics (SFHI) [6].

The « virtual cross match » is routinely implemented in all 
transplant centers in France to decrease the duration of cold 
ischemia and the risk of delayed refusal for immunologic reasons 
[6]. The conditions for performing a pretransplant virtual 
crossmatch in an emergency are standardized by the national 
scientific committee of the Agence de la Biomédecine (official 
referral procedure 7 June 2016, 2016G-04 deliberation). HLA-C, 
-DP, and -DQa typing is now available for each deceased donor, 
which improves the pretransplant virtual crossmatch accuracy [6].

The aim of this study was to 1) evaluate the transplant activity of 
HS patients and 2) compare post-transplant outcomes of HS kidney 
transplant recipients according to whether they benefited from the 
French AMP or other allocation modalities for HS transplantation.

Materials and methods

Study design, endpoints, and populations

For all analyses, HS recipients were defined as those with peak 
cRF≥ 85% and current cRF >70%. Non-sensitized recipients were 
defined as those with current cRF 0% or without registered HLA 
antibodies. Moderately sensitized (MS) recipients were defined as 
those with peak cRF <85% and current cRF 1%–84% or peak 
cRF ≥85% and current cRF ≤70%. MS recipients were divided 
into two groups: group A, recipients with peak cRF <85% and 
current cRF <85%, and group B, recipients with peak cRF ≥85% and 
current cRF ≤70%.

Data on the kidney waiting list and transplant activity were 
available for HS and MS recipients from 2016 to 2024. Additionally, 
longitudinal analyses of new registrations from 2005 to 2024 by 
transplant number, sensitization, and age were available.

For the analysis of access to transplantation, we included 
candidates registered on the waiting list from 2016 to 2023. 
Candidates were stratified by transplant number (first vs. 
retransplantation) and sensitization (non-sensitized, peak 
cRF85%–97%, and peak cRF 98%–100%). Data for MS groups A 
and B are available in the Supplementary Materials.

For the post-transplant survival analysis, we included all 
adult single-organ kidney transplant recipients from DBDDs in 

France from 2016 to 2022, with a mean follow-up of 
45.5 months. The analysis focused on non-sensitized and HS 
recipients. Cox regression was restricted to HS recipients to 
ensure that the analysis focused on risk factors relevant to this 
population. HS recipients were stratified by allocation modality 
(AMP vs. non-AMP). In a supplementary analysis, HS non-AMP 
recipients were further divided into two groups: those with and 
without the presence of subsequently delisted preformed donor- 
specific antibodies (DSAs). Different survival outcomes were 
studied: death-censored graft loss and overall graft failure, 
including patient death.

For Supplementary Materials, the frequency of acute or chronic 
rejection frequency was calculated for HS AMP, HS non-AMP 
without DSA, and HS non-AMP with DSA recipients. Please 
note that this data entry is not exhaustive and the data quality is 
not audited.

Patients were followed until 1 January 2025.

Data collection and definition of variables

The French national transplant registry (CRISTAL, Agence de la 
Biomédecine, Saint-Denis, France) prospectively collects 
demographic, clinical, and laboratory data for all organ 
transplant recipients and donors in France, as well as transplant 
outcomes. Data are recorded at the time of registration (inclusion in 
the transplant waiting list), procurement, and transplantation and 
then annually thereafter. Data collection is mandatory, and research 
technicians double-check the completeness and accuracy of data. In 
accordance with French law, research studies based on this national 
registry are part of transplant assessment and do not require 
additional institutional review board approval. The database has 
been reported to the French National Commission on Computing 
and Liberty.

Donor estimated glomerular filtration rate (eGFR) values were 
estimated with the CKD-EPI formulas [7].

Statistical methods

Data are expressed as mean (SD, standard deviations) or median 
([IQ], interquartile ranges), depending on the data distribution or 
number (%, percentage). For the multivariate analysis, missing data 
were imputed to the least risky and most frequent category when 
possible: body mass index (<1%, 2 recipients) imputed to the 
median, missing HLA-DQ mismatches (<1%, 2 transplantations) 
imputed to 0, and donor hypertension (<1%, 17) imputed to no. A 
complete-case analysis was performed as a sensitivity analysis.

Access to kidney transplantation was estimated using the cumulative 
incidence function, with death or delisting for worsening condition 
treated as competing risks, and group comparisons performed with 
Gray’s test. Data were censored 3 years after registration or at the time of 
delisting for reasons other than worsening condition or kidney 
transplantation, whichever occurred first.

Post-transplant survival curves were estimated with the Kaplan- 
Meier method and compared with the log-rank test. Factors 
associated with post-transplant failure were assessed with 
multivariable Cox proportional-hazards models. Candidate 
covariates for multivariable analysis were selected by an 
adjustment strategy that combined statistical and clinical 
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considerations. Variables associated with the outcome at p < 0.20 in 
univariable analyses, along with those deemed clinically relevant 
based on transplant expertise and the literature, were considered for 
inclusion in the multivariable model. A stepwise selection procedure 
with a large p-value threshold (p < 0.20) was used to derive the final 
model while ensuring retention of clinically important covariates. 
The hazard ratio (HR) for the outcome with continuous variables 
was explored graphically with restricted cubic splines; graphs were 
defined according to spline plots and clinical relevance. The primary 
objective was to estimate the total effect of the AMP protocol on 
post-transplant outcomes. Consequently, we excluded variables 
considered potential mediators of this effect, including HLA 
matching, DSAs, and cold ischemia time from the adjustment set 
to avoid overadjustment. Adjustment for these variables could have 
accounted for mechanisms by which the AMP exerts its effect on 

outcomes. The selection of adjustment variables was guided by a 
prespecified causal framework, summarized in a directed acyclic 
graph (Supplementary Figure S1).

Statistical analyses were performed with SAS enterprise guide 
9.3 (SAS Institute, Cary, NC, USA). All p-values were two-tailed and 
p < 0.05 was considered statistically significant.

Results

Kidney waiting list and transplant activity of 
HS recipients

From 2016 to 2025, the number of HS patients active on the 
kidney waiting list decreased from 2,024 to 1,866 (from 28% to 17%, 

TABLE 1 Kidney transplantation allocation pathways for highly sensitized (HS) candidates and the approximate share of kidney transplants for each.

Allocation pathway Approximate share Priority level Description

Full HLA match (A, B, DR)*,** ~7% Priority #1 Allocation to recipients with full HLA A, B, DR match with 

the donor

Acceptable mismatch program (AMP)*, ** ~47% Priority #2 Access to grafts with each HLA mismatch considered 

“acceptable” based on individual antibody profiles (SAFB 

profile) and ≤4 HLA-A, -B, -DR, and -DQβ mismatches

≤1 HLA mismatch (A, B, DR)*,** ~9% Priority #3 For recipients with ≤1 mismatch among HLA-A, -B, 

and -DR

Score-based allocation ~25% Standard Allocation according to the national scoring system that 

integrates waiting time, age matching, HLA matching, and 

sensitization factors such as PMD.

Other and combined graft ~6%

Living donor ~6%

*Age matching: the donor is not >15 years younger if the recipient is ≥50 years old).
**Blood group exemptions: restricted blood group exemption in group A for AB HS, candidates and in group O for B HS, candidates as soon as the cRF, reaches 85%; ABO, compatible 
exemption for all HS, candidates when the cRF, reaches 95%.
Remark: Non-AMP, recipients belong to Priority #1, Priority #2, and Standard Score-based Allocation.
HLA: human leukocyte antigen; PMD: potential matched donor; SAFB: single antigen flow beads.

TABLE 2 French acceptable mismatch program.

Eligible patient criteria

• Waiting time >18 months 

• Peak cRF >85%, based on results from SAFB assays; current cRF >70% 

• List of acceptable HLA mismatches based on both current and historical sera, with normalized MFI of less than 500, updated every 3 months in the CRISTAL database

Kidney offer conditions

• If the recipient is >50 years, the donor must not be >15 years younger than the recipient 

• Restricted derogation to group A for AB patients and to group O for B patients is granted once cRF reaches 85%. Derogation to group O for A and AB recipients is allowed only 

when cRF ≥95% 

• Institutional minimum match criteria must be fulfilled, especially regarding the number of HLA class-II mismatches: ≤4 HLA-A, -B, -DR, or -DQβ mismatches, ≤1 HLA-DQβ 

mismatch, and ≤1 HLA-DR mismatch 

• Each mismatch at HLA-A, B, DR, or DQβ must be acceptable 

• Negative pretransplant virtual crossmatch required before kidney graft transfer 

• Negative T and B cell crossmatch required before kidney transplantation

cRF: calculated reaction frequency; HLA: human leukocyte antigen; MFI: mean fluorescence intensity.
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Figure 1; Supplementary Table S1; MS recipients in Supplementary 
Table S2; reasons for delisting in Supplementary Table S3). Annual 
new registrations also decreased steadily, representing a decline 
from 17% to 9%. These decreases were observed without any 
modification to the method used to calculate cRF. The total 
number of transplants ranged from 331 to 560 annually, with a 
marked decline after 2019. Transplants were mainly from DBDD; 
living donor and controlled donation after circulatory 
determination of death represented a small but stable minority 
throughout the period. When restricting the analysis to new 
registration candidates to avoid the effect of long-waiting patients 
with very high cRF, we found a reduction in the number of eligible 
HS candidates as first-transplant (−35%) and retransplant patients 
(−43%) (Figure 2A). This decrease in proportion was more 
pronounced for male than female candidates (−55% vs. −27%).

Among prevalent patients actively listed on January 1 of each 
year, the clinical characteristics differed significantly between HS 
and non-sensitized candidates. The distribution of sensitization 
levels varied markedly across recipient subgroups (Figure 2B; 
Supplementary Figure S2). Non-sensitized recipients 
predominated among first transplant candidates and preemptive 
recipients, whereas HS patients (HS 98%–100%) were 
overrepresented among retransplantation and long-term dialysis 
(>2 years) groups. Moderate sensitization (MS) and intermediate 
highly sensitization (cRF 85%–97%) accounted for substantial 
proportions in female and male recipients as well as those with 
1–2 years of dialysis. Overall, retransplantation and prolonged 
dialysis were associated with an increased burden of sensitization 
as compared with first transplants or shorter dialysis exposure. 
Accordingly, retransplantation accounted for 69% of listings 
among HS candidates versus only 12% among non-sensitized 
candidates. Women represented 57% of HS candidates versus 
34% of non-sensitized candidates. Furthermore, 36% of HS 
patients had been on dialysis for >2 years versus 21% of non- 
sensitized candidates.

Longitudinal analyses of new registrations are in Supplementary 
Figures S3–S5.

Access to kidney transplantation

The cumulative incidence of kidney transplantation varied 
markedly by cRF level and transplant number (p < 0.001) 
(Figure 3). Non-sensitized recipients showed the highest 
access to transplantation: 49% [49–50] at 36 months. 
Among HS recipients, those with peak cRF 85%–97% 
undergoing a first transplant had comparable access: 52% 
[50–55] transplanted at 36 months. In contrast, retransplant 
candidates with peak cRF 85%–97% had lower access at 43% 
[40–45]. Outcomes were poorest for patients with peak cRF 
98%–100%: 24% [21–28] for first transplants and only 14% 
[12–16] for retransplants at 36 months. Overall, access 
decreased with higher cRF and was consistently lower with 
retransplantation versus first transplantation. We note a clear 
inflection in the access curve at about 18 months after waitlist 
registration, corresponding to the time when patients become 
eligible for the national AMP. Notably, despite substantial 
differences in access to transplantation, the cumulative 
incidence of delisting for death or worsening condition 
remained low across sensitization categories at 36 months, 
from 8% [7–10] to 10% [8–13] frequencies. The cumulative 
incidence of delisting for death or worsening condition is 
detailed in Supplementary Figure S6. The cumulative incidence 
of kidney transplantation for MS group A and B is detailed in 
Supplementary Figure S7.

Post-transplant survival analysis

From 2016 to 2022, 2,985 single-organ kidney transplantations 
were performed in adult HS recipients from DBDDs in France 
(Supplementary Figure S8).

FIGURE 1 
Waiting list and transplant activity of highly sensitized (HS) patients.
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Known risk factors for graft failure were not equally distributed 
between non-sensitized and HS recipients or between AMP and 
non-AMP recipients (Supplementary Table S4).

As compared with non-sensitized recipients, HS recipients 
were more frequently younger, female, undergoing 
retransplantation, and on dialysis; they more frequently had 
blood group B and a longer dialysis duration. They less often had 
a body mass index >30 kg/m2, comorbidities, and a diabetic 
cause for end-stage kidney disease. They more often received 
right-side kidneys, received kidneys from donors who were 45– 
69 years old, had died from vascular causes, and had blood group 
O, and more often had longer cold ischemia times than non- 
sensitized recipients.

As compared with HS non-AMP recipients, HS AMP recipients 
were older and had more comorbidities. They were less often pre- 

emptive but had shorter dialysis duration. HS AMP recipients more 
often received kidneys from older donors and had longer cold 
ischemia times. Non-AMP recipients more often had previous 
history of kidney transplants, more frequently a peak cRF of 
99%–100% (26% vs. 14%), and transplantations with more HLA 
mismatches.

Overall survival death censored rates were comparable 
for HS AMP and non-sensitized recipients during follow-up, 
with no significant difference on log-rank testing (p = 0.1185) 
(Figure 4). In contrast, survival was significantly lower 
among HS non-AMP than HS AMP recipients (p = 0.0125). 
Kidney graft survival with death censored for MS groups A 
and B is detailed in Supplementary Figure S9. 
Patient survival by sensitization is detailed in 
Supplementary Figure S10.

FIGURE 2 
Characteristics of patients by sensitization. (A) Evolution of highly sensitized (HS) patients newly registered; analysis by transplant number and sex. (B) 
Distribution of patients on the waiting list on January 1, 2024 by sensitization status: analysis by transplant number and sex.
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After adjustment for donor and recipient characteristics with a 
Cox model, risk of graft failure was associated with HS non-AMP 
allocations (HR 1.19 [95% CI 1.04–1.36]; 1.31 (95% CI 1.08–1.59) 
with death censored; Supplementary Figure 11 and Figure 5). Three 
sensitivity analysis were performed. First, a complete-case analysis 
excluded transplants with missing data for 1,398 HS non-AMP and 
1,553 HS AMP recipients. The risk of graft failure was associated 
with HS non-AMP allocations (HR 1.19 [95% CI 1.04–1.36]; 
1.30 [95% CI 1.07–1.58] with death censored). Second, we added 
a center effect. Again, the risk of graft failure was associated with HS 
non-AMP allocations (HR 1.17 (95% CI 1.02–1.34]; 1.28 [95% CI 
1.05–1.55] with death censored). Finally, in an analysis restricted to 
right-side donor donation, the risk of graft failure was associated 
with HS non-AMP allocations (HR 1.20 [95% CI 1.01–1.42]; 
1.31 [95% CI 1.04–1.65] with death censored). Other 
independent predictors of death-censored graft loss included 
young recipient age, high body mass index, multiple 
comorbidities, dialysis ≥3 years, transplant number ≥2, older 
donor age, donor hypertension, and low donor eGFR.

The kidney graft survival with death censored for HS AMP, HS 
non-AMP without DSA, and HS non-AMP with DSA recipients is 
detailed in Supplementary Figure S12. Acute or chronic rejection 
frequency for HS AMP, HS non-AMP without DSA, and HS non- 
AMP with DSA recipients is detailed in Supplementary Table S4.

Discussion

This study demonstrates that improved death-censored graft 
survival in HS patients is achieved with the French AMP, 
offering post-transplant survival comparable to that for non- 
HS recipients transplanted under the standard allocation 
scheme. Despite an increased risk of rejection, HS recipients 
transplanted under the AMP achieved significantly better 5-year 
graft survival than HS patients transplanted outside the AMP, 
without additional desensitization strategies. At comparable cRF 
levels, HS AMP candidates awaiting a first transplant had better 
access to transplantation than those awaiting retransplantation, 
which reflects higher class-II HLA immunization and fewer 
permissible class-II HLA Ag in the latter group. The profile 
of patients who benefited most from access programs included 
candidates with common HLA phenotypes with cRF >97%, first- 
transplant recipients, patients with lower class-II HLA 
sensitization, particularly against HLA-DQβ Ag, and those 
with a greater number of permissible mismatches in class-II 
HLA, including DR and DQβ. In contrast, HS non-AMP patients 
more frequently had a history of prior kidney transplantation. 
This observation reflects listing for retransplantation commonly 
being associated with increased class-II HLA immunization and 
DSAs. In this context, selected patients might be under an 

FIGURE 3 
Cumulative incidence of access to transplantation by sensitization status and transplant number.
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immunologic forgiveness policy to facilitate access to a 
subsequent graft.

Over the past 10 years, the proportion of HS patients on the 
active waiting list decreased markedly, from 29% to 17%. This 
improvement is mainly the result of two combined factors.

The first factor is better HLA matching strategies, especially the 
emphasis on high-quality class-II matching, which is included in our 
French National Kidney Allocation Score and is strongly weighted 
for younger recipients. This strategy, implemented since the 
nationalization of the kidney allocation score [3], helps reduce 
the creation of hyperimmunized patients after a previous graft 
failure by introducing immunologic sparing for the youngest 
recipients. HLA compatibility, particularly class-II HLA, carries a 
high coefficient in the score, especially for the youngest patients; the 
weight then decreases with recipient age. By promoting HLA class-II 
matching among young adult recipients, the number of 
hyperimmunized re-registrants has been limited and post- 
transplant sensitization reduced.

The second factor in the reduced proportion of HS patients on 
the active waiting list is improved allelic resolution of anti-HLA 
antibody testing and donor HLA typing and, a better 
interpretation based on SFHI and European Federation for 
Immunogenetics recommendations [8]. Recent 
recommendations have helped refine HLA antibody 
characterization by encouraging high-resolution, allele-level 

analysis while maintaining a critical approach to the risk of 
false-positive SAFB results, particularly via the evaluation of 
autoreactivity and assay artefacts [9–14]. These guidelines also 
emphasize avoiding the blanket exclusion of all DQβ Ag carrying 
a given DQα epitope and instead recommend focusing on the 
corresponding frequent (haplotype-based) DR-associated 
specificities in the presence of clinically relevant anti-DQα 
reactivity. Additional measures, such as improved technical 
standardization across laboratories, reduction of inter-assay 
variability, and the use of epitope-based interpretation tools, 
have been implemented, thereby enhancing the accuracy of 
unacceptable Ag assignment [12].

Collectively, these advances have substantially reduced the 
number of listed unacceptable HLA Ag and, consequently, the 
proportion of candidates classified as HS. These developments 
could be effectively implemented with the national adoption of 
the pretransplant virtual crossmatch, which serves as the final and 
essential safety check before accepting a graft. This implementation 
was facilitated by the integration, within the CRISTAL donor- 
management platform, of allele-level donor HLA typing together 
with national guidelines defining interpretation criteria and 
technical warning thresholds [6].

The French experience can be viewed as a succession of major 
immunologic milestones: 1) nationwide implementation of SAFB- 
based unacceptable Ag in 2009; 2) introduction of a cRF directly 

FIGURE 4 
Kidney graft survival with death censored in highly sensitized (HS) Acceptable Mismatch Program (AMP) recipients and HS non-AMP recipients vs. 
non-sensitized recipients (observation end date: January 1, 2025, Kaplan-Meier method).
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derived from SAFB-defined unacceptable Ag in late 2009; 3) 
incorporation of anti-HLA-DQ antibodies into kidney allocation 
and cRF calculation in 2009; 4) introduction of the new French 
Kidney Allocation System in 2015 with improved HLA matching, 
particularly for younger recipients; 5) nationwide implementation of 
virtual crossmatch and intermediate/high-resolution HLA typing 
from 2016 onward; and 6) progressive refinement of antibody 
interpretation by the exclusion of denatured HLA antibodies and 
isolated allele-specific sensitizations. Together, these successive 
developments likely explain why France experienced an early 
increase in the proportion of HS candidates, followed by a 
sustained decline over the last few years. Future changes in 
national consensus regarding the integration of anti-HLA-Cw 
and -DP antibodies into cRF calculation and the allocation 
algorithm for HS patients may again modify the epidemiology 
of HLA sensitization, particularly among retransplant 
candidates.

Although the cRF remains the cornerstone indicator for defining 
immunologic sensitization and access to national priority, it does 
not fully capture the structural difficulty of identifying a compatible 

donor for a given candidate. In this respect, complementary 
indicators such as the PMD, which estimates the number of 
compatible and well-matched donors among actually utilized 
deceased donors in recent years, provide additional insight into 
real-world transplantability. Patients with similar cRF values may 
exhibit markedly different PMD profiles, reflecting differences in 
HLA phenotype frequency and compatibility constraints. This 
distinction is particularly relevant for candidates with rare HLA 
phenotypes or limited acceptable mismatches, who may remain 
disadvantaged despite comparable cRF levels.

HS patients with a cRF >85% but <98% have good access to 
kidney transplantation. Their transplant rate increases markedly 
after 18 months on the waiting list and eventually reaches that of 
non-immunized first transplant candidates. Among candidates with 
cRF 98%–100%, most are awaiting retransplantation. Of the quarter 
of candidates who are first-transplant patients, most are women 
sensitized (90%) through pregnancy and/or transfusion, with broad 
class-I HLA immunization. In this group, first-time registrants have 
higher transplant rates, reaching 24% by 3 years. Overall, patients 
with common HLA phenotypes, particularly first-transplant 

FIGURE 5 
Forest plot of risk factors of kidney graft survival in the highly sensitized recipient cohort with death censored (Cox model, observation end date: 
January 1, 2025).
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candidates, including women, benefit most, because they have fewer 
unacceptable class-II Ag and more acceptable mismatches, 
especially regarding HLA-DQβ Ag. Finally, the AMP program 
also addresses sex inequities, because women are more frequently 
sensitized than men.

After adjustment, risk of death-censured graft failure was 31% 
higher for HS non-AMP than HS AMP recipients. Other significant 
risk factors included young recipient age, high body mass index, 
multiple comorbidities, prolonged dialysis duration (>3 years), 
retransplantation, and older donors with hypertension. Young 
recipient age has consistently emerged as a risk factor in 
numerous studies, because immune responsiveness tends to be 
more vigorous in younger individuals and this group also has a 
higher likelihood of non-adherence. Cold ischemia time also plays 
an important role, as it does in all kidney transplants, by inducing 
damage-associated molecular patterns via ischemia–reperfusion 
injury, leading to the overexpression of HLA Ag on endothelial 
cells. Moreover, recent mechanistic reviews highlight that ischemia– 
reperfusion injury triggers endothelial activation and complex 
innate–adaptive immune interactions that contribute to both 
acute and antibody-mediated rejection in kidney 
transplantation [15].

The French allocation framework has historically embedded the 
principle that priority for HS candidates should be granted only 
when the proposed transplant is expected to carry an acceptable 
immunologic risk and outcomes comparable to those observed 
under standard allocation rules. Therefore, national priority has 
never been conceived as an unconditional advantage but rather as a 
mechanism to restore equity while preserving optimal graft utility. 
In this context, the AMP fits precisely within this regulatory 
philosophy because it is able to expand donor options: it allows 
for improved access for difficult-to-match candidates without 
increasing rejection risk or compromising long-term graft 
survival. Several notable differences distinguish the French AMP 
from the Eurotransplant AMP. Both rely on a cRF threshold of 85% 
based on real donor data, although the Eurotransplant AMP is 
accessible after 2 years of waiting time on dialysis and centralizes 
eligibility assessment within a single reference laboratory in Leiden, 
where the immunologic profile is determined not just from SAFB 
testing but also includes the HLA Matchmaker [1, 16, 17]. This 
algorithm identifies acceptable Ag predicted to carry a very low risk 
of de novo DSAs formation, based on shared or non-permissive 
eplets, whereas the French AMP prioritizes identifying donors 
without any historical or current DSA on the day of 
transplantation. Despite these methodological differences, 
outcomes remain excellent in both programs, as shown in the 
most recent Eurotransplant reports [11, 18, 19]. A final 
distinction is that the French AMP does not incorporate anti- 
HLA-Cw or -DP antibodies in its exclusion criteria because of 
the lack of national consensus on their interpretation, particularly 
given the high proportion of false-positive anti-HLA-Cw results in 
first kidney transplant candidates [10, 20]. These antibodies are 
instead managed at the time of organ offer via pretransplant virtual 
crossmatch assessment and, when necessary, confirmatory 
cellular testing.

Nevertheless, a subset of candidates remains poorly served by 
current allocation strategies, including those with extremely high 
cRF values combined with rare HLA phenotypes, absence of 

common linkage-disequilibrium haplotypes, or homozygosity at 
multiple HLA loci. For these patients, even acceptable mismatch– 
based approaches may fail to generate compatible offers. These 
limitations underscore the need to shift the focus upstream, by 
preventing the emergence of such extreme immunologic profiles via 
improved HLA matching, particularly at the class-II level, beginning 
at the time of the first transplant for the youngest recipients. In the 
future, the number of such patients could be reduced if a minimum 
level of HLA class-II compatibility, or the inclusion of less 
immunogenic class-II matching, is systematically implemented in 
standard allocation systems. Another elegant approach would be to 
preferentially allocate both kidneys from a single donor with 
homozygous HLA class-II typing to HS candidates with cRF 
99%–100% who have been on dialysis for several years. From the 
French CRISTAL Registry, we found 193 DBDDs aged 18–65 years 
who matched this hypothesis from 2021 to 2023. An analysis of the 
fate of these “golden” grafts showed that a significant proportion are 
often transplanted locally to less sensitized recipients with few or no 
years on dialysis, even though, because of the homozygous HLA DR- 
DQβ haplotype, the graft may represent the only compatible organ 
for HS patients waiting for >5 years.

Recent recommendations have also proposed strategies for these 
long-waiting patients without an immediately compatible donor, 
including immunologic forgiveness policies (Ag delisting after 
antibody decline or disappearance over time or antibodies that 
do not activate complement) [21, 22] or carefully monitored 
desensitization protocols [23, 24], based on simulations from 
deceased donor databases. Indeed, HS non-AMP recipients are at 
increased immunologic risk and require more intensive 
immunosuppressive regimens, with associated infectious or 
oncologic complications, yet outcomes remain acceptable, 
providing a viable option when no alternative is available.

A key limitation of this study is its observational design, which 
precludes definitive causal inference and leaves the possibility of 
residual confounding despite adjustment for measured covariates. 
In addition, mechanistic interpretations should be approached with 
caution because the present analysis could not reliably assess 
rejection episodes, DSAs, de novo DSAs, or immunologic causes 
of graft loss comprehensively. The CRISTAL registry, managed by 
the Agence de la biomédecine, offers nationwide coverage of organ 
allocation and transplantation activity in France but is primarily 
designed to support allocation processes and long-term outcome 
monitoring rather than detailed clinical research. As a result, 
although the registry includes fields for acute and chronic 
rejection, antibody-mediated rejection, and cellular rejection, with 
or without DSAs, completion of these fields is not mandatory and 
the data quality is not subject to the same level of control as 
allocation-related data. Likewise, the specific cause of graft loss is 
incompletely recorded. Consequently, the reporting of immunologic 
complications is not exhaustive, which limits the robustness of any 
mechanistic analysis between preformed sensitization and graft 
outcomes. To further explore this issue, we performed an 
additional analysis by the presence of historical preformed DSAs 
that had been subsequently removed from the list of unacceptable 
antigens during the waiting period. This analysis showed a 
significant difference in death-censored graft survival between HS 
AMP recipients, HS non-AMP recipients without such historical 
DSA, and HS non-AMP recipients with historical DSAs, with 5-year 
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death-censored graft survival rates of 85.6% [83.4–87.5], 81.7% 
[79.0–84.0], and 75.4% [61.2–85.0], respectively (p = 0.024). In 
addition, among graft losses for which rejection was reported as 
acute or chronic, the corresponding proportions were 30%, 38%, 
and 43%, although these data should be interpreted with caution 
given incomplete reporting. Taken together, these findings are 
consistent with a possible role of immunologic memory and 
preformed DSAs, but they do not allow firm mechanistic 
conclusions.

In conclusion, the French AMP represents a major advancement in 
kidney transplantation for HS patients, substantially improving their 
access to suitable donors while maintaining post-transplant outcomes 
comparable to those of non-sensitized recipients. More broadly, our 
findings illustrate that acceptable mismatch–based allocation represents 
an effective compromise between equity and utility. By selectively 
expanding donor compatibility while maintaining stringent 
immunologic safety criteria, the AMP restores access to 
transplantation for HS candidates without compromising graft 
outcomes. This balance is particularly critical in systems in which 
organ scarcity mandates that increased equity for disadvantaged 
patients must not come at the expense of predictable graft failure. By 
facilitating transplantation for women, who are disproportionately 
represented among HS candidates due to prior pregnancies, the 
program also contributes to reducing sex-related inequities in organ 
allocation [25]. More broadly, these results underscore that the most 
effective long-term strategy remains careful immunologic management 
at the time of transplantation, particularly through high-quality HLA 
class-II matching in young recipients, which minimizes alloimmune risk 
and maximizes graft longevity. Overall, the AMP exemplifies how 
tailored allocation policies, informed by precise immunologic 
profiling, can optimize both equity and clinical outcomes in 
transplantation.
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Bortezomib has been proposed as a treatment for antibody-mediated rejection 
(AMR) after kidney transplantation; however, its efficacy remains uncertain. We 
conducted a multicenter, randomized, open-label trial in France between 
February 2015 and July 2019 in adult kidney transplant recipients with late 
active AMR associated with de novo donor-specific antibodies (dnDSA). Sixty 
of the planned 100 patients were randomized 1:1 to receive standard-of-care 
consisting of corticosteroids, plasmapheresis, and intravenous immunoglobulin, 
either alone or with bortezomib administered as two cycles of four infusions. The 
primary endpoint was a composite of a >50% reduction in immunodominant DSA 
mean fluorescence intensity and stabilization or improvement of microvascular 
inflammation and transplant glomerulopathy on graft biopsy at 12 months. This 
endpoint was achieved in 40.0% of patients receiving bortezomib and 33.3% 
receiving standard-of-care alone in the intention-to-treat analysis (RR = 1.20, 95% 
CI 0.61–2.34; p = 0.59), and in 50.0% and 42.1%, respectively, in the per-protocol 
analysis (RR = 1.19, 95% CI 0.60–2.36; p = 0.62). Neither component differed 
between groups. Serious adverse events occurred in 23 patients (76.7%) receiving 
bortezomib and 14 patients (46.7%) receiving standard-of-care alone (p = 0.017). 
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Adding bortezomib did not demonstrate a significant efficacy benefit and was 
associated with a higher incidence of serious adverse events (ClinicalTrials.gov
number: NCT02201576).
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antibody-mediated rejection, bortezomib, donor-specific antibodies, 

immunosuppression, kidney transplantation

Introduction

Within ten years of kidney transplantation, up to 25% of 
recipients develop de novo donor-specific antibodies (dnDSA), 
most of which are class II anti-human leukocyte antigen (HLA) 
antibodies [1]. The occurrence of dnDSA is associated with a 40% 
reduction in 10-year graft survival [2] and can trigger active or 
chronic active antibody-mediated rejection (AMR). These late AMR 
episodes frequently occur subclinically several years post- 
transplantation, unlike AMR associated with pre-existing donor- 
specific antibodies [3]. They are now considered one of the leading 
causes of long-term graft failure [4, 5].

To date, no approved treatments exist for AMR. The most 
widely accepted standard-of-care consists of corticosteroids, 
plasmapheresis, and intravenous immunoglobulin (IVIg), 
although this approach is supported by low-quality evidence. 
Several additional therapies are frequently used by transplant 
centers as adjuncts to standard-of-care including anti-CD20 
monoclonal antibodies (mAb), complement inhibitors, anti-IL- 
6 antibodies, and plasma cell-targeting agents, for which evidence 
also remains low and anecdotal.

Among plasma cell-targeting therapies, bortezomib, a 
proteasome inhibitor indicated for multiple myeloma, has been 

proposed to treat AMR because of its ability to induce apoptosis 
of plasma cells, which produce anti-HLA antibodies. Uncontrolled 
studies have shown contrasting results with bortezomib in the 
context of pre-transplant desensitization [6–9].

Small-scale, single-center retrospective studies conducted in 
patients with AMR have reported reductions in 
immunodominant DSA (idDSA) following bortezomib 
treatment [10, 11], whereas others have found no such effect 
[12, 13]. Thus, no definitive conclusions can be drawn regarding 
its effect on AMR outcomes. More recently, the randomized 
BORTEJECT study demonstrated no benefit of bortezomib 
monotherapy over placebo in slowing the decline of 
glomerular filtration rate (GFR) in patients screened for DSA 
and displaying biopsy-proven AMR [14]. However, in that 
study, bortezomib was used as monotherapy.

To better assess the role of bortezomib, our objective was to 
perform a randomized controlled trial in a homogeneous cohort of 
kidney transplant recipients with active AMR and dnDSA. 
Specifically, we evaluated the efficacy of adding bortezomib to 
standard-of-care, including plasmapheresis, corticosteroids, and 
IVIg. We hypothesized that proteasome inhibitor therapy could 
be beneficial when combined with interventions targeting 
circulating alloantibodies (plasmapheresis and IVIg), while 
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corticosteroids may enhance the pro-apoptotic effects of proteasome 
inhibitor therapy on plasma cells.

Materials and methods

Study design

The last version of the protocol is available in Supplementary 
Material. A randomized controlled, non-blinded multicenter 
superiority trial was conducted at 15 centers in France between 
February 12, 2015, and July 25, 2019. Among the centers, 11 sites 
enrolled patients including Paris (three sites), Lyon, Nantes, 
Toulouse, Montpellier, Suresnes, Créteil, Strasbourg, and Amiens. 
Eligible patients were randomized in a 1:1 ratio to receive 
bortezomib or to the standard-of-care group using a centralized 
web-based randomization system (CleanWebTM; Telemedicine 
Technologies SAS, France). Randomization occurred after AMR 
was confirmed by an inpatient hospital transplant biopsy, eligibility 
criteria were checked, and informed consent was obtained. 
Randomization was stratified according to the center and type of 
rejection, clinical or subclinical. AMR was classified as clinical if the 
biopsy was performed for graft dysfunction or new-onset 
proteinuria, and subclinical if performed as a screening biopsy or 
in response to the detection of dnDSA.

Inclusion and exclusion criteria

Patients were included if they met the following criteria: i) 
aged at least 18 years, ii) had received a first or second ABO- 
compatible kidney transplant either from a deceased donor 
after brain death or circulatory death, or from a living 
donor, performed at least 90 days earlier, iii) presence of one 
or more dnDSAs, iv) evidence of microvascular inflammation 
(sum of glomerular inflammation (g score) and peritubular 

capillary inflammation (ptc score), g + ptc ≥2), and chronic 
glomerulopathy (cg score <3) on graft biopsy, and v) provided 
prior written informed consent. Female patients of childbearing 
potential were required to have a negative pregnancy test on the 
day of enrollment, and all participants (male and female) were 
required to use at least one effective contraceptive method 
before the initiation of treatment, throughout treatment and 
for the duration of the study. Patients with concomitant 
borderline lesions or T-cell-mediated rejection, 
corresponding to mixed rejection phenotypes, were eligible 
for inclusion.

Exclusion criteria were as follows: i) presence of a DSA 
before or at the time of transplantation, ii) patients receiving 
a third or fourth kidney transplant, iii) receiving combined 
transplantation with a non-renal organ, iv) previous history 
of AMR during the current transplantation, v) severe graft 
dysfunction, defined as an estimated GFR (eGFR) < 20 mL/ 
min/1.73 m2, vi) severe histological lesions of chronic AMR, 
defined by the cg score of 3/3, vii) severe neuropathy or 
hematologic disturbances (platelet count <100 × 109/L or 
absolute neutrophil count <1,000 × 106/L), viii) active 
uncontrolled infection, chronic active hepatitis B or C, or 
HIV infection, ix) severe hepatic impairment or abnormal 
liver function tests, and x) acute diffuse infiltrative 
pneumonitis or pericardial involvement. Patients unable to 
understand or comply with the study protocol, as well as 
those enrolled in another therapeutic trial or within its 
exclusion period, were also excluded.

Study intervention

All patients initially received five plasma exchange sessions 
within 10 days of inclusion. During this period, maintenance 
immunosuppression was adjusted, if necessary, to include 
prednisone (10 mg/day), mycophenolate mofetil (500 mg twice 

TABLE 1 Study treatment protocol.

Treatment 
component

Bortezomib group Standard-of-care group

Plasma exchange Five sessions within 10 days after inclusion

Maintenance 

immunosuppression

Prednisone 10 mg/day; mycophenolate mofetil 500 mg twice daily or mycophenolate sodium 

360 mg twice daily; tacrolimus (target trough level 6–10 ng/mL)

Same protocol, adjusted if necessary

Bortezomib Two cycles, each consisting of four intravenous injections of 1.3 mg/m2 administered every 

3 days, repeated after 3 weeks

-

Dexamethasone 20 mg orally on each day of bortezomib administration 20 mg orally, four doses every 3 days, repeated 

after 3 weeks

Intravenous immunoglobulin 

(IVIg)
Four infusions of 2 g/kg at 3-week intervals

Infection prophylaxis Cotrimoxazole and valaciclovir for 6 months after inclusion

Treatment discontinuation Temporary: neutropenia, thrombocytopenia, abnormal liver function tests, or neuropathy. Permanent: patient withdrawal, severe irreversible 

toxicity, or graft failure requiring dialysis

Follow-up 12 months
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daily) or mycophenolate sodium (360 mg twice daily), and 
tacrolimus with target trough levels of 6–10 ng/mL (Table 1).

Patients in the bortezomib group received two cycles of 
intravenous bortezomib, each consisting of four injections 
(1.3 mg/m2 every 3 days), administered at three-week intervals. 
In addition, these patients received oral dexamethasone (20 mg) on 
each day of bortezomib administration and four IVIg infusions 
(2 g/kg body weight) at three-week intervals. Patients in the 
standard-of-care group received dexamethasone according to the 
same schedule as the bortezomib group (20 mg orally, four doses 
every 3 days, repeated after 3 weeks) along with four IVIg infusions 
(2 g/kg body weight) at three-week intervals. The planned follow-up 
duration was 12 months (Table 1).

All patients received prophylaxis with cotrimoxazole and 
valaciclovir for 6 months after inclusion to prevent Pneumocystis 
jirovecii, herpes simplex virus, and varicella-zoster virus infections. 
The bortezomib treatment was temporarily discontinued in the 
event of toxicity including neutropenia, thrombocytopenia, 

abnormal liver function tests and/or neuropathy. Permanent 
discontinuation was required in cases of voluntary withdrawal by 
the patient, severe irreversible toxicity and/or terminal graft 
dysfunction requiring return to dialysis.

Outcome measures

The primary endpoint was a composite of two conditions 
assessed at 12 months: i) a >50% decrease from baseline in the 
mean fluorescence intensity (MFI) of the idDSA and, ii) stabilization 
or improvement of histological AMR lesions on the 12-month 
biopsy, defined as a difference in MVI score, defined as g + 
ptc, ≤1, and in cg score <1 compared with baseline. This 
composite endpoint was chosen to capture both immunological 
and histological responses to treatment.

Secondary endpoints included: i) each component of the 
primary endpoint analyzed separately, ii) in patients with 
multiple DSA, relative change from baseline in the MFI of each 

FIGURE 1 
Study flowchart.
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TABLE 2 Baseline characteristics.

Variable Bortezomib group (n = 30) Standard-of-care group (n = 30)

Sex

Male 14 (46.7) 26 (86.7)

Female 16 (53.3) 4 (13.3)

Age at inclusion (years) 44.4 ± 13.8 51.3 ± 13.0

Type of nephropathy

Diabetic 0 (0.0) 6 (20.0)

Hypertensive 1 (3.3) 2 (6.6)

Polycystic kidney disease 4 (13.3) 3 (10.0)

Pyelonephritis or chronic interstitial nephritis 4 (13.3) 3 (10.0)

Glomerulonephritis 11 (36.7) 11 (36.7)

Other 5 (16.7) 3 (10.0)

Unknown 5 (16.7) 2 (6.7)

Rank of transplantation

First transplant 26 (86.7) 30 (100.0)

Second transplant 4 (13.3) 0 (0.0)

Duration at inclusion since transplantation (months) 76 [25: 104] 76 [30: 111]

Donor type

Living 8 (26.7) 6 (20.0)

Deceased (brain death) 21 (70.0) 21 (70.0)

Deceased (circulatory death) 1 (3.3) 3 (10.0)

History of TCMR before inclusion 1 (3.3) 4 (13.3)

Renal function at inclusion

Serum creatinine (µmol/L) 149.2 ± 61.0 149.7 ± 50.4

eGFR (mL/min/1.73 m2) 44.0 ± 14.6 47.5 ± 19.3

Urine protein/creatinine ratio (g/g)* 0.48 [0.11: 0.73] 0.23 [0.11: 1.20]

Maintenance immunosuppression at inclusion

Corticosteroid (prednisone) 24 (80.0) 24 (80.0)

Ciclosporin 6 (20.0) 6 (20.0)

Tacrolimus 18 (60.0) 18 (60.0)

No ciclosporin or tacrolimus 6 (20.0) 6 (20.0)

Azathioprine 0 (0.0) 1 (3.3)

Mycophenolate† 30 (100.0) 27 (90.0)

No mycophenolate or azathioprine 0 (0.0) 2 (6.7)

Sirolimus 1 (3.3) 1 (3.3)

Everolimus 2 (6.7) 2 (6.7)

No sirolimus or everolimus 27 (90.0) 27 (90.0)

eGFR; estimated glomerular filtration rate, TCMR; T-cell-mediated rejection, SD; standard deviation. Data are presented as n (%) for categorical variables, mean ± SD, for normally distributed 
variables, or median [Q1: Q3] for non-normally distributed variables.
*Missing data for urine protein-to-creatinine ratio: bortezomib group n = 10 and standard-of-care group n = 4.
†Data were unavailable for one patient in the standard-of-care group.
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DSA and in the cumulative MFI, iii) change in DSA MFI after 
6 months, iv) histological changes between baseline and 12-month 
biopsies, including acute and chronic lesions according to the latest 
Banff criteria, v) changes over 12 months in proteinuria (24-h 
excretion and urine protein/creatinine ratio), serum creatinine 
and eGFR (Modification of Diet in Renal Disease (MDRD) 
formula), and vi) patient and graft survival at 12 months. Safety 
was assessed throughout treatment and during the 12-month follow- 
up, with a focus on hematologic, hepatic, neurologic (including 
neuropathy) and infectious adverse events.

Data collection

For histopathological assessment, all available baseline/ 
screening and 12-month kidney biopsy slides were centrally 
reviewed at the pathology laboratory of Hôtel Dieu de Nantes by 
an expert renal pathologist blinded to treatment allocation. Slides 
were assessed using standard histological stains, including 
hematoxylin–eosin–saffron, periodic acid–Schiff, Masson’s 
trichrome, and silver staining, and lesions were graded according 
to updated Banff classification at the time of reading. Kidney 
biopsies were subsequently reclassified according to the 
2022 Banff criteria using an automated method [15]. DSA were 
centrally assessed using Luminex single antigen (Labscreen One 
Lambda, Thermofisher) by immunologists blinded to treatment 
allocation. Investigators at each participating center collected 
clinical and transplant-related data, including sex, weight, rank of 
transplantation, donor type, dialysis vintage, local histological 
readings, local pre- and post-transplant HLA antibody assays, 
and concomitant immunosuppressive therapies.

Sample size

The sample size calculation assumed primary endpoint rates 
of 5% in the standard-of-care group and 25% in the bortezomib 
group. With a two-sided alpha of 0.05% and 80% power, the 
planned sample size was 50 patients per group, or 100 patients in 
total. The planned inclusion period was 24 months. Despite 
multicenter recruitment and a 30-month extension of the 
inclusion period, the target sample size was not reached 
because of slow recruitment, reflecting the limited number of 
patients who met all eligibility criteria and were willing to 
participate. Recruitment was therefore closed at the end of 
the extended inclusion period after 60 patients had been 
randomized.

Statistical analysis

The primary endpoint was compared in the intention-to-treat 
(ITT) population with missing data considered as treatment failures. 
A sensitivity analysis was also performed in the per-protocol (PP) 
population. Secondary endpoints were analyzed in the ITT 
population for the two components of the primary endpoint, and 
on available data (complete-case analysis) for the other endpoints. 
All statistical tests were two-tailed with a significance level of 5%.

Baseline clinical and biological characteristics were described by 
group. Quantitative variables were expressed as mean ± standard 
deviation (SD) or median [Q1:Q3] and qualitative variables as 
numbers and percentages (%). Comparisons of the primary 
endpoint and other categorical variables between the two groups 
were performed using Chi-squared or Fisher’s exact tests, as 

TABLE 3 Characteristics of donor specific antibodies (DSA) at inclusion.

Variable Bortezomib group (n = 30) Standard-of-care group (n = 29*)

Number of dnDSA per patient, median [Q1:Q3] 2 [1: 3] 1 [1: 2]

Distribution of patients according to number of dnDSA detected, n (%)

1 12 (40.0) 17 (58.6)

2 8 (26.6) 5 (17.2)

3 5 (16.7) 4 (13.8)

>3 5 (16.7) 3 (10.4)

Class of the idDSA

I 8 (26.7) 3 (10.3)

II 22 (73.3) 26 (89.7)

Class of all DSA

I 7 (23.3) 3 (10.3)

II 14 (46.7) 21 (72.4)

I+II 9 (30.0) 5 (17.3)

idDSA MFI 17,130 [4,121: 22,772] 11,234 [2,599: 22,549]

Sum of all the DSA MFI 22,440 [4,946: 29,851] 11,743 [2,599: 28,756]

DSA; donor specific antibodies, idDSA; immunodominant donor specific antibody, dnDSA; de novo DSA, MFI; mean fluorescence intensity. All values are according to central reading and are 
expressed as n (%) or median [Q1: Q3].
*Missing data for one patient in the standard treatment group.
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appropriate. Quantitative variables were compared using Student’s 
t-test or Wilcoxon’s rank-sum test when distributional 
assumptions were not met. Relative risks (RR) and 95% 
confidence interval (95% CI) were estimated using log- 
binomial regression models. Longitudinal outcomes were 
analyzed using linear mixed-effects models. Secondary analyses 
were considered exploratory and no adjustment for multiple 
comparisons was performed. Given the limited sample size, 

secondary endpoints were analyzed on available data without 
imputation. All analyses were performed with R software 
(www.r-project.org).

Ethical considerations

This study was conducted in accordance with the Declaration of 
Helsinki. Approval was obtained from the Comité de protection des 

TABLE 4 Biopsy results at inclusion.

Variable Bortezomib group (n = 30) Standard-of-care group (n = 30)

Histological lesions

Glomerular inflammation (g score)

Score ≥ 1 19 (63.3) 21 (70.0)

Score value 1.0 [0.0: 2.0] 1.0 [0.0: 2.0]

Peritubular capillary inflammation (ptc score)

Score ≥ 1 23 (76.7) 23 (76.7)

Score value 2.0 [1.3: 3.0] 2.0 [2.0: 3.0]

MVI score

Score ≥ 2 25 (83.3) 24 (80.0)

Score value 3.0 [2.0: 4.0] 3.0 [2.3: 4.8]

Chronic glomerulopathy (cg score)

Score ≥ 1 7 (23.3) 7 (23.3)

Score value 0.0 [0.0: 0.0] 0.0 [0.0: 0.0]

C4d staining (positive) 17 (56.7) 15 (50.0)

Vascular inflammation (v score)

Score ≥ 1 3/29 (10.3) 1/29 (3.4)

Tubular atrophy (ct score) 1.0 [1.0: 1.8] 1.0 [1.0: 1.0]

Interstitial fibrosis (ci score) 1.0 [0.0: 1.8] 0.0 [0.0: 1.0]

IFTA grade≥1 24/30 (80.0) 20/29 (69.0)

Banff 2022 diagnosis*

AMR

Active 18 (60.0) 18 (60.0)

Chronic active 7 (23.3) 6 (20.0)

Chronic inactive 0 (0.0) 1 (3.3)

C4d staining only+DSA 1 (3.3) 0 (0.0)

Probable 0 (0.0) 4 (13.4)

None 4 (13.4) 1 (3.3)

Associated TCMR

Borderline Changes 4 (13.3) 2 (6.7)

Acute (grade I and above) 1 (3.3) 2 (6.7)

Chronic active 4 (13.3) 1 (3.3)

MVI score: microvascular inflammation corresponding to g+ptc sum score; DSA; donor specific antibodies, IFTA; interstitial fibrosis and tubular atrophy, AMR; antibody-mediated rejection, 
TCMR; T-cell-mediated rejection. All values are according to central reading and are expressed as n (%) or mean ± SD or median [Q1: Q3].
*Reclassified according to the 2022 Banff criteria [15].
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personnes Ile de France II (CPP) (Reference: 2014-03-01 RBM) and 
the Agence Nationale de Sécurité du Médicament et des Produits de 
Santé (ANSM) (Reference: 140368A-11). This trial was registered at 
ClinicalTrials.gov (NCT02201576) and an independent Data Safety 
Monitoring Board (DSMB) regularly reviewed the data to ensure 
patient safety and monitor the progress of the study.

Results

Baseline characteristics

Between February 12, 2015, and July 25, 2019, 60 patients were 
randomized. The planned sample size of 100 patients was not 
reached by the end of the extended recruitment period because 
of slower-than-anticipated enrolment related to the restrictive 
eligibility criteria. For the ITT analysis, 30 patients were allocated 
to each group. For the PP analysis, 20 patients were included in the 
bortezomib group and 19 in the standard-of-care group; one patient 
randomized to bortezomib did not receive the intervention and was 
therefore analyzed in the standard-of-care group for the PP analysis 
(Figure 1). Baseline characteristics are presented in Table 2. Patients 
in the bortezomib group were more frequently women (53.3% vs. 
13.3%) and had a lower mean age (44.4 ± 13.8 vs. 51.3 ± 13.0 years). 
The median duration from transplantation to inclusion was 

76 months in both groups. Notably, retransplantations occurred 
only in the bortezomib group (13.3%) (Table 2). A history of T-cell 
mediated rejection (TCMR) prior to inclusion was reported in one 
patient in the bortezomib group, and four in the standard-of-care 
group. Most patients received triple maintenance 
immunosuppression consisting of prednisone, ciclosporin or 
tacrolimus, and mycophenolate (Table 2). At inclusion, six 
patients in each group were not receiving a calcineurin inhibitor. 
AMR was more often subclinical than clinical for both groups 
(bortezomib group: 60.0% and standard-of-care group: 66.7%).

Immunological and histological 
characteristics

At inclusion, patients in the bortezomib group more frequently 
had two or more dnDSA than in the standard-of-care (60.0% vs. 
41.3%), with a median of 2 [1:3] DSA vs. 1 [1: 2] in the standard-of- 
care group, and they also had a higher proportion of class I DSA 
than in the standard-of-care group (whether considering the idDSA 
or all the DSA) (Table 3). Both the idDSA MFI and the sum of all the 
DSA MFI per patient were higher for patients in the 
bortezomib group.

Concerning biopsy findings at inclusion, discrepancies were 
present between local and central readings of AMR lesions 
(Table 4). According to the central assessment, only 

TABLE 5 Primary and secondary efficacy endpoint at 12 months.

Endpoint (each one assessed at 
12 months)

Patients RR [95% 
CI]*

Absolute difference 
[95% CI]*

p-value

Bortezomib 
group

Standard-of-care 
group

Primary endpoint

ITT analysis 12/30 (40.0) 10/30 (33.3) 1.20 [0.61 to 

2.34]

6.7 [-17.6 to 30.5] 0.59

PP analysis 10/20 (50.0) 8/19 (42.1) 1.19 [0.60 to 

2.36]

7.9 [-23.1 to 37.8] 0.62

Secondary endpoints

>50% reduction in idDSA MFI (ITT analysis) 17/30 (56.7) 14/30 (46.7) 0.44

Stabilization or improvement of histological 

AMR lesions (ITT analysis)

17/30 (56.7) 17/30 (56.7) 1.00

>50% reduction in idDSA MFI (PP analysis) 13/20 (65.0) 11/19 (57.9) 0.65

Stabilization or improvement of histological 

AMR lesions (PP analysis)

13/19 (68.4) 12/18 (66.7) 0.91

Estimated slope between baseline and 12 months

Serum creatinine (µmol/L) 45.9 ± 13.5 29.7 ± 13.5 16.14 [-21.5 to 53.8] 0.40

eGFR (mL/min/1.73 m2) −7.10 ± 2.19 −4.68 ± 2.18 −2.42 [-8.51 to 3.67] 0.43

Log-transformed PCR (g/g) 0.20 ± 0.23 0.11 ± 0.23 0.09 [-0.55 to 0.74] 0.78

Graft survival 29/30 (96.7) 29/30 (96.7) 1.00

Patient survival 30/30 (100.0) 30/30 (100.0)

ITT; intention to treat, PP; per protocol, DSA; donor specific antibodies, idDSA; immunodominant donor specific antibodies, dnDSA; de novo DSA, MFI; mean fluorescence intensity, RR; risk 
ratio, CI; confidence interval, SD; standard deviation. All values are according to central reading and are expressed as n/N (%) or mean ± SD.
*Standard-of-care group used as the reference.
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25 patients (83.3%) in the bortezomib group and 24 patients 
(80.0%) in the standard-of-care group had MVI score ≥2, which 
was used as an inclusion criterion by local readings. Chronic 
glomerulopathy (cg score ≥1) was only reported in seven 
patients (23.3%) in each group, explaining the low median 
[IQR] score of 0[0:0]. According to the 2022 Banff criteria 
reclassification, active AMR was present in 18 patients 
(60.0%) in each treatment group. Chronic active AMR was 
present in seven patients (23.3%) in the bortezomib group 
and six patients (20.0%) in the standard-of-care group; one 
additional patient (3.3%) in the standard-of-care group had 
chronic inactive AMR. The remaining patients were classified 
as having C4d staining with DSA, probable AMR, or no AMR. 
Associated TCMR lesions were present in nine patients (30.0%) 
in the bortezomib group and five patients (16.7%) in the 
standard-of-care group (Table 4).

Combined primary efficacy endpoint

In both the ITT and PP analyses, the primary endpoint rate did 
not significantly differ between groups. In the ITT analysis, the 
endpoint was achieved by 40.0% of patients in the bortezomib group 
and 33.3% in the standard-of-care group (RR = 1.20 [95% CI: 0.61 to 
2.34], p = 0.59). Missing primary endpoint data were considered 
treatment failure in four patients in the standard-of-care group and 
one in the bortezomib group. In the PP analysis, the corresponding 
rates were 50.0% and 42.1% (RR = 1.19 [95% CI: 0.60 to 2.36], p = 
0.62) (Table 5). No significant interaction was observed between 
treatment allocation and rejection type (clinical or 
subclinical; p = 0.86).

When separately analyzed, neither component of the combined 
endpoint was different between groups. After 12 months, a >50% 
reduction in idDSA MFI was observed in 56.7% of patients in the 
bortezomib group and 46.7% of patients in the standard-of-care 
group in the ITT analysis (p = 0.44), and 65.0% and 57.9% in the PP 
analysis (p = 0.65), respectively. Stabilization or improvement of 
histological lesions at month 12 was reached in 56.7% of patients in 
both groups in the ITT analysis (p = 1.00), and 68.4% and 66.7% of 
patients in the PP analysis, respectively (p = 0.91). Thus, 5/28 
(17.8%, bortezomib) and 2/25 (8.0%, standard-of-care) of patients 
experienced a >50% decrease in idDSA MFI without improving or 
stabilizing MVI, and 5/28 (17.8%, bortezomib) and 7/25 (28.0%, 
standard-of-care) improved or stabilized MVI without significantly 
reducing idDSA MFI.

In a post hoc analysis of patients with baseline idDSA 
MFI >15,000, the primary composite endpoint was achieved in 
42.1% of patients in the bortezomib group and 8.3% in the standard- 
of-care group (p = 0.10). A >50% reduction in idDSA MFI was 
observed in 52.6% and 16.7% of patients, respectively (p = 0.065) 
(Supplementary Table S1).

In separate sensitivity analyses adjusted individually for baseline 
characteristics that were imbalanced between groups despite 
randomization (sex, transplantation rank, idDSA class, and 
baseline idDSA MFI), the association between treatment 
allocation and the primary endpoint remained non-significant 
(Supplementary Table S2).

Changes in renal function, DSA and MVI

Changes in serum creatinine, eGFR, and urine protein/ 
creatinine ratio between baseline and 12 months did not 
significantly differ between patients in the bortezomib and 
standard-of-care groups (Table 5; Figure 2). No deaths occurred, 
and one patient in each group returned to dialysis.

For patients receiving bortezomib, the idDSA MFI decreased 
by 45.1% [-69.7: -6.1] after 6 months (n = 23), and by 60.2% [-80.6: 
-11.5] after 12 months (n = 28). Similar reductions were observed 
for patients in the standard-of-care group: 50.7% [-76.6: -6.6] after 
6 months (n = 27; p = 0.92) and 60.0% [-81.3: -11.5] after 
12 months (n = 27; p = 0.85) (Figure 3). Median relative 
change in the sum of all DSA MFI at 12 months was also 
comparable: 60.3% [-74.3: -27.6] in the bortezomib group (n = 
28) and 57.6% [-81.8: -21.5] in the standard-of-care group (n = 
27; p = 0.80).

Patients whose idDSA MFI dropped by at least half at 12 months 
(responders) had lower baseline MFI values than non-responders: 
median 16,080 vs. 22,582 in the bortezomib group and 2,996 vs. 
22,054 in the standard-of-care group.

Median scores of histological lesions remained stable between 
baseline and 12 months in both groups (Table 6). Histological failure 
was due to the progression of MVI (Δg + ptc score ≥2) in three 
patients in each group and of transplant glomerulopathy (Δcg 
score ≥1) in eight patients in the bortezomib group and five 
patients in the standard-of-care group (Figure 3). One patient in 
each group had progression of both MVI and cg scores, while most 
with cg progression showed no or only mild worsening of MVI. 
Among patients in the ITT population with an MVI score ≥2 at 
baseline and available 12-month histological data, nine of 23 patients 

FIGURE 2 
Change in renal function and proteinuria from baseline to 
12 months in the bortezomib and standard-of-care group. eGFR; 
estimated glomerular filtration rate (Modification of Diet in Renal 
Disease (MDRD) formula), UPC; urine protein/creatinine (g/g). 
Control corresponds to the standard-of-care group.
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in the bortezomib group and 10 of 20 patients in the standard-of- 
care group showed a decrease in MVI score between baseline and 
12 months. Complete MVI resolution, defined as an MVI score of 
0 at 12 months, occurred in 3/23 patients (13.0%) and 2/20 patients 
(10.0%), respectively. In the PP analysis, complete MVI resolution 
occurred in 3/20 patients (15.0%) and 2/17 patients (11.8%), 
respectively. The cg score decreased in three patients in the 
bortezomib group and two patients in the standard-of-care group 
(Table 6; Figure 3).

In the bortezomib group, tubulitis with a Banff t score ≥1 was 
present in 29.6% of patients at baseline and 7.4% at 12 months, 
compared with 20.8% and 4.2%, respectively, in the standard-of-care 
group. Interstitial inflammation with a Banff i score ≥1 was present 
in 19.0% and 7.0% of patients in the bortezomib group and in 21.0% 
and 8.0% of patients in the standard-of-care group at baseline and 
12 months, respectively. Interstitial fibrosis and tubular atrophy 
(IFTA) scores worsened in six patients in the bortezomib group and 
eight patients in the standard-of-care group, which was associated 
with a cg or MVI progression in two patients in each 

group. According to the 2022 Banff classification at the 12- 
month biopsy, 19/27 patients in the bortezomib group and 19/ 
24 patients in the standard-of-care group still had active or chronic 
active AMR (Table 6).

Adverse events and safety of bortezomib

Overall, 132 adverse events were reported in the bortezomib 
group and 118 in the standard-of-care group, with infections, 
neurological and gastrointestinal events being the most frequent 
in both groups. In the bortezomib group, 11 patients discontinued 
or did not complete the two planned treatment courses due to 
hematological, neurological or hepatic toxicity. Twenty-three 
patients in the bortezomib group (76.7%) experienced at least 
one serious adverse event compared to 14 (46.7%) in the 
standard-of-care group (p = 0.017), corresponding to 43 and 
30 serious adverse events, respectively (Table 7). No significant 
between-group differences were observed in the proportions of 
patients experiencing adverse events or serious adverse events 

FIGURE 3 
Individual changes in donor-specific antibodies (DSA) and histological lesions from baseline to 12 months for patients in the bortezomib and 
standard-of-care group. idDSA; immunodominant donor-specific antibodies, MFI; mean fluorescence intensity, MVI; microvascular inflammation score, 
cg; transplant glomerulopathy score. (A) Individual changes in idDSA MFI over 12 months. Red curves represent patients with immunological success 
(reduction in idDSA MFI >50%), and black curves represent patients with immunological failure. The thicker lines represent the median values of the 
responder and non-responder subgroups. (B) Individual changes in microvascular inflammation (MVI score) between baseline and 12 months (C) 
Individual changes in transplant glomerulopathy (cg score) between baseline and 12 months. Red curves represent patients with histological success 
(ΔMVI ≤1 and Δcg <1), and black curves represent patients with histological failure.

Transplant International 
Published by Frontiers 

European Society for Organ Transplantation 10

Snanoudj et al. 10.3389/ti.2026.16702

158

https://doi.org/10.3389/ti.2026.16702


TABLE 6 Histological lesion findings at baseline and at 12 months.

Variable Bortezomib group (n = 27) Standard-of-care group (n = 24) p-value

Histological lesions

Glomerular inflammation (g score)

Baseline 1.0 [0.0: 2.0] 1.0 [0.0: 2.0]

12 months 1.0 [0.0: 2.0] 1.0 [0.0: 2.0] 0.98

≥1 at 12 months 17 (63.0) 15 (62.5) 0.97

Change between baseline and 12 months 0.0 [0.0: 0.0] 0.0 [-1.0: 0.0] 0.57

Peritubular capillary inflammation (ptc score)

Baseline 2.0 [1.5: 3.0] 2.0 [2.0: 3.0]

12 months 2.0 [1.0: 3.0] 2.0 [1.5: 3.0] 0.87

≥1 at 12 months 21 (77.8) 18 (75.0) 0.82

Change between baseline and 12 months 0.0 [-0.5: 1.0] 0.0 [-0.3: 0.0] 0.41

MVI score

Baseline 3.0 [2.0: 4.0] 3.0 [2.8: 4.3]

12 months 3.0 [1.0: 4.5] 3.0 [2.0: 4.3] 0.91

≥2 at 12 months 19 (70.4) 19 (79.2) 0.47

Change between baseline and 12 months 0.0 [-1.0: 1.0] 0.0 [-1.0: 0.0] 0.35

Decrease in the MVI score at 12 months*, n/N (%) 9/23 (39.1) 10/20 (50.0)

MVI = 0 at 12 months (ITT population), n/N (%) 3/23 (13.0) 2/20 (10.0)

MVI = 0 at 12 months (PP population), n/N (%) 3/20 (15.0) 2/17 (11.8)

Chronic glomerulopathy (cg score)

Baseline 0.0 [0.0: 0.5] 0.0 [0.0: 0.3]

12 months 0.0 [0.0: 1.0] 0.0 [0.0: 1.0] 0.62

≥1 at 12 months 11 (40.7) 8 (33.3) 0.58

Change between baseline and 12 months 0.0 [0.0: 1.0] 0.0 [0.0: 0.0] 0.69

Decrease in the cg score for patients with cg > 0 at inclusion 3/7 2/6

C4d staining (positive)

≥1 at baseline 16 (59.3) 12 (50.0)

≥1 at 12 months 7 (25.9) 7 (29.2) 0.80

Change between baseline and 12 months 0.0 [-2.0: 0.0] 0.0 [-1.0: 0.0] 0.29

Vascular inflammation (v score)

≥1 at baseline 3/25 (12.0) 1/23 (4.3)

≥1 at 12 months 1/25 (4.0) 0/23 (0.0) 1

Change between baseline and 12 months 0.0 [0.0: 0.0] 0.0 [0.0: 0.0] 0.73

Tubular atrophy (ct score)

Baseline 1.0 [1.0: 1.0] 1.0 [1.0: 1.0]

12 months 1.0 [1.0: 1.5] 1.0 [1.0: 1.3] 0.31

Change between baseline and 12 months 0.0 [0.0: 0.5] 0.0 [0.0: 0.0] 0.74

Interstitial fibrosis (ci score)

Baseline 1.0 [0.0: 1.0] 0.0 [0.0: 1.0]

12 months 1.0 [0.0: 1.5] 1.0 [0.0: 2.0] 0.98

(Continued)
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within individual System Organ Class categories. Infections, 
including urinary tract and viral infections were the most 
common serious adverse events in both groups.

Discussion

In this multicenter trial, we found that the addition of 
bortezomib to standard-of-care did not improve efficacy 
compared with standard-of-care alone in patients with active 
AMR associated with dnDSA. No significant differences were 
observed between groups in the individual immunological and 
histological efficacy endpoints or renal function parameters. This 
study focused on late rejection, with a median time from 
transplantation to inclusion of 76 months.

Randomized trials in AMR are rare [16–19]. A major 
methodological strength of our study was the blinded central 
assessment of both DSA and histological lesions. The only 
difference between the two treatment groups was the addition of 
bortezomib. We selected this design because proteasome inhibitors 
target antibody-secreting cells, including plasmablasts and plasma 
cells, thereby reducing antibody production. In the context of AMR, 
they may need to be combined with strategies that rapidly remove or 
neutralize circulating pathogenic antibodies, such as plasma 
exchange and intravenous immunoglobulins. Corticosteroids 
were also included because they may enhance the pro-apoptotic 
effects of proteasome inhibitors on plasma cells. Given the poor 
prognosis of late AMR and the relatively recent occurrence of 
dnDSA in most patients in our study, the combination of 
corticosteroids, plasma exchange, and IVIg was considered 
standard-of-care at the time of the study and was subsequently 

recommended by the Transplantation Society Working Group 
consensus in 2020 [20], although some experts now recommend 
avoiding these treatments in late AMR, in favor of anti-CD38 
monoclonal antibodies alone [16].

Previous uncontrolled studies have reported contradictory 
findings regarding the effect of bortezomib in patients with AMR 
and DSA. When used alone, bortezomib appeared to have little or no 
effect on DSA [12, 13], whereas a transient but significant reduction 
in DSA was observed when bortezomib was combined with IVIg, 
corticosteroids, plasma exchange, and sometimes rituximab [10, 11]. 
However, the effects on AMR outcomes were not assessed in 
these studies.

In the BORTEJECT study, 44 patients with DSA and late AMR 
were randomized to receive bortezomib or placebo, with no benefit 
in preserving eGFR [14, 17]. Despite these negative results, there 
remained a rationale for evaluating bortezomib in combination with 
other therapies and in a more homogeneous population of patients. 
The BORTEJECT study included patients with both preformed DSA 
and dnDSA. In contrast, our study specifically focused on patients 
with dnDSA, and combined bortezomib with corticosteroids, 
plasma exchange, and IVIg to achieve a rapid and sustained 
effect on DSA, while maximizing the effect of proteasome 
inhibition on plasma cells. Direct comparison between the two 
studies is difficult because of differences in patient populations, 
baseline DSA characteristics, treatment regimens, and follow-up 
duration. Baseline idDSA MFI was substantially lower in the 
BORTEJECT study than in the two groups of the TRIBUTE 
study, and the extent of MFI reduction appeared to be lower in 
BORTEJECT. Although median MVI scores on biopsies performed 
at 2 years remained stable, more patients developed cg lesions in 
BORTEJECT than in TRIBUTE (69% versus 40%).

TABLE 6 Continued

Variable Bortezomib group (n = 27) Standard-of-care group (n = 24) p-value

Change between baseline and 12 months 0.0 [-1.0: 0.5] 0.0 [0.0: 1.0] 0.39

IFTA grade≥1

≥1 at baseline 21 (77.8) 16/23 (69.6)

≥1 at 12 months 18 (66.7) 16/23 (69.6) 0.83

Change between baseline and 12 months −1.0 [-1.5: 0.0] 0.0 [-2.0: 1.0] 0.66

Banff 2022 diagnosis†

AMR, n (%)

Active 8 (29.6) 11 (45.8)

Chronic active 11 (40.7) 8 (33.3)

Chronic inactive 8 (29.6) 5 (20.8)

Associated TCMR, n (%)

Borderline Changes 0 (0.0) 1 (4.2)

Acute (grade I and above) 1 (3.7) 0 (0.0)

Chronic active 0 (0.0) 0 (0.0)

MVI score: microvascular inflammation corresponding to g+ptc sum score; IFTA; interstitial fibrosis and tubular atrophy, AMR; antibody-mediated rejection, TCMR; T-cell-mediated rejection. 
All values are according to central reading and are expressed as n (%) or median [Q1: Q3]. Comparisons were performed using the Wilcoxon or Chi-squared tests as appropriate.
*Among patients with MVI score ≥2 at baseline.
†Reclassified according to the 2022 Banff criteria (Yoo et al., 2023).
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TABLE 7 Serious adverse events and adverse events in patients receiving bortezomib and standard-of-care treatment.

Type of adverse events Bortezomib group, n = 30 Standard-of-care group, n = 30 p-value

Patients with at least one serious adverse event, n (%) 23 (76.7) 14 (46.7) 0.017

Patients with at least one adverse event, n (%) 24 (80.0) 26 (86.7) 0.49

Patients with at least one serious adverse event, by SOC, n (%)

Infections 8 (26.7) 7 (23.3) 0.77

Urinary tract infection 4 1

Respiratory infection 1 0

Viral infection 4 2

Bacterial infection 1 5

Cardiac 0 (0) 4 (13.3) 0.11

Heart failure 0 4

Blood and lymphatic disorders 6 (20.0) 1 (3.3) 0.10

Thrombocytopenia 4 0

Neutropenia 2 0

Anemia 0 1

Renal 5 (16.7) 1 (3.3) 0.19

Acute kidney injury 4 1

Gastro-intestinal 3 (10) 0 (0) 0.24

Hepatobiliary 5 (16.7) 0 (0) 0.052

Nervous system disorders 3 (10) 0 (0) 0.24

Metabolic 2 (6.7) 2 (6.7) >0.99

Patients with at least one adverse event, by SOC, n (%)

Infections 16 (53.3) 11 (36.7) 0.19

Urinary tract infection 3 4

Viral infection 4 1

Cardiac 2 (6.7) 4 (13.3) 0.67

Hypertension 2 0

Cardiac failure 0 1

Hematologic 7 (23.3) 8 (26.7) 0.77

Anemia 5 3

Thrombocytopenia 0 3

Renal 7 (23.3) 4 (13.3) 0.32

Acute kidney injury 3 2

Proteinuria 3 0

Gastro-intestinal 13 (43.3) 8 (26.7) 0.18

Diarrhea 6 5

Nausea, vomiting 10 3

Hepatobiliary 2 (6.7) 2 (6.7) >0.99

Nervous system 15 (50.0) 14 (46.7) 0.80

Paresthesia 8 6

Headache/migraine 7 4

Metabolism 7 (23.3) 5 (16.7) 0.52

(Continued)
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Few controlled trials have recently been published in late AMR. 
Anti-CD38 monoclonal antibodies are of interest because they target 
plasma cells, like bortezomib, but also NK cells involved in AMR 
lesions through antibody-dependent cellular cytotoxicity. Mayer 
et al. recently reported a randomized trial evaluating the anti- 
CD38 antibody felzartamab versus placebo in late AMR. 
Felzartamab significantly reduced MVI but produced only a 
slight reduction in DSA MFI, suggesting a direct effect on 
inflammatory cells involved in MVI lesions [21]. Effects on 
circulating NK cells and NK cell-related AMR genes were also 
demonstrated in an ancillary study [22]. At 1 year, 4/11 patients 
(36%) treated with felzartamab had an MVI score of 0, compared 
with 13% of patients treated with bortezomib in the TRIBUTE study.

Anti-IL-6 antibodies have also generated considerable interest 
because of their expected inhibitory effects on T cells, B cells, and 
plasma cells. In a phase 2 placebo-controlled trial, clazakizumab 
showed effects on DSA levels, molecular AMR activity on biopsy, 
and the slope of eGFR decline in patients with late chronic active 
AMR, but no significant effect on MVI. Safety concerns were 
observed because several patients discontinued treatment due to 
serious infections or diverticulitis [23]. Another phase 2 trial of 
clazakizumab showed similar effects without the same safety 
concerns, but the subsequent phase 3 IMAGINE study was 
terminated early because of insufficient efficacy on renal 
function [24].

In the VIPAR study, patients with chronic active AMR were 
randomized to receive six monthly IVIg infusions or no IVIg. 
Patients in the IVIg group showed stabilization of chronic 
histological lesions and eGFR at 1 year, whereas those in the 
no-IVIg group experienced worsening renal function and 
histological injury. Compared with the TRIBUTE study, 
there was no substantial change in MVI score during the 12- 
month study period in either group, despite a reduction in 
mean idDSA MFI with IVIg between inclusion and 
month-12 [25].

Taken together, these studies demonstrate a dissociation 
between changes in DSA, MVI, and graft function in patients 
treated for late AMR. In our study, some patients showed 
improvements in both MVI and DSA MFI, whereas others 
showed discordant immunological and histological responses. 
This raises the important question of whether treatments 
targeting antibodies and MVI should be combined. Anti-CD38 
antibodies appear to have a marked but potentially transient 
effect on MVI, possibly because high-level DSA may continue to 
circulate and stimulate antibody-dependent cellular cytotoxicity.

The observed discordance also raises questions regarding 
the sensitivity of the chosen composite primary endpoint. 

Although the endpoint was prespecified to capture both 
immunological and histological responses, combining these 
biologically distinct components may have reduced its ability 
to detect a treatment effect. Nevertheless, monitoring DSA 
remains clinically relevant when DSA are considered to 
contribute to MVI, particularly when treatment includes 
antibody removal, as in our trial [16]. In addition, transplant 
glomerulopathy generally evolves slowly, and including 
stabilization of the cg score within a 12-month endpoint may 
have further limited its sensitivity, although changes in cg score 
were observed in some patients.

Our study had several limitations. First, the study was 
underpowered because the planned sample size was not reached, 
and a modest treatment effect may therefore have been missed. In 
the exploratory post hoc analysis, patients with a very high baseline 
idDSA MFI (>15,000) more frequently achieved the composite 
primary endpoint and a >50% reduction in idDSA MFI in the 
bortezomib group than in the standard-of-care group. However, 
these differences were not statistically significant, possibly because of 
the small subgroup size and limited statistical power. This analysis 
was not prespecified and should therefore be interpreted cautiously.

The lack of efficacy may also reflect compensatory humoral 
mechanisms whereby bortezomib-induced plasma-cell depletion is 
followed by expansion of germinal-center B cells and follicular 
helper T cells in lymph nodes, as reported by Kwun et al. [26]. 
Additionally, Woodle et al. observed that subsets of bone-marrow 
plasma cells may develop resistance to proteasome inhibitors 
through increased immunoproteasome activity [27].

Despite randomization, the two groups were imbalanced, and 
patients in the bortezomib group had a higher immunological risk, 
with higher proportions of women and retransplantations, higher 
baseline idDSA MFI, and more class I DSA. However, in separate 
sensitivity analyses adjusted individually for these characteristics, 
the association between treatment allocation and the primary 
endpoint remained non-significant. The open-label design may 
also have introduced reporting bias, particularly for subjective 
adverse events, although the central assessments of DSA and 
histological outcomes were performed blinded to treatment 
allocation.

Treatment exposure was limited by toxicity, with 11 of 
30 patients discontinuing or not completing the planned 
bortezomib regimen. This safety profile, together with the 
absence of a significant efficacy benefit, limits the clinical 
applicability of bortezomib in late active AMR and supports 
careful patient selection in any future evaluation, particularly 
among patients with comorbidities or increased susceptibility to 
infectious, hematological, neurological, or hepatic toxicity.

TABLE 7 Continued

Type of adverse events Bortezomib group, n = 30 Standard-of-care group, n = 30 p-value

Gout, hyperuricemia 2 4

Diabetes, hyperglycemia 2 2

General disorders 5 (16.7) 7 (23.3) 0.52

Asthenia 4 2

SOC, System Organ Class
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Finally, central review of the immunological and histological 
endpoints identified a substantial number of patients who no longer 
fulfilled the histological inclusion criteria: six in the bortezomib 
group and eight in the standard-of-care group. This further 
decreased the already limited number of evaluable patients in the 
PP population.

In conclusion, adding bortezomib to standard-of-care did not 
demonstrate a significant efficacy benefit in patients with late 
active AMR associated with dnDSA and was associated with a 
higher incidence of serious adverse events. Although the 
exploratory findings in patients with high baseline idDSA MFI 
warrant further investigation, the present results do not support 
the routine addition of bortezomib in this setting. Future 
therapeutic strategies should aim to address both circulating 
DSA and tissue-level inflammation while maintaining an 
acceptable safety profile.
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Belatacept use is increasinging in kidney transplantation, as it has demonstrated 
improved graft survival compared with calcineurin inhibitors. However, its 
intravenous administration and recurrent supply shortages may limit its use. 
Abatacept has a similar mechanism of action. Although widely used in 
rheumatology, its use in kidney transplantation remains poorly documented. 
This study aimed to compare the efficacy and safety of abatacept and 
belatacept as maintenance immunosuppressive therapy after kidney 
transplantation. We conducted a retrospective study including adult kidney 
transplant recipients who were switched to abatacept or belatacept between 
2017 and 2023. The primary endpoint was the occurrence of rejection within 
the first year after conversion. A total of 74 patients were included: 21 in the 
abatacept group and 53 in the belatacept group. No significant difference was 
observed in rejection rates at 1 year (respectivily 9.5% vs. 9.4%; p > 0.999). Rates of 
viral and opportunistic infections were also comparable. These findings, which 
warrant confirmation in larger studies, suggest that abatacept is associated with 
acceptable safety outcomes relative to belatacept. Abatacept may thererefore 
be considered a potential alternative in selected situations, including drug 
shortage, limited venous access, pregnancy or the need for greater 
treatment autonomy.

KEYWORDS

abatacept, belatacept, calcineurin inhibitor toxicity, immunosuppressive therapy, kidney 

transplantation

Introduction

Abatacept is an immunosuppressive treatment widely used in rheumatology, 
especially in the management of rheumatoid arthritis [1]. This fusion protein is 
composed of the constant region of the human IgG1 heavy chain, linked to the 
extracellular domain of human cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4). 
This structure allows selective inhibition of T-cell activation by blocking the CD28-CD80/ 
86 costimulatory pathway. Abatacept can be administered either subcutaneously or 
intravenously.
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Belatacept has a mechanism of action similar to that of 
Abatacept. Its composition differs by only 2 amino acids, making 
it more affine to its ligand. It was developed as an alternative to 
calcineurin inhibitors (CNIs) in kidney transplantation, as CNI- 
associated vascular toxicity contributes to accelerated kidney graft 
ageing [2]. Following its approval by the U.S. Food and Drug 
Administration and the European Medicines Agency in 2011, 
belatacept use has become increasingly widespread, as it has 
demonstrated superior outcomes in renal transplant (RT) 
survival and improved long-term renal function, both in 
induction therapy and as an alternative to CNI treatment [3–5]. 
More recently, some studies have highlighted the potential benefit of 
using belatacept, in some cases in combination with low-dose CNIs, 
as maintenance therapy for patients with immunological challenges, 
such as those related to the presence of donor-specific antibodies 
(DSAs) or chronic antibody-mediated rejection (cAMR) [6–11].

However, there are certain considerations regarding the use of 
belatacept. It is administered exclusively intravenously, which can be 
challenging for patients with chronic kidney disease who often 
have limited peripheral venous access. Moreover, belatacept has 
at times become unavailable because of production shortages. 
There is therefore considerable interest in finding a therapeutic 
alternative.

Despite significant similarities between belatacept and 
abatacept, the latter has rarely been studied in the context of 
renal transplantation. To date, there are 3 case series 
concerning its use in this context [12–14], whose findings 
are generally encouraging in terms of safety and efficacy.

This study aimed to assess the safety and efficacy of abatacept in 
comparison with belatacept over the course of the first year 
following treatment conversion.

Materials and methods

Population and general data

We conducted a retrospective observational study in 3 centres in 
the Auvergne Region (Hôpital Universitaire de Clermont-Ferrand, 
Hôpital de Vichy, Hôpital du Puy-en-Velay). We included all kidney 
transplant patients over 18 years old who were switched to abatacept 
or belatacept between January 2017 and June 2023. Patient 
characteristics and biological data were collected from electronic 
medical records.

This study was approved by the local Ethics Committee 
(IRB00013412, “CHU de Clermont Ferrand IRB #1”, IRB 2024- 
CF273) and complied with the French policy of individual data 
protection.

Definition of groups

Patients in the belatacept group received intravenous (IV) 
belatacept (5 or 6 mg/kg according to the pharmaceutical 
company’s recommendations at the time of treatment); they 
received one injection every 2 weeks for 2 months during the 
transition phase, followed by monthly maintenance infusions. 
The initial infusions were administered in a hospital setting, 
while the maintenance infusions were given either in the hospital 
or at the patients’ homes.

Patients in the abatacept group received subcutaneous abatacept 
(125 mg per week). The first injection was administered in a hospital 
setting, after which the treatment was continued at home. Two 
patients had been receiving belatacept therapy prior to conversion to 
abatacept—one for 18 months and the other for 7 years. The first 
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TABLE 1 Patient characteristics, transplantation details, and parameters related to conversion to costimulation inhibitors.

Characteristics Overall 
N = 74

Abatacept 
N = 21

Belatacept 
N = 53

p value

Age at transplantation 49.1 ± 18.2 50.0 ± 20.7 48.8 ± 17.2 0.640

Male sex 53 (71.6%) 15 (71.4%) 38 (71.7%) 0.982

Causal nephropathy

Glomerulonephritis 22 (29.7%) 5 (23.8%) 17 (32.1%) 0.483

Genetic cause 19 (25.7%) 7 (33.3%) 12 (22.6%) 0.384

Diabetes 8 (10.8%) 3 (14.3%) 5 (9.4%) 0.680

Vascular nephropathy 7 (9.5%) 2 (9.5%) 5 (9.4%) >0.999

Interstitial nephritis 8 (10.8%) 1 (4.8%) 7 (13.2%) 0.427

Unknown 7 (9.5%) 2 (9.5%) 5 (9.4%) >0.999

Others 3 (4.1%) 1 (4.8%) 2 (3.8%) >0.999

Retransplantation 9 (12.2%) 2 (9.5%) 7 (13.2%) >0.999

Induction therapy 0.412

Basiliximab 51 (68.9%) 13 (61.9%) 38 (71.7%)

Antithymocyte globulin 23 (31.1%) 8 (38.1%) 15 (28.3%)

CMV status

CMV donor -/recipient - 12 (16.2%) 5 (23.8%) 7 (13.2%) 0.303

CMV donor +/recipient - 21 (28.4%) 8 (38.1%) 13 (24.5%) 0.243

CMV recipient + 39 (52.7%) 8 (38.1%) 31 (58.5%) 0.113

DSA at transplantation 12 (16.2%) 4 (19.0%) 8 (15.1%) 0.731

cPRA 0.817

<5 57 (77.0%) 16 (76.2%) 41 (77.4%)

5–85 8 (10.8%) 3 (14.3%) 5 (9.4%)

>85 9 (12.2%) 2 (9.5%) 7 (13.2%)

Time of conversion after transplantation 34.1 [10.6, 83.2] 44.0 [13.0, 92.5] 32.6 [9.3, 78.7] 0.465

Conversion indication

CNI toxicity/marginal graft 51 (68.9%) 14 (66.7%) 37 (69.8%) 0.891

CAMR 17 (23.0%) 6 (28.6%) 11 (20.8%) 0.763

De novo DSA 2 (2.7%) 0 (0.0%) 2 (3.8%) >0.999

Gastroparesis 2 (2.7%) 1 (4.8%) 1 (1.9%) 0.490

Medication nonadherence 1 (1.4%) 0 (0.0%) 1 (1.9%) >0.999

Multiple medication intolerance 1 (1.4%) 0 (0.0%) 1 (1.9%) >0.999

Reason for choosing abatacept

Belatacept unavailability — 13 (61.9%) — —

Difficult venous access — 6 (28.6%) — —

COVID-19 pandemic — 2 (9.5%) — —

Associated treatment

Tacrolimus 15 (20.3%) 7 (33.3%) 8 (15.1%) 0.109

MMF 59 (79.7%) 15 (71.4%) 44 (83.0%) 0.338

mTORi 7 (9.5%) 3 (14.3%) 4 (7.5%) 0.397

(Continued)
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dose of abatacept was administered 1 month after the last infusion of 
belatacept.

End points and event definition

The primary endpoint was the occurrence of rejection within the 
first year post-conversion. Rejection was defined as either T-cell– 
mediated rejection (TCMR) or antibody-mediated rejection 
according to the Banff criteria. No protocol biopsies were 
performed following conversion to CTLA4-Ig; indication biopsies 
were carried out at the clinician’s discretion, typically in cases of 
graft dysfunction, new-onset proteinuria, or the appearance or an 
increased level of DSAs.

Secondary endpoints included DSA appearance and an increase 
in DSA levels. Anti-HLA antibody levels were measured using a 
LUMINEX-based assay at 3, 6, and 12 months after conversion to 
belatacept or abatacept or in cases of graft dysfunction. A mean 
fluorescence intensity (MFI) threshold of 1000 was used to define 
DSA positivity; a significant increase in the DSA level was defined as 
a >50% increase in the MFI compared with the preconversion value.

Statistical analysis

Statistical analyses were performed using R software (version 
4.3.1; R Core Team, 2023; R Foundation for Statistical 
Computing, Vienna, Austria), considering a two-sided type I 
error rate of 5%. Categorical variables are presented as counts 
and associated proportions, and quantitative variables are 
presented as the mean ± standard deviation or median [Q1, 
Q3], depending on their distribution. Data between groups 
(abatacept vs. belatacept) were compared using Student’s t-test 
or the Mann–Whitney test for nonnormally distributed 
quantitative variables and the chi-square test or Fisher’s exact 
test for categorical variables, as appropriate.

Results

Patient characteristics

A total of 74 patients were included in our study: 21 were in 
the abatacept group, and 53 were in the belatacept group. Patient 
characteristics, transplantation details, and parameters related to 
conversion to costimulation inhibitors are given in Table 1. Our 
cohort consisted of 53 men (71.6%) with a mean age of 49.1 years. 
The majority of patients received induction therapy with 
basiliximab: 13 patients (61.9%) in the abatacept group and 

38 patients (71.7%) in the belatacept group (p = 0.412). Twelve 
patients (16.2%) had a preformed DSA at the time of 
transplantation.

Conversion to CTLA4-Ig occurred at a mean of 34.1 months 
(range: 10.6–83.2) post-transplantation—44 months (13–92.5) in 
the abatacept group and 32.6 months (9.3–78.7) in the belatacept 
group (p = 0.465). Conversion was prompted by CNI toxicity or a 
marginal graft (68.9% of cases), cAMR (23% of cases), the 
emergence of a DSA (2.7% of cases), gastroparesis (2.7% of 
cases), nonadherence to oral immunosuppressive therapy (1.4% 
of cases), or intolerance to multiple immunosuppressive agents 
(1.4% of cases). The reasons for conversion did not differ 
significantly between the two groups.

Abatacept was selected over belatacept mainly because of a 
shortage of belatacept (n = 13, 61.9%). In 28.6% of the cases (n = 
6), the choice was driven by issues related to vascular access, whereas 
in 2 patients (9.5%), abatacept was preferred to minimize hospital 
visits during the COVID-19 pandemic.

Regarding the immunosuppressive regimen administered in 
combination with CTLA4-Ig, 15 patients (20.3%) were 
maintained on tacrolimus, aiming for a target trough 
concentration between 2 and 5 ng/mL. A greater proportion of 
patients in the abatacept group were on maintenance tacrolimus, 
although this difference was not statistically significant (33.3% in the 
abatacept group vs. 15.1% in the belatacept group; p = 0.109). 
Corticosteroids were more frequently prescribed in the belatacept 
group (94.3%) than in the abatacept group (66.7%) (p = 0.004). 
Overall, 59 patients (79.7%) received mycophenolate mofetil 
(MMF), and 7 patients (9.5%) were treated with a mammalian 
target of rapamycin inhibitor (mTORi). The distributions of these 
two agents were comparable between the two groups.

Rejection and DSA

The rejection rates within the first year following conversion to 
abatacept or belatacept were similar between the two groups: 
2 episodes (9.5%) in the abatacept group and 5 episodes (9.4%) 
in the belatacept group (p > 0.999) (Table 2). The characteristics of 
patients who experienced rejection, as well as details of the rejection 
episodes, are presented in Table 3. Only one patient, in the 
belatacept group, experienced rejection with microvascular 
inflammation in the absence of DSA; all other episodes were TCMR.

DSAs appeared in 3 patients within the year following 
conversion: one patient in the abatacept group developed, 
12 months after conversion, an anti-B8 DSA with a MFI of 1700, 
without histological signs of rejection on graft biopsy, and 2 patients 
in the belatacept group developed DSAs—one with anti-Cw2 (MFI 

TABLE 1 Continued

Characteristics Overall 
N = 74

Abatacept 
N = 21

Belatacept 
N = 53

p value

Corticosteroids 64 (86.5%) 14 (66.7%) 50 (94.3%) 0.004

Azathioprin 4 (5.4%) 2 (9.5%) 2 (3.8%) 0.318

Data are presented as the numbers (percentages) of patients, means ± standard deviations or medians [25th; 75th percentiles]. CAMR: chronic antibody-mediated rejection, CMV: 
cytomegalovirus, CNI: calcineurin inhibitor, cPRA: calculated panel reactive antibody, DSA: donor-specific antibody, MMF: mycophenolate mofetil, mTORi: mammalian target of rapamycin 
inhibitor.
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1200) and the other with anti-A11 (MFI 1000) at 3 months and 
12 months, respectively, after conversion.

A significant increase in DSA was observed in two patients in the 
abatacept group. In both patients, the increase involved an anti-DQ 
antibody. The MFI rose from 1,400 to 2,100 in the first patient and 
from 2,000 to 8,000 in the second. The second patient was also the 
one in whom the emergence of an anti-B8 antibody was observed.

Viral complications and 
opportunistic infection

Ten patients (13.5%) experienced viral complications: 2 patients 
(9.5%) in the abatacept group and 8 patients (15.1%) in the belatacept 
group (p > 0.999). Details of the infections are presented in Table 2.

In the abatacept group, one patient experienced CMV colitis 
with a viral load of 6 log copies/mL 5 months after the initiation of 
abatacept in a 76-year-old patient with positive CMV serology, in 
whom CMV prophylaxis had been discontinued. The second 
infection was a case of zoster reactivation occurring 1 month 
after starting abatacept in a 57-year-old patient, who achieved a 
favourable outcome under valaciclovir treatment.

Within the cohort, only one case of nonviral opportunistic 
infection was reported, occurring in a patient from the belatacept 
group who presented with cryptosporidium-induced diarrhoea 
4 months after conversion. All patients received cotrimoxazole 
after CTLA4-Ig conversion.

Changes in the estimated glomerular 
filtration rate (eGFR) at 12 months

A global increase in the eGFR was observed in both groups 
following the introduction of abatacept or belatacept. In the 
abatacept group, the increase was 2.3 (±11.6) mL/min/1.73 m2 at 
3 months and 2.9 (±12.9) mL/min/1.73 m2 at 1 year, whereas in the 
belatacept group, it was 3.8 (±10.3) mL/min/1.73 m2 at 3 months and 
4.5 (±15.2) mL/min/1.73 m2 at 1 year. There was no statistically 

significant difference in eGFR evolution between the two groups. No 
patient experienced graft loss.

Discussion

To our knowledge, this is the first study directly comparing 
abatacept and belatacept as maintenance immunosuppressive 
therapy following kidney transplantation. Our findings provide 
reassuring evidence indicating the absence of an increased risk of 
rejection following conversion to abatacept. The observed acute 
rejection rate of 9.5% within the first year post-conversion was 
comparable to that observed following belatacept conversion in our 
cohort, as well as to rates previously reported in the literature. For 
instance, in a prospective study, Budde et al. reported an 8% 
incidence of acute cellular rejection at 24 months following late 
conversion to belatacept (>6 months post-transplant) [4]. Similarly, 
two European multicentre retrospective studies, separately authored 
by Bertrand et al. and Darres et al., reported rejection rates of 6.1%— 
predominantly occurring within the first 3 months post- 
conversion—and 8.2%, respectively [4, 5, 15]. Across all these 
studies, most rejection episodes occurred within the first year 
after conversion, supporting our decision to use this timeframe 
as the primary endpoint. In our cohort, both rejection episodes 
following conversion to abatacept were TCMR. One of these patients 
had been converted early, at 3 months post-transplant, as suggested 
in the literature to potentially improve graft survival—although this 
timing is also considered a risk factor for rejection [15, 16]. In both 
cases, follow-up biopsies performed 3 months after rejection and 
subsequent treatment showed complete resolution of inflammation, 
allowing continuation of abatacept therapy [15]. In our cohort, 
tacrolimus was maintained in 7 of 21 patients (33.3%) receiving 
abatacept, with low target trough levels (2–4 ng/mL) [17]. This 
combination may have contributed to the low rejection rate. In 5 of 
these 7 patients, the decision to maintain tacrolimus was motivated 
by a history of cAMR prior to the initiation of abatacept [6–11]. In 

TABLE 2 Occurrence of rejection within the first year post-conversion and secondary endpoints.

Endpoints Total n = 74 Abatacept n = 21 Belatacept n = 53 p value

Rejection 7 (9.5%) 2 (9.5%) 5 (9.4%) >0.999

TCMR 6 2 4

ABMR 1 0 1

Secondary endpoints

DSA de novo 3 (4.1%) 1 (4.8%) 2 (3.8%) >0.999

Increased in DSA levels 2 (2.7%) 2 (9.5%) 0 (0.0%) 0.078

Viral complication 10 (13.5%) 2 (9.5%) 8 (15.1%) 0.715

- BK virus replication 1 (1.4%) 0 (0.0%) 1 (12.5%)

- Severe COVID-19 1 (1.4%) 0 (0.0%) 1 (12.5%)

- CMV disease 6 (60.0%) 1 (50.0%) 5 (62.5%)

- Norovirus infection 1 (1.4%) 0 (0.0%) 1 (12.5%)

- Herpes zoster 1 (1.4%) 1 (50.0%) 0 (0.0%)

Data are presented as the numbers (percentages) of patients. CMV: cytomegalovirus, DSA: donor-specific antibody.
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addition, it should be noted that, as in most studies and case series 
addressing conversion to a costimulation inhibitor [3–5, 7, 18], no 
systematic biopsies were performed in either the abatacept or 
belatacept groups, raising the possibility of undiagnosed 
subclinical rejection. However, the observed stability of renal 
function at 1-year-follow-up in patients who did not undergo 
biopsy may be considered a reassuring finding.

To date, only three case series have documented the use of 
abatacept in kidney transplantation. Badell et al. described the use 

of IV abatacept (10 mg/kg/month) in 9 recipients with a median 
follow-up of 82 months [14]. Only one patient experienced 
favourable-outcome cellular rejection when treated with 
corticosteroids, while renal function and panel reactive 
antibody (PRA) levels remained stable in all patients. We 
previously reported the first case series of five patients who 
converted to subcutaneous abatacept, none of whom 
experienced rejection [12]. The largest series to date, published 
by Bertrand et al., involved 171 patients who received abatacept 

TABLE 3 Patients who experienced rejection: characteristics and details.

Abatacept Belatacept

Characteristics Patient 1 Patient 2 Patient 3 Patient 4 Patient 5 Patient 6 Patient 7

Age at Tx (years) 72 48 72 46 71 44 68

Sex F M F M F F M

Induction therapy Basiliximab ATG Basiliximab Basiliximab ATG Basiliximab Basiliximab

Conversion indication Marginal graft CNI toxicity Marginal graft CNI toxicity CNI toxicity CNI toxicity CNI toxicity

Time of conversion 

after Tx

1 month 16 months Induction 

treatment

6 months 11 months 15 months 3 months

Delay CNI 

discontinuation after 

conversion

2 weeks 1 month No CNI 1 month 3 weeks 1 month 3 weeks

Cause of graft biopsy 3 months protocol 

biopsy

Graft dysfunction 3 months 

protocol biopsy

Graft 

dysfunction

Graft dysfunction Graft 

dysfunction

Graft 

dysfunction

Rejection type Cellular 1B Cellular 1A Cellular 1B Cellular 2B MVI without DSA 

Suspicious AMR

Borderline Cellular 1A

Time from conversion to 

rejection

2 months 8 months 3 months 3 months 2 months 3 months 3 months

Associated treatment at 

time of rejection

MMF 750 mg/d 

Prednisone 

7.5 mg/d

mTORi 

Prednisone 5 mg/d

MMF 1500 mg/d 

Prednisone 

5 mg/d

MMF 2 g/d, 

prednisone 

5 mg/d

MMF 750 mg/d AZA 100 mg/d, 

prednisone 

5 mg/d

MMF 2 g/d, 

prednisone 

5 mg/d

Treatment Pulse steroids 

followed by oral 

steroids at 

1 mg/kg/d tapered 

over 3 months

- Pulse steroids 

followed by oral 

steroids at 1 mg/kg/ 

d tapered over 

3 months 

- Switch mTORi to 

low dose CNI

Pulse steroids 

followed by oral 

steroids at 

1 mg/kg/d 

tapered over 

3 months

- ATG 

- Pulse steroids 

followed by oral 

steroids at 

1 mg/kg/d 

tapered over 

3 months 

- Low dose CNI

- Plasmapheresis 

- Pulse steroids 

followed by oral 

steroids at 1 mg/kg/ 

d tapered over 

3 months 

- Low dose CNI

- Pulse steroids 

followed by oral 

steroids at 

1 mg/kg/d 

tapered over 

3 months 

- Switch AZA 

to MMF

- Pulse steroids 

followed by oral 

steroids at 

1 mg/kg/d 

tapered over 

3 months

Re-evaluation graft 

biopsy

Resolution of graft 

inflammation at 

3 months

Resolution of graft 

inflammation at 

3 months

No re-evaluation 

graft biopsy

No re-evaluation 

graft biopsy

Advanced renal 

fibrosis

No re-evaluation 

graft biopsy

No re- 

evaluation graft 

biopsy

Evolution of graft 

function

SCr 70 μmol/L at 

biopsy; stable at 

3 and 12 months

SCr 300 μmol/L at 

biopsy (baseline 

200) 250 at 

3 months and 

1 year

SCr 80 μmol/L at 

biopsy; stable at 

3 and 12 months

SCr 380 μmol/L, 

200 at 3 months 

and 1 year

SCr 800 μmol/L at 

biopsy, dialysis 

requirement at 

4 months

SCr 350 μmol/L 

at biopsy, 200 at 

3 months

SCr 250 μmol/L 

at biopsy, 140 at 

2 weeks

ATG: antithymocyte globulin, AZA: azathioprine, SCr: serum creatinine, CNI: calcineurin inhibitor, DSA: donor-specific antibody F: female, M: male, MMF: mycophenolate mofetil, mTORi: 
mammalian target of rapamycin inhibitor, MVI: microvascular inflammation, Tx: transplantation.
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for 3 months during the COVID-19 pandemic to avoid in-hospital 
belatacept infusions, which were not permitted in outpatient 
settings at the time [13]. The authors reported reassuring 
results, with stable graft function in 97.2% of the recipients. It 
is noteworthy that, in the three aforementioned series, the 
indication for conversion to CTLA-4 inhibitors was exclusively 
[14] or predominantly [12, 13] intolerance to calcineurin 
inhibitors, encompassing both CNI-related toxicity and the use 
of marginal grafts. In contrast, indications for conversion in our 
study were more heterogeneous, resulting in a more diverse 
cohort. Nevertheless, this heterogeneity may strengthen the 
external validity of our findings, as it more accurately reflects 
the contemporary, diverse use of CTLA-4 inhibitors in clinical 
practice [6–11].

While the risk of opportunistic infections following conversion to 
belatacept has been frequently reported in the literature [19, 20], few 
infectious events were observed in our cohort, whether in the 
abatacept or belatacept groups. In terms of its primary indication, 
rheumatoid arthritis, the reported infectious risk of abatacept 
remains modest [21]; however, extrapolation to transplant 
recipients must be made with caution, given the concomitant use 
of immunosuppressive therapy. A lower infection risk with abatacept 
than with belatacept could be hypothesized, given its lower binding 
affinity for CD80/CD86, but this requires confirmation in larger 
studies with extended follow-up.

Several practical considerations motivated the use of abatacept 
in our centre. Following the COVID-19 pandemic and in the context 
of promoting outpatient care for patients with significant CNI- 
induced nephrotoxicity, the most frequent reason for abatacept use 
in our cohort was the national shortage of belatacept in France from 
January to September 2023. An especially valuable indication may be 
its suitability for patients with poor venous access, for whom 
subcutaneous administration offers clear advantages. While 
belatacept was administered intravenously by a nurse for all 
patients in that treatment group, abatacept was self-administered 
via subcutaneous injections by all patients in that group, offering the 
patients greater autonomy. This benefit was also highlighted in a 
study by Bertrand et al., in which 47% of 177 patients who converted 
to abatacept during the COVID-19 pandemic reported that 
treatment was less burdensome than belatacept was, and 38% 
expressed a preference to continue abatacept therapy [13]. 
Finally, although recent data have provided reassuring evidence 
regarding the use of belatacept during pregnancy [22], more 
extensive and longer-term safety data are currently available for 
abatacept in this setting [23, 24].

In conclusion, this real-world study suggests that abatacept is 
associated with acceptable safety outcomes compared with 
belatacept, without evidence of an increased risk of rejection. 
These findings support its consideration as a potential alternative, 
particularly in the context of drug shortages, for patients with 
difficult venous access, during pregnancy, or for those seeking 
greater treatment autonomy. Additional data on the safety and 

efficacy of this strategy are expected from an ongoing 
randomized prospective trial [25].
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Kidney transplantation (KT) is the preferred treatment for kidney failure, 
providing superior survival and quality of life compared with haemodialysis. 
However, the demand for transplantation exceeds organ availability, 
underscoring the need to optimize pre- and post-transplant care. Physical 
frailty and mild cognitive impairment (MCI) are important predictors of post- 
transplant outcomes, yet their long-term trajectories remain insufficiently 
understood. This prospective multicentre longitudinal study, nested within 
the Swiss Transplant Cohort Study, included 230 adult KT recipients followed 
for up to 2 years after transplantation. Physical frailty was assessed using the 
adapted Fried Frailty Phenotype and MCI using the Montreal Cognitive 
Assessment. Physical frailty declined from 8.3% before transplantation to 
below 2% during follow-up, while pre-frailty decreased from 54.3% to 
27.6% at 2 years. MCI prevalence declined from 42.6% to 31.3%. 
Longitudinal analyses demonstrated that physical frailty was more dynamic 
than cognitive function. Better cognitive function at earlier time points 
predicted lower subsequent frailty, whereas frailty did not significantly 
predict later cognitive function. These findings suggest that cognitive 
assessment may help identify patients at risk of persistent frailty and 
support the routine assessment of both physical frailty and cognitive 
function before and after KT to improve risk stratification and guide 
individualized patient care.
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Introduction

Population ageing and an increasing incidence of chronic 
disease have led to a growing number of patients with kidney 
failure being considered for kidney transplantation (KT) [1, 2]. 
KT is recognised as the most effective treatment option for 
kidney failure patients and offers significant advantages over 
haemodialysis treatment in terms of mortality, graft function 
and quality of life [3–5]. As a result, the demand for grafts is 
steadily increasing worldwide while the number of available 
donor organs has been stagnating [6, 7]. Consequently, the 
demand for kidney transplants considerably exceeds the 
number of available grafts, which underlines the importance 
of optimising pre- and post-KT procedures and outcomes. Age 
significantly impacts transplant results, were individuals of 
similar age may present with different physical and cognitive 
conditions. Thus, chronological age (counted in years) alone is 
an inaccurate representation of patients’ functional abilities [8, 
9]. Physical frailty, a better predictor of biological age, and MCI 
were both found to be strong independent predictors of adverse 
health outcomes and functional decline in ESRD as well as 
KT recipients [5, 7, 9]. Nevertheless, there is limited evidence on 
how these two conditions develop long term and how they 
interact after KT. Therefore, studies that investigate the 
prevalence, the evolution, and the interrelation of both 

conditions over time represent an important area of research 
to contribute informing clinical and policy decision making.

Physical frailty is defined as a state of vulnerability and a decline 
in functioning across multiple physiological body systems [10, 11]. 
The Fried Frailty phenotype (FFP) offers the most common way for 
determining physical frailty in transplantation [12]. This phenotype 
is based on the five components weakness, slowed walking speed, 
low level of physical activity, exhaustion, and chronic 
undernutrition [10, 11]. Depending on the presence of these 
components, a patient is classified as non-frail; pre-frail; or frail. 
Although the FFP was initially designed to identify older adults at 
increased risk for adverse health outcomes, it is presently utilized as 
a predictive tool for such detrimental health effects across diverse 
patient populations [10, 13]. For improving its predictive validity, 
the FFP components have been adapted for KT patients (e.g., 
chronic undernutrition is measured by asking for loss of appetite 
instead of asking for weight loss) [14, 15].

In addition to physical frailty, MCI has been shown to 
significantly influence KT outcomes; MCI is characterized as a 
syndrome involving cognitive decline that exceeds normative 
expectations for an individual’s age and educational background, 
yet does not substantially impair activities of daily living [12, 16]. 
Physical frailty and MCI are common in patients with chronic 
kidney disease (CKD) [17–22]. Studies have demonstrated that up to 
78% of patients with kidney failure and as many as 58% of KT 
candidates at the time of transplantation exhibit signs of frailty [18, 
19, 22–25]. Both conditions are strong and independent predictors 
of adverse health outcomes such as postoperative complications, 
increased rate of early hospital readmission or mortality in 
chronically ill adults of all ages [22, 26–30]. A study on changes 
in frailty after kidney transplantation revealed that the prevalence of 
physical frailty initially increased from 20% immediately after 
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transplantation to 33% 1 month post-transplantation, but 
subsequently decreased to 27% at 2 months and 18% at 
3 months. The findings indicate that physical frailty in kidney 
transplantation patients is not a stagnant condition, but rather a 
dynamic physiological state [31].

MCI has in parallel been found to be a strong and independent 
predictor of increased rates of hospitalization and mortality in different 
populations [20, 21, 26, 30, 32]. It also adversely affects patients’ 
decision-making, the adoption of healthy lifestyle behaviours and 
adherence to medication regimens and can in turn negatively 
influence health outcomes in the KT population [20, 27, 33]. The 
prevalence of MCI in CKD patients is high, with figures up to 75%. 
Therefore, several studies suggest regular screening for MCI in the 
CKD population to allow early detection [20, 21, 26, 30, 34]. Moreover, 
physical frailty and mild cognitive impairment appear to contribute to 
a cycle of physical and cognitive decline and reduced quality of life [20, 
35]. Dysregulation of multiple biological and stress-response systems 
has been implicated in the development of both frailty and cognitive 
impairment. The coexistence of these conditions may further increase 
vulnerability and accelerate functional decline [36, 37]. Additionally, 
physical frailty has been associated with lower cognitive function and 
poorer cognitive outcomes following the initiation of haemodialysis 
and after KT [24, 38, 39]. However, despite increasing recognition of 
the clinical importance of both conditions, little is known about their 
longitudinal evolution after kidney transplantation or the directionality 
of their relationship. Understanding whether frailty and cognitive 
impairment improve, worsen, or influence one another over time 
may provide important insights into patient recovery following 
transplantation and may help identify potential targets for 
intervention. Consequently, the identification and management of 
frailty and cognitive impairment have become increasingly 
important in kidney transplantation [19, 20]. While the associations 
between frailty, MCI, and adverse transplant outcomes have been well 
documented, substantially less is known about how these conditions 
evolve following transplantation and whether they influence one 
another over time. A better understanding of their longitudinal 
trajectories and interrelationship may help identify mechanisms 
underlying post-transplant recovery and inform the development of 
targeted interventions aimed at improving patient outcomes.

The objective of this study was to assess the prevalence of 
physical frailty and MCI among adult KT recipients at the time 
of transplantation and to describe their longitudinal evolution and 
interrelationship during the first 2 years following KT. Given the 
established associations of both conditions with adverse transplant 
outcomes, a better understanding of their trajectories may support 
risk stratification, guide the development of targeted interventions, 
and inform future studies investigating their impact on long-term 
transplant outcomes.

Materials and methods

The current study presents results of the multicenter, 
prospective cohort study GERAS (ExplorinG frailty and mild 
cognitive impairmEnt in adult kidney tRansplant recipients to 
enhance risk prediction for biochemicAl, psychosocial, and 
health cost outcomeS) [40]. GERAS is nested in the Swiss 
Transplant Cohort Study (STCS), a long-term open 

prospective cohort study that has enrolled more than 95% of 
all KT recipients in Switzerland since 2008 [41, 42]. The GERAS 
study was approved as a multicenter study by the responsible 
ethics committee (EKNZ: 2015-235). Figure 1 illustrates the 
study design, data resources and variables of the GERAS 
Study. The GERAS study protocol has been published 
elsewhere [40].

Setting and sample

We included a convenience sample of deceased- and living- 
donor KT recipients aged ≥20 years who are enrolled in the 
STCS. Recruitment occurred from March 2016 to July 
2019 across four university KT-hospitals and one cantonal 
KT-hospital in Switzerland. Patients receiving a first or re- 
implant KT were eligible. We excluded patients that received 
more than one organ transplant; were not capable to give or 
understand informed consent; had insufficient knowledge of 
German, French, English or Italian; or had severe functional 
impairments (e.g., blindness or wheelchair bound) precluding 
study assessments. Enrolled participants did not differ based on 
age and sex from those who were not included in the cohort. 
With a follow-up time of 2 years, data collection was completed 
in August 2021.

Data collection and data management

Potential participants for this study were screened during a 
routine clinic visit prior to living-donor KT, specifically within a 
maximum of 3 days before the procedure. For deceased-donor 
KT recipients, screening occurred upon hospital admission as 
part of the integrated routine clinical care. Trained data 
collectors performed informed consent procedures using 
methods in concordance with the Swiss Ethics regulations. 
Data collectors were research team members as well as KT 
center nursing and medical staff. All individuals collecting 
data were trained in their native language through face-to-face 
sessions at the respective KT center. Co-investigators of the 
GERAS project complied with applicable privacy laws, and 
obtained data were considered confidential with no third-party 
disclosure. KT recipients were assessed for physical frailty and 
MCI immediately pre-KT with follow-up evaluations at 
6 months, 12 and 24 months post-KT.

To ensure structured and comprehensive patient follow-up, the 
Secu-Trial™ database (a secure, web-based data platform) had been 
established. Linking and coding of data from various sources was 
performed within Secu-Trial™ in collaboration with the STCS data 
centre and the Clinical Trial Unit, University Hospital Basel [40].

The KT centers received data collection packages including a 
step-by-step data collection manual [40]. Professional native 
speakers translated all assessments and questionnaires, i.e., 
adapted Fried frailty assessment and Montreal Cognitive 
Assessment (MoCA) from their original language to the three 
target languages French, German, and Italian [10, 43]. Native 
speaking members of the research team performed the back 
translation. Its comparability with the original was discussed in 
the research team. We pilot-tested the study documents in a 
convenience sample of four hemodialysis patients, KT candidates 
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and KT recipients from all KT centers to test face validity and 
estimated time investment. Following the pilot testing we made 
some adjustments to the wording to improve language clarity.

Variables and measurements

Physical frailty was assessed by data collectors using the adapted 
Fried frailty assessment for KT patients [13, 14]. The original five 
domains of the FFP were developed and psychometrically tested in 
the Cardiac Health Study [10]. Both, the original and adapted 
versions have shown good construct and predictive validity in 

KT cohorts [28, 44–46]. The adapted version requires an 
approximately 10-min interview by a data collector and evaluates 
the five domains weakness (handgrip strength, cut-off based on age 
and sex), slowness (measured habitual walking speed, cut-off based 
on established measures), low level of physical activity (self-report 
item on physical activity), lower total energy expenditure (self- 
report item on subjective exhaustion) and chronic undernutrition 
(self-report item on loss of appetite) (Table 1) [10, 49]. Every domain 
is scored as 0 or 1, depending on its absence or presence. We 
calculated a summary score and grouped patients in non-frail (score 
0), pre-frail (score 1–2) or frail (score 3–5) [10].

FIGURE 1 
Time frame GERAS study.

TABLE 1 Fried frailty assessment.

Domain Procedure Evaluation

Weakness Mean values of three tests of maximum grip strength with both hands by the 

hand-held Jamar dynamometer® [47] were calculated

Weak grip strength: mean value ≤ two standard deviations of sex 

and age adjusted normative values [48]

Slowness Time in seconds to complete a 5-m walk, measured, following a standardized 

protocol

Slow walking speed: Average of three attempts ≥6 s

Low level of physical 

activity

One closed-ended question: “How often do you engage in activities that require a 

low or moderate level of energy, such as gardening, cleaning the car or going for a 

walk?” 

Answer options: more than once a week/once a week/one to three times a month/ 

rarely

Low level of physical activity: response of “one to three times a 

month” or “rarely”

Exhaustion Two closed-ended questions: “In the last week, did you feel on at least 3 days, that 

everything you did was an effort?” and “In the last week did you feel on at least 

3 days, that you could not get going?” 

Answer options: yes/no.

Exhaustion: response of “yes” to at least one question

Appetite One closed-ended question: “Have you, in the last 3 months, been eating more/ 

unchanged/less than usual?” Answer options: less/unchanged/more

Chronic undernutrition: response of “less”
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Mild cognitive impairment was assessed by data collectors using 
the Montreal Cognitive Assessment (MoCA) at the time of 
transplantation [43, 50, 51]. The MoCA is a 10-min assessment 
recommended for evaluating cognitive function and covers 
visuospatial and executive functioning, naming, memory, 
attention, language, abstraction, delayed recall, and orientation. 
The overall score is 0–30, with a score <26 indicating MCI [43].

Demographic and clinical variables: Chronological age (years), 
sex (male/female) and pre-KT comorbidities (cancer, endocrine- 
metabolic or cardiopulmonary disease) were retrieved from the 
medical patient record and the STCS dataset. Donor type (living 
donor deceased donor), LOS (days of hospitalisation starting from 
admission to discharge), hospital readmission rate (count of 
readmissions within the first 6 months after KT), renal 
replacement therapy received (none, peritoneal dialysis, 
haemodialysis), graft loss event post-KT (event, no event), 
mortality, transplant related complications during hospital stay 
(yes/no) time on dialysis (years), donor age (age) human 
leukocyte antigen mismatches (count in numbers) and graft 
rejection within the first 6 months post-KT (yes/no) were 
retrieved from the STCS data source and reviewed in the medical 
patient record.

Statistics

All analyses were performed in R 3.5.2 for Windows and SAS 
9.4. Descriptive statistics of central tendency and dispersion and 
graphical methods for data visualization were used to report the 

prevalence of physical frailty and MCI immediately before KT and 
describe their post-KT evolution. As a sensitivity analysis to account 
for missing values, we compared the numbers of observations that 
were not followed up till 24 months post-KT for both, physical frailty 
and MCI. Regression analysis were performed applying generalized 
estimating equations to account for the repeated measures within 
patients [52, 53].

We first considered frailty as the dependent variable explained 
by the MoCA score and second, by treating MoCA as the dependent 
variable, with frailty as the explanatory variable. For each of these 
analyses, we adjusted for time-varying and -invariant confounding 
using a propensity score, calculated based on modelling the 
respective independent variables by a set of baseline covariates 
(i.e., age, gender, donor type, educational level, number of 
comorbidities, first vs. re-transplantation and dialysis type) as 
well as prior values of both MoCA and frailty scores (i.e., until 
two prior visits). Additionally, time-lagged models were added to 
predict both outcomes at subsequent follow-up visits [52, 53]. The 
significance level was set a priori to 0.05.

Results

During the recruitment phase, 563 adults underwent kidney 
transplantation across the five participating Swiss transplant centers. 
Of these, 348 were assessed for eligibility and 230 fulfilled the 
inclusion criteria and were enrolled in the study. The discrepancy 
between the total number of transplant recipients and those 

FIGURE 2 
Sample flowchart.
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screened was primarily attributable to logistical constraints during 
transplantation procedures, particularly when multiple 
transplantations occurred simultaneously. If several 
transplantations were planned simultaneously, recruitment of all 

recipients was not always possible. 230 KT recipients across the five 
participating Swiss transplant centers fulfilled the inclusion criteria 
and were included in the study (Figure 2). As center-specific 
differences were not part of the study objectives, participants 
from all centers were analysed as a single multicenter cohort and 
results are reported for the pooled sample. Table 2 provides an 
overview of the sample characteristics. The study participant’s mean 
age was 53.0 years (SD ± 14.4, range 20–75), 25.2% were 
aged ≥65 years and 31.7% were female.

Prevalence of physical frailty and MCI 
immediately prior to KT

Immediately pre-KT, the prevalence of physical frailty was 8.3%, 
and 54.3% of the study participants were assessed as pre-frail 
(Table 3; Figure 3). Physical frailty was determined to be slightly 
less prevalent in female participants (6.9%) than in male participants 
(8.9%). Within the age group 65–75 years, the prevalence of physical 
frailty was lower than in the younger age group 20–64 years (6.9% 
versus 8.8%.) Overall, the prevalence of MCI was 42.6% (Table 3). 
The older age group had a higher prevalence than the younger group 
(67.2% versus 39.0%).

Evolution of physical frailty and MCI status 
up to two years post-KT

The prevalence of physical frailty declined over the 2 years 
follow up period and ranged between 1 and 2% between the 6, 
12 and 24 months follow up time points. Physical pre frailty declined 
initially to 43.4% at 6 months follow up and remained stable at 
12 months post KT (45.6%). At the last follow up time point a 
decrease to 27.6% was detected (Figure 4).

The prevalence of MCI declined to 35.0% at 6 moths, 29.8% at 
12 months and 31.3% at 24 months post-KT. Figure 5 presents the 
evolution of MCI as well as the missing data at each time point.

When calculating the number of observations that did not reach 
the 24-month post-KT time point, we found that 74 observations 
(32.2%) for physical frailty and 67 observations (29.1%) for MCI 
were missing (Supplementary Table).

The relationship between frailty and 
cognitive function

The regression analyses revealed a significant association 
between cognitive function and frailty. The MoCA score was a 
significant predictor of frailty (OR = 0.92, 95% CI: 0.88–0.96, p = 
0.0004) indicating that higher cognitive function was associated with 
lower frailty levels. Interaction effects between MoCA and time were 
not statistically significant, suggesting that this relationship 
remained stable across follow-up visits, thus were omitted from 
the models (Table 4).

In the time-lagged models, higher MoCA scores at an earlier 
time point predicted lower frailty at later visits (OR = 0.88, 95% 
CI: 0.82–0.94; p = 0.0003). The same was not true for frailty 
being predictor of cognitive function in the future (OR = 0.84, 
95% CI: 0.59–1.21; p = 0.35) suggesting that cognitive 
function is able to predict frailty progression, in an 
unidirectional way (Table 4).

TABLE 2 Demographic and clinical variables.

Sample characteristic (n = 230) Value

Recipient factors 

Age in years, mean (SD) 

Age ≥65 years, % 

Female sex, % 

Education <13 years, %

53.0 ± 14.4 

25.2 

31.7 

24.3

Comorbidities 

No comorbidities, % 

1–2 comorbidities, % 

≥3 comorbidities, %

3.9 

39.1 

57.0

LOS 

Days, mean 

Days, median

13.2 

12

Readmission rate 

No readmission, % 

Readmission, %

56.5 

43.5

Donor type 

Living % 

Deceased, %

60.0 

40.0

Dialysis type 

HD, % 

PD, % 

None, %

60.4 

14.35 

24.45

Type of KTx 

First KTx, % 

Second KTx, % 

Third or subsequent KTx, %

85.6 

2.2 

12.2

SD, Standard deviation; HD, Haemodialysis; PD, Peritonealdialysis; LOS, Length of stay.

FIGURE 3 
Distribution of physical frailty and MCI immediately pre-KT.
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To assess potential attrition bias, baseline characteristics were 
compared between participants with and without available 24- 
month follow-up assessments. Participants without a 24-month 
MoCA assessment had lower baseline MoCA scores (p = 0.019) 
and a higher comorbidity burden (p = 0.021), whereas participants 
without a 24-month frailty assessment had higher baseline frailty 
scores (p = 0.032).

Discussion

The objective of this study was to evaluate the prevalence of 
physical frailty and MCI among adult KT recipients at the time of 
transplantation and to describe their evolution up to 2 years post- 

KT. We found that in our study population, the prevalence of 
physical frailty amounted to 8.3% and that of MCI to 42.6%.

The prevalence of physical frailty in KT patients in our study was 
lower than that reported in the literature (8% compared to up to 
20%) [6, 8, 9, 18, 44, 54]. In contrast, the percentage of patients with 
physical pre-frail status was higher than values previously reported 
in an international study (54% compared to 33%) [44, 45]. This 
finding might result from the fact that healthcare systems differ 
among countries, making direct comparisons difficult. Nevertheless, 
the average time on the waitlist for KT in Switzerland was 2.6 years 
in 2018, which is low compared to other European countries and the 
US (Swisstransplant, ERA-EDTA, UNOS). A shorter waiting time 
has been shown to be beneficial in various studies, whereas a 
prolonged time on the waitlist has been associated with negative 

TABLE 3 Participants and prevalence of physical frailty and MCI immediately prior to KT.

Participant 
characteristics

Frailty (n = 230) MCI (n = 230)

Non- 
frail (n)

Pre- 
frail (n)

Frail (n) Prevalence 
frail (%)

No MCI (n) MCI (n) Prevalence 
MCI (%)

All participants 86 125 19 8.3% 132 98 42.6%

Age, years 

20–64 

65–75

63 

23

93 

31

15 

4

8.8% 

6.9%

110 

21

61 

37

35.7% 

63.8%

Sex 

Female 

Male

29 

57

39 

86

5 

14

6.8% 

8.9%

45 

87

28 

70

38.4% 

44.6%

Education level 

Education <13 years 

Education ≥13 years

18 

68

37 

88

1 

18

1.8% 

10.3%

36 

96

20 

78

35.7% 

44.8%

LOS 

<13 days 

≥13 days

61 

25

67 

58

7 

12

5.2% 

12.6%

86 

46

49 

49

36.3% 

51.6%

Dialysis type 

HD 

PD 

None

56 

15 

14

71 

16 

38

12 

3 

4

8.6% 

8.8% 

7.1%

75 

22 

34

64 

11 

22

46.0% 

33.3% 

39.3%

TABLE 4 Results of the ordinal logistic regression models.

Model Odds ratio (95% confidence intervals) P-value

Frailty scores predicted by MoCA scores

Concurrent 0.92 (0.88–0.96) 0.0004

Forward lag (one assessment) 0.88 (0.82–0.94) 0.0003

Forward lag (two assessments) 0.97 (0.87–1.08) 0.53

MoCA scores predicted by frailty scores

Concurrent 0.77 (0.61–0.96) 0.02

Forward lag (one assessment) 0.84 (0.59–1.21) 0.35

Models are adjusted for time, the propensity score and the propensity score squared.
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outcomes after KT [3, 55]. The relatively short waiting time may be 
one factor explaining why many patients were only in the physical 
pre-frail stage and not yet further advanced. Interestingly, pre-frailty 
was more prevalent among pre-emptive transplant recipients than 
among patients receiving haemodialysis. This difference was not 
explained by age in our cohort and may instead reflect other patient 
characteristics or selection factors that were not investigated in the 
present study. A further notable finding was the lower prevalence of 
physical frailty among recipients aged 65–75 years compared with 
those aged 20–64 years. Although this observation appears 
counterintuitive, it is likely explained by the selection process for 
kidney transplantation. Older transplant recipients represent a 
highly selected population who have undergone extensive 
medical and functional evaluation and are therefore more likely 
to have preserved physiological reserve than older individuals with 
kidney failure in the general population [6]. In contrast, younger 
recipients may accumulate a substantial burden of chronic disease, 
dialysis-related complications, and multimorbidity that contribute 
to frailty despite their younger chronological age [56]. This 
observation further supports the concept that chronological age 
alone is an insufficient surrogate for biological age in kidney 
transplantation and reinforces the importance of incorporating 
frailty assessment into transplant evaluation irrespective of age 

[3, 6, 12, 54]. Nevertheless, given the relatively small number of 
frail participants in our cohort, this finding should be interpreted 
with caution and warrants confirmation in larger prospective 
studies. Similarly, although physical frailty appeared to be more 
prevalent among participants with a higher educational background, 
this finding should be interpreted cautiously, as participants with 
higher educational attainment were proportionally overrepresented 
in our cohort and this imbalance may have influenced the observed 
distribution.

This study revealed a high prevalence of MCI among kidney 
transplant recipients immediately prior to transplantation, 
consistent with previous reports [20, 36, 57, 58]. Although pre- 
transplant anxiety related to the anticipated transplantation 
procedure may have influenced cognitive performance in some 
individuals, baseline assessments were conducted under 
standardized and calm clinical conditions as part of routine pre- 
transplant evaluations. The observed reduction in MCI prevalence 
following transplantation aligns with longitudinal studies 
demonstrating improvements in cognitive function after kidney 
transplantation, particularly during the first postoperative year, 
although residual cognitive impairment remains common [20, 
36]. Therefore, the observed trajectory is more likely to reflect 
genuine post-transplant cognitive recovery than a transient effect 

FIGURE 4 
Evolution of physical frailty up to 24 months post KT.
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of perioperative stress. Evidence regarding longer-term cognitive 
trajectories is less consistent, with some studies reporting persistent 
impairment or late cognitive decline, whereas others demonstrate 
sustained improvement or stabilization [20, 57]. Consistent with 
recent longitudinal evidence, we observed a decline in MCI 
prevalence from 42.6% before transplantation to 29.8% at 
12 months, followed by stable prevalence at 24 months. These 
findings suggest that cognitive impairment after KT is not 
necessarily progressive but rather reflects an early phase of 
cognitive recovery followed by relative stability over the first two 
years after transplantation. Despite this favourable trajectory, 
persistent cognitive impairment remained common, highlighting 
the importance of integrating cognitive screening and tailored 
support into routine post-transplant care to optimize self- 
management, medication adherence, and long-term clinical 
outcomes [20]. Although frailty improved and cognitive function 
remained relatively stable over time, these findings should be 
interpreted in light of the observed attrition. Participants with 
poorer baseline cognitive function and greater physical frailty 
were more likely to have missing 24-month follow-up 
assessments, which may have resulted in a modest overestimation 
of the observed longitudinal improvements.

Post-KT, the study observed a marked decline in the prevalence 
of physical frailty, decreasing to between 1% and 2% at the six, 

twelve, and twenty-four-month follow-ups. Similarly, pre-frailty 
levels decreased significantly, from 43.4% at six months to 27.6% 
at twenty-four months. This trend aligns with existing literature 
suggesting that rehabilitation and supportive care post-transplant 
can lead to improved physical outcomes. Studies have demonstrated 
that structured rehabilitation programs can improve physical 
functioning in kidney transplant recipients. Recent studies further 
indicate that structured exercise-based prehabilitation can improve 
exercise capacity, muscle strength, physical performance, and 
muscle morphology in kidney transplant candidates, including 
those with frailty. These findings support the integration of 
individualized exercise interventions into multidisciplinary care 
across the kidney transplantation pathway [59, 60]. In terms of 
cognitive health, MCI prevalence also decreased over time, dropping 
from 35.0% at six months to 31.3% at twenty-four months. This 
reduction, although less pronounced than that observed in physical 
frailty, indicates that cognitive function can improve post- 
transplant, possibly due to enhanced physical health and 
psychosocial factors.

Regression analyses further revealed a significant association 
between cognitive function and frailty, suggesting that cognitive 
decline precedes subsequent physical resilience. This is important in 
identifying patients at risk. Moreover, if this would constitute a 
causal pathway, then physical frailty may respond to interventions 

FIGURE 5 
Evolution of MCI up to 24 months post KT.
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targeting cognitive function, thus early cognitive assessments in 
kidney transplant patients may help mitigate frailty 
progression over time.

The strength of this study lies in its prospective, longitudinal 
design, which encompassed a 24-month follow-up period post- 
KT and employed a multicentric approach. However, two 
significant limitations of this study are the reliance on a 
convenience sample, which led to a considerable number of 
missed patients, and the presence of missing data at several 
follow-up time points particularly in later visits, reduced the 
statistical power to detect weaker associations and may have 
introduced bias, which could not be addressed by the use of less 
missingness-sensitive random-effects models (i.e., because of 
convergence problems). The follow-up duration may also have 
been insufficient to capture the long-term impact of frailty on 
cognitive decline. Further, the potential attrition bias should be 
considered when interpreting the longitudinal findings, 
although the mixed-effects models included all available 
observations and were therefore able to accommodate 
intermittent missing follow-up data. Future studies should 
aim to extend the follow-up period and incorporate more 
detailed assessments of both cognitive and physical function, 
such as domain-specific neuropsychological tests and further 
objective frailty measures. Moreover, interventional studies 
investigating whether improving cognitive function can 
mitigate frailty progression in kidney transplant recipients 
would be valuable.

In conclusion, this study underscores the dynamic nature of 
physical frailty in kidney transplant recipients, demonstrating 
significant improvements over time, while MCI remained more 
stable. These findings highlight the critical importance of 
ongoing monitoring of both physical frailty and MCI in 
clinical settings. This study further provides evidence that 
cognitive function plays a significant role in frailty 
progression among kidney transplant patients, whereas frailty 
does not appear to substantially impact cognitive decline within 
the observed timeframe. These findings highlight the 
importance of early cognitive screening and intervention 
strategies to improve long-term outcomes in this patient 
population. Healthcare providers should implement routine 
assessments of frailty and cognitive function to identify at- 
risk patients early to adapt how healthcare services are being 
provided. Additionally, developing targeted interventions aimed 
at reducing frailty and improving cognitive health is essential to 
enhance patient outcomes and overall quality of life post-KT. By 
prioritizing these aspects of patient care, clinicians can better 
support the long-term wellbeing of kidney transplant recipients.
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Graft pancreatitis is a clinically relevant but poorly standardized complication after 
pancreas transplantation (PT). In contrast, post-pancreatectomy acute 
pancreatitis has been formally defined and validated by the International Study 
Group for Pancreatic Surgery (ISGPS). This study assessed the clinical applicability 
of an adapted ISGPS-based framework to define post-transplant acute 
pancreatitis (PTAP) after PT and its association with clinically relevant 
outcomes. Consecutive patients undergoing PT at three European centers 
between 2010 and 2024 were included. PTAP was defined by sustained 
postoperative hyperamylasemia (POH) for ≥48 h combined with CT findings 
consistent with pancreatitis within 30 days after transplantation. Imaging was 
performed in 89% of patients based on clinical indication and center-specific 
protocols. Among 432 patients, the adapted definition was applicable in 416. 
Sustained POH occurred in 196 patients (47%), and PTAP was diagnosed in 86 
(21%). PTAP was the only independent predictor of severe postoperative 
complications (OR, 2.482; P = 0.001), was independently associated with 
prolonged hospital stay (OR, 3.817; P < 0.001), and with worse death-censored 
graft survival (P < 0.001). Cold ischemia time was the only independent 
determinant of PTAP (P < 0.001). PTAP was a frequent and clinically 
meaningful complication after PT, occurring in approximately one in five 
patients and associated with worse short- and long-term outcomes.
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GRAPHICAL ABSTRACT 

Introduction

Graft pancreatitis (GP) is a clinically relevant complication after 
pancreas transplantation (PT), and has been associated with 
increased postoperative morbidity, including early relaparotomy 
and graft loss [1, 2]. However, GP remains a poorly standardized 
clinical entity that encompasses a broad spectrum of pancreatic graft 
injury. Multiple mechanisms have been implicated in its 
development, including ischemia-reperfusion injury and technical 
or preservation-related factors, such as the use of histidine 
tryptophan ketoglutarate (HTK) solution, graft overflushing, and 
exocrine bladder drainage [3, 4]. Donor-related factors may also 
contribute. As a result, both clinical management and outcome 
reporting remain inconsistent across transplant programs.

To address this gap, a recent scoping review systematically 
examined the definitions of GP reported in the literature [5]. 
Twenty studies were identified, each using a different definition 
based on variable combinations of clinical, biochemical, 
radiological, and pathological criteria [5]. This lack of 
standardization is reflected in the wide variation in reported GP 
rates, ranging from 0% to 87%, which limits meaningful 
comparisons of postoperative outcomes across institutions [5]. 
Importantly, the definitions proposed in the transplant setting 
remain circumstantial and lack formal validation.

The established definition of native acute pancreatitis [6] cannot 
be directly extrapolated to the surgical and immunological context 
of PT because of the unique contribution of perioperative ischemia- 
reperfusion injury, graft denervation, and immunosuppression- 
related factors. In contrast, the International Study Group for 
Pancreatic Surgery (ISGPS) has recently proposed and validated a 

standardized definition of post-pancreatectomy acute pancreatitis 
(PPAP), based on persistent elevation of serum pancreatic amylase 
above the institutional upper limit of normal (ULN) for at least 48 h 
postoperatively and radiological evidence of pancreatitis [7, 8]. 
Although the mechanisms of pancreatic injury differ substantially 
between PT and pancreatic resection, both settings are characterized 
by early perioperative pancreatic injury that may range from 
transient biochemical abnormalities to clinically relevant 
inflammatory damage with prognostic implications. Because the 
ISGPS framework relies on objective biochemical and radiological 
criteria rather than on a specific etiology [7, 8], it may be applicable 
to the perioperative setting of PT and could provide a standardized 
basis for defining post-transplant acute pancreatitis (PTAP).

The aim of this study was to assess the clinical applicability of an 
adapted ISGPS-based framework in a multicenter cohort of PT 
recipients to define PTAP and to evaluate its association with 
clinically relevant short- and long-term outcomes, including 
postoperative morbidity and pancreas graft survival.

Materials and methods

Study design and participants

This multicenter retrospective observational study was 
conducted in accordance with the Strengthening the Reporting of 
Observational Studies in Epidemiology (STROBE) guidelines [9]. 
Consecutive patients undergoing PT, including simultaneous 
pancreas-kidney (SPK), pancreas-after-kidney (PAK), and 
pancreas transplant alone (PTA), at three European pancreas 
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transplant centers between 2010 and 2024 were considered for 
inclusion. Patients with missing data required to apply the PTAP 
definition, including postoperative serum amylase measurements, 
were excluded. Patients undergoing graft explantation on 
postoperative day (POD) 0 or 1 were also excluded because 
sustained postoperative hyperamylasemia could not be assessed 
and the adapted ISGPS-based definition could therefore not be 
applied. The patient selection process is summarized in Figure 1.

The study was conducted in accordance with the Declaration of 
Helsinki. Given the retrospective observational design and the use of 
anonymized routinely collected clinical data, approval by the local 
ethics committees was waived at all participating centers.

PTAP definition

PTAP was defined using an adapted ISGPS framework for PPAP 
[7, 8]. Specifically, PTAP was defined by the presence of both of the 
following objective criteria:

1. Sustained postoperative hyperamylasemia (POH): persistent 
elevation of serum pancreatic amylase above the institutional 
upper limit of normal (Supplementary Table 1) for at least 
48 h postoperatively, defined by elevated values on both 
POD1 and POD2;

2. Radiological evidence of GP: findings consistent with 
pancreatitis on contrast-enhanced computed tomography 

(CE-CT) performed within 30 days after transplantation. 
Radiological GP was defined by the presence of at least 
1 of the following features: interstitial parenchymal edema, 
inflammatory changes in the peripancreatic graft fat, intra- 
and/or peripancreatic graft fluid collections, or parenchymal 
and/or peripancreatic graft necrosis.

Postoperative CE-CT scans were interpreted locally by 
radiologists at each participating center as part of routine clinical 
care. No central radiological review was performed. Because 
imaging was obtained and interpreted in the clinical setting, 
radiologists were not systematically blinded to serum amylase 
values or clinical information. For study purposes, PTAP status 
was assigned retrospectively according to prespecified biochemical 
and radiological criteria.

Serum pancreatic amylase was routinely measured on 
POD1 and POD2 in all patients. CE-CT was not performed 
systematically in all patients with sustained POH but was 
obtained according to clinical indication or center-specific 
protocols. CE-CT was the standard postoperative cross-sectional 
imaging modality across the three participating centers and was 
performed according to center-specific imaging strategies. In one 
center, CE-CT was performed according to clinical indication, 
whereas the other two centers adopted protocol-driven CE-CT 
for all PT recipients, implemented from 2013 onward in one 
center and routinely performed throughout the study period in 

FIGURE 1 
Study flow diagram illustrating patient screening, exclusions, and classification according to sustained postoperative hyperamylasemia and 
radiological graft pancreatitis. Patients undergoing graft pancreatectomy on postoperative day (POD) 0–1 were excluded because sustained 
postoperative hyperamylasemia over 48 h could not be assessed, and the adapted ISGPS-based definition of post-transplant acute pancreatitis (PTAP) 
could therefore not be applied. CE-CT, contrast-enhanced computed tomography; GP, graft pancreatitis; POD, postoperative day; POH, 
postoperative hyperamylasemia; PTAP, post-transplant acute pancreatitis.
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the other. Patients with sustained POH who did not undergo 
postoperative cross-sectional imaging were classified as having 
POH without radiological confirmation, because the radiological 
criterion for PTAP could not be assessed. These patients were 
therefore considered not to fulfill the PTAP definition, but were 
not regarded as radiologically negative. This pragmatic imaging 
strategy, which reflects real-world clinical practice, may have led to 
underdiagnosis of mild or subclinical forms of PTAP but was 
expected to enhance specificity for clinically meaningful PTAP, 
which was the primary focus of the present study.

The clinical criterion included in the original ISGPS definition, 
namely clinically relevant changes in postoperative management, 
was intentionally not applied. This choice was made to avoid 
incorporation bias, because postoperative management decisions 
are intrinsically linked to short-term clinical outcomes, which 
constituted primary study endpoints. By relying exclusively on 
objective biochemical and radiological criteria, the analysis aimed 
to preserve independence between exposure (PTAP) and outcome 
assessment.

Definition of clinical outcomes

The clinical impact of PTAP was evaluated using two primary 
outcomes: (i) severe postoperative complications and (ii) length of 
index hospital stay (LOS). Postoperative complications occurring 
within 30 days after transplantation or during the index 
hospitalization were graded according to the Clavien-Dindo 
classification [10] and were considered severe if grade IIIA or 
higher. This threshold was selected to capture complications of 
clear clinical relevance requiring invasive management. Both 
systemic and pancreas-related complications were included, 
whereas complications exclusively related to the kidney graft 
were excluded. LOS was calculated from the day of 
transplantation (POD0) to hospital discharge and dichotomized 
using the third quartile of the cohort distribution; prolonged LOS 
was defined as more than 23 days.

Secondary outcomes included death-censored pancreas graft 
survival (GS) and patient survival. Death-censored pancreas GS 
was defined as the time from transplantation to pancreas graft loss 
from any cause, excluding death with a functioning graft. Pancreas 
graft loss was defined as graft explantation or persistent return to 
insulin dependence during follow-up. Temporary insulin therapy 
during the early postoperative period was not considered graft loss if 
graft endocrine function subsequently recovered. Patient survival 
was defined as the time from transplantation to death from any 
cause. Patients without events were censored at last available 
follow-up.

Data collection

Clinical data were retrospectively collected from prospectively 
maintained institutional databases using standardized data 
collection procedures. Collected variables included recipient- and 
donor-related intraoperative and postoperative characteristics.

Recipient-related variables included sex, age at transplantation, 
body mass index (BMI), duration and type of diabetes, 
comorbidities, preoperative dialysis status and modality, and 
history of previous transplants. Donor-related variables included 

donor type (deceased donor after brain death [DBD] or after 
circulatory death [DCD]), sex, age and BMI.

Intraoperative variables collected included transplant type (SPK, 
PAK, PTA), cold ischemia time (CIT), anastomotic time, duration of 
surgery, and intraoperative blood transfusions. CIT was defined as 
the interval between initiation of cold perfusion in the donor and 
removal of the graft from ice for implantation. Anastomotic time 
was defined as the interval between the end of cold preservation and 
restoration of graft blood flow in the recipient.

Postoperative variables included early and late complications, 
relaparotomy, hemorrhage, thrombosis (occurring from 
POD2 onwards), graft explantation, duodenal leakage, and graft 
rejection before discharge. Clinically relevant graft exocrine leakage 
was captured as duodenal leakage and recorded as a distinct graft- 
related complication. Duodenal leakage was defined on the basis of 
clinical findings, drain characteristics including suspicious drain 
output and increased drain amylase levels, operative findings, and 
radiological findings when CT imaging was available. Complications 
occurring within 30 days after surgery were classified as early, 
whereas those occurring between 30 days and 3 months were 
classified as late. Long-term outcomes included rejection 
episodes, graft loss (with or without graft pancreatectomy), and 
patient survival.

Immunosuppression and anticoagulation

Induction immunosuppression consisted of rabbit anti- 
thymocyte globulin (rATG) and corticosteroids in all patients. 
Maintenance immunosuppression consisted of a triple-drug 
regimen including tacrolimus, mycophenolate mofetil (MMF), 
and corticosteroids.

Perioperative anticoagulation protocols differed across centers 
and over time, and included prophylactic-dose low molecular weight 
heparin (LMWH), therapeutic-dose LMWH, or continuous 
intravenous unfractionated heparin (UFH), with escalation to 
therapeutic-dose anticoagulation in selected patients with 
thrombotic defects detected on postoperative CE-CT, as 
summarized in Supplementary Table 2. Antimicrobial 
prophylaxis did not differ across centers and followed standard 
institutional transplant protocols.

Statistical analysis

Categorical variables are reported as absolute numbers and 
percentages and were compared using the χ2 test or Fisher’s exact 
test, as appropriate. Continuous variables are reported as median 
with interquartile range (IQR); normality was assessed using the 
Kolmogorov-Smirnov test. Group comparisons were performed 
using Student’s t test or Mann-Whitney U test, as appropriate.

Univariable and multivariable logistic regression analyses were 
performed to identify determinants of severe postoperative 
complications, prolonged LOS, and PTAP. LOS was primarily 
analyzed as a binary outcome using the third quartile as the 
threshold for prolonged hospitalization. As a sensitivity analysis, 
LOS was also analyzed as a continuous outcome using multivariable 
linear regression after logarithmic transformation to account for its 
right-skewed distribution. Logistic regression was selected for early 
postoperative outcomes occurring within a fixed 30-day window. 
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Results are reported as odds ratios (OR) with 95% confidence 
intervals (CIs). Multivariable models were constructed by 
entering variables significantly associated with the outcome on 
univariable analysis, followed by backward elimination for 
covariate selection. Center-specific effects were included in 
multivariable models to account for between-center 
heterogeneity. The number of covariates included in each model 
was limited according to the number of outcome events, aiming for 
up to 10 outcome events per covariate, to reduce the risk of 
overfitting. Missing data were not imputed; multivariable analyses 
were performed as complete-case analyses for the variables included 
in each model. Variables with low event counts were interpreted 
cautiously because of the potential for unstable estimates. To address 
the potential impact of non-systematic imaging, a sensitivity analysis 
restricted to patients who underwent postoperative CE-CT was 
performed for severe postoperative complications and 
prolonged LOS.

Death-censored pancreas GS and patient survival were 
estimated using the Kaplan-Meier method and compared using 
the log-rank test. Predictors of death-censored graft loss were 
assessed using a Fine-Gray competing-risk regression [11], with 
death with a functioning graft treated as a competing event. Results 
are reported as subdistribution hazard ratios (sHRs) with 95% CIs.

Receiver operating characteristic (ROC) curve analysis was used 
to assess the discriminatory performance of serum amylase levels for 
predicting radiological GP. Optimal cut-off values were determined 
using the Youden index.

All tests were 2-sided, and P < 0.05 was considered statistically 
significant. Analyses were performed using SPSS software version 
29.0.2 for Mac (IBM Corp., Armonk, NY, USA), GraphPad Prism 
version 10.2.2 for Mac (GraphPad Software, Boston, MA, USA) and 
R version 4.4.2 (R Foundation for Statistical Computing, Vienna, 
Austria) through RStudio version 2024.12.1 + 563 (RStudio, Boston, 
MA, USA), using the “survival” and “cmprsk” packages.

Results

Study population

A total of 453 consecutive patients undergoing PT were screened 
across the three participating centers. Twenty-one patients were 
excluded because of missing critical data required to apply the PTAP 
definition, namely unavailable serum pancreatic amylase 
measurements on POD1/POD2. The study cohort therefore 
included 432 PT recipients. Among these, 16 patients underwent 
graft pancreatectomy on POD0-1 because of early graft thrombosis 
and were excluded from the PTAP analysis because sustained POH 
over 48 h could not be assessed. The final analyzable cohort included 
416 patients. All analyses assessing PTAP and its association with 
postoperative and long-term outcomes were performed in this 
cohort. Sustained postoperative hyperamylasemia (POH) 
occurred in 196 patients (47%), and PTAP was diagnosed in 86 
(21%). Overall, postoperative CE-CT was performed in 371/ 
416 patients (89%) in the analyzable cohort. Center-level CE-CT 
rates were 97/128 (76%) in the center performing CE-CT according 
to clinical indication, 138/152 (91%) in the center where protocol- 
driven CE-CT was implemented from 2013 onward, and 136/136 

(100%) in the center performing routine protocol-driven CE-CT 
throughout the study period. Center-level PTAP rates were 38/128 
(30%), 32/152 (21%), and 16/136 (12%), respectively (P = 0.002). 
PTAP rates were stable across transplant eras: 15/84 patients (18%) 
in 2010–2014, 29/141 patients (21%) in 2015–2019, and 42/ 
191 patients (22%) in 2020–2024 (P = 0.738).

Among the remaining patients with sustained POH (n = 
110), 85 had no radiological evidence of GP, whereas 25 did not 
undergo CE-CT. The latter patients were classified as having 
POH without radiological confirmation. Among these patients, 
9 experienced a major postoperative complication, including 
7 hemorrhagic and 2 thrombotic events. Among patients 
without sustained POH (n = 220), CE-CT was performed 
postoperatively in 200 (91%), and radiological findings 
consistent with GP were identified in 58 (29%). The study 
flow diagram is shown in Figure 1.

Comparison of clinical characteristics 
according to PTAP status

Recipient and donor baseline characteristics were largely 
comparable between patients with and without PTAP (Table 1). 
In contrast, operative and preservation-related variables differed 
between groups. Median CIT was significantly longer in patients 
with PTAP than in those without PTAP [538 min (IQR, 458–630) vs. 
489 min (IQR, 410–560); P < 0.001]. Median anastomotic time was 
also longer in the PTAP group [35 min (IQR, 30–40) vs. 30 min 
(IQR, 27–36), P = 0.036], as was overall duration of surgery 
(P = 0.022).

With respect to early postoperative outcomes, graft explantation 
between POD2 and POD30 was more frequent in patients with 
PTAP than in those without PTAP [13/86 (15%) vs. 13/330 (4%), P < 
0.001]. Duodenal leakage was also more common in the PTAP 
group [7/86 (8%) vs. 6/330 (2%), P = 0.007], whereas rates of early 
hemorrhage and thrombosis did not differ significantly between 
groups. Among the 13 patients with duodenal leakage, 11 had 
sustained POH and 7 fulfilled the adapted ISGPS-based PTAP 
definition.

Primary outcomes

Severe postoperative complications (Clavien-Dindo grade ≥ 
IIIA) occurred in 112 patients (27%) and were significantly more 
frequent in patients with PTAP than in those without PTAP [33/86 
(38%) vs. 79/330 (24%); P = 0.008]. Univariable and multivariable 
logistic regression analyses assessing determinants of severe 
postoperative complications are reported in Table 2. After 
adjustment for center-specific effects and clinically relevant 
covariates, PTAP was the only independent predictor of severe 
postoperative complications (OR, 2.482; 95% CI, 1.432–4.305; 
P = 0.001).

Median LOS was significantly longer in patients with PTAP than 
in the remainder of the cohort (20 vs. 15 days, P < 0.001). On 
multivariable analysis (Table 3), PTAP (OR, 3.817; 95% CI, 2.146– 
6.792, P < 0.001) and graft rejection before discharge (OR, 16.662; 
95% CI, 3.063–90.621; P = 0.001) were independently associated 
with prolonged LOS (>23 days–n = 98). PTAP remained 
independently associated with longer hospital stay when LOS was 
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analyzed as a continuous log-transformed outcome (adjusted exp 
[β], 1.301; 95% CI, 1.166–1.451; P < 0.001 – Supplementary Table 3).

In a sensitivity analysis restricted to the 371 patients who 
underwent postoperative CE-CT, severe postoperative 
complications occurred in 33/86 patients with PTAP (38%) and 

in 67/285 patients without PTAP (23%; P = 0.008). Median hospital 
stay was longer in patients with PTAP than in those without PTAP 
(20 days [IQR, 14–33] vs. 15 days [IQR, 13–22]; P < 0.001). On 
multivariable analysis, PTAP remained independently associated 
with severe postoperative complications (OR, 2.362; 95% CI, 1.369– 

TABLE 1 Comparison of recipient and donor characteristics, surgical details and postoperative outcomes between patients with and without post-transplant 
acute pancreatitis (PTAP).

Variable Overall n = 416 (%) No PTAP n = 330 (%) PTAP n = 86 (%) p

Recipient features

Sex, male 231 (56) 178 (54) 53 (62) 0.201

Age at transplant, yearsa 41 (35–47) 41 (34–47) 43 (38–48) 0.059

BMI, Kg/m2a 22.8 (20.9–25.5) 23 (21–25.5) 22.6 (20.6–25.7) 0.592

Dialysis 292 (71) 233 (71) 59 (70) 0.947

Diabetes type 

Type I 

Other

406 (98) 

10 (2)

322 (98) 

8 (2)

84 (98) 

2 (2)

1.000

Previous pancreas transplant 13 (3) 12 (4) 1 (1) 0.240

Donor features

Donor type, DBD 407 (98) 321 (97) 86 (100) 0.214

Sex, male 252 (62) 204 (63) 48 (57) 0.328

Age, yearsa 30 (22–38) 30 (22–38) 30 (22–40) 0.584

BMI, Kg/m2a 23.4 (21–25.4) 23.5 (21–25.4) 23.4 (21.2–25.7) 0.573

Cold ischemia time, minutesa,b 496 (420–578) 489 (410–560) 538 (458–630) <0.001

Anastomotic time, minutesa,b 30 (28–40) 30 (27–36) 35 (30–40) 0.036

Intraoperative details

Transplant type 

SPK 

PAK 

PTA

362 (87) 

13 (3) 

41 (10)

283 (86) 

13 (4) 

34 (10)

79 (92) 

0 (0) 

7 (8)

0.135

Duration of surgery, minutesa 290 (240–330) 285 (240–322) 304 (257–341) 0.022

Intraoperative transfusions 78 (19) 60 (19) 18 (21) 0.579

Postoperative outcomes

Postoperative complications, 

CD ≥ IIIA [10]

112 (27) 79 (24) 33 (38) 0.008

Length of hospital stay, daysa 16 (13–23) 15 (13–21) 20 (14–33) <0.001

Early relaparotomyc 101 (24) 71 (22) 30 (35) 0.010

Early hemorrhagec 88 (21) 65 (20) 23 (27) 0.154

Early thrombosisc 83 (20) 60 (18) 23 (27) 0.077

Early graft explantation (POD 2–30) 26 (6) 13 (4) 13 (15) <0.001

Duodenal leakage 13 (3) 6 (2) 7 (8) 0.007

Graft rejection (before discharge)b 10 (3) 8 (3) 2 (2) 1.000

BMI, body mass index; CD, Clavien-Dindo; DBD, deceased after brain death; PAK, pancreas after kidney; POD, postoperative day; PTA, pancreas transplant alone; SPK, simultaneous pancreas 
and kidney. Bold values indicate statistical significance.
aExpressed as median (IQR).
bMissing data: CIT n = 12, anastomotic time n = 169, graft rejection before discharge n = 10.
cComplications defined as early when occurring within 30 days after surgery.
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4.077; P = 0.002) and prolonged hospital stay (OR, 3.767; 95% CI, 
2.140–6.632; P < 0.001).

Outcomes according to biochemical and 
radiological PTAP components

To further characterize the relative contribution of sustained 
POH and radiological GP to postoperative outcomes, a four-group 
comparison was performed among patients who underwent 
postoperative CE-CT. Overall, 142 (38%) patients had neither 
sustained POH nor radiological GP, 85 (23%) had sustained 
POH without radiological GP, 58 (16%) had radiological GP 
without sustained POH, and 86 (23%) fulfilled the PTAP 
definition. CE-CT timing was comparable across groups (P = 
0.442). Later serum pancreatic amylase trajectories (POD3, 
POD5, and POD10), normalized to center-specific ULN, differed 
significantly across groups (P < 0.001), with the highest median 
values observed in patients with sustained POH, either with or 
without radiological GP. Patients with radiological GP only did not 
show a delayed median enzyme rise above the ULN.

Patients with radiological GP without sustained POH showed 
intermediate outcomes, with rates of severe postoperative 
complications (26%) and hospital stay (median 18 days; IQR, 13– 
28) closer to those observed in the no POH/no radiological GP and 
POH-only groups than to those observed in patients fulfilling the 
combined PTAP definition (severe complications, 38%; median 
LOS, 20 days). The full four-group comparison is reported in 
Supplementary Table 4.

Long-term outcomes

After a median follow-up of 51 months (IQR, 24–87), graft loss 
occurred in 85 patients (20%), and 30 patients (7%) died. Death- 
censored pancreas GS was significantly worse in patients with PTAP 
than in those without PTAP (P < 0.001). Three-year death-censored 
pancreas graft survival was 86% in patients without PTAP and 65% 
in patients with PTAP (Figure 2A). Overall pancreas graft rejection 
during follow-up occurred in 58/416 patients (14%).

Results of univariable and multivariable competing-risk 
regression analyses for predictors of death-censored pancreas 
graft loss are reported in Table 4. On multivariable analysis, 
independent predictors of pancreas graft loss included donor 
type (DCD; sHR, 6.586; 95% CI, 1.409–30.774; P = 0.017), CIT 
(sHR, 1.004 per minute; 95% CI, 1.001–1.006; P = 0.003), transplant 
type (PAK/PTA; sHR, 2.722; 95% CI, 1.314–5.641; P = 0.007), PTAP 
(sHR, 3.412; 95% CI, 2.005–5.808; P < 0.001), early thrombosis 
(sHR, 2.821; 95% CI, 1.626–4.895; P < 0.001), and graft rejection 
(sHR, 3.975; 95% CI, 2.338–6.616; P < 0.001).

To further characterize death-censored pancreas graft loss, 
timing, associated graft-related events, and main causes of graft 
loss were assessed according to PTAP status (Supplementary 
Table 5). Among patients experiencing graft loss (n = 85), 
median time to graft loss was shorter in patients with PTAP than 
in those without PTAP (1.0 months [IQR, 0–7.5] vs. 9.3 months 
[IQR, 1–41]; P = 0.015). Early graft explantation between POD2 and 
POD30 was more frequent among patients with PTAP (13/31, 42%) 
than among those without PTAP (13/54, 24%), although this 

TABLE 2 Univariable and multivariable analyses assessing the determinants of severe postoperative complications (n = 404).

Univariable Multivariablea

Variable OR 95% CI p OR 95% CI p

Recipient sex, female 0.865 0.558–1.340 0.515

Recipient age, years 0.983 0.957–1.009 0.188

Recipient BMI, kg/m2 0.996 0.939–1.056 0.885

Recipient diabetes type, type I 0.859 0.218–3.382 0.828

Recipient on dialysis 1.094 0.675–1.772 0.716

Donor sex, female 0.904 0.576–1.418 0.660

Donor age, years 1.002 0.981–1.024 0.863

Donor BMI, kg/m2 1.044 0.970–1.123 0.252

Donor type, DCD 1.362 0.335–5.542 0.666

Cold ischemia time, minutes 0.998 0.996–1.000 0.049 – – –

Anastomotic time, minutesb 1.014 0.992–1.036 0.221

Transplant type, PAK/PTA 1.327 0.712–2.473 0.373

Previous PT 0.899 0.239–3.383 0.875

Intraoperative transfusions 0.541 0.290–1.011 0.054

PTAP 1.970 1.192–3.258 0.008 2.482 1.432–4.305 0.001

BMI, body mass index; CI, confidence interval; DCD, deceased after circulatory death; OR, odds ratio; PAK, pancreas after kidney; PT, pancreas transplant; PTA, pancreas transplant alone; PTAP, 
post-transplant acute pancreatitis. Bold values indicate statistical significance.
aMultivariable analysis adjusted for center.
bAvailable for n = 247 patients.
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difference did not reach statistical significance (P = 0.085). Pancreas 
graft rejection before discharge occurred in 10/416 patients (2%), 
while overall pancreas graft rejection during follow-up occurred in 
58/416 patients (14%). The distribution of graft-loss causes differed 
according to PTAP status (P = 0.036), with early postoperative 
complication-related graft loss accounting for a larger proportion of 

events among patients with PTAP, whereas rejection-related graft 
loss was more common among patients without PTAP.

To assess whether the association between PTAP and graft loss 
was driven by very early technical failures, a sensitivity analysis was 
performed after excluding patients who underwent early graft 
explantation between POD2 and POD30. In Kaplan-Meier 

TABLE 3 Univariable and multivariable analyses assessing the determinants of prolonged length of hospital stay (>23 days) (n = 395).

Univariable Multivariablea

Variable OR 95% CI p OR 95% CI p

Recipient sex, female 0.813 0.514–1.288 0.378

Recipient age, years 0.981 0.954–1.008 0.167

Recipient BMI, kg/m2 0.974 0.915–1.036 0.399

Recipient diabetes type, type I 0.717 0.182–2.828 0.635

Recipient on dialysis 1.281 0.766–2.143 0.344

Donor sex, female 1.294 0.815–2.055 0.274

Donor age, years 1.019 0.996–1.042 0.104

Donor BMI, kg/m2 1.014 0.940–1.094 0.714

Donor type, DCD 2.647 0.697–10.057 0.153

Cold ischemia time, minutes 0.998 0.996–1.000 0.044 – – –

Anastomotic time, minutesb 1.005 0.989–1.021 0.560

Transplant type, PAK/PTA 0.522 0.237–1.147 0.106

Previous PT 0.966 0.261–3.582 0.959

Intraoperative transfusions 0.549 0.283–1.067 0.549

PTAP 2.887 1.733–4.809 <0.001 3.817 2.146–6.792 <0.001

Graft rejection (before discharge) 13.511 2.819–64.764 0.001 16.662 3.063–90.621 0.001

BMI, body mass index; CI, confidence interval; DCD, deceased after circulatory death; OR, odds ratio; PAK, pancreas after kidney; PT, pancreas transplant; PTA, pancreas transplant alone; PTAP, 
post-transplant acute pancreatitis. Bold values indicate statistical significance.
aMultivariable analysis adjusted for center.
bAvailable for n = 247 patients.

FIGURE 2 
Kaplan-Meier curves comparing death-censored pancreas graft survival (A) and patient survival (B) between patients with and without post- 
transplant acute pancreatitis (PTAP). Survival curves were compared using the log-rank test.
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analysis, death-censored pancreas graft survival remained 
significantly worse in patients with PTAP (P = 0.003). In a 
center-adjusted competing-risk sensitivity analysis, PTAP 
remained associated with a higher cumulative incidence of 
pancreas graft loss (sHR, 1.964; 95% CI, 1.087–3.550; P = 0.025).

Patient survival was also significantly worse among patients with 
PTAP (P < 0.001, Figure 2B).

Radiological graft pancreatitis and 
predictors of PTAP

Overall, 371 patients (89%) underwent at least one CE-CT scan 
during the postoperative period, at a median of POD8 (IQR, 4–10). 
Among these patients, 171 (45%) had sustained POH. Radiological 
signs consistent with GP were identified in 144 patients (35%), of 
whom 86 met the biochemical criterion for sustained POH and were 
therefore classified as having PTAP.

Serum amylase levels on POD1 and POD2, expressed as 
multiples of the upper limit of normal (ULN), were significantly 
higher in patients with radiological GP than in the remainder of the 
cohort (P < 0.001, Figure 3). The discriminatory performance of 

POD1 and POD2 amylase levels for predicting radiological GP was 
modest, with an AUC of 0.630 (95% CI, 0.570–0.690; P < 0.001) and 
0.648 (95% CI, 0.589–0.708; P < 0.001), respectively (Supplementary 
Figure 1). Optimal cut-off values were 3.25×ULN on POD1 and 
2.25×ULN on POD2. Radiological GP was present in 74% of patients 
(37/50) who exceeded both these thresholds, compared with 33% of 
those below at least one threshold (P < 0.001).

Determinants of PTAP were further explored using logistic 
regression analyses (Supplementary Table 6). On multivariable 
analysis, CIT was the only independent determinant of PTAP 
(OR, 1.004 per minute; 95% CI 1.002–1.006; P < 0.001).

Discussion

In this multicenter study, the ISGPS definition of PPAP [7] was 
adapted to the setting of pancreas transplantation to define post- 
transplant acute pancreatitis (PTAP) and assess its clinical relevance 
in a large cohort of PT recipients. PTAP was identified in 
approximately 1 in 5 patients and was consistently associated 
with increased postoperative morbidity, prolonged 

TABLE 4 Univariable and multivariable Fine-Gray competing risks regression analyses assessing the determinants of death-censored pancreas graft survival 
after pancreas transplantation (n = 395).

Univariable Multivariablea

Variable sHR 95% CI p sHR 95% CI p

Recipient sex, female 1.042 0.683–1.591 0.848

Recipient age, years 1.006 0.984–1.030 0.581 – – –

Recipient BMI, kg/m2 0.990 0.936–1.049 0.743

Recipient diabetes type, type I 2.240 0.294–17.055 0.436

Recipient on dialysisb 0.583 0.394–0.863 0.007

Donor type, DCD 1.759 0.441–7.023 0.424 6.586 1.409–30.774 0.017

Donor sex, female 0.993 0.638–1.544 0.974

Donor age, years 0.989 0.966–1.012 0.343 – – –

Donor BMI, kg/m2 0.949 0.876–1.029 0.207

Cold ischemia time, minutes 1.002 1.001–1.004 0.004 1.004 1.001–1.006 0.003

Anastomotic time, minutesc 1.011 0.996–1.025 0.153

Intraoperative transfusions 0.992 0.593–1.659 0.976

Transplant type, PAK/PTA 2.791 1.780–4.378 <0.001 2.722 1.314–5.641 0.007

Previous PT 0.951 0.280–3.232 0.936

PTAP 2.580 1.654–4.025 <0.001 3.412 2.005–5.808 <0.001

Early thrombosisd 2.904 1.850–4.558 <0.001 2.821 1.626–4.895 <0.001

Early hemorrhaged 1.021 0.597–1.746 0.939

Rejection 3.552 2.305–5.473 <0.001 3.975 2.338–6.616 <0.001

BMI, body mass index; CI, confidence interval; DCD, deceased after circulatory death; sHR, subdistribution hazard ratio; PAK, pancreas after kidney; PT, pancreas transplant; PTA, pancreas 
transplant alone; PTAP, post-transplant acute pancreatitis. Bold values indicate statistical significance.
aMultivariable analysis adjusted for center.
bNot included in the multivariable model due to collinearity with transplant type.
cAvailable for n = 247 patients.
dComplications defined as early when occurring within 30 days after surgery.
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hospitalization, and worse long-term graft survival. These findings 
suggest that PTAP represents a clinically meaningful manifestation 
of early graft injury rather than a benign biochemical 
epiphenomenon. Importantly, applying the ISGPS framework to 
the transplant setting does not imply shared pathophysiological 
mechanisms between PTAP and PPAP, but rather the use of a 
standardized, outcome-oriented approach to identify clinically 
relevant perioperative pancreatic graft injury.

Although the present study does not support specific changes in 
perioperative management, the findings may have important 
implications for clinical decision-making after PT. Identification 
of PTAP using objective biochemical and radiological criteria may 
enable early risk stratification of patients at increased risk for major 
postoperative complications and graft loss. In this context, PTAP 
may be viewed as a warning signal prompting closer clinical 
surveillance and timely imaging, while potentially informing 
individualized postoperative drain management rather than 
serving as a trigger for predefined therapeutic interventions.

GP after PT has long been recognized as a relevant complication, 
but its reported incidence and clinical significance have varied 
markedly across studies. This variability largely reflects the 
absence of a standardized and validated definition [5, 12], with 
previous reports relying on heterogeneous combinations of clinical 
symptoms, enzyme elevations, imaging findings, and pathological 
features [4, 13–16]. As highlighted by a recent scoping review [5], 
reported rates of GP range from 0% to 87%, reflecting both true 
inter-center variability (i.e. differences in donor characteristics, CIT, 
operative complexity, and perioperative factors) and the lack of a 
universally accepted definition. This heterogeneity has limited 
comparability across centers and hindered both clinical decision- 
making and research in the field. Established definitions of native 

acute pancreatitis are not directly applicable to the transplant setting 
because of the unique perioperative and immunological milieu of 
PT. Early graft injury is strongly influenced by ischemia-reperfusion 
damage [17, 18], microvascular dysfunction, denervation, and 
immunosuppression-related factors, all of which may lead to 
pancreatic enzyme release without overt inflammatory sequelae. 
Accordingly, POH is common after PT and has often been regarded 
as a benign biochemical finding [17, 19]. However, increasing 
evidence suggests that persistent enzyme elevation may identify a 
subset of patients at increased risk of clinically relevant 
complications [15, 20–22].

In pancreatic surgery, the ISGPS has recently proposed and 
validated a standardized definition of PPAP [7, 8] based on 
sustained POH and radiological evidence of pancreatitis. This 
framework was developed to distinguish clinically relevant 
pancreatitis from isolated biochemical abnormalities and has 
shown prognostic significance in surgical cohorts. Although PPAP 
arises in a different clinical context, its conceptual structure, based on 
objective biochemical and imaging criteria, appears well suited to the 
perioperative phase of PT. In the present study, this framework was 
adapted to the transplant setting by applying these two objective 
components [7] while intentionally excluding the clinical 
management criterion. This choice was made to avoid 
incorporation bias, because changes in postoperative management 
are intrinsically linked to short-term outcomes, which were primary 
study endpoints. By relying exclusively on biochemical and 
radiological criteria, we sought to preserve the independence 
between exposure and outcome assessment.

Using this adapted framework, PTAP was diagnosed in 21% of 
patients. PTAP was the only independent predictor of severe 
postoperative complications and was strongly associated with 

FIGURE 3 
Comparison of serum amylase levels on postoperative day (POD) 1 (A) and POD 2 (B), expressed as multiples of the laboratory upper limit of normal 
(ULN), between patients with and without radiological evidence of graft pancreatitis. Box plots represent median and interquartile range, with whiskers 
according to Tukey (1.5×IQR). Black dots indicate outliers.
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prolonged length of stay. These findings indicate that PTAP 
identifies a subgroup of patients with clinically significant early 
graft injury and tangible consequences for postoperative recovery 
and resource utilization. PTAP was also independently associated 
with death-censored graft loss, with early separation of survival 
curves after transplantation. Although the association between 
PTAP and death-censored pancreas graft survival persisted after 
excluding very early graft failures requiring graft explantation 
between POD2 and POD30, this finding should be interpreted as 
prognostic rather than causal. Indeed, PTAP and other early 
postoperative complications, including thrombosis, rejection and 
graft exocrine leakage, may occur within the same postoperative 
trajectory, and their temporal and biological relationships cannot be 
fully disentangled in a retrospective study. Taken together, these 
observations suggest that PTAP likely captures a severe phenotype of 
early graft injury associated with a higher subsequent risk of graft 
failure, rather than a transient inflammatory process without longer- 
term implications.

Postoperative imaging played a central role in confirming the 
diagnosis of PTAP. In this cohort, CE-CT was performed in most 
patients on the basis of clinical indication rather than systematically. 
Although this approach may have led to underdiagnosis of mild or 
subclinical PTAP, it reflects real-world clinical practice and likely 
enriched the analysis for clinically meaningful cases. Interpretation 
of early postoperative imaging remains challenging, as inflammatory 
changes may overlap with expected postoperative findings or coexist 
with other graft-related complications, including thrombosis and 
rejection. Nevertheless, in the presence of sustained POH, 
radiological findings such as graft edema or peripancreatic fluid 
collections should raise suspicion for PTAP and prompt closer 
clinical surveillance [23].

Serum amylase levels on postoperative days 1 and 2 were 
significantly higher in patients with radiological GP, supporting 
their role as an early risk signal. However, the modest discriminatory 
performance observed in ROC analyses indicates that amylase levels 
alone should not be considered diagnostic for PTAP. Rather, 
persistent enzyme elevation may serve as an early warning 
marker to identify patients who may benefit from targeted 
imaging and closer monitoring during the postoperative course. 
It should also be acknowledged that POH may arise from causes 
other than GP, including duodenal leakage, although this 
complication was uncommon in the present cohort.

Although the etiological context of GP after PT differs from that 
of post-pancreatectomy acute pancreatitis, key downstream features, 
including parenchymal edema, inflammatory activation, and 
microcirculatory impairment, are conceptually translatable across 
settings. The four-group comparison highlighted the clinical 
relevance of combining biochemical and radiological criteria: 
patients fulfilling the PTAP definition had the highest burden of 
postoperative morbidity and the longest hospital stay, whereas those 
with either sustained POH alone or radiological GP alone showed a 
less pronounced clinical impact. Radiological abnormalities in the 
absence of sustained POD1-2 hyperamylasemia may therefore 
identify a different, less clinically severe phenotype. Consistently, 
postoperative enzyme trajectories further showed that patients with 
sustained POH had median serum pancreatic amylase values above 
the center-specific ULN up to POD10, whereas patients without 
sustained POH, including those with radiological GP alone, did 

not show a delayed median enzyme rise above the ULN. This 
suggests that sustained early POH may represent an early marker 
of clinically relevant graft injury rather than a merely transient 
postoperative enzyme elevation. Overall, the adapted ISGPS-based 
framework may represent a candidate operational definition for 
clinically meaningful GP after PT.

Identification of potentially modifiable risk factors for PTAP is 
of particular clinical interest. In the present study, prolonged CIT 
emerged as the only independent determinant of PTAP among the 
variables uniformly available for analysis. Although the OR per 
minute appears numerically small, the cumulative effect over 
prolonged ischemic intervals is likely to be clinically meaningful. 
This finding is consistent with a potential role of ischemia- 
reperfusion injury in the pathogenesis of PTAP and with 
experimental and clinical evidence showing impaired graft 
microcirculation, inflammatory activation, and tissue edema after 
prolonged cold preservation [24]. However, this association should 
be interpreted cautiously. CIT likely reflects not only cold ischemic 
injury itself, but also preservation-related, procurement-related, and 
logistical factors. Data on additional donor characteristics, 
procurement distance, detailed transport logistics, and pancreas 
procurement time were not available with sufficient completeness 
across centers, and residual confounding from these factors cannot 
be excluded. Future prospective studies should clarify whether 
strategies aimed at reducing ischemia-preservation burden can 
decrease the risk of PTAP.

Several limitations should be acknowledged. First, the 
retrospective design introduces the potential for selection and 
information bias. Second, patients requiring graft pancreatectomy 
within the first postoperative day were necessarily excluded because 
sustained hyperamylasemia could not be assessed. As these cases may 
represent the most severe end of the early GP spectrum, including 
ischemia-reperfusion-related pancreatitis, their exclusion may have 
led to underestimation of the incidence of severe early GP after PT. 
However, retrospective pathological distinction between ischemia- 
reperfusion-related pancreatitis and thrombosis-related ischemic 
injury would be unreliable. Third, postoperative imaging was not 
performed systematically in all patients, which may have resulted in 
underdiagnosis of mild disease and differential ascertainment across 
centers and time periods. In particular, patients with sustained POH 
who did not undergo CE-CT could not be definitively classified with 
respect to radiological GP and may have included mild or subclinical 
cases. However, CE-CT was performed in most patients, and the 
association between PTAP and the main postoperative outcomes 
remained consistent in a sensitivity analysis restricted to patients who 
underwent postoperative CE-CT. In addition, postoperative CE-CT 
scans were interpreted locally as part of routine clinical care, and no 
central blinded radiological review was performed. Therefore, 
prospective validation using standardized imaging protocols is 
warranted. Fourth, radiological findings consistent with 
pancreatitis may overlap with other early graft complications, 
such as thrombosis, acute graft rejection, or graft exocrine 
leakage, and causal relationships between PTAP and associated 
outcomes cannot be definitively established. We also did not 
retrospectively classify clinically relevant management changes as 
attributable to PTAP. In the early postoperative course after PT, 
management decisions are frequently driven by overlapping 
complications. Because no standardized definition of GP was 
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available at the time of clinical management, attributing specific 
therapeutic decisions retrospectively to PTAP would have been prone 
to misclassification and circular reasoning. For this reason, the 
adapted definition was intentionally restricted to objective 
biochemical and radiological criteria. In addition, serum lipase 
levels, complete enzyme kinetics beyond the first 48 postoperative 
hours, and drain amylase measurements were not systematically 
available across centers. Finally, perioperative management 
strategies, including anticoagulation protocols, varied across 
centers and over time. PTAP rates were stable across transplant 
eras, but center-level differences were observed and may reflect 
differences in surgical technique, imaging strategies, postoperative 
management, case mix, and unmeasured recipient-related factors, 
including vascular complexity. Although adjustment for center- 
specific effects was performed to mitigate the impact of this 
heterogeneity, residual confounding related to center-specific 
management strategies cannot be excluded.

In conclusion, an adapted ISGPS-based definition identified 
PTAP as a frequent and clinically meaningful complication after 
PT. PTAP identifies a subgroup of patients with clinically relevant 
early graft injury and was associated with major postoperative 
complications, prolonged hospitalization, and impaired pancreas 
graft survival, supporting its role as a prognostic marker rather than 
establishing a direct causal relationship. Standardized diagnostic 
criteria may improve recognition of clinically meaningful GP, 
support closer clinical surveillance and early imaging, facilitate 
comparisons across transplant programs, and provide a 
foundation for prospective studies aimed at refining diagnostic 
thresholds and informing postoperative management. Given the 
retrospective design, non-systematic imaging, and potential overlap 
with other early graft-related complications, prospective validation 
using standardized imaging protocols, prespecified CT timing and 
central radiological adjudication is warranted.
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The impact of HLA mismatch and induction therapy in simultaneous pancreas- 
kidney transplantation on outcomes remains incompletely defined. We 
conducted a retrospective cohort study of 1705 SPK recipients transplanted in 
the UK between 2007 and 2019. Using national transplant registry data, we 
analysed the impact of locus-specific HLA mismatch and induction therapy 
(Alemtuzumab vs. Basiliximab) on pancreas graft survival primarily. Kidney graft 
and patient survival were also analysed as secondary outcomes. Multivariable Cox 
proportional hazards models were adjusted for donor, recipient, and transplant 
variables. Pancreas graft survival at 1- and 10-year post-transplant was estimated 
to be 88.6% and 72.7%, respectively. Kidney graft and patient survival at 10 years 
were 76.7% and 75.3%. In adjusted analyses, donor age, cold ischaemic time, and 
HLA-DQ mismatch were significantly associated with pancreas graft loss. No 
significant survival difference was seen between Alemtuzumab and Basiliximab 
induction therapy. Induction therapy and HLA-mismatch status were not 
associated with pancreas graft outcome in this large registry study.
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GRAPHICAL ABSTRACT 

Introduction

Simultaneous pancreas-kidney (SPK) transplantation is the 
optimum treatment for selected patients with insulin-dependent 
diabetes mellitus and end-stage kidney disease, offering superior 
glycaemic control, renal function and survival compared to dialysis 
or kidney transplantation alone [1–5]. Recent improvements in 
immunosuppression, donor and recipient selection, and 
perioperative care have contributed to enhanced outcomes over 
recent decades [4, 6–8]. However, long-term pancreas graft survival 
remains variable, and optimising immunological matching and 
immunosuppression protocols is warranted to improve 
graft outcome.

The role of human leucocyte antigen (HLA) mismatching in 
pancreas transplantation is incompletely understood. HLA 
matching at the A-, B-, and -DR loci is routine in kidney 
transplantation [9–11], however the impact of mismatches at the 
-Cw and -DQ loci is not well studied. Although some studies have 
suggested that class II mismatches (particularly -DQ) may 
contribute to de novo donor-specific antibody (DSA) 
development and chronic rejection following deceased donor 

kidney transplantation [12–14], such associations are not well- 
established in SPK transplantation. The clinical significance of 
individual locus-specific mismatches in SPK graft recipients is 
uncertain [15–17].

In the UK, organ allocation for SPK transplantation 
incorporates a HLA mismatch component to favour better- 
matched donor–recipient pairs. Candidates with fewer HLA 
mismatches receive higher allocation points, which increases their 
priority for available organs. The system also accounts for recipient 
sensitisation, quantified as calculated reaction frequency (cRF, 
analogous to calculated panel-reactive antibody [cPRA] in the 
United States), such that highly sensitised patients receive 
additional priority when a compatible donor becomes available. 
This scoring framework aims to balance immunological 
compatibility with equitable access for sensitised recipients.

Induction agents administered at the time of graft implantation 
vary between centres, with Alemtuzumab (a lymphocyte-depleting 
agent) and Basiliximab (a non-depleting IL-2 receptor antagonist) 
the commonest agents used. While both agents are widely used in 
SPK transplantation, direct comparisons of long-term graft and 
patient survival are lacking, particularly in relation to HLA- 
mismatch status.

This cohort study investigated the association between HLA- 
mismatch status and induction agent in terms of long-term outcome 
following SPK transplantation in the UK. The aim of this study was 
to inform immunological risk stratification that may potentially 
guide future allocation and immunosuppression strategies in SPK 
transplantation.

Abbreviations: CI, Confidence interval; CMV, Cytomegalovirus; cRF, 
calculated Reaction frequency; cPRA, calculated Panel-reactive antibody; 
DCD, Donation after circulatory death; DSA, Donor-specific antibody; HLA, 
Human leucocyte antigen; HR, Hazard ratio; IQR, Interquartile range; SPK, 
Simultaneous Pancreas-Kidney Transplantation.
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Patients and methods

Setting

This study used data extracted from the UK Transplant Registry 
(maintained by NHS Blood and Transplant), following approval 
from the Pancreas Advisory Group. All adult (≥18years) patients 
who underwent SPK transplantation in the UK from 1st April 
2007 to 31st March 2019 were included. Patients who received a 
normothermic-regional perfusion preserved graft, recipients who 
underwent re-transplantation, recipients who received an induction 
agent other than Alemtuzumab or Basiliximab, and recipients with 
missing outcome data were excluded. One centre exclusively uses 
anti-thymocyte globulin as their induction agent, therefore all 
patients from this centre were excluded as numbers were too few 
for any meaningful analysis.

Immunosuppression

Induction immunosuppression was with either Alemtuzumab 
or Basiliximab, according to local centre protocols. Maintenance 
immunosuppression typically comprised tacrolimus, 
mycophenolate mofetil, and corticosteroids (tapered according to 
centre-specific protocols), but detailed maintenance regimens were 
not uniformly available in the dataset.

Definitions and outcomes

Demographic and clinical variables included donor and 
recipient age, sex, ethnicity, blood group, donor type, 
cytomegalovirus (CMV) status, cause of death, body mass index, 
creatinine at retrieval, recipient diabetes aetiology, dialysis modality, 
sensitisation at transplantation, waiting time to transplant, cold 
ischaemic time, and transplant era (grouped into three time 
periods by financial year: 2007–2011, 2011–2015, and 2015– 
2019). HLA mismatches were recorded separately for each of the 
following loci: A, B, Cw, DR, and DQ. NHS Blood and Transplant 
defined HLA mismatch groups was also included for comparison 
(grouped into three categories: Level 1 & 2 due to small numbers of 
Level 1 transplants, Level 3 and Level 4, Supplementary Table S1).

The primary outcome was pancreas graft survival at 10-year 
post-transplant. Pancreas graft survival at 1-year post-transplant, 
and additionally kidney graft survival and patient survival at both 
horizons were analysed as secondary outcomes. Graft survival was 
defined as the time from transplant to graft failure, censoring for 
death with a functioning graft. Patient survival was defined as the 
time from transplant to patient death. Patients lost to follow-up were 
censored at the date of last known status.

Acute pancreas graft rejection rates at 3- and 12-month post- 
transplant were obtained. For follow-up which was ‘Not reported’, it 
was assumed that no rejection episodes occurred.

Statistical analysis

Demographic and clinical factors are summarised by induction 
therapy group to describe the cohort. Categorical variables are 
presented as counts and percentage, and comparisons between 
the groups made using Fisher’s exact test or Chi-Squared test. 

Continuous variables are reported as medians and interquartile 
range (IQR), and comparisons made using the Student’s t-test.

Kaplan-Meier survival analysis was used to estimate the 
unadjusted survival for each outcome (pancreas graft, kidney 
graft and patient mortality). Survival curves were stratified by 
induction therapy group, and log-rank p-values allowed for 
comparisons between the groups.

Observations with missing data for the outcome or exposure 
variables were excluded from the analysis. To retain the sample size 
when multivariable modelling, missing data for the covariates were 
addressed using simple imputation. For categorical variables, the 
most frequently occurring category was imputed while continuous 
variables were imputed using median values. A comparison of this 
analysis and a complete-case analysis for the primary outcome 
was performed.

Separate Cox proportional hazards models were built for each 
survival outcome (pancreas graft, kidney graft, and patient survival). 
Each model was stratified by transplant centre to account for centre- 
specific baseline hazard functions. Stepwise backward selection was 
used, with variables retained if p < 0.10. Continuous variables were 
assessed for non-linearity using natural cubic splines and included 
in that form where appropriate.

A final model was created for each outcome incorporating any 
covariate found to be significant at any time horizon. The 
proportional hazards assumption was assessed using cumulative 
hazard function plots. Model checking involved assessing covariate 
functional form by Martingale residuals and checking for influential 
observations using df betas and likelihood displacement. Individual 
HLA locus models and induction therapy covariates were added to 
the model to evaluate their significance. The final model for analysis 
of the primary outcome was assessed for multicollinearity using the 
Variance Inflation Factor.

Further exploratory analyses of these outcomes at 3 and 
5 years were performed to assess consistency with the results at 
other time horizons; however, these results are not presented in 
this paper. An interaction term between mismatch at HLA-DQ 
and induction therapy was included in the multivariable 
model for the primary outcome to assess potential effect 
modification. A 1-month landmark survival analysis was 
performed for the unadjusted pancreas graft survival, 
excluding any patients who died or were censored within the 
first month of transplantation.

All analyses were performed using SAS Enterprise Guide version 
7.13 (SAS Institute Inc., Cary, NC).

Results

Demographics, induction agent and HLA- 
mismatch status

During the study period, 1897 adult patients underwent first- 
time SPK transplantation. The final analysis cohort consisted of 
1705 SPK graft recipients after excluding recipients transplanted 
with a graft preserved normothermic regional perfusion (n = 26), 
recipients who received an induction agent other than 
Alemtuzumab or Basiliximab (n = 142), and recipients with 
missing outcome data (n = 24).
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The donor and recipient demographic factors for the whole 
cohort and by induction agent are presented in Table 1 (with further 
data in Supplementary Table S2). Median recipient age was 43 years 
(IQR 36–49 years), 720 recipients were female (42.2%), and 

70 recipients had Type II diabetes (4.1%). At the time of 
transplantation, 682 recipients were pre-dialysis (40.0%), and 
1,019 recipients (59.8%) were on either haemodialysis (n = 627, 
36.8%) or peritoneal dialysis (n = 392, 23.0%). In 1,625 recipients 

TABLE 1 Donor and recipient demographics for adult first time simultaneous pancreas and kidney transplants performed in the UK between 1st April 2007 and 
31st March 2019.

Factor Total (n = 1705) Alemtuzumab (n = 1,196) Basiliximab (n = 509) P-value

Donor

Transplant era (n, %) <0.0001

1 Apr 2007–31 Mar 2011 

1 Apr 2011–31 Mar 2015 

1 Apr 2015–31 Mar 2019

564 (33.1%) 

612 (35.9%) 

529 (31.0%)

361 (30.2%) 

424 (35.5%) 

411 (34.4%)

203 (39.9%) 

188 (36.9%) 

118 (23.2%)

Donor type (n, %) 0.025

DBD 

DCD

1,385 (81.2%) 

320 (18.8%)

955 (79.9%) 

241 (20.1%)

430 (84.5%) 

79 (15.5%)

Donor age (years) 

Median (IQR) 36 (23–47) 38 (24–48) 34 (22–44)

<0.0001 

Donor BMI (kg/m2) 

Median (IQR) 

Not reported (n, %)

23.5 (21.4–25.9) 

7 (0.4%)

23.6 (21.5–26.0) 

4 (0.3%)

23.2 (21.2–25.5) 

3 (0.6%)

0.091 

Donor CMV status (n, %) 

Positive 

Negative 

Not reported

966 (56.7%) 

721 (42.3%) 

18 (1.1%)

683 (57.1%) 

501 (41.9%) 

12 (1.0%)

283 (55.6%) 

220 (43.2%) 

6 (1.2%)

0.591 

Cold ischaemic time (hours) 

Median (IQR) 

Not reported (n, %)

11.0 (9.5–13.0) 

88 (5.2%)

10.6 (9.2–12.5) 

69 (5.8%)

12.0 (10.3–14.0) 

19 (3.7%)

<0.0001 

Recipient

Recipient age (years) 

Median (IQR) 43 (36–49) 43 (36–49) 42 (35–48)

0.005 

Recipient sex (n, %) 

Female 

Male

720 (42.2%) 

985 (57.8%)

706 (59.0%) 

490 (41.0%)

279 (54.8%) 

230 (45.2%)

0.108 

Recipient blood group (n, %) 

O 

A 

B 

AB

739 (43.3%) 

717 (4201%) 

189 (11.1%) 

60 (3.5%)

507 (42.4%) 

524 (43.8%) 

116 (9.7%) 

49 (4.1%)

232 (45.6%) 

193 (37.9%) 

73 (14.3%) 

11 (2.2%)

0.002 

Recipient cause of diabetes (n, %) 

Type I 

Type II 

Not reported

1,468 (86.1%) 

70 (4.1%) 

167 (9.8%)

1,014 (84.8%) 

46 (3.9%) 

136 (11.4%)

454 (89.2%) 

24 (4.7%) 

31 (6.1%)

0.597

Waiting time to transplantation (years) 

Median (IQR) 

Not reported (n, %)

1.16 (0.55–1.71) 

1 (0.1%)

1.17 (0.54–1.71) 

0 (0.0%)

1.16 (0.55–1.71) 

1 (0.1%)

0.479 

Recipient sensitisation (n, %) 

<85% 

>85%

1,625 (95.3%) 

80 (4.7%)

1,136 (95.0%) 

60 (5.0%)

489 (96.1%) 

20 (3.9%)

0.382 
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(95.3%), sensitisation was less than 85%. The median waiting time to 
transplantation was 1.16 years (IQR 0.55–1.17 years), and 
1,385 recipients received a graft from a brainstem-death donor 
(81.2%). Alemtuzumab was used as the induction agent in 
1,196 recipients (70.1%) compared to 509 recipients who received 
Basiliximab (29.9%). The proportion of donation after circulatory 
death (DCD) graft recipients was greater with Alemtuzumab 
compared to Basiliximab (20.2% vs. 15.5%, P = 0.025).

HLA mismatch distribution varied across loci (Table 2). At the 
HLA-A locus, 14.8% of recipients were fully matched, 59.8% had one 
mismatch, and 25.5% had two. For HLA-B, most recipients had either 
one (47.2%) or two mismatches (48.3%), with complete matches in 
only 4.5%. HLA-Cw matching was similar: 13.6% had no mismatches, 
50.0% had one, and 36.4% had two. A single HLA-DQ mismatch 
occurred in 58.9%, whereas 34.8% had no mismatches and 6.3% had 
two mismatches. At the HLA-DR locus, 9.0% were fully matched, while 
56.8% and 34.2% had one or two mismatches, respectively. 
Mismatches were similar across induction agent groups.

Pancreas graft, kidney graft, and 
patient survival

The unadjusted estimated pancreas, kidney, and patient survival 
were high over the study period. Pancreas graft survival was 88.6% 
(95% CI 87.0%–90.0%) at 1-year post-transplant and 72.7% (95% CI 
70.1%–75.0%) at 10 years. Kidney graft survival was estimated to be 

higher with rates of 96.3% (95% CI 95.3%–97.1%) and 76.7% (95% 
CI 74.2%–79.1%) at 1 and 10 years respectively. Patient survival 
followed a similar trend, with estimated survival rates of 97.2% (95% 
CI 96.2%–97.9%) at 1 year, and 75.3% (95% CI 72.6%–77.8%) at 
10 years. Most of the graft losses and deaths occurred in the first year 
following transplantation, with relative stability thereafter.

TABLE 2 HLA mismatches in the whole cohort, and by induction agent.

HLA mismatches Total (n = 1705) Alemtuzumab (n = 1,196) Basiliximab (n = 509) P-value

HLA-A (n, %) 

0 

1 

2

252 (14.8%) 

1,019 (59.8%) 

434 (25.5%)

187 (15.6%) 

707 (59.1%) 

302 (25.3%)

65 (12.8%) 

312 (61.3%) 

132 (25.9%)

0.311 

HLA-B (n, %) 

0 

1 

2

77 (4.5%) 

804 (47.2%) 

824 (48.3%)

55 (4.6%) 

571 (47.7%) 

570 (47.7%)

22 (4.3%) 

233 (45.8%) 

254 (49.9%)

0.704 

HLA-Cw (n, %) 

0 

1 

2

231 (13.6%) 

853 (50.0%) 

621 (36.4%)

163 (13.6%) 

595 (49.8%) 

438 (36.6%)

68 (13.4%) 

258 (50.7%) 

183 (36.0%)

0.942 

HLA-DQ (n, %) 

0 

1 

2

593 (34.8%) 

1,004 (58.9%) 

108 (6.3%)

408 (34.1%) 

705 (59.0%) 

83 (6.9%)

185 (36.4%) 

299 (58.7%) 

25 (4.9%)

0.248 

HLA-DR (n, %) 

0 

1 

2

153 (9.0%) 

969 (56.8%) 

583 (34.2%)

95 (7.9%) 

694 (58.0%) 

407 (34.0%)

58 (11.4%) 

275 (54.0%) 

176 (34.6%)

0.059 

HLA mismatch level (n, %) 

Level 1 and 2 

Level 3 

Level 4

86 (5.0%) 

550 (32.3%) 

1,069 (62.7%)

54 (4.5%) 

394 (32.9%) 

748 (62.5%)

32 (6.3%) 

156 (30.7%) 

321 (63.1%)

0.243 

FIGURE 1 
Kaplan-Meier plot of pancreas graft survival at 10-year post- 
transplant comparing recipients who received Alemtuzumab 
induction agent with recipients who received Basiliximab.
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TABLE 3 Multivariable Cox regression model estimates for predictors of pancreas graft survival at 1- and 10-year post-transplant.

Factor One-year pancreas graft failure Ten-year pancreas graft failure

HR (95% CI) P-value HR (95% CI) P-value

Era of transplant 0.35 0.038

Apr 2007-Mar 2011 Reference Reference

Apr 2011-Mar 2015 0.81 (0.56–1.15) 0.81 (0.64–1.03)

Apr 2015-Mar 2019 0.76 (0.51–1.13) 0.70 (0.52–0.93)

Donor type 0.14 0.36

DBD Reference Reference

DCD 1.33 (0.91–1.93) 1.14 (0.87–1.49)

Donor age (years) 1.03 (1.01–1.04) <0.0001 1.02 (1.01–1.03) <0.0001

Donor CMV status 0.36 0.03

Negative Reference Reference

Positive 1.14 (0.86–1.53) 1.25 (1.02–1.53)

Recipient age (years) 0.98 (0.96–1.00) 0.031 0.97 (0.96–0.98) <0.0001

Recipient blood group Global 0.37 Global 0.059

O Reference Reference

A 1.19 (0.88–1.62) 1.16 (0.94–1.43)

B 0.84 (0.49–1.42) 0.75 (0.52–1.08)

AB 0.68 (0.25–1.88) 0.70 (0.37–1.33)

Sensitisation group 0.4 0.22

<85% Reference Reference

≥85% 0.71 (0.33–1.56) 0.72 (0.42–1.22)

Cold ischaemic time (hours) 1.07 (1.02–1.13) 0.005 1.05 (1.01–1.08) 0.015

HLA-A mismatches Global 0.5 Global 0.65

0 Reference Reference

1 1.30 (0.82–2.06) 1.11 (0.81–1.51)

2 1.16 (0.69–1.95) 1.18 (0.84–1.65)

HLA-B mismatches Global 0.26 Global 0.008

0 Reference Reference

1 0.87 (0.44–1.75) 1.25 (0.74–2.11)

2 0.68 (0.33–1.41) 0.89 (0.52–1.53)

HLA-Cw mismatches Global 0.081 Global 0.14

0 Reference Reference

1 1.28 (0.77–2.12) 1.22 (0.88–1.71)

2 1.71 (1.00–2.91) 1.42 (0.99–2.03)

HLA-DQ mismatches Global 0.33 Global 0.033

0 Reference Reference

1 0.79 (0.57–1.09) 0.75 (0.59–0.94)

2 0.73 (0.36–1.48) 0.94 (0.60–1.47)

HLA-DR mismatches Global 0.76 Global 0.52

0 Reference Reference

1 0.97 (0.59–1.61) 1.10 (0.76–1.59)

(Continued)
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Predictors of pancreas graft outcome and 
acute pancreas graft rejection

Unadjusted pancreas graft survival, based on induction agent, is 
presented in Figure 1, with some evidence to suggest significantly 
better 10-year survival (p = 0.012) in the Alemtuzumab group 
(74.6%, 95% CI 71.5%–77.3%) compared to Basiliximab (68.4%, 
95% CI 63.6%–72.6%). However, after excluding graft failures that 
occurred in the first 30 days post-transplant, there was no evidence 
of a difference in long term pancreas graft survival between the 
groups, as shown in Supplementary Table S3.

Multivariable modelling of predictors of pancreas graft survival 
at 1- and 10-year post-transplant are presented in Table 3. Several 
factors were associated with pancreas graft survival at 10-year. 
Increasing donor age and longer cold ischaemic time were 
significantly associated with a higher risk of graft failure (p < 
0.0001 and p = 0.015 respectively), and older recipient age was 
associated with a reduced risk of graft failure (p < 0.0001). Donor 
CMV positivity was associated with increased risk of graft loss when 
compared to CMV negative donors (HR 1.25, 95% CI 1.02–1.53, p = 
0.030). A sensitivity analysis for handling missing data is presented 
in Supplementary Table S4, comparing the 10-year pancreas graft 
survival model estimates for the simple imputation cohort and a 
complete-case cohort, but the pattern of results was similar between 
the cohorts.

Regarding immunological factors, HLA mismatches at most loci 
were not significantly associated with pancreas graft outcomes. 
However, one HLA-DQ mismatch was associated with improved 
long-term pancreas graft survival at 10 years (HR 0.75, 95% CI 0.59– 
0.94, p = 0.033), compared to zero mismatches. This finding was not 
observed for two DQ mismatches, however the sample size in this 
category is small (6.3%) presenting high uncertainty in the true 
effect. HLA-B mismatch status was identified as a predictor of graft 
loss at 10-year (global p = 0.008), however the confidence intervals 
for one and two mismatches crossed 1.0, therefore the true effect 
remains uncertain. No significant associations were identified for 
mismatches at HLA-A, -Cw, or -DR. Induction therapy type 
(Alemtuzumab vs. Basiliximab) was not significantly associated 
with pancreas graft survival at 10 years when adjusted for 
other factors.

An interaction term between mismatch at HLA-DQ and 
induction therapy was included in the multivariable model for 
10-year pancreas graft survival to explore effect modification. 
There was no evidence of effect modification by induction 
therapy (p = 0.71) (Supplementary Table S5).

After adjusting for confounders, there were no significant 
associations between HLA mismatches at any locus and pancreas 
graft survival at 1 year and induction therapy was also not 
significantly associated with this outcome, as all estimates were 
consistent with no effect. At 3-month post-transplantation, there 
was a non-significant difference in the incidence of at least one acute 
pancreas graft rejection episode when comparing Alemtuzumab 
with Basiliximab (6.1% vs. 4.0%, p = 0.06). There was no difference 
when comparing HLA-B mismatch status (p = 0.34) or -DQ status 
(p = 0.99). Follow-up data for acute rejection rates at 12 months 
post-transplant was available for 1,544 (91%) patients, and was no 
difference when comparing Alemtuzumab with Basiliximab (6.8% 
vs. 7.5%, p = 0.60), HLA-B mismatch status (p = 0.17) or -DQ status 
(p = 0.30).

Predictors of kidney-graft outcome

Unadjusted kidney graft survival is presented in Figure 2, with 
no evidence to suggest a difference in 10-year graft survival (p = 
0.601) when comparing Alemtuzumab (76.7%, 95% CI 73.6%– 
79.4%) with Basiliximab (77.0%, 95% CI 72.3%–81.0%). 
Predictors of kidney graft survival at 1- and 10-year 
post-transplant are presented in Table 4. Kidney graft survival 
improved significantly, with the most recent era (2015–2019) 
associated with the lowest risk of graft failure at 10 years (HR 

TABLE 3 Continued

Factor One-year pancreas graft failure Ten-year pancreas graft failure

HR (95% CI) P-value HR (95% CI) P-value

2 0.86 (0.48–1.52) 0.97 (0.64–1.46)

Induction agent 0.93 0.91

Alemtuzumab Reference Reference

Basiliximab 0.97 (0.55–1.72) 0.98 (0.66–1.45)

Abbreviations: DBD, donor after brainstem death; DCD, donor after circulatory death; CMV, cytomegalovirus; HLA, human leucocyte antigen; HR, hazard ratio; CI, confidence interval.

FIGURE 2 
Kaplan-Meier plot of kidney graft survival at 10-year post- 
transplant comparing recipients who received Alemtuzumab 
induction agent with recipients who received Basiliximab.
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TABLE 4 Multivariable Cox regression model estimates for predictors of kidney graft survival at 1- and 10-year post-transplant.

Factor One-year kidney graft failure Ten-year kidney graft failure

HR (95% CI) P-value HR (95% CI) P-value

Era of transplant Global 0.0001 Global 0.008

Apr 2007-Mar 2011 Reference Reference

Apr 2011-Mar 2015 0.25 (0.12–0.51) 0.71 (0.54–0.93)

Apr 2015-Mar 2019 0.36 (0.18–0.70) 0.62 (0.44–0.87)

Donor type 0.4 0.39

DBD Reference Reference

DCD 1.35 (0.67–2.71) 1.15 (0.84–1.57)

Donor age (years) Fitted as natural cubic spline 0.042 Fitted as natural cubic spline <0.0001

Donor creatinine at retrieval (µmol/L) 1.31 (0.85–2.00) 0.22 1.29 (1.07–1.56) 0.008

Donor ethnicity 0.92 0.031

White Reference Reference

Other ethnic minority 0.95 (0.34–2.69) 1.52 (1.04–2.22)

Recipient sex 0.87 0.002

Male Reference Reference

Female 0.96 (0.56–1.63) 1.46 (1.16–1.85)

Recipient age (years) Fitted as natural cubic spline 0.13 Fitted as natural cubic spline <0.0001

Recipient dialysis status Global 0.15 Global 0.005

Not on dialysis Reference Reference

Haemodialysis 1.81 (0.99–3.27) 1.41 (1.09–1.83)

Peritoneal dialysis 1.48 (0.73–2.99) 0.89 (0.64–1.23)

HLA-A mismatches Global 0.5 Global 0.75

0 Reference Reference

1 1.60 (0.62–4.15) 1.10 (0.77–1.56)

2 1.83 (0.67–5.04) 1.16 (0.79–1.72)

HLA-B mismatches Global 0.99 Global 0.66

0 Reference Reference

1 0.92 (0.25–3.40) 0.78 (0.46–1.33)

2 0.95 (0.25–3.60) 0.80 (0.46–1.39)

HLA-Cw mismatches Global 0.63 Global 0.54

0 Reference Reference

1 0.89 (0.38–2.08) 0.95 (0.66–1.37)

2 1.16 (0.48–2.83) 1.10 (0.74–1.62)

HLA-DQ mismatches Global 0.96 Global 0.76

0 Reference Reference

1 0.97 (0.53–1.78) 0.91 (0.69–1.20)

2 0.87 (0.31–2.46) 1.00 (0.61–1.63)

HLA-DR mismatches Global 0.34 Global 0.057

0 Reference Reference

1 1.17 (0.42–3.32) 0.92 (0.59–1.41)

2 1.76 (0.58–5.34) 1.26 (0.79–2.02)

(Continued)

Transplant International 
Published by Frontiers 

European Society for Organ Transplantation 08

Malik et al. 10.3389/ti.2026.16427

205

https://doi.org/10.3389/ti.2026.16427


0.62, 95% CI 0.44–0.87, p = 0.008). Donor age showed a significant 
non-linear association with graft loss at 10 years (p < 0.0001). Higher 
donor creatinine at retrieval was associated with increased graft 
failure risk at 10 years (HR 1.29, 95% CI 1.07–1.56, p = 0.008). Non- 
white donor ethnicity and female recipient sex were significantly 
associated with increased risk of graft failure at 10 years (HR 1.52, 
95% CI 1.04–2.22, p = 0.031; and HR 1.46, 95% CI 1.16–1.85, p = 
0.002, respectively).

Recipient dialysis modality also impacted outcomes, with 
haemodialysis (vs. no dialysis) significantly associated with worse 
kidney graft survival at 10 years (HR 1.41, 95% CI 1.09–1.83; p = 
0.005). In contrast, peritoneal dialysis was not associated with excess risk 
when compared to no dialysis at 10 years (HR 0.89, 95% CI 0.64–1.23).

HLA mismatches at all loci were not significantly associated with 
kidney graft loss at 10 years, when adjusted for other factors. 
Similarly, induction therapy had no significant impact on kidney 
graft survival in adjusted models. The same conclusion was observed 
for 1-year kidney graft survival, as neither the association with HLA 
mismatch nor induction therapy was significant after adjusting for 
other factors.

Predictors of patient mortality

Unadjusted patient mortality is presented in Figure 3, with no 
evidence to suggest a difference in 10-year patient survival (p = 
0.699) when comparing Alemtuzumab (75.5%, 95% CI 72.3%– 

78.4%) with Basiliximab (75.2%, 95% CI 70.1%–79.5%). 
Predictors of patient survival at 1- and 10-year post-transplant 
are presented in Table 5. Increasing recipient age was a predictor 
of higher mortality risk with significant association at 10 years (HR 
1.04, 95% CI 1.02–1.05, p < 0.0001). Cold ischaemic time was 
significantly associated with increased 1-year mortality (HR 1.13, 
95% CI 1.02–1.24, p = 0.020), but not at 10-year. Longer waiting time 
to transplant also emerged as a significant non-linear predictor of 
mortality at 1- and 10-year post-transplant (p ≤ 0.033.) Neither 
transplant era, donor age, donor CMV status, nor dialysis modality 
were significant predictors of early mortality.

HLA mismatches at all loci and induction therapy regimen were 
not significantly associated with patient mortality at either 
timepoint, when adjusted for other factors.

Discussion

In this large, contemporary national cohort of SPK transplant 
recipients, we demonstrate excellent long-term outcomes, with 10- 
year pancreas graft, kidney graft, and patient survival rates exceeding 
70%. Our analysis identifies donor age, cold ischaemic time, and 
donor CMV status as key predictors of pancreas graft failure and 
further highlights the adverse impact of haemodialysis on long-term 
kidney graft survival. Crucially, we identified an unexpected 
association between a single HLA-DQ mismatch and improved 
long-term pancreas graft survival, a finding not observed for 
kidney or patient outcomes. In contrast, induction therapy choice 
between Alemtuzumab and Basiliximab was not significantly 
associated with differences in graft or patient survival.

The 3C study, comparing Alemtuzumab with Basiliximab 
induction therapy in renal transplantation, demonstrated that 
alemtuzumab significantly reduced the risk of biopsy-proven 
rejection without increasing serious infections [18]. However, in 
our study we observed no difference in SPK graft, kidney graft or 
patient survival on adjusted analyses. This may reflect the distinct 
immunological challenges of SPK recipients, who may have an 
alloimmune burden distinct to kidney-only recipients. This also 
underscores the need for caution in extrapolating induction 
strategies validated in kidney transplantation to SPK recipients.

The observation that a single HLA-DQ mismatch was associated 
with improved long-term pancreas graft survival is unexpected and, 
to our knowledge, has not been previously reported. Although two 
mismatches were not significantly associated with graft outcome, the 
overlapping confidence intervals suggests that there is no difference 
in the effect of two mismatches compared with the effect of a single 

TABLE 4 Continued

Factor One-year kidney graft failure Ten-year kidney graft failure

HR (95% CI) P-value HR (95% CI) P-value

Induction agent 0.8 0.74

Alemtuzumab Reference Reference

Basiliximab 0.89 (0.36–2.17) 0.92 (0.58–1.48)

Abbreviations: DBD, donor after brainstem death; DCD, donor after circulatory death; HLA, human leucocyte antigen; HR, hazard ratio; CI, confidence interval.

FIGURE 3 
Kaplan-Meier plot of patient survival at 10-year post-transplant 
comparing recipients who received Alemtuzumab induction agent 
with recipients who received B.asiliximab.
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TABLE 5 Multivariable Cox regression model estimates for predictors of patient survival at 1- and 10-year post-transplant.

Factor One-year patient mortality Ten-year patient mortality

HR (95% CI) P-value HR (95% CI) P-value

Era of transplant Global 0.23 Global 0.5

Apr 2007-Mar 2011 Reference Reference

Apr 2011-Mar 2015 0.75 (0.37–1.52) 0.96 (0.73–1.28)

Apr 2015-Mar 2019 0.45 (0.18–1.12) 0.81 (0.56–1.17)

Donor age (years) 1.01 (0.99–1.03) 0.34 1.01 (1.00–1.02) 0.053

Donor CMV 0.17 0.071

Negative Reference Reference

Positive 0.65 (0.35–1.20) 1.24 (0.98–1.56)

Recipient age (years) 1.02 (0.99–1.06) 0.25 1.04 (1.02–1.05) <0.0001

Recipient dialysis status Global 0.77 Global 0.033

Not on dialysis Reference Reference

Haemodialysis 1.27 (0.64–2.53) 1.19 (0.92–1.54)

Peritoneal dialysis 1.23 (0.56–2.69) 0.76 (0.55–1.07)

Cold ischaemic time (hours) 1.13 (1.02–1.24) 0.02 1.01 (0.97–1.05) 0.61

Waiting time (years) Fitted as natural cubic spline 0.033 Fitted as natural cubic spline 0.019

HLA-A mismatches Global 0.49 Global 0.98

0 Reference Reference

1 0.67 (0.31–1.45) 0.99 (0.71–1.38)

2 0.59 (0.23–1.47) 1.01 (0.70–1.47)

HLA-B mismatches Global 0.73 Global 0.95

0 Reference Reference

1 0.64 (0.14–3.02) 0.96 (0.52–1.77)

2 0.79 (0.17–3.78) 1.00 (0.54–1.87)

HLA-Cw mismatches Global 0.5 Global 0.32

0 Reference Reference

1 1.94 (0.63–5.95) 1.33 (0.90–1.97)

2 1.92 (0.59–6.31) 1.35 (0.89–2.06)

HLA-DQ mismatches Global 0.7 Global 0.79

0 Reference Reference

1 1.37 (0.65–2.91) 1.06 (0.80–1.39)

2 1.46 (0.40–5.31) 0.91 (0.52–1.58)

HLA-DR mismatches Global 0.94 Global 0.15

0 Reference Reference

1 0.92 (0.28–3.03) 0.68 (0.45–1.02)

2 1.03 (0.28–3.78) 0.75 (0.47–1.17)

Induction agent 0.92 0.7

Alemtuzumab Reference Reference

Basiliximab 1.06 (0.34–3.26) 1.09 (0.70–1.69)

Abbreviations: CMV, cytomegalovirus; HLA, human leucocyte antigen; HR, hazard ratio; CI, confidence interval.
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-DQ mismatch. While class II mismatches, particularly at the DQ 
locus, have been linked to adverse outcomes in kidney 
transplantation [12, 19], including increased risk of donor- 
specific antibody formation and chronic rejection, such 
associations have not been well established in SPK recipients. 
This observation could be specific to the model fitted, and not 
represent true causality warranting cautious interpretation and is, at 
best, hypothesis-generating. Additionally, the DQ and B mismatches 
were not associated with acute rejection, suggesting that any 
observations associated with outcomes may be due to chance 
rather than a true effect. Further mechanistic investigation using 
high-resolution HLA typing, epitope analysis, immune profiling, 
and validation in other populations may provide further insight into 
the effects of HLA matching on pancreas graft outcomes.

In a retrospective analysis of 1219 pancreas graft recipients (SPK 
n = 355), HLA mismatch status was not associated with pancreas 
graft or patient survival following transplantation [17], similar to 
our results. However, the study reported an increased risk of acute 
rejection with HLA-B and -DR mismatches with -DQ mismatches 
having no impact, although this observation was not apparent when 
SPK graft recipients were examined as a subgroup. These results 
suggest that the immunological relevance of specific HLA loci may 
differ by transplant type. These findings suggest that while overall 
HLA mismatch may not influence long-term outcomes, locus- 
specific mismatching may contribute to pancreas graft loss 
through immune mechanisms that are not fully mitigated by 
standard immunosuppression. This highlights the potential 
importance of considering HLA matching when evaluating 
immunological risk, particularly in the context of non-depleting 
induction strategies, warranting further investigation.

The absence of a clear association between HLA mismatch and 
kidney graft survival in our cohort may, at least in part, reflect the 
relatively short cold ischaemia times observed in the UK for SPK 
grafts. Both HLA mismatch and prolonged cold ischaemia are well- 
established determinants of kidney graft outcomes, and previous 
large registry studies have demonstrated that the adverse effect of 
HLA mismatch is attenuated when cold ischaemia times are short 
[20, 21]. In our study, the median cold ischaemia time was 
substantially lower than in comparable international series, likely 
diminishing the incremental impact of HLA mismatching on kidney 
graft survival.

Induction therapy did not significantly impact pancreas graft, 
kidney graft or patient survival on the adjusted analyses. Although 
unadjusted analyses suggested slightly improved pancreas graft 
survival with Alemtuzumab, this effect was not observed in 
multivariable models. The rates of early acute rejection episodes 
were also comparable between induction agents. Our findings are in 
line with a retrospective study [22], reporting similar pancreas and 
kidney graft outcomes between Alemtuzumab and Basiliximab in a 
large single-centre SPK cohort, though with a higher incidence of 
CMV infection in Alemtuzumab-treated recipients. More recently, 
Aziz et al. compared T cell–depleting agents with IL-2 receptor 
blockade in 417 pancreas transplant recipients and similarly found 
no difference in graft survival on multivariable analysis [23]. 
Importantly, both studies highlighted differences in infection 
profiles rather than survival, with Aziz et al. also noting 
increased CMV and bacterial infections in the T cell–depleting 
group. Taken together with our findings, these data suggest that 

while induction agent choice does not appear to affect long-term 
graft or patient survival, the decision should be individualised based 
on recipient risk profile, infection risk, and centre-specific protocols.

Our findings have several potential implications for clinical 
practice and transplant policy. The absence of a survival benefit 
from any specific induction agent supports a more individualised 
approach to induction therapy. Rather than a uniform preference, 
the choice between T cell–depleting agents and interleukin-2 
receptor antagonists may be better guided by recipient 
comorbidity, CMV serostatus, and institutional experience. 
Furthermore, we did not observe a significant reduction in graft 
or patient survival with locus-specific mismatching warranting 
specific investigation into the organ-specific effects in larger 
external cohorts.

This study has several limitations inherent to its retrospective 
design and use of national registry data. While the dataset is robust 
and population-based, it lacks granularity in certain key areas, 
including high-resolution HLA typing, DSA status, maintenance 
immunosuppression regimens, and biopsy-proven rejection. As 
such, we were unable to explore mechanistic explanations for the 
observed DQ mismatch effect or evaluate potential interactions 
between induction, maintenance therapy, and immunological 
risk. Additionally, selection bias may influence the choice of 
induction agent, although our multivariable analyses aimed to 
adjust for relevant confounders. Finally, while the finding of a 
protective association with a single DQ mismatch is statistically 
robust and biologically plausible, it is hypothesis-generating and 
requires validation in other cohorts with complementary 
mechanistic data.

This national study demonstrates excellent long-term outcomes 
following simultaneous pancreas–kidney transplantation and 
provides new insights into the impact of immunological 
matching and induction therapy. The absence of significant 
differences in outcomes by induction agent supports a 
personalised approach to immunosuppression. Although the 
associations described are observational, and causality cannot be 
deterimined in this registry study, these findings highlight the 
complex interplay between immunogenetic matching and 
induction therapy in SPK transplantation. Our results emphasise 
the importance of tailoring immunological risk assessment beyond 
aggregate mismatch scores.
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There is an urgent need to better understand the pathophysiology of primary graft 
dysfunction (PGD) to develop point-of-care methods predicting those at risk. We 
utilized a multiplex multivariable approach to define cytokines, chemokines, and 
growth factors in patient-matched biospecimens to identify factors predictive of 
PGD. Biospecimens were collected from patients undergoing bilateral lung 
transplantation (LTx) from three sites: donor lung perfusate, post-transplant 
bronchoalveolar lavage (BAL) fluid (2h), and plasma (2h, 24h, 72h, and 1 and 
2 wks). A 71-multiplex panel was performed on each. Cross-validated logistic 
regression (LR) and random forest (RF) models determined whether analytes from 
each site, alone or combined with clinical data, discriminated PGD grade 0 (n = 9) 
vs. 3 (n = 8). BAL fluid at 2h was most predictive of PGD (LR, 0.825; RF, 0.919), 
followed by multi-timepoint plasma (LR, 0.841; RF, 0.653), then perfusate (LR, 
0.565; RF, 0.448). Combined clinical, BAL, and plasma data yielded the strongest 
performance (LR, 1.000; RF, 1.000). BAL collected 2h post-transplant showed the 
strongest discriminatory signal for severe PGD in this exploratory cohort. This 
integrative approach identified IL-1RA, BCA-1, and Fractalkine as hypothesis- 
generating candidate biomarkers that warrant validation in larger independent 
studies.

KEYWORDS

cytokines, lung transplantation, machine learning, predictive models, primary graft 

dysfunction

Introduction

Lung transplantation (LTx) is an acceptable therapy for end-stage lung disease. 
However, successful post-transplantation outcomes are significantly impacted by the 
development of severe primary graft dysfunction (PGD), which is associated with early 
mortality and a more rapid onset of chronic lung allograft dysfunction (CLAD) [1–4]. As 
such, there is an urgent need to better understand PGD pathobiology and identify those at 
enhanced risk. The pathophysiology of PGD is complex and involves a multifactorial 
inflammatory process that likely starts in the donor lung and is exacerbated by ischemia 
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reperfusion injury (IRI). Given the contribution of inflammation in 
PGD, several studies have leveraged the presence of pro- 
inflammatory cytokines as prognostic biomarkers. These studies 
have largely measured the presence of soluble factors in recipient 
plasma, with elevated levels of plasma cytokines such as IL-6, IL-8, 
IP-10, MCP-1, and endothelial/epithelial injury markers shown to 
be associated with severe PGD [5–13].

Though plasma provides a valuable window into the biological/ 
inflammatory processes detected on a systemic level, a handful of 
studies have analyzed bronchoalveolar lavage (BAL) fluid as a 
more representative sample of the transplanted lung-specific 
microenvironment. Elevated BAL levels of IL-6, IL-8, and 
Eotaxin were shown to be associated with PGD [14–16]. Further, 
ex vivo lung perfusion (EVLP) studies have shown that elevated IL-8, 
IL-6, and GRO-α levels in perfusion solution are associated with 
poorer graft outcomes [17, 18].

Together, these studies show the potential value of measuring 
inflammatory and injury markers as predictors of PGD. Most factors 
identified to date have been selected for investigation by association, 
in that they have been previously implicated in other acute lung 
injuries and then subsequently investigated in LTx. While these 
studies have guided our understanding of PGD, their hypothesis- 
driven focus may limit the discovery of other mediators or 
predictors of PGD. Thus, here we utilized a 71-analyte multiplex 
approach composed of a broad array of cytokine, chemokines, and 
growth factors in concert with matched donor perfusate, recipient 
plasma, and BAL to identify novel biomarkers and/or mechanistic 
factors associated with PGD. By examining multiple analytes across 
diverse samples, our study aimed to mitigate selection bias and 
uncover new correlates to PGD. We further hypothesized that a 
machine learning approach may serve as a valuable tool that 

complements classical statistics for biomarker discovery. Here we 
demonstrate that cytokine expression in BAL collected 2h post-LTx 
best predicts PGD development. Further, using a model reduction 
process, we identified the three strongest BAL predictors of PGD 
development were BCA-1 (CXCL13), Fractalkine, and IL-1Ra, 
factors that have not been extensively studied in the context of 
PGD. Together, our results provide a methodological foundation for 
further development of predictive modeling that could result in the 
discovery of analytes that can be used in a clinically relevant point- 
of-care test and provide novel targets for PGD mechanistic studies.

Methods and materials

Inclusion/exclusion criteria

Samples were acquired from the University of Florida 
Transplant Tissue Bank from patients undergoing a first-time 
bilateral lung transplant between May 2021 and May 2022. 
Nineteen patients who had a complete sample set and had the 
same PGD grade at all time points, either 0 (n = 10) or 3 (n = 9), were 
selected. PGD was graded as described [19]. To maximize 
phenotypic contrast within a limited cohort, the primary analyses 
were restricted to recipients with persistently absent PGD (grade 0 at 
all assessed time points) or persistently severe PGD (grade 3 at all 
assessed time points). This design was selected to reduce ambiguity 
introduced by transient, intermediate, or fluctuating PGD grades 
and improve the likelihood of detecting biologically meaningful 
signals in an exploratory setting. For accuracy and consistency, 
transplant recipients without severe graft dysfunction are referred to 
throughout as PGD0 or PGD– recipients, whereas patients with 
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TABLE 1 Baseline donor and recipient characteristics.

Donor Characteristics PGD– (n = 9) PGD+ (n = 8) p-value

Median donor age 37 (16, 60) 37 (18, 60) .902

Donor sex

Male 89% (8) 25% (2) .020

Female 11% (1) 75% (6)

Donor race/Ethnicity

White 44% (4) 50% (4) –

Hispanic/Latino 33% (3) 38% (3)

Black or african american 22% (2) –

American indian – 13% (1)

Static storage 

Standard 4 °C 100% (9) 50% (4) .033

10 °C – 50% (4)

Smoking history

Yes 56% (5) 38% (3) .637

No 44% (4) 63% (5)

Heavy alcohol use history

Yes 22% (2) 13% (1) .999

No 78% (7) 88% (7)

Recipient characteristics PGD– (n = 9) PGD+ (n = 8) p-value

Median recipient age 61 (48, 74) 59 (35, 73) .418

Mean recipient BMI at listing 24.9 26.9 .256

Recipient sex 

Male 78% (7) 13% (1) .015

Female 22% (2) 88% (7)

UNOS lung disease diagnosis

Group

Group A: Obstructive lung disease 3 0 –

Group B: Pulmonary vascular 1 0

Disease

Group C: Cystic fibrosis 0 0

Group D: Restrictive lung disease 5 9

Mean LAS Score 47.9 (33.1, 92.4) 57.1 (36.5, 93.3) .462

% ECMO pre-Tx 10% (1) 22% (2) .577

% ECMO post-Tx 10% (1) 67% (5) .013

% Sensitization protocol – (0) 50% (4) .023

Donor and Recipient characteristics by primary graft dysfunction status. Differences between groups in categorial variables were analyzed by Fisher’s Exact Comparison and differences in 
numerical variables were analyzed by unpaired Student’s t-test, with unadjusted p-values p < 0.05 Abbreviations. PGD–: Primary Graft Dysfunction grade 0 at all time points; PGD+: Primary 
Graft Dysfunction grade 3 at all time points; BMI: Body Mass Index; UNOS: United Network for Organ Sharing, LAS: Lung Allocation Score, ECMO: Extracorporeal Membrane Oxygenation.
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persistently severe PGD, will be termed PGD+. Donor and recipient 
demographics for each group are detailed in Table 1. This study was 
approved by the University of Florida Institutional Review Board 
IRB#202200536.

Sample collection

We analyzed three distinct sample types: (1) plasma, (2) 
bronchoalveolar lavage fluid (BAL), and (3) donor lung 
perfusate solution. Plasma was processed from whole blood 
collected 12h prior to transplant (pre) and at 2h, 24h, 72h, 
1wk, and 2wk post-LTx. BAL fluid was obtained following 
reperfusion, at a time point matched to the 2h blood sample, 
“T0”. BAL was collected following the ISHLT recommendations 
[20]. Donor lung Perfadex® (Xvivo, Sweden) perfusate solution 
was obtained by collecting the initial volume of 2–3 mL of 
preservation solution passed out of the lung vasculature at 
the time of reperfusion. All processed samples were stored 
at −80 °C until time of analysis.

Multiplex assays

We utilized Eve Technologies’ Cytokine, Chemokine, Growth 
Factor 71-Plex Clinical RUO Test (HD71-CLIN). Samples were run 
on Luminex 100/200™ instruments (Luminex/DiaSorin, Saluggia, 
Italy), with Bio-Plex Manager™ (BPM) software (BioRad, Hercules, 
CA) by Eve Technologies (Calgary, Canada), a Clinical Laboratory 
Improvement Amendments (CLIA)-approved facility. The full 
analyte list, with analyte abbreviations and assay detection limits, 
is listed in Supplementary Tables 1A, B. Since a relative absence (or 
low levels) of any particular analyte could be meaningful with 
respect to patterns of cytokine expression, any sample with a 
fluorescence value below the range of its standard curve was 
included in the analysis by assigning a concentration value 
corresponding to the minimum sample value for the same 
analyte. We recognize that this approach may introduce bias. 
Therefore, we performed prespecified robustness analyses using 
alternative preprocessing strategies: first, repeating analyses 
without concentration imputation, and second, analyzing 
fluorescence intensity values directly, for which missingness was 
minimal (see robustness checks section).

Statistical, computational analysis software, 
and preprocessing

Computations were performed in R [21], using Tidyverse and 
Tidymodels workflows [22, 23] and additional packages for specific 
analyses [24–35]. Smoking and alcohol history were collapsed to 
logicals. We offset log-transformed concentrations before analysis. 
As this study was designed as an exploratory biomarker discovery 
analysis, our objective was to identify candidate inflammatory 
mediators and specimen types associated with severe PGD rather 
than to test a small number of prespecified hypotheses. Accordingly, 
p-values from univariable screening analyses were not adjusted for 
multiple comparisons and should be interpreted as descriptive 
signals intended to prioritize candidates for further validation 
rather than as definitive evidence of association. All findings, 
particularly those emerging from high-dimensional multiplex and 

modeling analyses, should therefore be considered hypothesis- 
generating.

Protein concentrations and pairwise 
associations

We visualized protein co-concentration patterns within each 
medium using dendrogram-annotated heatmaps [27] and 
correlation plots [28]. We used Kruskal–Wallis (KW) tests to 
identify proteins whose plasma concentrations changed over 
time. We included these in a principal components analysis 
(PCA) and generated a biplot with an average trajectory 
represented by segments between consecutive centroids.

Discrimination of PGD

KW (perfusate, BAL fluid) and multivariate Cramér [36] 
(plasma at all time points) tests were used to identify proteins 
that discriminated between the PGD– and PGD+ subgroups. 
Log-concentrations between the subgroups were visualized using 
jitter and line plots. Biplots of plasma concentrations were also 
generated with PGD-stratified average trajectories and are reported 
in the Methodological Supplement (M1).

Prediction of PGD

Cross-validated logistic regression (LR), random forest (RF), 
and nearest neighbors (NN) models were used to determine whether 
several sets of predictors could discriminate between PGD– and 
PGD+. To better reflect practice conditions, no missing values were 
imputed for predictive analysis; analytes with several missing values 
were excluded. The pre-processing steps are detailed in the 
Methodological Supplement. Model families were optimized over 
hyperparameter grids. For each model specification, the area under 
the receiver operating characteristic curve (AUROC) was calculated 
from stratified leave-one-out cross-validation, in which each test set 
comprised one PGD– and one PGD+ case. We repeated this 
procedure 12 times to ensure diversity in the test sets.

The predictive value of data from each site, namely perfusate, 
BAL fluid, plasma (pre-Tx, T0, and 24h), and clinic (donor, recipient, 
and perioperative), was assessed. We ranked the model specifications 
by mean AUROC. Results were summarized using line–range plots 
and tabulated optimal and near-optimal performance by model 
family using each combination of sites. Clinical variables were 
incorporated as a separate predictor set consisting of available 
donor, recipient, and perioperative characteristics contained 
within the de-identified tissue bank dataset.

We next fitted optimized model specifications to complete data 
from each combination of sites and used absolute coefficient 
estimates (LR) and mean decrease in accuracy (RF) to rank 
predictors. To assess the potential feasibility of a point-of-care 
test, we included the top predictors from both families in a LR 
LASSO, using data from the site that yielded the best predictions.

Robustness checks

We tested the robustness of our results by re-running the full 
analysis after each of two alternative pre-processing choices: (1) for 
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exploratory analysis, not imputing out-of-range values and, for 
predictive analysis, imputing; and (2) using fluorescence intensities 
(FIs), for which very few values were missing, rather than concentrations.

Results

Sample characteristics and group 
differences

Seventeen patients with complete data were included in the analysis 
(PGD–, n = 9; PGD+, n = 8). Consistent with published risk factors, 
PGD+ patients were predominantly female and pre-sensitized (Table 1).

Plasma protein concentrations and pairwise 
comparisons

We observed consistent protein clustering based on 
concentrations of analytes in plasma over the first three time 
points (pre-Tx, T0, and 24h) (Figure 1A). One outlier case (G) had 
higher levels in low-concentration clusters. With six exceptions, 
panels clustered by time point. Next, we selected a distance 
threshold, based on visual inspection of dendrograms to 

identify clusters at T0 (Figure 1B). There was one singleton, 
IL-1RA, the only analyte to be detectably negatively correlated 
with others (TARC and VEGF-A); a small cluster containing its 
negative correlates with ENA-78, PDGF-AA, PDGF-AB/BB, 
MDC, CTACK, RANTES, and Eotaxin-2; another small cluster 
comprising TRAIL, MCP-2, MCP-1, G-CSF, and IL-6; and the 
remaining proteins in one large cluster.

The PCA distinguished two dimensions of variation in plasma 
concentrations over time (Figure 1C). IL-1RA, GROα, IL-10, IL-6, and 
G-CSF loaded strongly onto PC1, all positively. From pre-Tx to 24h, 
PC1 decreased, then remained low through 2wk. MDC, TARC, IL-3, 
MIP-1δ, CTACK, Eotaxin, IL-2, IL-5, and TRAIL loaded strongly and 
negatively onto PC2, MDC, and TARC. PC2 decreased from pre-Tx to 
T0 then increased gradually through 2wk. MCP-1, MIP-1β, and IL-8 
correlated more with each other than with either PC. The average 
trajectory reflected these patterns.

Plasma protein discrimination of PGD

We next analyzed whether concentration changes in plasma 
differed by PGD status. Analysis identified two-to-four clusters at 
T0, which broadly agree between the PGD– and PGD+ subgroups 
(Figure 2). Mean trajectories did not differ systematically between the 

FIGURE 1 
Log-concentrations of 71 proteins in plasma at near-transplantation time points. Protein levels and their changes during the peri-operative period were 
similar across all but one subject. (A) Clustered heatmap for all subjects at pre-Tx, T0, and 24h time points, using complete-linkage clustering on cases and 
proteins. Blue (red) indicates lower (higher) levels. (B) Correlation matrix of soluble factors measured in plasma from all subjects at T0. Only correlations with 
unadjusted p < 0.01 in Spearman tests are filled. Proteins are ordered by complete-linkage clustering in order to juxtapose more correlated proteins. 
Note that complete-linkage clustering is heuristic, so the order may differ from that of (A). (C) Principle component analysis (PCA) biplot of time- 
discriminating proteins at all subject–time points. Values at pre-Tx are labeled by unique keys. Segments connect adjacent time points for each subject. 
Segments are grouped by primary graft dysfunction (PGD) status. Thickened segments connect time point centroids, stratified by PGD status.

Transplant International 
Published by Frontiers 

European Society for Organ Transplantation 05

Nord et al. 10.3389/ti.2026.15874

215

https://doi.org/10.3389/ti.2026.15874


PGD– and PGD+ groups (Supplementary Figure M1). We did find 
evidence of systematically different concentrations of certain proteins 
at some time points (Table 2), notably BCA-1 at 1wk and 6CKine at 
T0. We detected only two proteins with different trajectories (Table 3; 
Figure 3): BCA-1 and IL-22 (p < 0.05), both with higher 

concentrations in the PGD+ group, but otherwise similar 
trajectories. Several proteins (MCP-1, MIP-1β, IL-6, G-CSF, 
GROα, IL-8, IL-10, and IL-1RA) associated with PC1 spiked at 
T0 and then regressed toward their pre-LTx levels in both 
groups (Figure 3).

FIGURE 2 
Differences in protein log-concentrations in plasma by primary graft dysfunction (PGD) grade. Clustered heatmaps (A) for PGD– and (B) for 
PGD+ subjects.
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Perfusate protein discrimination of PGD

The same protein panel used for plasma analysis was used to 
assess perfusate solutions collected at the time of transplantation. 
Two proteins were consistently highly expressed in perfusate: FGF-2 
and MIP-1δ. The remainder formed one higher- and one lower- 
concentration cluster (Figure 4A). The cases did not clearly cluster 
and three outliers were detected (S, P, and I). Clustering did not 
correlate with PGD grade. A direct comparison of all cases 
(Figure 4B) suggests that organs with higher analyte levels 
preceded PGD+, but we found no evidence that any single 
protein discriminated between PGD– and PGD+ (Figure 4C) 
(Table 4). Of 66 proteins with sufficient data, only two tests 
yielded p <0.01 (IL-17A and IL-1RA), a number expected by chance.

BAL protein discrimination of PGD

BAL also did not clearly cluster cases or discriminate PGD 
groups (Figure 5A), However, higher concentrations generally 
correspond to PGD+ (Figure 5B). This pattern was statistically 

evidenced for several proteins (Table 5): IL-1RA (p < 0.01), 
Fractalkine, BCA-1, Eotaxin, IL-12p40, IL-6, IP-10, and M-CSF 
(p < 0.05). Unlike the other sample types, PCA on all 71 proteins 
showed a clear separation between PGD– and PGD+ cases 
(Figure 5C), indicating that much of the variation in cytokine 
profiles was associated with PGD.

Predictive modelling of PGD

The lack of strong associations between analyte concentrations 
and the PGD group using classical statistics led us to consider machine 
learning as an alternative approach. Keeping with classical statistics, 
machine learning models showed that BAL fluid is the specimen type 
with the greatest predictive value. Supplementary Tables 2, 3 in the 
Methodological Supplement compare model performance across each 
predictor set. Supplementary Table 2 presents the highest AUROC. 
To assess the sensitivity of these results to parameter tuning and 
moderate expectations for out-of-box performance, AUROCs in 
Supplementary Table 3 are averaged from all models using near- 
optimal parameter settings. Given this, we next built a reduced model 

TABLE 2 Results of Kolmogorov–Smirnov tests of differences between undetected and severe primary graft dysfunction cases in protein concentrations in 
plasma at single time points.

Time Protein n0 n3 Statistic p-value

pre BCA-1 9 8 0.667 0.02024

2h 6CKine 9 8 0.778 0.00255

2h IL-22 9 8 0.778 0.00428

2h IL-16 9 8 0.750 0.01119

2h MCP-4 9 8 0.542 0.04977

24h 6CKine 9 8 0.778 0.00428

24h IL-6 9 8 0.764 0.00831

24h IL-22 9 8 0.667 0.02024

24h MCP-1 9 8 0.667 0.02024

24h IL-15 9 8 0.639 0.04689

24h BCA-1 9 8 0.639 0.04689

72h I-309 9 8 0.764 0.00831

72h PDGF-AA 9 8 0.667 0.02024

72h IL-12p40 9 8 0.556 0.02941

72h BCA-1 9 8 0.653 0.03357

72h IL-3 9 8 0.556 0.04689

72h IL-6 9 8 0.639 0.04689

1wk BCA-1 9 8 0.875 0.00140

1wk TRAIL 9 8 0.750 0.01119

1wk PDGF-AB/BB 9 8 0.653 0.03357

1wk MIP-1δ 9 8 0.653 0.03357

Analytes are listed by sample time point first and in order of statistical evidence, up to unadjusted p < 0.05. See Supplementary Table 1 for details on the full set of analytes. BCA-1, B-cell- 
attracting chemokine 1 (CXCL13); 6CKine, secondary lymphoid-tissue chemokine (CCL21); IL-22, interleukin-22; IL-16, interleukin-16; MCP-4, monocyte chemoattractant protein 4 (CCL13); 
IL-6, interleukin-6; MCP-1, monocyte chemoattractant protein 1 (CCL2); IL-15, interleukin-15; I-309, T-lymphocyte-secreted protein I-309 (CCL1); PDGF-AA, platelet-derived growth factor- 
AA; IL-12p40, interleukin-12 p40 subunit; IL-3, interleukin-3; TRAIL, TNF-related apoptosis-inducing ligand; PDGF-AB/BB, platelet-derived growth factor-AB/BB; MIP-1δ, macrophage 
inflammatory protein-1 delta (CCL15).
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using only BAL data. After excluding NN models for worst 
performance and difficulty of importance measurement, we used a 
custom cumulative importance measure and a formalized “elbow 
method” cutoff to select candidate biomarkers (I-309, Fractalkine, IL- 
12p40, IL-5, FGF-2, PDGF-AA, IL-1RA, M-CSF, IL-6, BCA-1, IP-10, 
and Eotaxin). Using regularized logistic regression analysis of these 
12 analytes, four (I-309, IL-5, PDGF-AA, and Eotaxin) were 
eliminated (Figure 6A). Subjectively, we selected three analytes, IL- 
1Ra, Fractalkine, and BCA-1, to determine their potential as 
candidates for predicting severe PGD. Figure 6B shows the link 
function and its values taken at all cases, showing that the model 
accurately predicts PGD in every case. A PCA of the 16 cases used to 
optimize the BAL models on these analytes showed that they clearly 
separate PGD subgroups (Figure 6C). As we had exhausted the 
available cases in the nested CV process, used to obtain optimal 
models, we could not further validate this model. Therefore, we used 
classical diagnostics and randomized quantile residuals [37] to 
evaluate goodness of fit. These identified some influential outliers. 
The same clinical predictor pool was used consistently across all 
models that included clinical data, either alone or in combination with 
biological specimen data. To assess the importance of specific clinical 
factors, optimized AUROCs for logistic regression models on a single 
clinical predictor each are reported in the Methodological Supplement 
(Supplementary Figure S4). These analyses were performed to 
contextualize the relative contribution of clinical variables 
compared with multiplex cytokine measurements.

Robustness checks

To enhance the rigor of our approach we performed several 
robustness checks, as detailed in the methodological supplement.

Discussion

Here we sought to identify donor and recipient inflammatory 
risk factors for the development of PGD to characterize its 
pathophysiology using a “hypothesis-free” approach. Our 71- 
analyte multiplex panel allowed us to examine previously 
reported markers of PGD while achieving unbiased discovery of 
new potential mechanistic/therapeutic targets and/or novel 
biomarkers. We sampled multiple biological sites from each 
recipient and obtained results using the same assay and data 
analysis methodology, allowing us to compare the utility of each 

sample site against each other without bias from batch variability. It 
is important to distinguish the two analytical aims of this study. 
First, we performed associative analyses across plasma, perfusate, 
and BAL to identify cytokines linked to PGD status or peri- 
transplant temporal changes. Second, we used predictive 
modeling to compare the relative utility of different specimen 
types for discrimination of severe PGD and to prioritize a 
reduced set of candidate BAL analytes. Thus, the longitudinal 
plasma analyses were intended primarily to define peri-transplant 
inflammatory patterns and persistence of candidate signals over 
time, whereas predictive modeling focused on early specimen types 
most relevant to acute PGD classification. Our analysis 
demonstrated the presence of previously undescribed factors 
associated with PGD in these different biological samples and 
determined that T0 BAL had the strongest PGD predictive value.

To our knowledge, no previous human studies have investigated 
cytokine levels in static donor lung preservation solution. In keeping 
with a recent heart transplant multiplex study of heart preservation 
solutions [38], we identified a large array of detectable factors in lung 
perfusate, as 66 of the 71 cytokines were detected. Of the 
66 identified cytokines, only IL-17a was detectably different 
between PGD groups. Our plasma studies provide insight into 
cytokine level changes across the transplant process and 
determine whether signatures of cytokines are associated with 
severe PGD. Fifteen analytes were detectably different in PGD+ 
vs. PGD-plasma at individual time points. Amongst these were IL-6 
and MCP-1, which have been previously reported to be elevated in 
the plasma of PGD patients [5, 8–11]. While 15 analytes were 
detectably changed, only two, BCA-1 and IL-22, were detectably 
elevated in PGD at all timepoints, using multivariate approaches. To 
our knowledge, these cytokines have not been reported as plasma 
PGD biomarkers thus far and may indicate that PGD patients have 
increased early B cell signaling [39, 40]. Finally, we utilized T0 BAL 
as a window into the local lung microenvironment. A large array of 
analytes was present in BAL. Of the 71 analytes assessed, we 
demonstrated that eight (IL-1RA, Fractalkine, BCA-1, Eotaxin, 
IL-12p40, IL-6, IP-10, and M-CSF) were detectably elevated in PGD.

Using classical statistics, we identified novel analytes that have not 
been previously described or linked mechanistically in PGD. A 
secondary goal of our study was to explore whether our multiplex 
approach could optimize the identification of biomarkers that predict 
severe PGD. While most biomarker discovery studies use only 
statistical association tests or univariable prediction models to 
identify candidates, a growing number use multivariable models, 

TABLE 3 Results of multivariate Crámer tests of differences between undetected and severe primary graft dysfunction cases in protein concentrations across 
all time points.

Protein n0 n3 Statistic p-value

BCA-1 42 42 5.007 0.0050

IL-22 42 42 4.876 0.0240

IL-15 42 42 1.646 0.0609

6CKine 42 42 1.892 0.0829

Eotaxin 42 42 0.850 0.0899

Analytes are listed in order of statistical evidence, up to unadjusted p < 0.1. See Supplementary Table 1 for details on the full set of analytes. Abbreviations; BCA-1, B-cell-attracting chemokine 1 
(CXCL13); IL-22, interleukin-22; IL-15, interleukin-15; 6CKine, secondary lymphoid-tissue chemokine (CCL21); Eotaxin, eosinophil chemotactic protein 1 (CCL11).
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FIGURE 3 
Differences in protein log-concentrations in plasma by PGD grade. Mean concentration and 1–standard deviation intervals across all time points, 
grouped by PGD grade. The panels are in order of increasing multivariate Cramér test unadjusted p-value and marked: ***p < 0.0001; **p < 0.001; *p < 
0.01; p < 0.05. See the Methodological Supplement for a table of p-values. Note that tests detected differences in BCA-1 and IL-22 between PGD–and 
PGD+, though this number (2) is expected by chance. Irrespective of PGD grade, cytokines and chemokines peaked 24h post-transplantation in 
response to ischemia reperfusion injury.
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often internally cross-validated [41]. For example, Wolf et al [42] and 
Berra et al [43] used proteins measured in BAL by mass spectrometry 
or Western blot, in concert with FEV, to build machine learning 
models that successfully stratified the risk of CLAD development. To 
our knowledge, no multivariable studies have utilized patient-matched 
biospecimens from different sites to test multiplex data and sample 
types. Here we show that our multivariate predictive modeling 
comparisons indicated the optimum sample to analyze for its 
capacity to predict PGD onset, in our sample types, was BAL 
collected 2hrs post-transplant (T0). Using this exploratory reduction 
strategy, we prioritized IL-1Ra, CXCL13/BCA-1, and Fractalkine as 

candidate BAL analytes associated with severe PGD. Using a LASSO 
analysis to assess the predictive power of analytes in T0 BAL specimen 
we identified three cytokines, IL-1Ra, BCA-1, and Fractalkine, as 
strong candidates that accurately predict PGD while minimizing 
model deviance. Except for IL-1Ra, these cytokines have not been 
previously correlated to PGD development. Interestingly, BCA-1 levels 
were also detectably elevated in plasma, both pre- and post- 
transplantation. Given the mechanism of action of BCA-1 [44, 45], 
our findings are interesting in light of recent studies implicating B cells 
in lung transplant IRI [46–48]. While not investigated in lung IRI or 
lung inflammation, Fractalkine has been shown to play important roles 

TABLE 4 Results of Kolmogorov–Smirnov tests of differences between undetected and severe primary graft dysfunction cases in protein concentrations in 
perfusate.

Protein n0 n3 Statistic p-value

IL-17A 8 7 0.625 0.0357

IL-1RA 8 7 0.607 0.0870

Analytes are listed in order of statistical evidence, up to unadjusted p < 0.1. See Supplementary Table 1 for details on the full set of analytes. Abbreviations; IL-17A, interleukin-17A; IL-1RA, 
interleukin-1 receptor antagonist.

FIGURE 4 
Differences in protein log-concentrations in perfusate by primary graft dysfunction (PGD) negative versus severe PGD 3. Protein levels were not 
detectably different between PGD–and PGD+ subjects. (A) Clustered heatmap for all subjects at T0, using complete-linkage clustering on cases and 
proteins, annotated by PGD grade. (B) Jitter plots, grouped by PGD grade. Proteins are in order of decreasing median concentration. (C) PCA biplot on all 
available protein concentrations. PGD group averages are indicated by open circles.
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TABLE 5 Results of Kolmogorov–Smirnov tests of differences between undetected and severe primary graft dysfunction cases in protein concentrations in BAL 
fluid.

Protein n0 n3 Statistic p-value

IL-1RA 8 8 0.875 0.00249

Fractalkine BCA-1 

Eotaxin

8 

8 

8

8 

8 

8

0.750 

0.750 

0.750

0.01010 

0.01865 

0.01865

IL-12p40 8 8 0.750 0.01865

IL-6 

IP-10

8 

8

180 

8

0.750 

0.750

0.01865 

0.01865

M-CSF 8 8 0.750 0.01865

Analytes are listed in order of statistical evidence, up to unadjusted p < 0.05. See Supplementary Table 1 for details on the full set of analytes. Abbreviations; BCA-1, B-cell-attracting chemokine 1 
(CXCL13); 6CKine, secondary lymphoid-tissue chemokine (CCL21); IL-22, interleukin-22; IL-16, interleukin-16; MCP-4, monocyte chemoattractant protein 4 (CCL13); IL-6, interleukin-6; 
MCP-1, monocyte chemoattractant protein 1 (CCL2); IL-15, interleukin-15; I-309, T-lymphocyte-secreted protein I-309 (CCL1); PDGF-AA, platelet-derived growth factor-AA; IL-12p40, 
interleukin-12 p40 subunit; IL-3, interleukin-3; TRAIL, TNF-related apoptosis-inducing ligand; PDGF-AB/BB, platelet-derived growth factor-AB/BB; MIP-1δ, macrophage inflammatory 
protein-1 delta (CCL15).

FIGURE 5 
Differences in protein log-concentrations in BAL fluid by primary graft dysfunction (PGD) negative versus severe PGD 3. Differences in the levels of 
several proteins were detected between PGD–and PGD+ subjects. (A) Clustered heatmap for all subjects at T0, using complete-linkage clustering on 
cases and proteins, annotated by PGD grade. (B) Jitter plots, grouped by PGD grade. Proteins are in order of decreasing median concentration. (C) PCA 
biplot on all available protein concentrations. PGD group averages are indicated by open circles.
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in the context of cardiac IRI [49–51] and inflammation [52, 53]. Taken 
together, our findings support the need for future functional studies 
investigating the roles of IL-1Ra, BCA-1, and Fractalkine to fully 
evaluate the significance of these mediators in PGD.

Recent studies have utilized cytokine rapid testing to identify 
and stratify patients at risk of hospitalization upon presenting with 
respiratory distress [54]. Given the early post-transplant signal of IL- 
1Ra, BCA-1, and Fractalkine, observed in BAL, these findings raise 
the possibility that a focused cytokine panel could ultimately 
contribute to early PGD risk stratification. Our predictive 
modeling passed multiple data robustness checks. However, the 
present study is not sufficient to establish clinical utility, and any 
point-of-care application will require external validation, calibration 
testing, and assessment in broader cohorts that include intermediate 
and fluctuating PGD phenotypes. As such, these markers should not 
yet be considered a validated predictive panel but rather a 
biologically plausible and clinically testable candidate signature 
for follow-up studies.

Previous multiplex cytokine studies in cardiac transplantation 
showed similar large-scale cytokine changes at different time 
points post-transplant and note, as we have, new target 
cytokines [38]. A major difference in our study, beyond its 
lung focus, was the inclusion of patients with different early 
graft outcomes. By incorporating PGD+ and PGD-patients, we 
were able to not only map cytokine changes across sample type 
and time but further identified novel analytes that could have 
mechanistic and predictive value for the discrimination of PGD. 
To promote dichotomization in our machine learning models, we 
included patients that were either PGD 0 or 3 at all timepoints (24, 
48, and 72 h). We acknowledge the accepted PGD construct is to 
collapse the 0–72 h grades 1–3 into PGD3 at 48 or 72h vs. no 
PGD3 at 48 or 72 h1. However, we believe our approach optimized 
its discovery and predictive ability given the relatively small 
sample size. Nevertheless, future studies are needed to validate 
the analytes we discovered using a larger sample cohort and 
accepted PGD diagnostic construct.

FIGURE 6 
Selecting analytes for a candidate bronchoalveolar lavage protein panel. (A) Regularized regression coefficients and proportion of deviance 
explained in a LASSO on non-imputed multiplex assay data using eight analytes: BCA-1, FGF-2, Fractalkine, IL-12p40, IL-1Ra, IL-6, IP-10, and M-CSF. (B) 
PGD probability versus linear prediction for 16 cases, derived from a 3-analyte model (BCA-1, Fractalkine, IL-1Ra) informed by the LASSO. (C) PCA biplot of 
16 cases used in BAL models on the 3 analytes included in the candidate panel. Abbreviations; BCA-1, B-cell-attracting chemokine 1 (CXCL13); FGF- 
2, fibroblast growth factor 2; Fractalkine, CX3C chemokine ligand 1 (CX3CL1); IL-12p40, interleukin-12 p40 subunit; IL-1Ra, interleukin-1 receptor 
antagonist; IL-6, interleukin-6; IP-10, interferon-γ-induced protein 10 (CXCL10); and M-CSF, macrophage colony-stimulating factor (CSF1), LASSO, least 
absolute shrinkage and selection operator.
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This study has several important limitations. Most notably, the 
cohort size was small relative to the dimensionality of the multiplex and 
modeling analyses, increasing the risk of model instability and 
overfitting. Accordingly, the very high predictive performance 
observed in some combined-feature models, including near-perfect 
AUROC values, should not be interpreted as evidence of a clinically 
ready classifier but rather as support for this framework as an 
exploratory approach to prioritize candidate biomarkers and 
informative specimen types. We focused our studies on the extremes 
of PGD, with our two groups split between PGD0 and PGD3 at all 
timepoints. We recognize that this approach does not capture the full 
clinical spectrum of PGD nor establish how identified markers would 
perform in intermediate phenotypes. Evaluation of PGD grades 
1–2 and temporally dynamic trajectories will require substantially 
larger cohorts and will be the focus of future validation studies.

Baseline differences between PGD groups may also have influenced 
the observed biological signals. Although available clinical predictors 
were evaluated individually and in combination with biological data, and 
no single measured clinical variable performed comparably to the BAL 
cytokine signal, residual confounding cannot be excluded. In addition, 
several relevant donor and preservation variables, including ischemic 
time, donor PaO2/FiO2, ventilator settings, and flush volume, were 
unavailable in the de-identified tissue bank dataset, limiting our ability to 
assess their contribution to group differences.

Taken together, these considerations emphasize that 
the identified BAL analytes, including IL-1Ra, CXCL13/BCA-1, 
and Fractalkine, should be regarded as hypothesis-generating 
candidates. Validation in larger, independent, prospectively 
collected cohorts with more complete donor and perioperative 
annotation will be required.

In conclusion, we used matched perfusate, plasma, and BAL 
biospecimens to define inflammatory signatures associated with 
severe PGD after LTx. Across specimen types, early BAL 
demonstrated the clearest relationship with PGD status and 
identified BCA-1, Fractalkine, and IL-1Ra as candidate analytes for 
further study, supporting their potential relevance to PGD 
pathophysiology and the need for future mechanistic investigation. 
These findings should be interpreted cautiously given the limited 
cohort size, incomplete availability of certain donor and 
preservation variables, and the exploratory nature of the analyses. 
Nonetheless, this study provides a framework for integrating multiplex 
profiling with multivariable machine learning approaches to nominate 
biologically relevant, testable biomarkers and mechanistic targets for 
future translational PGD studies.
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Heart transplantation following donation after controlled circulatory death (DCD) 
could alleviate the global shortage of organs. We assessed the cost-effectiveness 
of this strategy and outlined the factors enabling an efficient DCD heart program. 
Two strategies were compared: donation after brain death (DBD) using static cold 
storage vs. DBD + DCD transplantation, where DCD hearts are preserved with a 
normothermic ex situ perfusion system. Costs (€; 2024 value) and outcomes 
(quality-adjusted life years (QALYs)) were modelled through a 15-year time 
horizon. Our main assumption was that DCD would increase transplant access 
without affecting waitlist mortality, with equivalent post-transplant outcomes. 
With a 20% annual increase in transplant activity, the DBD + DCD strategy resulted 
in a mean incremental gain of 0.14 QALYs at an additional cost of 
€20,618 compared with DBD alone. The incremental cost-effectiveness ratio 
was €146,373 per QALY gained. An 8% relative reduction in waitlist mortality 
(i.e., four additional lives saved annually among 500 new waitlisted patients) would 
make the DCD heart program cost-effective at €100,000 per QALY. Lower 
consumable costs would further improve cost-effectiveness. Decision-makers 
should consider these findings in light of the disease severity and the persistent 
shortage of heart donors that could be alleviated with DCD.

KEYWORDS

cost effectiveness, donation after controlled circulatory death (DCD), donor pool 

expansion, heart transplantation, policy

Introduction

Heart transplantation typically relies on the use of brain-dead donor hearts, which 
constitutes the main source of donation [1]. However, continuous large imbalances between 
organ supply and demand for heart transplantations has led to the investigation of new 
strategies to expand the donor pool [2]. Among these strategies, transplantation with donor 
hearts after controlled circulatory death has been of particular interest in recent years [3–9]. 
Increasing consideration of this strategy has been driven by the evolution of technologies, 
such as ex situ organ perfusion systems, allowing for reanimation of the heart after 
circulatory death and for evaluation of its suitability for transplantation [10]. Heart 
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transplantation using circulatory-dead donor hearts has been 
proved non-inferior to standard care transplantation using brain- 
dead donor hearts in terms of risk-adjusted survival at 6 months in a 
prospective randomized controlled trial [6]. A protocol to assess the 
feasibility of heart transplantation following Donation after 
controlled Circulatory Death (DCD) was conducted in France 
(Protocol PFS20-004, French Agency of Biomedicine) [11]. 
However, data on the cost-effectiveness of this donor pool 
expansion strategy are lacking. Indeed, DCD heart procurements 
are expensive (54,000 euro per normothermic ex-situ perfusion 
consumable) but may improve outcomes for patients with end- 
stage heart failure by increasing their chances to receive a graft with 
comparable post-transplantation outcomes [12]. Herein, we sought 
to model the cost effectiveness of introducing DCD heart 
transplantation alongside the current standard practice of 
Donation after Brain Death (DBD) with static cold storage from 
the French healthcare system perspective and to outline the factors 
enabling an efficient DCD heart program.

Materials and methods

A cohort discrete-time state transition model with a time- 
inhomogeneous Markov process was developed [13]. In these 
decision models, a hypothetical cohort of individuals transition over 
discrete time periods (i.e., cycles) between mutually exclusive health 
states representing the clinical course of the disease [14]. The time 
inhomogeneous approach relaxes the Markov assumption, allowing 
transitions, rewards, or both to vary over time [13]. A cost utility 
analysis framework was used to compare costs and effects (expressed as 
quality-adjusted life years or QALYs) from the French healthcare 

system perspective between standard care and the innovative strategy 
[15]. The model was built and run in R (version 4.2.2) within the R 
Studio software and using the R package “heemod” [16]. We followed 
the Consolidated Health Economic Evaluation Reporting Standards 
(CHEERS) reporting guidelines [17].

Population

The modelled population consisted of adult patients 
(age ≥18 years) with end-stage heart failure who were eligible for 
a first heart transplantation and excluded patients awaiting multi- 
organ transplantations.

Comparators

Two strategies were compared. The standard care strategy (DBD 
strategy) consists of performing transplantations using hearts from 
brain-dead donors, preserved via static cold storage, which remains 
the most widespread approach in France. The innovative strategy 
(DCD + DBD strategy) consists of performing DCD heart 
transplantations alongside the standard DBD approach. It 
involves the use of DCD hearts in accordance with the protocol 
in France (Protocol PFS20-004, French Agency of Biomedicine) 
[11]. In brief, individuals become donors after controlled withdrawal 
of life-sustaining treatment, followed by cardiac arrest and 
circulatory death; the direct procurement procedure is then 
undertaken, with the heart preserved using a normothermic ex 
situ perfusion system. This approach was developed to introduce 
heart retrieval within the existing French DCD protocol based on 
abdominal normothermic regional perfusion (NRP) for abdominal 
organ procurement.
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Model structure

The model structure was adapted from previously published 
cost-effectiveness models in end-stage heart failure [18, 19] and in 
the context of liver transplantation, where strategies aimed at 
expanding the donor pool were evaluated [20, 21]. It consisted of 
four distinct health states (Figure 1). The cycle duration was set to 
1 month, and half cycle correction was performed using the life table 
method [22]. A time horizon of 15 years was chosen due to deep 
uncertainty beyond that period and based on French data from the 
French Agency of Biomedicine. Most patients are transplanted or 
deceased within 3 years from registration on the waiting list, and the 
median survival after transplantation is roughly 12 years [23]. Costs 
and QALYs were discounted at 2.5% according to French 
recommendations [24].

Model parameters and assumptions

Crude epidemiological, cost, and utility estimates used to 
parametrize the model are presented in Table 1.

Transition probabilities

Short and long-term outcomes after heart transplantation were 
considered equivalent between the two strategies, consistent with the 
findings of the DCD Heart Trial (ClinicalTrials.gov number: 
NCT03831048) and early U.S. experience with a three-year 
follow-up [6, 25]. In order to assess efficiency in a French 
context, we mainly used epidemiological and survival data from 
the French Agency of Biomedicine [23]. For the post- 
transplantation period, individual patient data were reconstructed 
from a published survival curve of recipients after a first heart 
transplantation (period 2004 – June 2022) [26]. We then fitted a log- 
normal parametric model after comparing the goodness of fit of 
different models and their plausibility when compared to empirical 

data and derived monthly probabilities for each model cycle 
(Supplementary Figures 1a–c; Supplementary Table 1). As no 
published data exists on the potential of DCD to increase the 
French heart-donor pool, an estimate based on an analysis of the 
United Network for Organ Sharing (UNOS) deceased donor 
database 2005–2014 was used [27]. The study reports a 30% 
projected annual increase with DCD heart transplantation but 
acknowledges possible overestimation, as some DCD hearts may 
be deemed unsuitable after functional assessment. A more 
conservative 20% annual increase was therefore modeled. This 
assumption was also considered consistent with the French 
transplantation context, where DCD heart transplantation is 
expected to begin with a pilot phase and to be progressively 
implemented across heart transplant centers. Uncertainty around 
this parameter was explored in the deterministic sensitivity analysis, 
using a 15%–25% range.

While the increase of available grafts should improve the 
probability of transplantation in waitlisted candidates, it is 
unclear whether expanding the donor pool with DCD would 
reduce waiting list mortality [12, 28]. Therefore, the assumption 
made would be conservative in the main analysis and implementing 
DCD would only increase transplant probability without affecting 
mortality (worst case scenario).

Costs

Given the scarcity of economic information available for 
outpatient care in this indication, the costs considered were 
limited to those in a hospital setting, which were supposed to be 
the main cost drivers. Costs were valued from the healthcare system 
perspective according to French guidelines, which focuses solely on 
healthcare production and accounts for all monetary costs of 
healthcare, regardless of who bears the cost [24, 29]. For the pre- 
transplantation period, costs were extracted from a previous work 
which assessed the economic burden of patients awaiting heart 

FIGURE 1 
Health state transition diagram. DCD: donation after circulatory death; DBD: donation after brain death. The health state transition diagram consisted 
of four distinct health states: waiting list, heart transplantation, post heart transplantation, and death. The heart transplantation state is a temporary state 
that an individual must leave after one cycle. The cycle duration was set to 1 month and time horizon to 15 years.
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transplantation [30]. The cost of DBD transplantation in standard 
care was based on the Diagnosis Related Group 27C054 and was 
valued using the French National Cost Study, which produces the 
closest valuation to the hospital production cost [24]. The cost of 
DCD transplantation was computed as that of DBD transplantation, 
plus the cost of using an ex-situ perfusion system; its cost being the 
unit purchase price of consumables of €54,000 including taxes 
(under the manufacturer’s business model, the equipment was 
provided free of charge). The total cost of heart transplantation 
for the innovative strategy was then calculated in proportion to the 
annual increase in the volume of heart transplantations performed 
and the ratio between DBD and DCD heart transplantations. For the 
post-transplantation period, cost data were extracted from the 
French CUPIDON study [31] (ClinicalTrials.gov identifier 
NCT02602691), covering individual patient costs from 6 to 
36 months after transplantation. The first 6 months were 
extrapolated from the monthly costs between months 6 and 
12 reported in the CUPIDON study. They were also assumed 
equivalent between the two strategies, in line with the clinical 
assumptions, and to remain stable beyond 36 months, consistent 
with published cost-effectiveness models in this indication [18, 19]. 
All costs were expressed in euros (to convert to US dollars, multiply 
by 1.16) at 2024 price year and adjusted for inflation based on the 

French National Institute of Statistics and Economic Studies 
(INSEE) Consumer Price Indices of the healthcare products and 
services [32].

Utilities

After conducting a literature search, we retrieved a systematic 
review of health state utilities in patients with heart failure [33]. As no 
data were available in France, utility scores on the waiting list and at 
the time of transplantation were extracted from a cross-sectional 
survey of the United Kingdom Cardiothoracic Transplant Audit with 
administration of EQ-5D questionnaires [34]. We chose this study 
because it was the only one to provide utility scores on a population 
of end-stage heart failure patients eligible for transplantation, defined 
on the basis of registration on the waiting list. Although cross- 
country differences in general population preferences may exist, 
France and the United Kingdom are culturally and economically 
comparable; therefore, UK-based utilities were considered reasonable 
proxies for France. For the DCD + DBD strategy, in the base case 
analysis, no utility decrement was applied to the temporary 
transplantation state in relation to the potential increased risk of 
primary graft dysfunction (PGD) with circulatory-dead donor hearts 
[35]. It was expected to be marginal given the ratio between DBD and 

TABLE 1 Parameters considered in the model.

Parameter Estimate* Range* Distribution** Source

Transition probabilities

Probability (%) of HT at 1-year post listing 61.6 49.3–73.9 Beta French agency of biomedicine

Probability (%) of death at 1-year post listing 10.2 8.2–12.2 Beta French agency of biomedicine

Survival after first HT (median in months) 146.7 140.5–152.2 Lognormal French agency of biomedicine

Annual increase of transplant activity with DCD (%) 20 15–25 Triangle Jawitz et al, 2020

Costs (€ 2024 price year)

Mean cost per patient from WL to 1-year post listing 16,614 10,797–25,771 Gamma Atfeh et al, 2025

Mean cost per patient of HT surgery with static cold storage 148,958 119,166– 

178,750

Gamma DRG 27C054 - French national cost study 

(2022)

Cost of normothermic ex-situ perfusion consumable (including 

taxes)

54,000 43,200–64,800 Gamma Unitary purchase price

Mean cost per patient in the first year after HT 13,722 10,695–16,749 Gamma CUPIDON study (NCT02602691)

Mean cost per patient in the second year after HT 7,625 5,943–9,307 Gamma CUPIDON study (NCT02602691)

Mean cost per patient in the third year after HT and beyond 3,919 3,054–4,784 Gamma CUPIDON study (NCT02602691)

Utilities

On the waiting list 0.44 0.17–0.71 Beta Emin et al, 2016

When transplanted 0.74 0.47–1 Beta Emin et al, 2016

Post-HT

First year 0.82 0.64–1 Beta CUPIDON study (NCT02602691)

1.5 years 0.81 0.63–0.99 Beta CUPIDON study (NCT02602691)

2 years 0.80 0.62–0.98 Beta CUPIDON study (NCT02602691)

2.5 years 0.79 0.61–0.97 Beta CUPIDON study (NCT02602691)

3 years and beyond 0.76 0.58–0.94 Beta CUPIDON study (NCT02602691)

WL, waiting list; HT, heart transplantation; DCD, donation after controlled circulatory death.
*Estimates and ranges were adjusted to 1-month cycle lengths in the model when necessary. Ranges were used for the deterministic sensitivity analysis.
**Distributions used in the probabilistic sensitivity analysis. Method of moments was used to estimate parameter distributions.
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DCD heart transplantations and the relative frequency of these 
adverse events [36, 37]. A worst-case scenario related to PGD was 
tested further. Utility scores after heart transplantation were 
extracted from the French CUPIDON study. To obtain the 
number of QALYs, utility scores were multiplied by the number 
(or fractions) of life years gained.

Analyses

A deterministic base-case analysis was performed using the 
point estimates of each model parameter. Model outputs were 
computed to an incremental cost-effectiveness ratio (ICER) 
expressed as a cost per QALY gained (€/QALY).

A univariate deterministic sensitivity analysis (DSA) was performed 
in order to test the robustness of the estimation of our ICER. Parameter 
values were varied one at a time based on the input’s source (95% 

confidence interval or standard error) or set to a specific range if not 
available (Table 1). Results of the DSA were presented in a tornado 
diagram. Scenario analyses were performed to explore the impact of 
certain model settings and assumptions. Scenarios 1 and 2 tested the 
application of a discount rate of 4.5% and 0% respectively, according to 
French guidelines [24]. Scenario 3 modeled a 10% disutility and a 20% 
cost increase (based on expert opinion) to the heart transplantation state 
in the DCD + DBD strategy to reflect a pessimistic PGD assumption 
with DCD, potentially affecting both costs and patient outcomes 
significantly. Scenario 4 explored the impact of an alternative, more 
pessimistic, but still fairly well fitted parametric survival distribution 
(i.e., gamma). Finally, different time horizons were assessed in scenario 
5 and 6 (respectively 10 and 20 years).

A probabilistic sensitivity analysis (PSA), running 1000 Monte 
Carlo simulations, was performed to account for statistical 
uncertainty. Distributions were assigned according to the type of 

FIGURE 2 
Results from the univariate deterministic sensitivity analysis–Tornado diagram. WL, waiting list; HT, heart transplantation; DCD, donation after 
circulatory death; QALY, quality-adjusted life year; ICER, incremental cost effectiveness ratio. The tornado diagram illustrates the impact of varying model 
parameters (one by one) on the incremental cost-effectiveness ratio.

TABLE 2 Results from the scenario analyses.

Scenario Incremental cost (€) Incremental QALY ICER (€/QALY)

Base case 20,618 0.14 146,373

Scenario 1: 4.5% discount rate applied 20,651 0.13 162,133

Scenario 2: No discount rate applied 20,588 0.16 127,015

Scenario 3: Increased primary graft failure impact 24,441 0.13 180,763

Scenario 4: Gamma distribution for post-transplant survival 20,622 0.14 147,246

Scenario 5: 10-year time horizon 20,440 0.11 192,933

Scenario 6: 20-year time horizon 20,775 0.17 121,462

QALY, quality-adjusted life year; ICER, incremental cost effectiveness ratio.
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parameter. The PSA results were presented on a cost-effectiveness 
plane and using a cost-effectiveness acceptability curve to represent 
the probability that the innovative strategy is cost-effective 
according to different willingness-to-pay (WTP) thresholds 
(using the R package “BCEA” [38]).

Finally, two independent threshold analyses were performed to 
assess, holding all other parameters constant: (1) the required 
change in waiting list mortality with DCD implementation for 
the innovative strategy to be cost-effective at given thresholds 
and (2) the reduction in consumable costs for the innovative 
strategy to be cost-effective at given thresholds.

Model validation

Face validity of the model (structure, inputs, and outputs) and 
assumptions were assessed by health economists and clinical experts in 
heart transplantation. Internal validation included structured 
debugging, extreme value testing, and verification of all calculations. 
Markov traces are presented in Supplementary Figure 3.

Results

Over a 15-year time horizon, patients in the DBD strategy 
experienced 5.53 QALYs at a cost of €184,110 whereas patients in 
the DCD + DBD strategy experienced 5.67 QALYs at a cost of 
€204,728. These outcomes resulted in an incremental gain of 
0.14 QALYs at an incremental cost of €20,618, producing an ICER 
of €146,373 per QALY gained. The results of the DSA are presented in 
Figure 2. The main drivers of the ICER estimate were the utility of 
patients on the waiting list and after 3 years post-transplantation. 
Results from the scenario analyses were reported in Table 2. The 
application of a utility decrement and an increase in the cost of heart 
transplantation in a pessimistic scenario of major impact of PGD with 
DCD resulted in an ICER of €180,763 per QALY at 15 years.

Results of the PSA are presented in Figures 3, 4. The mean 
probabilistic ICER of the DCD + DBD strategy compared to DBD 
alone was €142,423 per QALY with a mean incremental cost of 
€20,609 (95% credible interval: €11,220–€37,453) and a mean 
incremental QALY gain of 0.14 (95% credible interval: –0.03– 
0.3). The innovative strategy reached 50% and 80% chances of 
being cost-effective respectively at a WTP of €139,200 and 
€261,000 per QALY.

The independent threshold analyses are presented in Figures 5, 6
and can be interpreted according to different willingness-to-pay 
thresholds. For example, taking a WTP of €100,000 per QALY, the 
DCD + DBD strategy is cost-effective if (1) an 8% relative reduction 
in waiting list mortality is reached with the donor pool expansion 
(i.e. 0.8% absolute reduction, from 10.2% to 9.4% probability of 
death 1 year after listing) and (2) a 35% relative reduction in 
consumables costs is negotiated (i.e., moving from €54,000 to 
€35,500 per consumable).

Discussion

To our knowledge, this is the first study assessing the cost- 
effectiveness of implementing heart transplantation following DCD, 

according to a protocol with direct procurement procedure 
(i.e., involving an ex-situ perfusion machine).

The assumptions underlying our model structure and 
parameters are primarily drawn from the existing literature in 
this area: our main hypothesis is that the introduction of DCD 
heart transplantations could increase the odds of a candidate to 
receive a graft [12, 28], while achieving outcomes comparable to 
standard care transplantation [3–6].

These assumptions are further supported by recent international 
experience, including long-term Australian data showing 
comparable post-transplant survival between DCD and DBD 
recipients up to 10 years using direct procurement followed by 
ex-situ machine perfusion [39].

FIGURE 3 
Results from the probabilistic sensitivity analysis - Cost- 
effectiveness plane. ICER: incremental cost effectiveness ratio. Each 
point represents a simulated ICER from the probabilistic sensitivity 
analysis (1000 simulations). The mean probabilistic ICER was 
€142,423 per QALY.

FIGURE 4 
Results from the probabilistic sensitivity analysis - Cost- 
effectiveness acceptability curve. The cost-effectiveness acceptability 
curve represents the probability of cost-effectiveness according to 
different willingness-to-pay thresholds. The innovative strategy 
reached 50% and 80% chances of being cost-effective, respectively, at 
a willingness to pay of €139,200 and €261,000 per QALY.
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For aspects where evidence was limited or uncertain, we adopted 
a conservative approach in our assumptions. In particular, we 
assumed that an increase in the supply of donors would not 
affect the mortality risk on the waiting list in the base case 
analysis. Sensitivity analyses were also performed. We specifically 
tested a pessimistic alternative scenario in which PGD, a commonly 
feared complication with DCD [36, 37], had a major impact on costs 
and quality of life during the heart transplantation state in the 
DCD + DBD strategy, which led to an ICER of €180,763 per QALY 
gained over 15 years. Also, if implementing DCD heart 
transplantations were to reduce waiting list mortality, the strategy 
would offer greater value for money. In our model, an 8% relative 
reduction of probability of death 1 year after listing corresponded to 
an ICER of €100,000 per QALY. In France, an average of 
500 patients are newly registered on the waiting list each year, 

which would translate to approximately four additional lives saved 
per year for the DCD program to be cost-effective at this willingness- 
to-pay threshold. Additionally, lowering consumable costs could 
further improve the cost-effectiveness of DCD heart transplantation.

This health economic evaluation aims to provide valuable 
insights for decision-making in countries where DCD heart 
transplantation procedures are not yet authorized and/or 
reimbursed. In some countries such as France, no predefined 
cost-effectiveness threshold is yet used as a formal decision- 
making criterion [40]. In practice, decisions are often influenced 
implicitly by both the cost-effectiveness ratio and the clinical severity 
or burden associated with the condition [41]. End-stage heart failure 
is an advanced stage of disease known to be associated with poor 
prognosis and impaired quality of life [34, 42, 43]. Given the 
persistent and worldwide shortage of heart donors [44], it may 

FIGURE 5 
Results from the threshold analysis - Waiting list mortality. The figure shows, holding all other parameters constant, the required change in waiting list 
mortality with DCD implementation for the innovative strategy to be cost-effective at given willingness-to-pay thresholds. For example, taking a 
willingness-to-pay of €100,000 per QALY, the DCD + DBD strategy is cost-effective if a 0.8% reduction in waiting list mortality is reached with the donor 
pool expansion (i.e., moving from 10.2% to 9.4% probability of death 1 year after listing).

FIGURE 6 
Results from the threshold analysis - Machine perfusion consumable costs. The figure shows, holding all other parameters constant, the required 
reduction in consumable costs for the innovative strategy to be cost-effective at given willingness-to-pay thresholds. For example, taking a willingness- 
to-pay of €100,000 per QALY, the DCD + DBD strategy is cost-effective if a 35% reduction in consumables costs is negotiated (i.e., moving from 
€54,000 to €35,500 per consumable).
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be regarded as falling within the scope of unmet (or partially unmet) 
medical needs [45]. These aspects therefore also need to be 
considered in the decision-making process. To help the decision, 
threshold analyses were also provided. They could serve as a 
foundation for value-based negotiations between decision-makers 
and manufacturers to support fair (yet sustainable) pricing of 
machine perfusion consumables. They could also help align heart 
transplantation practices with value-based objectives for efficient 
DCD heart programs, including reducing waiting list mortality, as 
this parameter appears to be pivotal for the cost-effectiveness of 
the strategy.

Direct procurement followed by ex-situ machine perfusion is 
not the only approach currently used for DCD heart transplantation 
[1]. Alternative strategies, particularly thoraco-abdominal NRP 
followed by static cold storage, have demonstrated favorable 
outcomes, notably in the recent Spanish national experience [8].

Direct procurement followed by ex-situ machine perfusion was 
considered in the present analysis as this approach was developed to 
introduce heart retrieval within the existing French DCD protocol 
based on abdominal NRP for abdominal organ procurement [11]. 
Therefore, it should be acknowledged that our findings are 
specific to this procedure, reflecting the French setting, and 
should not be extrapolated to strategies based on thoraco- 
abdominal NRP, which involve different procurement procedures 
and resource requirements.

Nevertheless, from an international perspective, countries such 
as Australia, the United States, and the United Kingdom initially 
implemented direct procurement followed by ex-situ machine 
perfusion for DCD hearts without combining heart procurement 
with abdominal NRP. Considering the favorable outcomes 
associated with abdominal-NRP for liver and kidney 
transplantations in the French experience [46, 47], recent efforts 
to promote the international standardization of DCD practices 
involving the use of NRP [48], and the health economic 
considerations outlined in the present analysis, our findings may 
provide useful information for healthcare systems considering the 
integration of abdominal NRP alongside direct heart procurement 
and ex-situ machine perfusion.

The main strength of this study was its use of epidemiological 
and survival data from the French organ transplantation agency to 
parametrize the model. Also, individual patient cost data in a French 
context were used as model inputs, retrieved from a cost of 
illness study and a randomized controlled trial with cost data 
collection (i.e., they were not reconstituted based on practice 
recommendations). Economic models are, by definition, 
simplifications of the reality, but we implemented a time- 
inhomogeneous Markov process to the decision model to help 
reflect the clinical course of the disease and associated costs and 
outcomes. Moreover, the model could be adapted to support the 
evaluation of DCD implementation in different healthcare 
settings globally.

Our study does have limitations. One limitation is that we could 
not perform subgroup analyses based on patient characteristics and 
pathways, which would have been interesting given the inherent 
heterogeneity of this population [18]. Due to the scarcity of data in 
this indication, we had to assume the candidate population at the 
entry of the model as homogenous. It might be possible that specific 
populations with different levels of graft priority slightly differ in 

terms of transplantation access, cost, and consequences. The analysis 
was limited to hospital costs and may therefore underestimate total 
costs, although hospital care was assumed to be the main cost driver 
in this indication. Additional implementation costs related to 
logistics, coordination, and learning curves were not explicitly 
modeled due to limited available data, but uncertainty related to 
procedure costs was partially explored in the DSA. Indeed, these 
costs remain difficult to estimate accurately in the French setting, 
given the very recent authorization of DCD heart transplantation in 
the country (March 2026). Accurately estimating these additional 
costs would require dedicated prospective micro-costing analyses of 
the procedure, which were beyond the scope of this early economic 
evaluation. However, we assumed that DCD heart procurement 
would not adversely affect abdominal organ procurement, 
consistent with the recently reported French national feasibility 
study, in which adding heart retrieval in the setting of abdominal 
NRP did not compromise the procurement of other organs [11]. 
Another limit is the absence of utility estimates on the pre-transplant 
period and after 3 years in a French context, which would be 
interesting to collect as being main drivers of uncertainty 
in the DSA.

Finally, in the present model, the impact of donor pool 
expansion was captured among listed candidates. However, 
increasing the availability of donor hearts may affect listing 
practices and outcomes in patients with advanced heart failure 
who are currently not listed because of persistent donor shortage. 
These broader effects were not modelled due to their inherent 
uncertainty but may further improve the overall benefits 
associated with DCD heart transplantation.

Future research should aim to evaluate the potential change of 
the candidates’ waiting list mortality risk with the implementation of 
DCD procedures. Organizational aspects (perfusionists, 
coordination of extended heart procurement, etc.) should also be 
investigated in real-world settings. A budget impact analysis could 
be of interest to assess the sustainability of this strategy for 
healthcare payers.

In conclusion, our results suggest that, under the assumption of 
a 20% annual increase in transplant activity—improving the odds of 
a candidate receiving a graft without affecting waitlist mortality and 
assuming equivalent post-transplant outcomes—implementing 
DCD heart transplantation alongside DBD would result in an 
ICER of €146,373 per QALY gained over a 15-year time horizon 
from the French healthcare system perspective. Lowering 
consumable costs and reducing waitlist mortality are key factors 
enabling an efficient DCD heart program.
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Sequential dual-organ living donation, defined as donation of a kidney and a 
partial liver graft by the same individual in separate operations, represents a rare 
extension of living donor transplantation. A donor-focused analysis was 
performed to characterize the donor population, the operative considerations 
posed by a second donor operation, and early donor outcomes at a single high- 
volume center. A retrospective review of all dual-organ living donors at our 
institute was performed. Twenty-four donors were identified (n = 10 liver-first 
and n = 14 kidney-first). The median interval between donations was 2 years (IQR 
1.1–4.2). Twelve donors donated both organs anonymously, nine donated one 
organ anonymously and directed the other, and three directed both donations. 
Anonymous donation is a strong motivator in this unique population. Ten donors 
(42%) participated in kidney paired donation. Liver donations (left lateral segment 
(42%), left lobe (25%), and right lobe (33%)) were performed by an open approach. 
Laparoscopic nephrectomy was performed in all cases except two prior liver 
donors. Liver-after-kidney donors (n = 14) did not develop renal dysfunction after 
donation. Prior organ donation does not usually require modification of surgical 
technique for the second procedure. Dual-organ living donation is rare but can be 
safely performed independent of sequence.

KEYWORDS

donor safety and outcomes, living donor hepatectomy, living donor nephrectomy, living 

donor transplantation, Sequential dual organ donation

OPEN ACCESS

*CORRESPONDENCE 

Anand Ghanekar, 
anand.ghanekar@uhn.ca

RECEIVED 19 May 2026
REVISED 10 August 2026
ACCEPTED 18 August 2026
PUBLISHED 07 September 2026

CITATION 

Goh SK, Selzner N, Singh SK, McGilvray ID, 
Shwaartz C, Reichman TW, 
Goldaracena N, Lee JY, Selzner M, 
Sapisochin G, Sayed BA, Cattral MS and 
Ghanekar A (2026) Sequential dual-organ 
living donation: selection, operative 
approach, and early donor outcomes at a 
Canadian center. 
Transpl. Int. 39:16970. 
doi: 10.3389/ti.2026.16970

COPYRIGHT 

© 2026 Goh, Selzner, Singh, McGilvray, 
Shwaartz, Reichman, Goldaracena, Lee, 
Selzner, Sapisochin, Sayed, Cattral and 
Ghanekar. This is an open-access article 
distributed under the terms of the Creative 
Commons Attribution License (CC BY). 
The use, distribution or reproduction in 
other forums is permitted, provided the 
original author(s) and the copyright 
owner(s) are credited and that the original 
publication in this journal is cited, in 
accordance with accepted academic 
practice. No use, distribution or 
reproduction is permitted which does not 
comply with these terms.

Transplant International 
Published by Frontiers 

European Society for Organ Transplantation 01235

https://doi.org/10.3389/ti.2026.16970
https://crossmark.crossref.org/dialog/?doi=10.3389/ti.2026.16970&domain=pdf&date_stamp=2026-09-07
mailto:anand.ghanekar@uhn.ca
mailto:anand.ghanekar@uhn.ca
https://doi.org/10.3389/ti.2026.16970
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


Introduction

Living donation plays an important role in facilitating timely 
access to high-quality liver and kidney grafts for those in need of 
transplantation. However, unlike deceased donation, it requires a 
healthy individual to assume the operative risks for the benefit of 
another, making donor safety the fundamental constraint on the 
expansion of living donor transplantation. The ethical framework 
established at the Vancouver Forum [1] together with the 
Declaration of Istanbul on Organ Trafficking and Transplant 
Tourism anchor the principles of all living donation and set the 
standard against organ trafficking, tourism, and exploitation. Any 
extension of living donation must therefore remain consistent with 
these principles wherever it is practiced.

Within the living donation landscape, a small number of living 
donors extend this commitment to donate a kidney at one time and 
a partial liver graft at another or vice versa. This practice, termed 
sequential dual-organ living donation, is uncommon but important. 
It challenges assumptions derived from single-organ donation and 
requires renewed attention to ethical considerations of “double 
equipoise,” donor selection, timing between operations, and risk 
communication [2].

Emerging registry [3] and cohort data [4–9] report acceptable 
donor-specific outcomes. These reports have described both 
sequences (liver-first donation followed by kidney donation or 

vice versa) and outline perioperative outcomes that are acceptable 
in well-selected donors and within highly experienced teams. They 
also highlight the need for careful preoperative assessment, 
meticulous intraoperative technique, and structured early 
postoperative monitoring [10].

However, these reports have not included detailed information 
about surgical considerations and operative approach towards the 
second organ donation in prior donors. Furthermore, some authors 
have raised concerns about the safety of liver-after-kidney donation 
and have suggested that the amount of liver resected should be 
minimized in prior kidney donors to decrease the risk of 
perioperative renal dysfunction [10].

Herein, we present a donor-specific analysis and sequence 
comparison (liver-after-kidney and kidney-after-liver donation) 
of the largest single-center cohort of sequential dual-organ living 
donors reported to date from a high-volume North American living 
donation program. We describe (i) the demographic characteristics 
and donation patterns, directed versus non-directed, of these 
donors; (ii) the operative considerations posed by a second 
donor operation; and (iii) short-term perioperative donor outcomes.

Methods

Study design and setting

A retrospective review of all sequential dual-organ living donors 
at the Ajmera Transplant Centre, Toronto General Hospital, 
University Health Network (UHN), Toronto, Ontario, Canada 
was performed. The study period began at program inception 
and extended through December 2025. All living donors 

GRAPHICAL ABSTRACT

Abbreviations: FLR, Functional liver remnant; GRWR, Graft-to-recipient 
weight ratio; KPD, Kidney paired donation; NSAIDs, Non-steroidal anti- 
inflammatory drugs; LOS, Length of stay; IQR, Interquartile range; UHN, 
University Health Network; LLS, Left lateral segment (hepatectomy); LL, Left 
lobe (hepatectomy); RL, Right lobe (hepatectomy).
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provided written informed consent for data collection under 
protocols approved by the UHN Research Ethics Board.

This study was designed as a donor-focused analysis. 
Sequential dual-organ living donors were defined as individuals 
who completed two separate living donor operations: one living 
donor hepatectomy (left lateral segment, left lobe, or right lobe) 
and one living donor nephrectomy (left or right sided, 
laparoscopic or open). Outcomes of interest (detailed below) 
included donor demographic characteristics, the nature and 
sequence of each donation, the interval between them, 
participation in kidney paired donation, operative approach, 
perioperative complications, length of stay, and perioperative 
renal biochemistry. Recipient characteristics and post- 
transplant recipient outcomes were not collected as the focus 
of this study was to evaluate the perioperative outcomes of 
sequential dual donors in relation to their sequence of donation.

Protocol for selection – donor hepatectomy 
and donor nephrectomy

None of the donors in our cohort expressed a desire to donate 
two organs at the outset. The sequence of organ donation was 
therefore determined by individual donors without input from our 
team, and they were evaluated for either liver or kidney donation 
first based upon their initial presentation as willing liver or kidney 
donors, respectively. Evaluation for the subsequent living organ 
donation was conducted sequentially and independently of the first 
at the request of the donor. Evaluations for liver and kidney 
donation were conducted according to standard protocols, as 
previously described [11–13]. The medical, nursing, and 
psychosocial teams performing the evaluation of liver and kidney 
donors at our center are separate and distinct. The surgeons 
involved in living liver donation procedures and living kidney 
donation procedures are also distinct except for one surgeon who 
performs both.

Selection of which kidney to donate was driven by relative 
function. If function was symmetric, the anatomically less 
complex kidney was chosen. For liver donation, the type of 
hepatectomy was selected to maximize the donor’s functional 
liver remnant (FLR) and provide an adequate graft-to-recipient 
weight ratio (GRWR). If the left lobe (LL) or left lateral segment 
(LLS) anatomy was not favorable for donation, or if a suitable 
recipient for a LL/LLS graft was not available within the donor’s 
donation timeline, then right lobe donation was considered. Prior 
organ donation was not a factor in determining the laterality of liver 
or kidney donation.

Voluntary participation in Canada’s national kidney paired 
donation (KPD) program was offered to all anonymous 
nondirected kidney donors as well as directed living kidney 
donors who were found to be incompatible with their intended 
recipients.

Operative procedures

All living donor hepatectomies were performed through an 
upper midline incision. Strict intravenous fluid restriction was 
implemented during all donor hepatectomy procedures to 
minimize central venous pressure, regardless of prior kidney 

donation status. Blood pressure targets were achieved with 
vasopressor administration until parenchymal transection was 
completed, after which resuscitation with intravenous 
crystalloids was initiated and vasopressors were rapidly 
weaned off. All living donor nephrectomies were performed 
laparoscopically, except in two in whom a planned open mini- 
incision was undertaken because of anticipated adhesions related 
to prior hepatectomies.

Data collection

Variables included donor demographics and age at each 
donation, donor body mass index (BMI), comorbidities (presence 
of diabetes or hypertension), order of donation (liver-first vs. 
kidney-first), interval between donations, nature of each donation 
(directed vs. anonymous), participation in KPD, surgical approach 
and side/segment donated, length of stay, perioperative 
complications for each procedure, and perioperative renal 
biochemistry.

Statistical analysis

Descriptive statistics were used for demographics and operative 
characteristics. Continuous variables were summarized using 
medians and interquartile ranges as appropriate. Between-group 
comparisons were assessed using the Mann-Whitney U test. 
Statistical significance was defined a priori as p < 0.05.

Results

Cohort characteristics

We identified 24 sequential dual-organ living donors during the 
study period, representing approximately 0.5% of all living donors in 
our center. Donors were a median of 40.7 years old at the time of 
their first donation (IQR 29.9–48.2 years) and 44.0 years old at the 
time of their second donation (IQR 32.5–49.8 years). The median 
interval between donations was 2.0 years (IQR 1.1–4.2 years). A 
majority of the donors were female (67%). Median donor BMI was 
24.3 (IQR 22.8–27.6). None of the donors had hypertension or 
diabetes mellitus. Detailed cohort characteristics are summarized in 
Tables 1, 2.

Donation sequence and nature of donation

Of the cohort, 42% (10/24) underwent liver donation first 
followed by kidney donation. The remainder of the cohort (14/ 
24) donated a kidney first and subsequently underwent living donor 
hepatectomy. A high proportion of donors (88%, n = 21) performed 
at least one donation anonymously. Twelve living donors donated 
both organs in an anonymous nondirected fashion, nine donated 
one organ anonymously and directed the other, and three directed 
both donations. Twelve of 24 kidney donations were anonymous 
nondirected while 21 of 24 liver donations were anonymous 
nondirected. Ten out of 24 donors (42%) participated in KPD, 
thereby enabling additional transplants. Ten donors underwent 
living kidney donation at another transplant center in Canada 
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TABLE 1 Characteristics of all dual living donors in this study.

Year of 1st 
donation

1st 
organ

Age at 1st 
donation 

(years)

Age at 2nd 
donation 
(years)

Interval 
(years)

Sex BMI Liver 
type

Approach 
Incision

Liver 
recipient

Liver 
LOS 

(days)

Kidney 
side

Approach 
Incision

Kidney 
Recipient

KPD Kidney 
LOS 

(days)

2013 Kidney 40.0 49.8 9.8 F 22.3 RL Open midline Anonymous 

nondirected

6 L Laparoscopic 

pfannenstiel*

Anonymous 

nondirected

N 3

2014 Liver 41.4 42.6 1.1 M 19.2 LLS Open midline Directed 8 L Open 

Mini-incision

Directed N 5

2014 Kidney 20.3 21.6 1.3 M 23.7 LLS Open 

Midline

Anonymous 

nondirected

4 L Laparoscopic 

pfannenstiel*

Anonymous 

nondirected

N 2

2015 Liver 19.8 25.1 5.3 F 28.3 LLS Open 

Midline

Anonymous 

nondirected

5 L Laparoscopic 

pfannenstiel

Anonymous 

nondirected

Y 3

2016 Kidney 30.1 40.0 9.9 F 27.8 RL Open 

Midline

Anonymous 

nondirected

5 L Laparoscopic 

pfannenstiel*

Directed Y 3

2016 Liver 43.4 45.3 1.8 F 24.2 LL Open 

Midline

Anonymous 

nondirected

6 L Laparoscopic 

pfannenstiel

Anonymous 

nondirected

N 4

2016 Kidney 37.5 40.0 2.5 F 26.4 LLS Open 

Midline

Directed 5 R Laparoscopic 

pfannenstiel

Directed N 4

2019 Liver 55.6 57.3 1.7 M 25.2 LLS Open midline Anonymous 

nondirected

4 L Laparoscopic 

pfannenstiel

Anonymous 

nondirected

Y 3

2019 Kidney 37.4 42.8 5.4 M 35.3 LL Open midline Anonymous 

nondirected

5 L Laparoscopic 

pfannenstiel*

Directed N 3

2019 Liver 29.4 31.9 2.5 M 22.9 RL Open midline Anonymous 

nondirected

4 R Open 

Mini-incision

Directed N 2

2020 Liver 20.0 23.9 3.8 M 27.1 RL Open midline Anonymous 

nondirected

6 L Laparoscopic 

pfannenstiel

Anonymous 

nondirected

N 4

2020 Kidney 26.3 30.4 4.1 M 24.3 RL Open midline Anonymous 

nondirected

4 L Laparoscopic 

pfannenstiel

Anonymous 

nondirected

N 2

2020 Kidney 48.6 53.2 4.6 F 26.4 LL Open midline Anonymous 

nondirected

4 L Laparoscopic 

pfannenstiel*

Anonymous 

nondirected

N 2

2020 Liver 53.5 54.4 0.9 F 21.5 LLS Open midline Anonymous 

nondirected

6 L Laparoscopic 

pfannenstiel

Anonymous 

nondirected

Y 4

(Continued)
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TABLE 1 Continued

Year of 1st 
donation

1st 
organ

Age at 1st 
donation 

(years)

Age at 2nd 
donation 
(years)

Interval 
(years)

Sex BMI Liver 
type

Approach 
Incision

Liver 
recipient

Liver 
LOS 

(days)

Kidney 
side

Approach 
Incision

Kidney 
Recipient

KPD Kidney 
LOS 

(days)

2021 Kidney 47.7 49.7 2.0 F 22.6 LLS Open midline Anonymous 

nondirected

5 L Laparoscopic 

pfannenstiel

Directed Y 4

2021 Liver 23.9 24.5 0.6 F 23.6 LLS Open midline Anonymous 

nondirected

4 L Laparoscopic 

pfannenstiel

Anonymous 

nondirected

Y 2

2022 Liver 44.5 46.1 1.6 F 23.7 LLS Open midline Anonymous 

nondirected

4 L Laparoscopic 

pfannenstiel

Directed Y 2

2022 Kidney 48.8 49.9 1.1 F 27.4 LL Open midline Anonymous 

nondirected

4 L Laparoscopic 

pfannenstiel*

Directed N 2

2022 Kidney 53.1 55.4 2.3 F 31.6 RL Open midline Directed 7 L Laparoscopic 

McBurney*

Directed N 1

2022 Kidney 30.8 32.6 1.9 F 18.7 LL Open midline Anonymous 

nondirected

4 L Laparoscopic 

pfannenstiel*

Directed N 2

2022 Liver 43.1 45.2 2.1 F 24.3 RL Open midline Anonymous 

nondirected

7 L Laparoscopic 

pfannenstiel

Directed Y 5

2023 Kidney 32.0 33.0 1.0 F 31.6 LLS Open midline Anonymous 

nondirected

4 L Laparoscopic 

McBurney*

Anonymous 

nondirected

Y 1

2023 Kidney 51.6 52.3 0.7 F 20.5 RL Open midline Anonymous 

nondirected

5 L Laparoscopic 

McBurney*

Anonymous 

nondirected

Y 3

2024 Kidney 48.1 49.0 0.9 M 33.2 LL Open midline Anonymous 

nondirected

5 R Laparoscopic 

pfannenstiel

Directed N 3

*denotes donors who underwent kidney donation at another center prior to liver donation at our center. LLS: left lateral segment. LL: left lobe. RL: right lobe. KPD: kidney paired donation. LOS: length of stay. BMI: body mass index.

T
ran

sp
lan

t In
tern

atio
n

al 
P

u
b

lish
ed

 b
y Fro

n
tiers 

E
u

ro
p

ean
 So

ciety fo
r O

rg
an

 T
ran

sp
lan

tatio
n

 

G
o

h
 et al. 

10
.3

3
8

9
/ti.2

0
2

6
.16

9
70

239

https://doi.org/10.3389/ti.2026.16970


prior to seeking liver donation at our center; nine of ten sought 
anonymous nondirected liver donation, while one was directed. All 
liver donation procedures were performed at our center. No liver- 
first donors subsequently donated a kidney at another transplant 
center in Canada.

Operative characteristics

Liver donations included left lateral segment hepatectomy (n = 
10), left lobe hepatectomy (n = 6), and right lobe hepatectomy (n = 
8). All hepatectomies were performed through an upper midline 
incision. As discussed earlier, graft selection was individualized. In 
the kidney-first cohort (n = 14), five donated an RL graft, four 
donated an LLS graft, and five donated an LL graft. In the liver-first 
cohort (n = 10), three donated an RL graft, six donated an LLS graft, 
and one donated an LL graft.

Kidney donations were predominantly left-sided (88%). The 
laparoscopic approach was used in all except two donors. The 

first kidney-after-liver donor in our series underwent a planned 
open left nephrectomy due to anticipated adhesions from prior 
left lateral hepatectomy and lack of confidence about attempting 
a laparoscopic nephrectomy at an early stage in the evolution of 
our program. The only individual to donate a right kidney after 
right hepatectomy underwent a planned open right nephrectomy 
due to anticipated adhesions to the cut surface of the liver in the 
right upper quadrant that could complicate a laparoscopic 
approach.

Perioperative outcomes and recovery

None of the donors experienced a perioperative complication in 
either of their two procedures. The median LOS after living 
donation of a liver graft was 5.5 days (IQR 4.0–6.0) in the liver- 
first cohort and 5.0 days (IQR 4.0–5.0) in the liver-second cohort 
(Figure 1A). The LOS did not differ significantly (p = 0.42). The 
median length of stay (LOS) after living donation of a kidney graft 
was 2.5 days (IQR 2.0–3.0) in the kidney-first cohort and 3.5 days 
(IQR 2.3–4.0) in the kidney-second cohort (Figure 1B). This finding 
was not statistically significant (p = 0.07). None of the donors 
experienced acute kidney injury post donation (Figure 2). The 
type of donor hepatectomy performed did not impact renal 
function in prior kidney donors.

Discussion

Donor characteristics and 
perioperative outcomes

This is the largest single-center series of 24 sequential dual- 
organ living donors reported to date. Our granular series describes a 
donor population that is young, predominantly female, uniformly 
free of hypertension and diabetes, and characterized by a high 
prevalence of anonymous donation.

Twenty-one of 24 donors (88%) performed at least one donation 
anonymously and 12 donated both organs anonymously. This 
reflects the systematic development of anonymous living liver 
donation at our center [14–16]. As such, this led a substantial 
proportion of our cohort to seek liver donation here after 
donating a kidney elsewhere.

Across 48 donor operations there were no perioperative 
complications, length of stay did not differ significantly by 
donation sequence, and none of the liver-after-kidney donors 
developed acute kidney injury. Five liver-after-kidney donors 
underwent right lobe donation without perioperative renal 
impairment despite highly restrictive intraoperative fluid 
administration, consistent with earlier reports of preserved renal 
function in this sequence [5, 10]. This does not support the 
suggestion that the volume of liver resected should be 
constrained in prior kidney donors [10]. However, the small 
sample size precludes an accurate estimation of risk, and these 
findings should be cautiously extrapolated to the broader population 
of prior living kidney donors.

These uniformly favorable outcomes should be interpreted in 
the context of an exceptionally healthy and highly selected donor 
cohort. All donors were fit and free of comorbidities. In donors 

TABLE 2 Baseline characteristics of all sequential dual living organ donors.

Characteristics Donors (n = 24)

Sex 

Male 

Female

8 (33%) 

16 (67%)

Liver first, followed by kidney 10 (42%)

Kidney first, followed by liver 14 (58%)

Age at first donation 40.7 years (IQR 29.9–48.2)

Age at second donation 44.0 years (IQR 32.5–49.8)

Interval between donation 2.0 years (IQR 1.1–4.2)

Age at liver donation 42.9 years (IQR 32.1–49.8)

Liver donation type 

Right lobe 

Left lobe 

Left lateral segment

8 (33%) 

6 (25%) 

10 (42%)

Liver recipient type 

Anonymous nondirected 

Directed

21 (87%) 

3 (13%)

Liver donation approach 

Open 24 (100%)

Age at kidney donation 41.3 years (IQR 30.6–48.2)

Kidney donation type 

Right 

Left

3 (12%) 

21 (88%)

Kidney donation approach 

Open 

Laparoscopic

2 (8%) 

22 (92%)

Kidney recipient type 

Anonymous nondirected 

Directed

12 (50%) 

12 (50%)

Kidney paired donation 10 (42%)
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returning for a second donation, more stringent thresholds for 
fitness and risk should apply.

Implications for donor selection, 
sequencing, and operative planning

Prior donor surgery rarely altered the operative approach to 
the second donation (kidney-first, n = 14; liver-first, n = 10). 
Laparoscopic nephrectomy was feasible in all prior liver donors 
except two, early in our experience, in whom a planned open 
mini-incision was undertaken for anticipated adhesions 
from ipsilateral prior hepatectomy with an unsuitable 
contralateral kidney.

Conversely, prior kidney donation did not influence the type of 
hepatectomy performed. Graft selection followed the usual 
principles of maximizing the donor’s FLR while providing a graft 
of adequate graft-to-recipient weight ratio. Prior donation should 

therefore inform operative planning and consent rather than 
constrain graft type or laterality.

No donor identified dual donation as an objective at first 
presentation. Each returned of their own accord. As such, the 
sequence observed reflects the order of presentation rather than 
the design of our program. For a candidate presenting with dual 
donation as an objective, our data do not support a 
prescriptive pathway.

Each sequence carries theoretical trade-offs: kidney-first places 
the lower-risk operation first, whereas liver-first avoids a complex 
hepatectomy in a donor with a solitary kidney. Sequence selection is 
best grounded in donor wishes, anatomy and physiologic reserve, 
recipient urgency, and center experience, with equipoise maintained 
across both options.

A median interval between donations of 2.0 years was 
observed in our cohort. Our current data at this point are 
insufficient to define a minimum interval policy between 
donations. However, a minimum interval of 6 months was 
considered appropriate to allow adequate physiological 
recovery and reassessment of psychosocial stability before a 
second donation.

Ten of 24 donors (42%) participated in kidney paired 
donation, so the yield from one individual’s decision may 
extend beyond two transplants, and integration of living liver 
donors into liver-paired exchange could extend it further [17]. No 
consensus guidance exists for donors who return, and we would 
support standards addressing selection, minimum interval, 
consent for cumulative risk, and a registry able to audit the 
sequential donation journey.

Limitations

Limitations include the retrospective design, modest sample 
size, and the lack of long-term quality of life and functional 
outcomes. Follow-up was confined to the perioperative period, 
so long-term renal and hepatic function and the cumulative long- 
term risk of two donor operations remain unaddressed. We did 
not examine psychosocial drivers, donor identity, or health- 
related quality of life, all of which shape attitudes to donation 

FIGURE 1 
Length of stay for donors who underwent (A) liver-first (n = 10) compared to liver-second (n = 14) living donation. Mann-Whitney U p = 0.42 and (B) 
kidney-first (n = 14) compared to kidney-second (n = 10) living donation. Mann-Whitney U p = 0.07.

FIGURE 2 
Creatinine levels of living donors who underwent living liver 
donation after living kidney donation (n = 14). Friedman test 
p= < 0.001.
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[18], and our observations regarding anonymous donation are 
therefore descriptive rather than explanatory. This study was 
designed as a donor-specific analysis; therefore, recipient 
characteristics and post-transplant outcomes were not 
examined, nor was a comparator cohort of single-organ donors 
included. All of the above would be valuable in future multicenter 
studies to better contextualize the outcomes of sequential dual- 
organ donation.

Conclusion

Sequential dual-organ living donation is rare but was completed 
safely in this cohort irrespective of sequence, and prior donation 
seldom required modification of operative technique. For programs 
contemplating sequential donation, our data support disciplined 
selection, thoughtful planning, and vigilant perioperative care. Early 
donor outcomes were reassuring, including preserved renal function 
after right lobe donation in prior kidney donors. The field now needs 
consensus guidance specific to these donors and registry 
infrastructure capable of following them beyond the perioperative 
period. The cumulative impact of these donors on transplant 
activity, including their role in paired donation chains, justifies 
the investment.
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Liver transplantation has re-emerged as a therapeutic option for unresectable 
colorectal liver metastases (CRLM), but organ shortage and allocation concerns 
remain major limitations. The RAPID procedure combines auxiliary liver 
transplantation with delayed total hepatectomy, allowing small-graft use 
while the native liver provides temporary metabolic support. We report a 
modified RAPID transplantation, interpreted as a RAPID-derived staged 
auxiliary orthotopic liver transplantation (AOLT) strategy, using a whole 
pediatric graft in a 68-year-old woman with liver-only CRLM and sustained 
response to chemotherapy. The graft, from a 2-year-old donor (280 g; GRWR 
0.4), had been declined by all pediatric centers due to non-standard infectious 
risk and was authorized by the Italian National Transplant Center within a 
regulated pathway. Favorable arterial anatomy preserved native right liver 
perfusion, while portal inflow management combined intentional surgical 
narrowing of the right portal vein with delayed portal vein embolization 
(PVE). At pre-PVE CT, graft volume was 350 cc (estimated GRWR 0.5); after 
PVE, it reached 580 cc (estimated GRWR 0.8), enabling completion 
hepatectomy at four weeks. At eight months, the patient had normal liver 
function and no recurrence. To our knowledge, this is the first reported use of a 
whole pediatric liver graft in modified RAPID transplantation.

KEYWORDS

auxiliary orthotopic liver transplantation, colorectal liver metastases, modified RAPID 

transplantation, pediatric liver graft, transplant oncology

Introduction

Liver transplantation (LT) for unresectable colorectal liver metastases (CRLM) has 
gained renewed interest after prospective experiences and the randomized TransMet trial 
demonstrated meaningful survival benefit in highly selected patients [1–4]. Nevertheless, the 
use of standard orthotopic LT for CRLM remains constrained by organ shortage, allocation 
ethics, and competition with established transplant indications. These limitations have 
stimulated increasing interest in transplant oncology strategies that may reduce the impact 
of CRLM transplantation on the conventional donor pool [5].

The RAPID (Resection and Partial Liver Transplantation with Delayed Total 
Hepatectomy) procedure was proposed to address some of these limitations by 
combining auxiliary liver transplantation with staged hepatectomy [6]. In the original 
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description, a small partial graft, typically segments 2–3, is 
implanted during the first stage while the native liver provides 
temporary metabolic support during graft hypertrophy and 
functional recovery. Completion hepatectomy is subsequently 
performed once adequate graft volume and function have been 
achieved. International consensus recommendations have 
recently been published to standardize patient selection and 
procedural conduct [7].

Published RAPID experiences have generally relied on split 
left lateral segment grafts obtained from deceased or living adult 
donors. This approach is consistent with the original rationale of 
using small grafts and preserving conventional allocation 
opportunities [8, 9]. However, reduced graft volume may pose 
technical and functional challenges, particularly in adult 
recipients, making careful inflow modulation, graft monitoring, 
and timing of completion hepatectomy essential.

The use of a whole pediatric liver graft instead of a conventional 
split left lateral segment graft has not been previously described in 
the RAPID setting. Because the present case used a whole graft and a 
sequential portal inflow strategy rather than complete right portal 
vein ligation at stage 1, it should be interpreted as a RAPID-derived 
staged auxiliary orthotopic liver transplantation strategy (AOLT) 
rather than canonical RAPID sensu stricto. A fundamental 
prerequisite for any such use is that it must not compete with 
pediatric transplant candidates. We report a case in which a whole 
pediatric graft, formally declined by all pediatric transplant centers 
due to non-standard infectious risk, was allocated under national 
regulatory authorization within an approved transplant oncology 
protocol for unresectable CRLM. This report focuses on technical 
feasibility, perioperative assessment, graft regeneration, intentional 
surgical portal inflow management, and allocation considerations.

Methods

The present study was conducted within the RAPID–Padova 
institutional protocol for unresectable CRLM, approved by the local 
ethics committee and registered at ClinicalTrials.gov (NCT04865471). 
Written informed consent was obtained from the patient for 
publication of the case and accompanying images.

Eligibility for transplantation was assessed by a multidisciplinary 
transplant oncology board. Selection criteria included unresectable 
liver-only CRLM, sustained response to systemic therapy, absence of 
extrahepatic progression, favorable tumor biology, and adequate 
performance status. Molecular tumor profile, radiological response, 
tumor marker trend, and prior resection of the primary tumor were 
all considered during evaluation. The availability of a rescue or 
otherwise non-utilized graft was not considered a reason to broaden 
oncological eligibility criteria.

Preoperative vascular anatomy was reviewed to assess feasibility of 
AOLT, preservation of native liver perfusion during the interstage 
period, and subsequent completion hepatectomy. Particular attention 
was paid to hepatic arterial anatomy, portal inflow configuration, 
venous outflow reconstruction, and biliary reconstruction options.

Donor graft allocation followed a stepwise process aligned with 
Italian national transplant regulations. The graft was formally 
offered to all pediatric transplant centers according to standard 
allocation priority. Only after exhaustion of all pediatric allocation 
options, and following assessment by an infectious disease specialist, 
was the graft considered for adult use within the modified RAPID 
strategy. Specific written authorization from the Italian National 
Transplant Center was obtained before graft acceptance. This 
authorization was protocol-specific and did not set a precedent 
for routine pediatric-to-adult graft allocation in oncological 
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transplantation. Donor infectious risk, blood culture results, 
respiratory microbiology, antibiotic coverage, and overall donor 
risk assessment were reviewed and documented before acceptance.

Perioperative feasibility was assessed according to technical 
completion of stage-1 modified RAPID transplantation, graft-to- 
recipient weight ratio (GRWR), portal inflow modulation strategy, 
Doppler ultrasound assessment, liver function during the interstage 
period, radiological graft volume, gadoxetic-acid functional liver 
imaging score (FLIS; range 0–6), completion hepatectomy, 
postoperative liver function, and early oncological follow-up.

Results

Recipient and oncological selection

A 68-year-old woman with no major comorbidities was 
diagnosed with adenocarcinoma of the splenic flexure and 
synchronous bilobar CRLM. Molecular profiling demonstrated 
RAS and BRAF wild-type disease. Systemic treatment with 
FOLFOX plus panitumumab achieved sustained radiological 
response and normalization of tumor markers. Despite favorable 
tumor biology and treatment response, liver resection was not 
feasible because of the initial bilobar distribution and insufficient 
future liver remnant.

After resection of the primary tumor, restaging confirmed liver- 
only disease without extrahepatic progression. The patient had 
Eastern Cooperative Oncology Group (ECOG) performance 
status 0 and was accepted for transplantation within the 
institutional protocol. Standard orthotopic LT was not considered 
a realistic option given the patient’s oncological indication, the 
allocation priority framework applicable in Italy, and the absence 
of a suitable adult deceased donor split graft within a clinically 
acceptable timeframe.

A favorable vascular configuration was identified preoperatively, 
with a replaced right hepatic artery arising from the superior 
mesenteric artery and a common hepatic artery supplying the left 
liver. This anatomy was considered advantageous because it allowed 
preservation of arterial inflow to the native right liver during the 
interstage period while enabling direct arterial reconstruction of the 
graft at stage 1.

Donor and graft allocation

A whole liver graft from a 2-year-old, 15-kg donor was 
considered for allocation. The donor had experienced post-anoxic 
encephalopathy after drowning and was classified as carrying non- 
standard infectious risk following infectious disease assessment, due 
to elevated inflammatory markers, bilateral pneumonia on imaging, 
and positive bronchoalveolar lavage cultures despite persistently 
negative blood cultures. Broad-spectrum antibiotic therapy with 
piperacillin/tazobactam had been initiated before procurement.

The graft was formally offered to all pediatric transplant centers 
in Italy in accordance with national allocation protocols. All 
contacted pediatric centers declined the graft, citing the non- 
standard infectious risk classification and its associated 
uncertainty in a pediatric recipient population. Only after 
exhaustion of all pediatric allocation options was the graft 

considered for use within the modified RAPID strategy. Organ 
utilization in the adult recipient was authorized by the Italian 
National Transplant Center within the approved protocol and did 
not require modification of standard antimicrobial prophylaxis for 
liver transplantation.

Stage-1 modified RAPID transplantation

Stage-1 modified RAPID transplantation consisted of left 
hepatectomy extended to the middle hepatic vein and auxiliary 
orthotopic implantation of the whole pediatric graft. The measured 
back-table graft weight was 280 g, corresponding to a GRWR of 0.4. 
The graft was preserved using University of Wisconsin solution, and 
cold ischemia time was 480 min.

Venous outflow reconstruction was performed using the 
recipient common trunk of the middle and left hepatic veins and 
the graft vena cava. The graft hepatic artery was anastomosed directly 
to the recipient common hepatic artery at the level of the 
gastroduodenal artery, while native right liver arterial inflow was 
preserved through the replaced right hepatic artery arising from the 
superior mesenteric artery. Portal anastomosis was performed 
between the native left portal branch and the graft portal vein. 
Portal inflow management was achieved by intentional surgical 
narrowing of the right portal vein rather than complete ligation, 
aiming to reduce abrupt hyperperfusion of the small pediatric graft 
while maintaining residual portal inflow to the native right liver. The 
degree of narrowing was guided by graft size, intraoperative 
macroscopic assessment of graft perfusion and congestion, and 
the need to preserve native right liver perfusion (Figures 1, 2). 
Biliary reconstruction was performed using Roux-en-Y 
hepaticojejunostomy. Doppler ultrasound confirmed patency of 
the portal and arterial anastomoses, hepatopetal portal flow, and 
preserved arterial signal. Quantitative portal flow and direct portal 
pressure measurements were not obtained.

Interstage assessment and completion 
hepatectomy

Volumetric and functional kinetics during the interstage period 
and after completion hepatectomy are shown in Figure 3 and 
Supplementary Table S1. Recipient weight was approximately 
70 kg. The measured back-table graft weight was 280 g, 
corresponding to a GRWR of 0.4. At the pre-PVE CT 
assessment, graft volume was 350 cc, corresponding to an 
estimated GRWR of 0.5. This was considered insufficient to 
proceed safely to completion hepatectomy. Therefore, right portal 
vein embolization was performed on POD 14 to further redirect 
portal inflow toward the graft and promote additional hypertrophy. 
Two weeks after PVE, graft volume had increased to 580 cc, 
corresponding to an estimated GRWR of 0.8. The post-PVE graft 
volume increase was 230 cc over 14 days, corresponding to 16.4 cc/ 
day and a relative increase of approximately 65.7%. Liver function 
had also improved, with total bilirubin 2.1 mg/dL, AST 40 U/L, ALT 
38 U/L, and INR 1.1. Hepatobiliary contrast-enhanced MRI 
confirmed preserved graft function, with a gadoxetic-acid 
functional liver imaging score (FLIS; range 0–6) of 6. Completion 
right hepatectomy was therefore performed 4 weeks after stage 
1 (Figure 4).
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No post-hepatectomy liver failure occurred. Ascites production 
was initially moderate and resolved progressively during the first 
postoperative week. At 8-month follow-up, the patient was alive 
with normal liver function and no radiological evidence of disease 
recurrence.

Discussion

This report describes the technical feasibility of using a whole 
pediatric liver graft in a modified RAPID transplantation strategy for 
unresectable CRLM. Its primary ethical premise is that the graft used 
in this case was not in competition with any pediatric transplant 
candidate: it had been formally declined by all contacted pediatric 
transplant centers due to non-standard infectious risk, and its 
allocation to an adult recipient occurred only under specific 
regulatory authorization from the Italian National Transplant 
Center within an approved institutional protocol. This report 
should therefore be interpreted as documenting the rescue use of 
an otherwise non-utilized graft, not as a proposal for routine 
pediatric-to-adult allocation in transplant oncology.

The terminology of the present procedure deserves clarification. 
Canonical RAPID, as defined in the original description and in recent 
consensus recommendations, relies on partial orthotopic liver 
transplantation using a small graft, typically segments 2–3, followed 
by delayed total hepatectomy after adequate graft volume and function 
have been achieved [6]. The present case preserved the staged logic of 
RAPID, namely auxiliary orthotopic graft implantation, temporary 
native liver support, graft hypertrophy, and delayed completion 
hepatectomy. However, it differed from canonical RAPID in two 
key aspects: the use of a whole pediatric liver graft rather than a 
partial graft, and the adoption of sequential portal inflow management 
rather than complete right portal vein ligation at stage 1. For this 
reason, the present procedure is better described as a RAPID-derived 
staged AOLT strategy rather than canonical RAPID sensu stricto.

The portal inflow strategy also differed from canonical RAPID. In the 
original RAPID concept, complete right portal vein ligation is intended to 

aggressively redirect portal flow toward the graft and stimulate rapid 
hypertrophy. In the present case, intentional surgical narrowing of the 
right portal vein was initially performed to reduce the risk of abrupt 
hyperperfusion of a small pediatric graft in an adult recipient. Delayed 
right PVE was then used as a second step to further redirect portal inflow 
and stimulate graft hypertrophy. This sequence may have combined 
small-for-size protection with delayed hypertrophic stimulation, although 
the lack of direct portal pressure and quantitative flow measurements 
prevents precise assessment of the relative contribution of each maneuver.

FIGURE 1 
(A) Left hepatectomy extended to the middle hepatic vein; a venous cuff formed by the common trunk of the middle and left hepatic veins is shown 
above the clamp. (B) Whole pediatric liver graft implanted in an auxiliary orthotopic position. Arrow shows intentional surgical narrowing of the native right 
portal vein.

FIGURE 2 
Schematic representation of stage-1 modified RAPID 
transplantation using a whole pediatric liver graft (G), within a RAPID- 
derived staged auxiliary orthotopic liver transplantation strategy. The 
native right liver (RL) is preserved with arterial inflow from a 
replaced right hepatic artery (RHA) arising from the superior 
mesenteric artery. The graft hepatic artery (gHA) is anastomosed to the 
recipient common hepatic artery (HA), the graft portal vein (gPV) to the 
native left portal branch (LPV), and venous outflow is reconstructed 
using the recipient common trunk of the middle and left hepatic veins 
and the graft vena cava (gVC). Portal inflow is managed by intentional 
surgical narrowing of the right portal vein. Biliary reconstruction is 
performed using Roux-en-Y hepaticojejunostomy (not shown).
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The availability of intermediate volumetric and functional 
assessment helps clarify the rationale for sequential inflow 
management. At the pre-PVE CT assessment, graft volume was 
350 cc and estimated GRWR was 0.5, which was considered 
insufficient for safe completion hepatectomy. Delayed right PVE 
was therefore performed as a second step. Before stage 2, graft 
volume had increased to 580 cc and estimated GRWR to 0.8, with 
preserved functional assessment. The post-PVE increase of 230 cc over 
14 days, corresponding to 16.4 cc/day and approximately 65.7% 
relative growth, supported the decision to proceed to completion 
hepatectomy. This sequence suggests that the initial narrowing 
strategy may have protected the small pediatric graft from abrupt 
portal hyperperfusion, whereas delayed PVE provided the additional 
hypertrophic stimulus required for stage 2. However, because direct 

portal flow and pressure measurements were not obtained, the relative 
contribution of each maneuver cannot be precisely quantified.

The distinction between conventional LT for CRLM and modified 
RAPID transplantation is important. While the TransMet trial and 
prospective experiences support LT in selected patients with unresectable 
CRLM [3, 4], these data refer primarily to standard orthotopic 
transplantation [4]. RAPID and RAPID-derived strategies remain 
evolving approaches supported by limited clinical experience and 
recently published international consensus recommendations [7]. In 
this setting, objective documentation of graft volume and function before 
completion hepatectomy is essential, and the present case met both 
volumetric and functional criteria before proceeding to stage 2.

Several technical aspects merit discussion. First, favorable 
recipient arterial anatomy facilitated the procedure. The replaced 

FIGURE 3 
Volumetric and functional kinetics during modified RAPID transplantation. (A) Graft size and GRWR kinetics. (B) Total bilirubin and INR trend. (C) AST 
and ALT trend. PVE, portal vein embolization; GRWR, graft-to-recipient weight ratio; POD, post-operative day.
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right hepatic artery from the superior mesenteric artery allowed 
arterial inflow to the native liver remnant to be maintained 
throughout the interstage period, while the recipient common 
hepatic artery was available for direct graft reconstruction. 
However, this anatomical configuration should be considered 
advantageous rather than mandatory. In other settings, end-to- 
side anastomosis of the graft artery to the common hepatic artery 
may be feasible, with only temporary clamping and preservation of 
arterial inflow through the gastroduodenal artery or collateral 
pathways. Therefore, a replaced right hepatic artery should not 
be interpreted as an absolute prerequisite for modified RAPID 
transplantation, although it may simplify arterial management.

Second, the use of a whole pediatric graft differs technically from 
a split left lateral segment graft. The intact hilar and caval structure 
of the whole pediatric graft may simplify certain aspects of back- 
table preparation and implantation. At the same time, smaller 
vascular diameters, susceptibility to hyperperfusion injury, and 
the inherently limited functional reserve of a pediatric graft in an 
adult recipient require meticulous surgical planning and 
postoperative surveillance [9]. Doppler ultrasound confirmed 
vascular patency in the present case, but quantitative portal flow 
and portal pressure measurements were not available.

From an ethical standpoint, this case satisfies the conditions that 
would be required to justify pediatric-to-adult graft allocation in this 
specific context: the graft was unavailable to pediatric recipients through 
formal exhaustion of the allocation protocol; its use was authorized by the 
national regulatory institution within a prospectively registered protocol; 
the recipient met rigorous oncological and functional selection criteria; 
and the procedure was conducted within a multidisciplinary oversight 
framework. Importantly, graft selection and recipient eligibility must 
remain entirely decoupled. The availability of a rescue or otherwise non- 
utilized graft must not broaden oncological indications, weaken recipient 
selection, or justify expansion beyond accepted transplant-oncology 
criteria. These conditions are not routinely met and are unlikely to 
recur frequently, which underscores that this experience does not support 
policy changes in pediatric organ allocation.

The main limitations of this report are its single-case design, 
short oncological follow-up of 8 months, and absence of direct 
portal pressure and quantitative portal flow measurements. No 

conclusion regarding long-term oncological efficacy can be drawn 
from a single case with this follow-up duration. In addition, without 
direct hemodynamic measurements, it is not possible to determine 
whether immediate complete right portal vein ligation would have 
produced faster hypertrophy or allowed a shorter interstage interval. 
Publication bias inherent to case reports with favorable outcomes 
should also be acknowledged. Nevertheless, this case demonstrates 
the technical feasibility of whole pediatric graft rescue within a 
RAPID-derived staged AOLT strategy in one carefully selected 
patient under exceptional regulated allocation conditions. Future 
prospective registries should systematically collect hemodynamic, 
volumetric, functional, and oncological data to define the 
reproducibility and safety of this approach.
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Dear Editors,
Heterotopic cervical heart transplantation (HT) in mice is a widely used preclinical model in 
transplant immunology and chronic allograft vasculopathy research [1, 2]. Although the cuff 
technique is popular due to its simplicity, it compromises unilateral cerebral blood flow, 
requires custom-made cuffs, and carries a higher risk of thrombosis and vessel twisting. At 
our center, we favor manual end-to-side suture anastomosis, as it preserves the continuity of 
the common carotid artery (CCA) and external jugular vein (EJV), thereby preventing 
neurological complications and adhering to the 3Rs principle. Moreover, this technique 
avoids high-velocity arterial jets in the end-to-end grafts and ensures maximum 
comparability between studies using the abdominal HT model [3].

A major technical hurdle of this manual approach is that the CCA lies deep within the 
body and is widely separated from the EJV, making precise suturing highly challenging, 
especially in the confined cervical space. To overcome this, we apply a dual-clamp occlusion 
technique [4] (Figure 1A). Two microclamps are used: one placed at the proximal end and 
one at the distal end, each simultaneously clamping both the CCA and the EJV, physically 
bringing the two vessels into close proximity and effectively eliminating height mismatch 
(Figures 1B–E). Additionally, sterile, nonwoven pads moistened with cold saline are placed 
over the clamp handles. The gentle downward pressure not only keeps the graft cool but also 
elevates the deeper CCA to the superficial plane. This simple modification makes the artery- 
first anastomosis and the entire everting suture feasible.

Since implementing this refined technique in our established HT program (>1,000 cases 
since 2010), we have achieved a technical success rate of 83/87 (95.4%) in recent consecutive 
procedures. Technical success was defined as graft survival with maintained palpable 
contractility throughout the 100-day observation period (assessed daily by palpation). 
All 83 successful grafts remained functional during this period, free of thrombosis and 
other vascular complications. Although manual suturing is generally considered more 
technically demanding than the cuff method, the total operative time for the recipient 
(~25–30 min) was not prolonged. In fact, the anastomosis itself (15–20 min) was faster than 
cuff installation (20–30 min) [5]. In our institutional training curriculum for microsurgical 
transplantation, three surgeons with prior abdominal HT experience achieved consistent 
success in approximately 3 to 5 procedures, whereas three trainees without a microsurgical 
background required 50 to 70 operations to become proficient.
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FIGURE 1 
(A) Schematic diagram of end-to-side anastomosis using the dual-clamp vascular occlusion technique. (B) Isolate the recipient’s CCA and EJV. 
(C) Clamp the CCA and EJV simultaneously with a microvascular clamp on the cranial side. (D) Clamp the CCA and EJV simultaneously with a 
microvascular clamp on the caudal side. (E) View of the allograft heart after completing all anastomoses. CCA, common carotid artery. EJV, external 
jugular vein.
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While we acknowledge the single-center nature of this study 
and the lack of a prospective comparison with the cuff technique, 
we believe this technical modification provides a valuable 
refinement for cervical HT, particularly for microsurgeons 
with prior abdominal experience transitioning to the cervical 
model.
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