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This article provides the synthesis of a comprehensive review of the 
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donor hepatectomy as well as graft implantation in recipients.

IGL-2M preservation solution for prolonged cold lung ischemia 

mitigates edema, inflammation, and endothelial injury while 

preserving lung function during rat ex vivo perfusion, performing like 

Perfadex Plus and superior to OCS.

The real-world effectiveness of maribavir treatment in adults with 

post-transplant refractory cytomegalovirus infection was comparable 

to that of the pivotal study. Extending the treatment duration beyond 

the recommended 8 weeks may provide further benefits in curing the 

disease.
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This study evaluated in 242 transplanted patients the performances 

of 10 glomerular filtration rate estimation equations compared to 

measured glomerular filtration rate. Combined creatinine and cystatin 

C equations showed the best performances, superior cystatin C-based 

equations and creatinine-based equations.

This study evaluated the Multidisciplinary Support To Access living 

donor kidney transplant (MuST AKT) intervention through a pilot 

randomized controlled trial. The intervention was delivered as 

intended and participants reported a positive experience, suggesting 

the intervention is feasible and acceptable.

We investigated the role of immunosuppression management 

after graft failure according to the current proposed guidelines: 

discontinuation of immunosuppression strongly influences the 

occurrence of intolerance syndrome, but immunosuppression 

withdrawal modality itself does not appear to.

In adult living donor liver transplantation with large splenorenal 

shunts, both direct shunt ligation and left renal vein ligation effectively 

prevented portal steal with comparable patient and graft survival. 

Long-term follow-up suggested greater renal function variability after 

left renal vein ligation.
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Early corticosteroid withdrawal after liver transplantation significantly 

reduced post-transplant diabetes risk without increasing rejection, 

with discontinuation within 3 months emerging as the most effective 

and safe window in tacrolimus-based immunosuppression. It supports 

timely steroid tapering to improve long-term metabolic outcomes.

This Brief Report assesses how dd-cfDNA measures (percentage, 

copies/mL, and a composite continuous score) map onto recently 

proposed histology-derived continuous rejection indices, translating 

the rejection continuum into a non-invasive readout that aligns most 

strongly with microvascular inflammation and global activity.

All-in-one multiplex PCR expedites the identification of pathogens in 

stools from solid organ transplant recipients with diarrhea. It identifies 

the same pathogens as classical microbiological tests, and many 

additional pathogens with uncertain clinical significance.

Lung transplant is a complicated procedure in which complications, 

such as phrenic nerve injury, may arise. In order to avoid said 

complication intraoperative neurophysiological monitorization (IOM) 

can be safely performed. In our experience, patients who underwent 

IOM presented better outcomes.
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Transplant International: Looking 
Back at 2025, Looking Forward to 2026
Thierry Berney1*, Maria Irene Bellini 2, Oriol Bestard2, Antonio Citro3, Delphine Kervella3, 
Nina Pilat2, Stefan Schneeberger2, Emilien Seizilles de Mazancourt3, Arianna Trizzino3 and 
Andrea Zajacova3

1Transplant International Editor-in-Chief, 2Transplant International Deputy Editor-in-Chief, 3Transplant International Editorial Fellow

Transplant International (TI) has had a busy year in 2025 and the start of a new year is an 
opportunity to thank our authors, reviewers and editors for the quality effort consented to make TI 
an ever improving and impactful journal. As an indicator of TI’s growing attractivity, the impact 
factor has increased as have the numbers of manuscript submissions.

To our authors: Several articles published in TI in 2025, addressing various topics in the broad 
field of organ replacement, have been the object of considerable interest. Some papers have already 
been cited a few times despite the short time elapsed since publication. Congratulations to the authors 
who have submitted these papers and contributed to the high-quality standards of the 
journal (Table 1).

Measuring impact early after publication is not easy and requires other metrics than 
numbers of citations. Indeed, a rapid analysis on Web of Science shows that articles published 
in Transplant International reach their peak citation numbers the third year after publication. 
This is in concordance with what has been previously reported elsewhere [11, 12]. For this 
reason, capturing the impact early after publication requires considering other more 
immediate indices such as numbers of views and downloads. Expectedly, a look at the 
top 10 viewed or downloaded papers shows that the overlap is only partial and 9 additional 
articles can be identified among TI papers of highest interest (Table 2).

The topics that have generated the most interest are xenotransplantation and machine 
perfusion. Unsurprisingly, the same topics are found at the top of TI editors’ selection of the 
most impactful papers published in 2025 in the field of clinical transplantation [22]. These 
2 topics have been the focus of 2 special issues that just closed at the end of 2025 and titled 
“Current developments in artificial organs and engineered ex-situ perfused organs” and 
“Europeans and Xenotransplantation” [23, 24]. The collections are now complete and will be 
available as e-books in the coming months.

TI is extremely grateful to the reviewers who have spent their time and expertise to assess the 
papers submitted to our journal. We thank them for their voluntary participation, which is key to the 
scientific quality of the journal. The list of the reviewers who have contributed to TI in 2025 appears 
at the end of this editorial (Appendix Table 3).

The biennial ESOT Congress took place in London in 2025, from June 29 to July 2, and 
Transplant International participated actively to the congress activities. Sessions designed 
and organized by the editorial board and editorial fellows discussed some of the abstracts 
presented during the congress as well as a selection of articles recently published in TI and 
covering each of the five tracks defined by the scientific program committee. A “meet the 
editors” workshop, aiming at the younger delegates, discussed in an interactive format several 
aspects of scientific publication that are not always obvious for young investigators, such as 
the good use of biostatistics, artificial intelligence or social media. Importantly, a collection of 
review and original articles based on invited lectures and best communications presented at 
the congress is getting ready to be completed in the first quarter of 2026 [25]. Most 
contributions are already published online. Highlights include reviews on immune 
monitoring by donor-derived cell-free DNA in heart/lung transplantation torque- 
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tenovirus in kidney transplantation [26, 27] and on the 
evolution of our understanding of vascular lesions in the 
kidney graft biopsies [28].

The Transplant International editorial fellowship 
program is an ongoing success! In addition to their 
mentoring in all aspects of scientific editing and 
publishing, editorial fellows are also engaged in 
communication projects for the journal and have been 
instrumental in creating new products, such as video 
abstracts of TI papers and launching a TI podcast.

2025 has been a busy and productive year, but more 
will come the way of TI readership in 2026. From the 
beginning of our tenure, it has been our stated aim to 
strengthen the relationship with ESOT leadership and 
membership. We endeavor to make TI a journal close to 
ESOT’s style and philosophy and integrate contents 
resulting from ESOT’s educational and scientific 
activities, in the strict respect of editorial independence. 
Transplant International is the journal of ESOT and of 
the European transplant community of physicians, 
surgeons, scientists and allied healthcare professionals. 

We believe that our efforts will help increase the standing 
of the journal and its identification as the journal of this 
dynamic community!

FUNDING

The author(s) declared that financial support was not received for 
this work and/or its publication.
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authors wherever possible. If you identify any issues, 
please contact us.

TABLE 2 | Other TI articles with high views or downloads numbers (measured 8.1.26).

Liver transplantation in the context of acute-on-chronic liver failure (ACLF): Where do we stand in 2025? L’Hermite et al [13] 8540 views 
1530 downloads

Updates on donor-derived infection in solid organ transplantation, report from the 2024 GTI (infection and transplantation 
group) annual meeting

Eldin et al [14] 6122 views 
872 downloads

The progress and challenges of implementing HLA molecular matching in clinical practice Bezstarosti et al [15] 6100 views 
684 downloads

Current techniques of gene editing in pigs for xenotransplantation Galli [16] 5718 views 
1456 downloads

State of art of dose individualization to support tacrolimus drug monitoring: What’s next? Lloberas et al [17] 5699 views 
1310 downloads

Ex-Vivo heart perfusion machines in DCD heart transplantation model: The state of art Tessari et al [18] 5639 views 
398 downloads

Nurse-led self-management support after organ transplantation – a multicenter, stepped-wedge randomized controlled trial Van zanten et al [19] 5400 views 
1579 downloads

Development of non-HLA antibodies and their association with antibody-mediated rejection in pediatric kidney transplant 
recipients

Schmidt et al [20] 5369 views 
704 downloads

Evaluating risk in kidney living donors Ortiz et al [21] 4797 views 
1284 downloads

TABLE 1 | Top 10 2025 most cited TI artices (Dimensions scores).

The last mile in beta-cell replacement therapy for type 1 diabetes: Time to grow up Piemonti [1] 8 citations
Donors with previous malignancy: When is it safe to proceed with organ transplantation? Turra et al [2] 6 citations
The evolution of immunosuppressive therapy in pig-to-nonhuman primate organ transplantation Sanatkar et al. [3] 6 citations
Ethical issues in uncontrolled donation after circulatory determination of death: A scoping review to reveal areas of broad 
consensus, and those for future research

Fritz et al. [4] 6 citations

Mono-HOPE versus Dual-HOPE in liver transplantation: A propensity score-matched evaluation of early graft outcome Koch et al [5] 6 citations
Desensitization with imlifidase for HLA-incompatible deceased donor kidney transplantation: A delphi international expert 
consensus

Furian et al. [6] 5 citations

Heart transplantation and donation after circulatory death in children. A review of the technological, logistical and ethical 
framework

Kenny et al. [7] 5 citations

Targeting CD38 in antibody-mediated rejection Mayer et al. [8] 4 citations
Progress in porcine kidney transplantation to non-human primates Le bas-bernardet et al. [9] 4 citations
Multi-center outcome analysis of 16 face transplantations – a retrospective OPTN study Knoedler et al. [10] 4 citations
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The New Year is a perfect opportunity, not only for resolutions (that are unlikely to last very long), 
but also to reflect on the events of the past year and how they are likely to impact the future. In this 
piece, the editorial board of Transplant International is presenting what we think are the original 
articles in clinical transplantation published in 2025 that are the most likely to be game changers in 
our field in the near or not-so-near future. As the saying goes, “it is difficult to make predictions, 
especially about the future”, but despite the (very limited) risk, we are hopeful that we have not 
succumbed to hype in our selection, which was based on insights from members of the editorial 
board, but also on how well cited these papers already were. So, here are the top 12 papers, listed in 
Table 1, grouped by the topic they address. Selection is obviously a tricky task and for this reason, we 
will also mention other significant 2025 papers to provide the readers with a somewhat broader 
picture of what has happened in each of the selected topics (Supplementary Table S1).

XENOTRANSPLANTATION

Xenotransplantation has repeatedly made the headlines in recent years since the near-simultaneous 
transplantation in the fall of 2021 of genetically modified porcine kidneys into human brain-dead 
recipients, or what is called the human decedent model [13]. The availability of genome-edited pigs 
has been the game changer in the field, allowing to significantly lower the immune barriers met in 
xenotransplantation [14]. The first clinical transplants using this resource were performed 
compassionately in 2022 in patients with no access to deceased donor organs and a 
compromised survival prognosis in the short term. Although the heart and the kidney 
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xenotransplant recipients did not survive more than a few 
months, their causes of death not being fully clear, these first 
2 cases provided evidence that the early phases of immune 
xenorejection had been harnessed [1, 2] thanks to the gene 
modification strategy, in particular the knocking off of 
3 carbohydrate antigen genes known to cause hyperacute 
rejection (α 1-3 Gal, β 1-4 Gal, CMAH). The two featured 
articles provide a comprehensive narrative of the clinical 

course of the first heart recipient [1] and the first kidney 
recipient [2], from transplantation to death. While these cases 
cannot be considered successes from the patient perspective, 
they will provide invaluable information on the unforeseen 
hurdles met and how to overcome them [15]. In this regard, 
and despite the limitations of the decedent model [16], the in- 
depth analysis of the physiology, immunology and pathology 
of the first pig-to-human decedent kidney xenotransplant 

TABLE 1 | The top 12 most impactful papers in clinical transplantation in 2025.

Title Topics Journal Corresponding author 
institution

Brief description

Transplantation of a genetically modified 
porcine heart into a live human [1]

Xenotransplantation 
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Nature medicine University of Maryland school 
of Medicine, Baltimore, 
MD, USA

Comprehensive report of the first pig-to- 
human heart xenotransplant using multi 
gene-edited porcine donors

Xenotransplantation of a porcine kidney for 
end-stage kidney disease [2]

Xenotransplantation 
Kidney 
transplantation

New England journal 
of medicine

Massachussets general 
Hospital, Boston, MA, USA

Comprehensive report of the first pig-to- 
human kidney xenotransplant using multi 
gene-edited porcine donors

Enzyme-converted O kidneys allow ABO- 
incompatible transplantation without 
hyperacute rejection in a human decedent 
model [3]

ABO incompatible tx 
Kidney 
transplantation

Nature biomedical 
Engineering

West China hospital, sichuan 
university, chengdu, China

Comprehensive report of the successful 
transplantation into a human brain-dead 
recipient of an A blood group kidney 
enzymatically converted into O blood group

Survival of transplanted allogeneic beta cells 
with No immunosuppression [4]

Immune tolerance 
Islet transplantation

New England journal 
of medicine

University of uppsala, 
uppsala, Sweden

Comprehensive report of the transplantation 
of gene-edited immune-evasive islet 
constructs into a type 1 diabetic patient

Stem cell-derived, fully differentiated islets for 
type 1 diabetes [5]

Stem cells 
Islet transplantation

New England journal 
of medicine

Vertex Pharmaceuticals, 
Boston, MA, USA

Report of a successful industry-led clinical 
trial of transplantation of embryonic stem cell- 
derived islet constructs into type 1 diabetic 
recipients

Cold perfusion vs. Static cold storage of 
deceased-donor kidneys — at 10 Years [6]

Machine perfusion 
Kidney 
transplantation

New England journal 
of medicine

University of groningen, 
groningen, The Netherlands

Ten-year data of a large randomized 
controlled trial of normothermic machine 
perfusion versus cold storage in kidney 
transplantation

Clinical outcomes with normothermic 
pulsatile organ perfusion in heart 
transplantation: A report from the OCS heart 
perfusion registry [7]

Machine perfusion 
Heart transplantation

Circulation University of Utah, Salt Lake 
City, UT, USA

Registry data report on the feasibility and 
benefits of normothermic machine perfusion 
for DCD heart transplantation

Determining safe washout period for immune 
checkpoint inhibitors prior to liver 
transplantation: An international retrospective 
cohort study [8]

Transplant oncology 
Liver transplantation

Hepatology University of Geneva 
Hospital, Geneva, 
Switzerland

Multicenter study providing safety data on the 
optimal cut-off for the wash-out period before 
liver transplantation after checkpoint inhibitor 
treatment

Insights from the BKEVER trial comparing 
everolimus versus mycophenolate mofetil for 
BK polyomavirus infection in kidney [9]

Infectious diseases 
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Kidney international Strasbourg university 
hospital center, strasbourg, 
France

Randomized controlled trial exploring the 
impact of a switch from CNI to mTOR 
inhibitors in BK virus nephropathy

Donor-recipient mismatch at the SIRPA locus 
adversely affects kidney allograft 
outcomes [10]

Transplant 
immunology 
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transplantation

Science translational 
medicine

University of Pittsburgh 
Medical school, piitsburgh, 
PA, USA

Exploration of the impact of SIRPA mismatch 
and of the innate immune system on kidney 
allograft rejection in two human cohorts and a 
mouse model

Continuous indices to assess the phenotypic 
spectrum of kidney transplant rejection [11]
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transplantation

Nature 
communications

Catholic university of Leuven, 
Leuven, Belgium

A banff paper providing strong evidence to 
replace threshold-based rejection categories 
with robust continuous indices

Extracorporeal photopheresis for the 
prevention of rejection after lung 
transplantation: a Prospective randomised 
controlled trial [12]

Photopheresis 
Lung transplantation

European 
respiratory journal

Medical university of Vienna, 
Vienna, Austria

Randomized controlled trial showing the 
benefit of adding extracorporeal 
photopheresis to standard 
immunosuppression for the prevention of 
CLAD
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(single gene modification), using multi-omics analysis 
techniques [17, 18], and in particular the novel patterns of 
immune rejection unveiled and characterized, will also 
contribute to the better understanding of the physiological 
processes that will have to be tackled by the next-generation of 
protocols and gene-edited animals.

This paragraph would not be complete without mentioning 
the reports of gene-edited pig-to-human auxiliary liver 
transplantation in a living recipient, as a bridge to transplant 
[19], and lung transplantation using the decedent model [20]. 
Although the cell therapy procedure of islet transplantation 
would seem to have been an easier clinical model to explore 
in xenotransplantation, no attempt at transplanting genetically 
modified porcine islets has been reported to date [21].

ABO-INCOMPATIBLE ORGAN 
TRANSPLANTATION

ABO-incompatible living-donor kidney transplantation has 
evolved into a standard option to expand the donor pool, but 
it usually requires desensitization to mitigate the risk posed by 
preformed anti-A/B antibodies. Protocols commonly include 
antibody removal (immunoadsorption/antibody adsorption 
and/or plasma exchange) alongside immunomodulatory 
therapy, adding complexity, cost, and potential morbidity 
despite outcomes approaching those of ABO-compatible 
living-donor transplantation. Kidney paired exchange is an 
alternative, although limited O-compatible availability may 
lead to extended waiting times for patients bearing the O 
blood group.

This paper reports the successful conversion of an A blood 
group kidney into O blood group, using α-galactosidase from 
Bacteroides fragilis during hypothermic machine perfusion. 
Three hours of machine perfusion were sufficient to 
remove >95% of blood group A antigens and allowed 
successful transplantation of the kidney in a decedent 
model without experiencing hyperacute rejection [3]. After 
A-antigen regeneration, antibody-mediated lesions and 
complement deposition were found starting 3 days post- 
transplant, but single-cell sequencing confirms the elevated 
expression of accommodation-related genes, suggesting the 
potential for longer-term tolerance [3]. This paper was 
published a few months after a previous similar report in 
the less common B-to-O combination, with similar outcomes 
[22]. These two papers provide compelling proof of concept 
that ex vivo antigen modification can safely expand the donor 
pool in ABO-incompatible living kidney donation and may 
therefore fundamentally reshape access in kidney 
transplantation. This strategy could also be employed in a 
deceased donor setting in the most urgent cases. While the 
validity of this method requires confirmation in the setting of 
clinical live donor kidney transplantation, it could also be 
explored in the more challenging model of liver 
transplantation, in which traditional techniques of pre- 
transplant ABO antibody clearance can be associated with 
deleterious outcomes [23].

IMMUNE TOLERANCE

The field of islet of Langerhans transplantation has seen 
2 landmark clinical papers published last year. They represent 
a major step forward in beta-cell replacement therapies. The 
studies show that immune rejection and limited cell availability 
can be addressed. They set new benchmarks for safety, efficacy, 
and translational feasibility.

Importantly, they provide insights to guide the next- 
generation of durable islet replacement strategies. They also 
provide strategies that have the potential to be applied in the 
bioengineering of other organs.

The first is a proof-of-concept article in which the authors 
have applied their hypoimmune platform (HIP) approach to 
human primary islet cells. For the first time, they 
demonstrated the feasibility of gene-editing dissociated human 
islets using CRISPR-Cas12b and lentiviral transduction, to knock 
out HLA class I and II genes and overexpress the 
CD47 transmembrane molecule, which delivers a “don’t eat 
me” signal to cells of the innate immune system. These 
modified islet cells were then re-aggregated and transplanted 
into the forearm muscle of a patient with long-standing type 
1 diabetes. In this first-in-human study, HIP allogeneic islet cells 
transplanted without immunosuppression (IS) were not rejected, 
remained functional up to 12 weeks and achieved functional 
glucose-responsive insulin secretion. This provides a landmark 
proof of concept that immune evasive cells can be generated by 
gene modification and could overcome one of the central barriers 
to curative cell therapy for type 1 diabetes. By design, the 
functional mass of endocrine cells implanted was insufficient 
to reverse diabetes, and difficulties in upscaling the technique to a 
sufficient islet mass can be anticipated. It should be mentioned 
that, before going to the clinical setting, the authors had reported 
successful reversal of diabetes, using the same islet modification 
methodology, in a humanized mouse model transplanted with 
human HIP stem cell islets [24] and remarkably in an allogeneic 
non-human primate model [25].

STEM CELLS 

The second landmark paper in the islet transplantation field 
reported the results of transplantation of stem cell-derived islets 
in 14 patients with type 1 diabetes [5]. This trial was led by the 
Vertex company and utilized a cell product baptized zimislecel, 
obtained by an in vitro differentiation protocol able to obtain large 
quantities of fully differentiated and glucose-responsive islets [26]. 
The trial was designed as phase 1-2 to determine safety and efficacy 
of the product, and the paper is an unplanned interim analysis of 
the first 12 patients to have received a full dose of the product and 
completed a 12-month follow-up. The primary efficacy endpoint 
was freedom from severe hypoglycemic events until day 365 after 
infusion, with a glycated hemoglobin level <7%. Remarkably, all 
patients met the primary endpoint and 10/12 patients were 
insulin-independent at 1 year. All patients who came off insulin 
did so after a period of several months, suggesting that further 
differentiation may have been taking place in vivo after 
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transplantation [5]. These data demonstrate a formidable 
technological and clinical achievement and advance and 
provide the first evidence that stem cell-derived tissues can be 
successfully used as an organ replacement therapy. However, 
zimislecel administration was done similarly to islet 
transplantation and used an identical IS protocol; accordingly, 
the clinical outcomes were similar to those achieved with the 
landmark “Edmonton protocol” [27]. While zimislecel may 
become a solution in the USA, where allogeneic islet 
transplantation is essentially unavailable [28], several issues will 
have to be solved before it can become a real solution for bringing a 
cure to all type 1 diabetic patients [21]. The application of the 
immune evasiveness strategy described above [4] to stem cell- 
derived islets may become a solution to that end.

MACHINE PERFUSION

Ex vivo machine perfusion has rapidly developed in the last 
decade, driven by the ever-increasing gap between the numbers of 
donor organs and patients on the waiting list concomitantly with 
the increase in the proportion of extended criteria and marginal 
donors (older age, DCD, fatty livers, . . .). Hypothermic (HMP), 
hypothermic oxygenated and later, normothermic machine 
perfusion (NMP) have become a standard-of-care solution for 
the reconditioning of marginal organs [29, 30]. Machine 
perfusion also offers the possibility of assessing physical or 
biological parameters in the perfusate to provide information 
about organ quality, and thus transplantability [31].

The seminal multicenter European randomized controlled 
trial (RCT), comparing hypothermic kidney perfusion, using 
the Organ Recovery Systems machine, to cold storage 
enrolled >800 patients and its results were published already 
in 2009. The primary endpoint of the trial, i.e., occurrence of 
delayed graft function, was verified, thus demonstrating a 
significantly lower rate of delayed graft function in the 
perfusion group. Superior 1-year graft survival was also 
reported [32]. Better graft survival was still observed in a 3- 
year follow-up paper [33]. The article selected presents the long- 
awaited 10-year data [6]. Remarkably, the graft survival 
advantage was still present, and the long term observation 
revealed that this advantage was only conferred to expanded 
criteria donors [6]. This paper provides compelling evidence to 
recommend HMP for all kidneys procured from expanded 
criteria donors, notably DCDs.

Advances and utilization of machine perfusion technology 
have largely been driven by the kidney and liver transplantation 
fields. The amount of evidence gathered for thoracic organs has 
been less extensive and has mostly addressed lung transplantation 
[34, 35]. The rapid development of DCD heart transplantation in 
the past decade has provided an incentive for maximizing 
utilization of DCD hearts using machine perfusion technology. 
In contrast to kidneys and livers, NMP has been the preferred, 
and indeed sole, approach employed in this setting [36]. 
Unfortunately, and perhaps for understandable reasons, no 
prospective randomized trial is available to compare NMP to 
static cold storage (SCS) in DCD hearts.

The OCS NMP machine (Transmedics, Andover, MA, USA) is 
the only one approved for clinical use in the USA. It allows 
normothermic pulsatile perfusion during transportation of the 
heart from recovery to implantation. The selected paper is a 
Transmedics-led study combining data from the OPTN and OCS 
Heart Perfusion (OHP) registries and providing real-world data 
on the largest cohort (854 patients in 56 US centers) of NMP- 
preserved heart transplants ever reported [7]. The large numbers 
(>3,000 subjects, including OPTN data) and a rigorous 
methodology have allowed meaningful comparisons of DCD 
versus DBD cohorts, and NMP versus SCS strategies. The 
most striking result is the similar 1-year patient survival data 
in SCS-preserved DBD hearts and NMP-preserved DCD hearts 
(>90%), observed in spite of 2-3 times longer travelling distances 
and times. It is remarkable that >25% of hearts transplanted in the 
USA over the study period were preserved with NMP and <4% of 
procured NMP hearts were finally rejected [7]. In summary the 
study convincingly shows that NMP allows the recovery of hearts 
with longer shipping distances and from extended-criteria 
donors. This is likely to lead to the rapid normalization, in the 
USA and beyond, of NMP for the preservation of DCD and other 
marginal donor hearts.

TRANSPLANT ONCOLOGY

Hepatocellular carcinoma (HCC) is the third most important 
indication for liver transplantation after alcohol-associated 
cirrhosis and metabolic dysfunction–associated steatohepatitis 
[37]. Recently, Immune checkpoint inhibitors (ICIs) have 
revolutionized the management of HCC and become 
standard-of-care as part of the treatment of advanced HCC 
[38]. This has allowed not only prolonged patient survival, but 
also tumour downstaging, bringing patients within Milan or 
other liver transplantability criteria. Unfortunately, the 
mechanism of action of ICIs, which essentially boosts the 
adaptive immune system against the tumour, has resulted in 
the early experience in a high risk of acute rejection episodes in 
ICI-treated patients receiving a liver transplant [38, 39]. A 
consensus has evolved to suggest that ICIs were a powerful 
neoadjuvant therapy for downstaging or bridging purposes, 
but that the optimal “washout” period (free interval between 
end of ICI treatment and liver transplantation) still had to be 
determined [40].

The selected paper is a multi-center retrospective study of 
119 liver transplant patients treated with ICIs before liver 
transplantation in 29 transplant centers worldwide [8]. The 
authors analyzed the relationship between the washout period 
and several outcome measures, including occurrence and type of 
rejection, tumour recurrence and survival. They reported a 20% 
rejection rate, occurring early after transplantation, with a linear 
reverse relationship between rejection risk and washout period 
between 3 and 50 days. Beyond 50 days an increased rejection risk 
was no longer observed. Importantly, with a median follow-up of 
18 months, patients with a longer washout period did not present 
a higher risk for HCC recurrence. There is a caveat with the fact 
that 9 different ICIs were used in these 119 patients, making it 
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difficult to determine, due to low numbers, whether the 50-day 
cut-off was applicable equally to each of these molecules. 
Nonetheless, this is the first study to provide convincing 
evidence about the optimal washout period to observe and the 
uselessness of waiting times >50 days before performing liver 
transplantation in ICI-treated HCC patients.

The field of liver transplantation oncology is not limited to 
HCC, as unresectable colorectal liver metastases are increasingly 
becoming a valid indication for liver transplantation in selected 
cases. The ARTx-Onc study [41] provides a US perspective and 
favourable outcome results that slightly differ from those of the 
recent European Transmet RCT [42].

TRANSPLANT INFECTIOUS DISEASE

BK polyomavirus nephropathy is a significant challenge for the 
transplant nephrologist, which can have a serious impact on 
kidney graft function and compromise graft survival in the most 
serious cases. The standard IS regimen associating tacrolimus, 
mycophenolate (MMF) and steroids is the primary risk factor for 
BK viral replication, with a high risk of developing BK 
nephropathy. The primary strategy in the management of BK 
virus infection is reduction of the IS at the risk of triggering graft 
rejection. Due to their antireplicative properties, mTOR 
inhibitors, well established IS drugs, have demonstrated potent 
in vitro antiviral activity, including against BK polyomavirus. 
Accordingly, RCTs exploring the efficacy of everolimus-based 
versus MMF-based IS regimens in kidney transplantation have 
also looked at the occurrence of BK infection and nephropathy. It 
was found that subjects receiving everolimus had experienced a 
lower rate of BK infection at 12 months, but none of these studies 
consistently monitored BK DNA levels [43, 44]. Therefore, the 
real role of a switch from MMF to everolimus remains 
undetermined and prompted the authors of this paper to 
launch a RCT comparing the efficacy of reducing MMF 
dosage versus switching from MMF to everolimus, alongside 
reduced CNIs, in kidney transplant recipients with BK DNAemia 
[9]. To their surprise, the authors found that BK virus clearance 
was achieved significantly more often and more rapidly in 
patients with MMF dosage reduction alone, compared to those 
switched to everolimus. Parameters of kidney function at the end 
of follow-up were identical in both groups [9]. These data 
challenge the notion that a switch to mTOR inhibitors will 
lead to faster clearance of BK viremia. On the contrary, it 
appears ineffective for managing BK DNAemia in kidney 
transplant recipients and cannot be recommended as a 
management strategy for BK replication control.

TRANSPLANT IMMUNOLOGY

Minimization of donor-recipient HLA mismatches has been 
utilized as an allocation criterion for years as a strategy to 
avoid antibody and T cell–mediated rejection for most solid 
organ transplants. A role for the innate immune system in the 
pathogenesis of graft rejection has been unravelling in recent 

years [45, 46]. The main pathways thought to be involved are 
natural killer (NK) cell activation via missing self signals and 
monocyte activation through the signal regulatory protein α 
(SIRPα)-CD47 interaction. In the selected paper, the authors 
have studied the impact of mismatches in SIRPA, the gene 
encoding signal regulatory protein α (SIRPα), on the risk of 
renal allograft rejection [10]. They first determined that only 
2 haplotype categories were present in >90% of the human 
population. In two independent cohorts of patients 
representing >700 subjects, they found that SIRPA mismatches 
were associated with an increased risk of renal allograft rejection, 
graft fibrosis and allograft survival. Differences in rejection-free 
and overall graft survivals were not only statistically significant, 
but also clinically relevant. For the most impactful mismatch type, 
acute rejection-free survival was 81% vs. 94%, and death- 
censored graft survival was 75% vs. 92%, both assessed at 
7 years post-transplant [10]. In a murine model, they were 
able to show that SIRPα variants binding to CD47 elicit 
monocyte activation implicated in chronic allograft pathology. 
These results may impact both on matching strategies and on the 
therapeutic targeting of innate immunity and not only of T-cell 
activation. More specifically, with the simplicity of having only 
2 haplotypes to consider and the high potential impact on kidney 
graft prognosis, the inclusion of SIRPA genotyping and matching 
could be an easy and efficient strategy to apply as a component of 
kidney graft allocation algorithms.

TRANSPLANT PATHOLOGY

Since 1991, the Banff classification has been the international, 
consensus system that standardizes the biopsy-based diagnosis, 
classification and grading of kidney graft rejection. It provides a 
universal language for pathologists and clinicians that 
characterizes specific types of lesions (inflammation, tubulitis, 
arteritis, glomerulitis, . . .), and scores their severity to guide 
patient care and graft monitoring and to standardize reporting 
of outcomes [47].

With the reflection that the Banff classification is a dichotomic 
classification into discrete categories of a phenomenon that is a 
continuum in essence, the authors of this paper are proposing 
four continuous indices, easy to implement and interpret, for the 
global evaluation of kidney transplant histology [11]. Indices were 
developed from the analysis of nearly 20’000 biopsies from 
10 centers worldwide. The formulas for these indices can be 
found in the article. The first 2 indices (AMR/MVI and TCMR/TI 
index) derived from routinely assessed histological lesion scores 
were designed to enable the quantification of the global spectrum 
of kidney transplant rejection, and the last 2 indices (Activity and 
Chronicity index) to replace the Banff diagnostic subcategories of 
rejection by more continuous activity and chronicity measures. 
The indices developed from a derivation cohort 
of >10’000 biopsies were verified in 2 separate validation 
cohorts of >5’000 and >1’000 biopsies respectively.

The four continuous measures of kidney transplant rejection 
capture much of the histological spectrum and severity of 
rejection while closely aligning with the current Banff 
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classification. A significant interest of these indices is that it allows 
to better define, on a continuum basis, the nature, and thus the 
necessary intervention, for lesions characterized as “borderline” 
or “probable” rejection in the Banff system. Overall, this paper 
offers a refreshing replacement of rigid, threshold-based rejection 
categories with robust continuous indices capturing the true 
biological continuum of kidney allograft rejection. It provides 
a scalable framework that can directly refine clinical decision- 
making and trial endpoints in transplant nephrology. It has the 
potential of being a true game-changer in the classification of 
kidney allograft rejection in the very near future.

PHOTOPHERESIS

Chronic lung allograft dysfunction (CLAD) is an umbrella term 
coined to cover the different manifestations of irreversible lung 
allorejection, its most common form being bronchiolitis 
obliterans syndrome (BOS). Despite advances in diagnosis, 
little progress has been achieved in the prevention and 
treatment of this crippling condition, and CLAD remains the 
main cause for late pulmonary graft loss [48]. Recently, 
extracorporeal photopheresis (ECP) has emerged as a 
promising supportive treatment for the prevention and 
management of rejection in heart and lung transplants, with 
growing evidence supporting its use in kidney and liver 
transplants [49]. ECP is an extracorporeal therapy, combining 
leukapheresis with photoactivation. It consists in the incubation of 
the recipient’s mononuclear cells with a DNA-crosslinking 
molecule activated by UVA radiation, causing T-cell apoptosis, 
before reinfusing the cells into the patient. ECP was first developed 
for the treatment of T cell lymphomas and later used in other 
indications including graft-versus-host disease and organ cell- 
mediated rejection [49]. A recent multicenter study of lung 
transplant recipients started on ECP for a diagnosis of CLAD 
reported a response to treatment (stabilization or improvement) 
in about 50% of study subjects [50].

This article reports the outcomes of a RCT in which 
62 patients with chronic obstructive pulmonary disease were 
randomized to receive ECP from day 2 to week 11 after lung 
transplant, in addition to conventional IS, or IS alone. The 
composite primary outcome measure was the occurrence of 
acute cellular rejection (ACR), cytomegalovirus infection, or 
CLAD within 2 years of transplantation [12]. ECP addition to 
IS resulted in a 3-fold decrease in meeting the primary endpoint 
(20% vs. 60%), mostly driven by a lower incidence of ACR or 
CLAD. Importantly, counting and phenotyping of circulating 
lymphocytes were similar in the treated and the control group, 
indicating that ECP had not led to overimmunosuppression, 
accounting for the absence of an increase in CMV infection.

This trial represents a potential game changer for the survival 
and quality of life of lung transplant recipients. It could redefine 
the standard IS protocol for lung transplantation if these results 
are confirmed in patients transplanted for other indications and 
in larger cohorts.
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Lung transplantation (LTx) offers life-saving therapy for patients with end-stage lung 
disease but remains limited by donor shortages, complex postoperative management 
and graft failure. Machine learning (ML) enables opportunities to address these 
challenges by identifying patterns in complex, high-dimensional data, thereby 
providing novel insights and improving outcomes. This review outlines ML studies 
in LTx and explains the methodologies. ML has demonstrated promising results in 
organ allocation and outcome prediction. Techniques such as support vector 
machines, and deep learning are useful in risk stratification, while methods like 
random forests improve interpretability and transfer learning supports model 
development in data-scarce settings. ML has a growing role in multi-omics data 
and imaging-based diagnostics. Despite promising results, barriers such as small 
datasets, cross-center inconsistency, poor interpretability, and limited external 
validation, hinder clinical adoption. Future progress requires multicenter 
collaborations, transparent methodologies, and integration within clinical workflows. 
ML should serve as complementary tool that enhances decision-making, rather than 
replacing clinical judgement. With careful implementation, it holds the potential to 
improve transplant outcomes.

Keywords: machine learning, artificial intelligence, transplantation, lung transplantation (LTx), review of literature

INTRODUCTION

Lung transplantation (LTx) is a life-saving treatment for end-stage lung disease. Despite surgical and 
perioperative advances, challenges remain, including donor shortage, primary graft dysfunction 
(PGD), and chronic lung allograft dysfunction (CLAD). As clinical data expand and pathophysiology 
is better understood, these challenges also increase in complexity. Traditional decision-making and 
predictive modelling is therefore limited.

Machine learning (ML), can identify complex, non-linear patterns, supporting outcome 
prediction and personalized care [1–5]. In solid organ transplantation, ML is increasingly used 
to predict survival and improve organ allocation [6]. Nonetheless, integration in LTx lags behind due 
to small, heterogeneous datasets and complex pathways [7].
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The aim of this narrative review is twofold. First, to provide 
clinicians with a conceptual foundation that fosters understanding 
of ML. Second, to explore ML applications in LTx, covering 
outcome prediction, organ allocation, imaging, omics, and 
other applications.

PRINCIPLES OF MACHINE LEARNING

ML enables mathematical models to learn from data, identify 
patterns, and make predictions with minimal human intervention. 
By leveraging algorithms, ML models extract insights and predict 
outcomes [1]. ML is a central component of artificial intelligence 
(AI) and closely connected to data science and computer science. 
These domains overlap (Figure 1) in methodologies, applications, 
and objectives, making clear distinction difficult [1, 3–5].

ML employs datasets specific for the task. In medical datasets, 
clinical factors (e.g., age, smoking) serve as dimensions (features), 
while individual observations (e.g., patients, images) represent 
samples (data points). Based on whether labeled data (samples 
with known outputs) are used, ML approaches can be classified as 
supervised, unsupervised, and semi-supervised [1–5, 8].

Supervised ML uses labeled data to train predictive models 
[1–5, 8]. To ensure generalizability, datasets are divided into 
training, validation, and testing subsets. Models first learn 
patterns from the training set. The validation set aids in 
hyperparameter tuning (e.g., batch size, learning rate). It 
detects underfitting and overfitting, meaning that the model is 
too simple to capture the true patterns, or learns the noise in the 
data, respectively (Figure 2) [1–3, 8]. Cross-validation is used to 
ensure generalizability by partitioning the dataset into training 
and validation subsets. An approach is k-fold cross-validation, 
which divides data randomly into k (a number) folds. The model 
is trained on k-1 folds and validated on the remaining one, 
repeating this process k times so each subset serves as 
validation once [1, 2, 5, 8]. Cross-validation ensures the model 
outcomes are robust and not dependent on a single random split 
of the dataset [1, 2, 5, 8]. Finally, the test set, an unseen portion of 
data, is used to evaluate the final model performance [1, 2, 8].

Supervised ML is used for classification and regression. Both 
utilize labeled datasets, but differ in output: classification predicts 
categories, regression predicts continuous values [1, 2, 5, 8].

Conversely, unsupervised ML analyzes unlabeled data to identify 
patterns [1–3, 5, 8]. Choosing between supervised and unsupervised 
learning can be difficult, particularly when labeled data are scarce. 
Semi-supervised ML bridges this gap by combining limited labeled 
data alongside many unlabeled samples, useful in medical research 
where data annotation is resource-intensive [1, 2, 8]. Commonly 
used ML methods, shown in Figure 3, are evaluated and compared 
using diverse metrics (Table 1).

STATE-OF-THE-ART OF MACHINE 
LEARNING IN LUNG TRANSPLANTATION

LTx involves a heterogeneous, limited patient population with 
extensive data. LTx recipients have worse outcome than other 

solid organ transplant recipients, highlighting persistent gaps. ML 
could contribute to personalized treatment and improved 
outcomes, as seen in other transplants [5, 9, 10].

The following section reviews key studies, as far as we know 
(2004–2025), organized into: (1) outcome prediction, (2) organ 
allocation, and (3) imaging, omics, and other applications. A 
summary is presented in Table 2. Studies using simpler, 
borderline-ML methods are excluded from the main text but 
included in Table 2 and Figure 3.

Outcome Prediction
Survival and Quality of Life
In a series of studies, Oztekin, Delen, Amini and colleagues 
demonstrated the value of ML for outcome prediction. Initially, 
they showed that ML outperformed expert–selected variables and 
traditional statistical models in predicting 9-year graft survival after 
heart–lung transplantation, identifying more relevant variables and 
relationships [12]. They applied logistic regression (Supplementary 
Text, Figure 3A.2), decision trees (DTs), and artificial neural 
networks (ANNs). DTs (Figure 3A.6) are interpretable models 
that recursively split data to form rule-based trees. They are 
sensitive to noise and require pruning (removing unnecessary 
parts) to improve generalizability [1, 2, 4, 5, 8]. ANNs 
(Figure 3A.8) are algorithms inspired by the brain (Figures 
4A–D). The simplest form, a single-layer perceptron, mimics a 
biological neuron. Adding hidden layers, referring to synaptic 
connections creates a multilayer perceptron (MLP) [1, 2, 4, 5, 8]. 
Unlike DTs, ANNs lack interpretability and rely on large datasets, 
therefore, the United Network for Organ Sharing (UNOS) cohort of 
16,604 patients was crucial for this approach [5, 8].

Later, their work was extended to survival estimation, again 
comparing ML with expert-selected and literature-based 
variables. ML outperformed both approaches by retaining 
important predictors overlooked in traditional methods. They 
applied DTs and ANNs, and additionally introduced support 
vector machines (SVMs) [13]. SVMs (Figure 3A.5) are 
algorithms that maximize the margin between classes (distance 
between the decision boundary and the nearest data points from 

FIGURE 1 | Interrelationship between computer science, artificial 
intelligence, machine learning, and data science: a conceptual overview.
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each class). An innovation is the kernel trick, which enables 
SVMs to classify nonlinearly separable data by mapping it into 
higher-dimensional space (Figure 5) [1–5, 8]. Model 
performance was compared using Cox regression 
(Supplementary Text, Figure 3A.3). Subsequently, k-means 
clustering, two-step cluster analysis, and conventional heuristic 
approaches were used to determine the optimal number of 
patient risk groups. Unsupervised k-means clustering 
(Figure 3B.1) groups data into a predefined number of 
clusters based on feature similarity by iteratively assigning 
samples to the nearest centroid (center of a cluster) and 
updating centroids as the mean of assigned samples. It offers 
an unbiased way to explore risk groups [1–5, 8]. In this study, 
three clusters were optimal [13].

In 2011, a DT–based hybrid model was designed to provide an 
interpretable ML approach. However, its accuracy remained low. 
Moreover, using variables predefined from previous studies biased 
the model, potentially missing important interactions [14]. To 
predict quality of life, Genetic Algorithm (GA)-based approaches 
for feature selection were introduced [16], particularly useful for 
complex, feature-rich domains with limited samples as in LTx. 
GAs (Figure 3C.1) are optimization techniques inspired by 
biological evolution, using selection, crossover, and mutation to 
find optimal solutions, e.g., determining representative variables 
[5, 59]. The GA was combined with three classification algorithms: 
SVM, ANN and k-Nearest Neighbors (kNN) (Figure 3A.7). 
Unlike other algorithms, kNN predicts without training, by 
averaging outcomes of the k most similar samples to unseen 
input. Performance depends on data quality, choice of distance 
metric, and k. In high-dimensional data, kNN’s accuracy 
can degrade [1, 2, 5, 8], therefore, combining it with GA is 
appropriate.

Subsequent research performed classification of post-LTx 
survival (≤1 year vs. ≥10 years), incorporating additional 
methods, namely ensemble models such as random forests 
(RF) and gradient boosting trees [21]. Ensemble learning 
combines multiple models to improve predictive accuracy, 
reduce overfitting, and enhance robustness [1, 2, 5, 8]. 
Bagging (bootstrap aggregating) (Figure 3A.10.1) improves 
stability by training on different data subsets [1, 2, 5, 8]. RF 
is a common bagging method that aggregates DTs [1, 5, 8]. 
Boosting (Figure 3A.10.2) builds models sequentially, each 
correcting errors of the previous one [1, 5, 8]. Among all 
models, RF achieved the best performance. To improve 
model transparency, the authors employed an explainable AI 
(XAI) method: SHapley Additive Explanations (SHAP), a 
model-agnostic framework that quantifies each feature’s 
contribution to a prediction by considering all possible 
feature combinations [60]. SHAP identified Hepatitis B 
surface antibody and forced expiratory volume in one 
second (FEV1) as predictors of long-term survival. However, 
methodological limitations warrant consideration. The use of 
binary classification (≤1 year vs. ≥10 years) excluded nearly half 
of the cohort [21]. This neglects intermediate survival, arguably 
the most challenging to predict, which makes the modest 
performance noticeable.

Moro et al. created a DT for survival predictions. Using UNOS 
data, 47 features were identified via stepwise logistic regression, 
assuming linear relationships. Consequently, meaningful 
nonlinear interactions may have been missed, and reducing 
60 to 47 variables offered minimal dimensional or 
computational benefit. The final DT used six key predictors, 
including three postoperative variables, limiting the model’s 
preoperative prognostic utility, despite its interpretability. 

FIGURE 2 | Visualization of Underfitting, Optimal Fitting, and Overfitting in Regression and Classification. The top row illustrates regression settings, where the 
Outcome axis represents a continuous clinical measure (e.g., survival probability, biomarker level), and F1 represents a predictive feature. Every depicted lung represents 
a sample (e.g., patient). Underfitting occurs when the model is too simple to capture the true nonlinear relationship, whereas overfitting occurs when the model follows 
noise instead of the underlying trend. The optimal fit captures the true pattern without modeling random fluctuations. The bottom row shows these concepts in 
classification, where F1 and F2 represent two predictive features, and each lung corresponds to an individual patient belonging to one of two outcome classes (e.g., 
favorable vs. poor outcome). The model’s decision boundary is shown as a dotted line. A linear boundary underfits when classes are not linearly separable. An overly 
complex boundary overfits by tailoring itself to noise and outliers. The optimal fit provides a smooth, generalizable separation between classes.
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FIGURE 3 | Overview of Machine Learning Methods Explained in Chapter 2. Panel (A) Supervised learning methods: A.1 Linear regression; A.2 Logistic regression; A.3 
Cox regression; A.4 Naive Bayes; A.5 Support vector machine; A.6 Decision tree; A.7 k-Nearest Neighbors; A.8 Artificial neural network; A.9 Deep learning; A.10 Ensemble 
methods: A.10.1 Bagging, A.10.2 Boosting, A.10.3 Stacking. Panel (B) Unsupervised learning: B.1 K-means clustering; B.2 Principle component analysis. Panel (C) Advanced 
methods: C.1 Genetic algorithm; C.2 Transfer learning; C.3 Generative adversarial network (GAN). F1-F3: represents features; P1-PC2 represents principle components.
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Eight subgroups (decision nodes) showed distinct survival curves. 
As expected, best outcomes occurred in younger recipients with 
short hospital stays, limited ventilation support, and no 
reintubation [25].

To compare survival between increased risk for disease 
transmission (IRD) organ recipients versus non-IRD organ 
recipients, Mark et al. applied RF and Cox regression. As 
Cox regression performed best, it was selected for further 
analysis, which somewhat diminished the novelty of ML 
implementation. Nevertheless, the study offered a data- 
driven perspective to expand the donor pool, demonstrating 
a 7.2% improvement in 5-year survival for IRD lung transplant 
recipients [17].

Unlike the prior study, Tian et al. demonstrated that RF can 
outperform Cox regression, for survival prediction under 
standard conditions, achieving high predictive accuracy. 
Generalizability across subgroups with different diagnoses and 
treatments was reported. However, the single-center design and 
limited sample size may question this [22].

The effectiveness of RF, combined DTs, was also shown by 
Fessler et al., analyzing 284 variables across 12 perioperative 
stages to predict one-year mortality. As presumed, the accuracy 
went up by including information of later stages. Lung allocation 
score (LAS) emerged as top predictor [18].

Primary Graft Dysfunction
A subsequent study by Fessler et al. used gradient boosting to 
predict PGD3, a syndrome linked to adverse outcomes [61]. 
Extracorporeal membrane oxygenation use, along with recipient 
factors, were revealed as top predictors [20]. Due to the short 
length of these papers [18, 20], the information provided on the 
ML implementation is limited. In their most recent paper [28], 

predicting PGD3 at 72h, they offer more information about 
logistic regression and XGBoost, an efficient gradient boosting 
variant, that improves computational memory usage, well-suited 
for large datasets [62]. Fessler’s studies introduce an innovative 
approach by progressively incorporating data from successive 
transplant phases, allowing the prognosis to be refined at 
each stage.

Michelson et al. similarly predicted PGD3 using pretransplant 
data, enabling potential application in patient selection and 
pretransplant counseling. From 100 features, Least Absolute 
Shrinkage and Selection Operator (LASSO) (Supplementary 
Text) selected 11 predictors. Among four models, kNN 
performed best and was released as open-access risk 
calculator [26].

With data from 802 patients, Xia et al. evaluated nine 
algorithms. RF classified PGD3 best. SHAP identified blood 
loss as important, but prior feature selection, based on linear 
relation assumption, may have introduced selection bias [27].

Other Outcome Parameters
Using a small, unbalanced dataset, Tian et al. developed 
eight ML models combined with seven feature selection 
methods to predict airway stenosis requiring clinical 
intervention. Key predictors in RF included postoperative 
6-minute walk test and indication for LTx. This model 
could guide postoperative follow-up [24].

Braccioni et al. assessed how clinical parameters relate to 
symptom severity during exercise testing after LTx. Boruta, a 
feature selection method based on RF [63], revealed associations 
for limited exercise capacity: dyspnea correlating with peak 
ventilation and work rate, muscle effort with breathing 
reserve, and muscle pain with VO2 peaks. These findings 

TABLE 1 | Common metrics used in machine learning.

Number Metric ML type Description Common use case

1 Accuracy Classification Proportion of correct predictions among total samples General performance for balanced 
binary/multiclass classification

2 Mean squared error (MSE) Regression Average of squared differences between predicted and true 
values

Penalize large errors

3 Root mean squared error (RMSE) Regression Square root of MSE Interpretability with penalties
4 Precision Classification Proportion of true positives among predicted positives When false positives are costly (e.g., 

spam filter)
5 Recall/sensitivity Classification Proportion of true positives among actual positives When false negatives are costly (e.g., 

disease detection)
6 Specificity Classification Proportion of true negatives among actual negatives When false positives must be avoided 

(e.g., excluding innocent suspects)
7 Area under the receiver operating 

characteristic curve (AUROC)
Classification Area under the receiver operating characteristic curve, 

combination recall and false positive rate (sometimes 
interchanged with AUC)

Binary classification, model comparison

8 F1-score Classification Harmonic mean of precision and recall Imbalanced classification
9 Confusion matrix Classification Table showing true positives, false positives, true negatives 

and false negatives
Detailed prediction breakdown

10 Gini index Classification Measure of impurity used in splits Decision tree splitting criterion
11 C-statistic (concordance) Classification Probability that the model correctly ranks outcomes Ranking in survival analysis
12 R2 score Regression Explained variance ratio Model fit evaluation
13 Silhouette score Clustering Cohesion and separation of clusters Cluster validation
14 Intraclass inertia Clustering Compactness of the clusters, average of the distances 

between the centroids and the datapoints
Cluster validation
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TABLE 2 | Overview of Studies about machine learning in lung transplantation.

Autor(s) 
(Year)

Study population Input Output Model(s) Metrics Train/Validation/ 
Test and 
validation 
method

Transparency 
and 

explanations of 
ML 

(mathematical 
background, 

architecture, . . .)

Outcome prediction
Troiani and 
Carlin [11]*

30 LTx recipients (over 
60 subject-years)

2-week epochs of 
daily/biweekly 
FEV1 and symptom 
data

Prediction of acute 
bronchopulmonary 
disease events

Heuristic rule- 
based, classical 
linear-logistic 
regression, 
Bayesian 
models

Bayesian model 
AUROC = 0.882 
Sensitivity = 0.886 
Specificity = 0.955

2-fold cross- 
validation

Detailed model 
descriptions, 
Bayesian priors 
disclosed, 
transparency 
limited in heuristic 
model

Oztekin et al. 
(2009) [12]

16604 heart-LTx patients 
(UNOS)

283 features 
(demographics, 
health-related and 
transplant-related)

9-year graft survival DTs, ANNs, 
logistic 
regression, Cox 
regression

MLP 
Accuracy = 0.859 
Sensitivity = 0.847 
Specificity = 0.869

10-fold cross- 
validation

Hazard function, 
metrics, k-fold 
cross-validation, 
no insight in ML 
models (brief 
explantation)

Delen 
et al. [13]

106398 thoracic patients 
(UNOS)

565 features 
(demographics, 
health-related and 
transplant-related)

Graft survival time, risk 
groups

SVM, 
ANN,DTs, Cox 
regression and 
k-means, 2- 
step, heuristic 
clustering

SVM 
MSE = 0.023 
R2 = 0.879 
k-means clustering 
3 risk groups 
intraclass intertia = 
1,68 × 10−8

10-fold cross- 
validation

Hazard function, 
metrics, k-fold 
cross-validation, 
no insight in ML 
models (brief 
explantation)

Oztekin 
et al. [14]

6512 LTx records 
(UNOS)

25 features Predict LTx success 
(graft survival and quality 
of life)

Structural 
equation 
modeling 
(meaning: 
Statistical 
method 
showing how 
different factors 
are related to 
each other, 
including 
hidden (latent) 
ones) DT

R2 = 0.68 10-fold cross- 
validation

Mathematical 
methodology: 
Structural 
equation modeling 
and composite 
scores, metrics, 
k-fold cross- 
validation

Pande 
et al. [15]

509 LTx patients 
(9471 FEV1 evaluations 
over time)

Time-series FEV1, 
demographic and 
clinical features

Predict FEV1 over time 
and key feature-time 
interactions

Boosted DTs RMSE = 
0.115–0.421

In sample cross- 
validation

Models, 
algorithms, cross- 
validation, metrics

Oztekin 
et al. [16]

3684 LTx records 
(UNOS)

147 features Predict quality of life 
post LTx

GA-kNN, GA- 
SVM, and 
GA-ANN

GA-SVM 
Accuracy = 0.994 
Precision = 
0.991–0.997 
Sensitivity = 
0.992–0.998 
Specificity = 
0.996–0.998 
F1 = 0.991–0.995

5-fold cross- 
validation

Normalization, 
GA, k-fold cross- 
validation, metrics

Mark et al. [17] LTx candidates: 
1010 IRD, 12013 non- 
IRD and 19217 waitlist 
(UNOS)

Top 5 (out 
of >100 features): 
recipient and donor 
characteristics, IRD 
status, time on 
waitlist (UNOS)

Compare 5-year survival 
for IRD vs. non-IRD 
organ offers

Cox 
Proportional 
Hazards, 
random forests 
(500 DTs)

7.2% 5-year 
survival with IRD 
lung vs. non-IRD 
69.9% of 
simulations favored 
IRD lung 
RMSE = 5.3

5-fold cross- 
validation

RF details

Fessler 
et al. [18]

410 double LTx 
recipients

284 patient, donor, 
and surgical 
variables in 
12 stages

Predict one-year post- 
transplant mortality

RF AUROC = 
0.65–0.75

Train/test (80/20), 
40 repetitions

Limited

(Continued on following page)
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TABLE 2 | (Continued) Overview of Studies about machine learning in lung transplantation.

Autor(s) 
(Year)

Study population Input Output Model(s) Metrics Train/Validation/ 
Test and 
validation 
method

Transparency 
and 

explanations of 
ML 

(mathematical 
background, 

architecture, . . .)

Braccioni 
et al. [19]

24 bilateral LTx recipients 24 recipients 
variables, 
incremental cardio- 
pulmonary exercise 
testing

Associations between 
the severity of 
symptoms (dyspnea, 
muscle effort, muscle 
pain) and exercise 
testing parameters

RF/Boruta - 5-fold cross- 
validation 
(10 resamples)

Limited but short 
explanation RF/ 
Boruta

Fessler 
et al. [20]

478 double LTx 
recipients

6 recipient, donor, 
intraoperative 
features in 9 stages

Predict PGD3 Gradient 
boosting 
algorithm, 
SHAP

AUROC = 0.7–0.87 Train/test (80/20) Limited

Amini et al. [21] 9864 adult US LTx 
recipients

171 features 
(demogragics, 
clincal, transplant)

Classify short-term 
(≤1 year) vs. long-term 
(≥10 years) survival 
after LTx

RF, DT, 
gradient 
boosted trees, 
kNN, ANN, 
SVM, logistic 
regression, 
SHAP

RF 
Accuracy = 0.7792 
Sensitivity = 0.7626 
Specificity = 0.7958 
AUROC = 0.79

10-fold cross- 
validation

SHAP

Tian et al. 
(2023) [22]

504 adult LTx recipients 16 out of 22 clinical 
variables: recipient, 
donor, surgical and 
post-op factors

Predict overall survival RF, Cox 
regression

RF integrated 
AUROC = 0.879 
(better than Cox: 
Integrated 
AUROC = 0.658)

Train/test split (70/ 
30), bootstrapping 
(1000 resamples)

Variable 
importance, overal 
limited

Melnyk et al. 
[23]*

369 patients, 125 cases 11 significant out of 
all preoperative 
recipient 
characterstics, 
procedural 
variables, 
perioperative blood 
product 
transfusions, and 
donor 
charactersitics

Relation between blood 
transfusion and 
morbitity (6 endpoints)

Elastic Net 
regression

Accuracy = 0.765 
Sensitivity: 0.80 
Specificity: 0.69

Cross-validation 
(500 repeats)

Limited

Tian et al. [24] 381 LTx patients 15 features: 
recipient and 
postoperative

Prediction of airway 
stenosis requiring 
clinical intervention

56 models: 
7 features 
selection 
methods 
combined with 
8 ML models

RF + determination 
coefficient 
AUROC = 0.760 
Sensitivity = 0.782 
Specificity = 0.689

Bootstrap 
validation 
(1000 resamples)

Limited

Moro et al. [25] 27296 LTx recipients 
(UNOS)

60 recipient and 
donor data

1-, 5-, 10-year survival 
propabilities

DT; stepwise 
logistic 
regression for 
variable 
selection

Logisitic regression 
Accuracy = 0.653 
8 subgroups (DT)

Train/test split (70/ 
30), 10-fold cross- 
validation

Logistic model, DT 
given, training 
explantation 
limited

Michelson 
et al. [26]

576 bilateral LTx 
recipients (UNOS, Unet, 
local)

11 out of 100 donor, 
recipient 
pretransplant 
features

Prediction of 
PGD3 within 72 h 
after LTx

LASSO + kNN, 
logistic 
regression, 
XGBoost, SVM, 
SHAP

kNN 
AUROC = 0.65 
F1 = 0.62

Train/test split (75/ 
25), 5-fold cross- 
validation (training 
set 50 resamples)

TRIPOD, 
preprocessing but 
limited info about 
ML, model hosted 
at pgdcalc. 
wustl.edu

Xia et al. [27] 802 LTx recipients 9 out of 37 features: 
Clinical

Predict PGD3 within 
72 h post-transplant

9 models (DT, 
kNN, MLP,RF, 
SVM, . . .), 
SHAP, LASSO

RF: Internal 
validation 
AUROC = 0.7975 
Sensitivity = 0.7520 
Specificity = 0.7313

Train/validate/test 
split (56/24/20), 5- 
fold cross- 
validation

Limited, but 
visualizations and 
some information 
about RF

(Continued on following page)

Transplant International | Published by Frontiers February 2026 | Volume 38 | Article 15640 7

Vercauteren et al. Machine Learning in Transplantation

29

http://pgdcalc.wustl.edu
http://pgdcalc.wustl.edu


TABLE 2 | (Continued) Overview of Studies about machine learning in lung transplantation.

Autor(s) 
(Year)

Study population Input Output Model(s) Metrics Train/Validation/ 
Test and 
validation 
method

Transparency 
and 

explanations of 
ML 

(mathematical 
background, 

architecture, . . .)

Fessler et 
a. [28]

477 LTx patients 66 features in 
9 stages

Predict PGD3 at 72h XGBoost, 
logistic 
regression, 
SHAP

XGBoost: 
AUROC = 0.84 
Sensitivity = 0.81 
Specificity = 0.68

Train/test split (80/ 
20) 
(500 resamples), 
grid search 
approach, 5-fold 
cross-validation

XGBoost model 
hyperparameter 
tuning

Organ allocation
Dueñas- 
Jurado 
et al. [29]

404 LTx cases 36 donor-recipient 
variables (clinical, 
surgical, functional)

Predict 6-month graft 
survival; optimize donor- 
recipient matching

Linear 
regression initial 
covariates and 
product units 
neural networks 
(LRIPU) model

- Train/test1/test2 
(70/13/17)

Model and 
coefficients

Zafar et al. [30] 15124 double LTx 
recipients (UNOS)

19 out of 
42 recipient, donor, 
and transplant 
variables

Predict 1-, 5-, 10-year 
survival and half-life; and 
classify into risk clusters

Cox-LASSO, 
backward Cox 
and RF-Cox, 
clustering via 
expectation- 
maximization 
(LAPT)

Cox-LASSO 
C statistic for 1-year 
survival = 0.67 
C statistic for 5-year 
survival = 0.64 
C statistic for 10- 
year survival = 0.72

Train/test (70/30) Limited

Brahmbhatt 
et al. [31]

19900 adult LTx patients 
(UNOS)

Pre-transplant 
recipient data

Prediction of 1- and 3- 
year post-transplant 
mortality

LAS, Houston 
Methodist 
model, clinician 
model, 
LASSO, RF

RF 
AUROC = 0.62 
Specificity = 0.76 
Sensitivity = 0.44 
(similar to all other 
models)

Train/test split 
(85/15)

Limited

Sage et al. [32] 725 EVLP donor lung 
assessments

Recipient, donor 
and 24 EVLP 
variables

Predict transplant 
suitability/ 
extubation <72h

XGBoost 
(InsighTx 
model), RF

AUROC: 0.75–0.85 Train/test (80/20), 
5-fold cross- 
validation

Code shared

Pu et al. [33] 4610 subjects Demographics and 
computed 
tomography scans

Prediction of left/right/ 
total lung volume, 
thoracic cavity volume, 
and heart volume to 
improve size matching

CNN, 8 ML 
models (Incl. 
RF, kNN, DTs)

MLP right and left 
lung, thoracic cavity 
R2 = 0.501–0.628 
XGBoost heart and 
total lungs 
R2 = 0.430–0.514

Train/validate/test 
(80/10/10), 10- 
fold cross- 
validation

10-Fold cross- 
validation, 
visualisations, 
hyperparameters

Dalton 
et al. [34]

13204 LTx candidates 
and 20763 recipients 
(SRTR)

Demographics and 
clinical features

Prediction of waitlist 
mortality at 1, 3, 
6 months and post- 
transplant survival at 1, 
3, and 5 years

Cox regression 
(LAS/lung 
Composite 
allocation 
score), re- 
estimated 
models, RF, 
linear 
discriminant 
analysis, logistic 
regression, 
boosted DT

Waitlist 
AUROC = 
0.85–0.93 
Transplant survival 
AUROC = 
0.56–0.62

10-fold cross- 
validation

Model explanation 
in the authors’ 
Supplementary 
Material

Imaging, omics and other applications
Bartholmai 
et al. [35]

119 subjects with 
interstitial lung disease

High-resolution 
computed 
tomography, 
pulmonary function 
tests, clinical data

Quantitative 
classification of 
interstitial lung disease 
patterns (emphysema, 
ground glass, 
honeycombing, normal 
and reticular) with 
correlation to physiology 
and clinical outcomes

Computer 
aided lung 
Informatics for 
pathology 
evaluation and 
rating 
(CALIPER), 
ANN, Bayes, 
SVM, kNN

Analysis of similarity 
within a cluster 
R = 0.962

- Limited, feature 
extraction

(Continued on following page)

Transplant International | Published by Frontiers February 2026 | Volume 38 | Article 15640 8

Vercauteren et al. Machine Learning in Transplantation

30



TABLE 2 | (Continued) Overview of Studies about machine learning in lung transplantation.

Autor(s) 
(Year)

Study population Input Output Model(s) Metrics Train/Validation/ 
Test and 
validation 
method

Transparency 
and 

explanations of 
ML 

(mathematical 
background, 

architecture, . . .)

Barbosa et al. 
(2017) [36]

176 LTx patients Quantitative 
Computed 
tomography scans, 
PFT, semi- 
quantitative 
Computed 
tomography scores

Diagnose BOS Multivariate 
logistic 
regression, 
SVM, PCA

Quantitative 
Computed 
tomography SVM 
PCA 
AUROC = 0.817

10-fold cross- 
validation 
(90%–10%)

Limited

Weigt 
et al. [37]

17 LTx recipients, 1 year 
post-LTx BAL samples

BAL cell pellet 
transcriptome 
(microarray); 
40 genes with 
differential 
expression 
(immune-related)

Prediction of incipient 
CLAD within 2 years 
post-BAL

Unsupervised 
hierarchial 
clustering, 
SVM, PCA

SVM 
Accuracy = 0.941

Leave-one-out 
cross-validation

Limited

Barbosa 
et al. [38]

71 LTx recipients Quantitative 
Computed 
tomography 
scans, PFT

Predict eventual onset 
of BOS

SVM Accuracy = 85% 
(3 features); 
sensitivity = 73.3%; 
specificity = 92.3%

Train/test (80/ 
20 or 90/10) with 
500 or 
100 random 
combinations

Limited

Halloran 
et al. [39]

242 single-piece LTx 
biopsies (transbronchial 
biopsies)

Gene expression 
(microarrays), 
453 rejection- 
associated 
transcripts

Identify disease states/ 
phenotypes: normal, 
T cell mediated 
rejection, antibody 
mediated rejection, 
injury

Unsupervised 
archetypal 
analysis, PCA

- - Limited, sum of 
scores

Cantu 
et al. [40]

113 LTx patients Clinical, recipient, 
donor and 
transplant features, 
preprocurement 
donor lung biopsies 
(gene expression of 
innate immunity: 
Toll-like receptor 
and nod-like 
receptor pathways)

Prediction of PGD3 at 
48–72h post-transplant

Feed-forward 
deep learning

Toll-like receptor 
AUROC = 0.776 
Sensitivity = 0.786 
Specificity = 0.706

5-fold cross- 
validation

Architecture DL 
model

Halloran 
et al. [41]

243 mucosal biopsies 
from 214 LTx patients

Gene expression 
(microarrays), 
315 rejection- 
associated 
transcripts (RATs), 
11 pathogenesis 
based transcripts

Classification into 
molecular phenotypes: 
normal, rejection, late 
inflammation, injury

Unsupervised 
archetypal 
analysis, PCA

- - Limited, metrics in 
the authors’ 
Supplementary 
Material

Halloran 
et al. [42]

457 transbronchiale and 
314 mucosale biopsies

Gene expression 
(microarray), 
rejection- 
associated 
transcripts

Prediction of graft 
survival based on 
molecular T cell 
mediated rejection 
phenotype

Unsupervised 
archetypal 
analysis, 
PCA, RF

- - Limited, metrics in 
the authors’ 
Supplementary 
Material

Dugger 
et al. [43]

49 LTx recipients (small 
airway brushes and 
transbronchial biopsies)

RNAseq and digital 
RNA counts

Diagnosis of CLAD and 
prediction of graft 
survival

LASSO logistic 
regression, RF

RF airway brushing 
AUROC = 0.84 
Transbronchial 
biopsies 
AUROC = 0.62

Leave-one-out 
cross-validation

Limited

Berra et al. [44] 40 LTx patients (BAL) Protein expession 
(incl. Angiotensin II- 
related)

CLAD development Linear 
discriminant 
analysis, SVM, 
Bayes, 
quadratic 
discriminant 
analysis

CLAD vs. no-CLAD 
AUROC = 0.86 
CLAD development 
AUROC = 0.97

Leave-one-out 
cross-validation

Limited

(Continued on following page)
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TABLE 2 | (Continued) Overview of Studies about machine learning in lung transplantation.

Autor(s) 
(Year)

Study population Input Output Model(s) Metrics Train/Validation/ 
Test and 
validation 
method

Transparency 
and 

explanations of 
ML 

(mathematical 
background, 

architecture, . . .)

McInnis 
et al. [45]

88 CLAD patients 
post-LTx

Computed 
tomography scans

CLAD phenotype 
prediction and graft 
survival prognosis 
based on lung texture 
(ML and radiologist 
scores): Normal, 
hyperlucent, reticular, 
ground-glass, 
honeycomb

Computer- 
aided lung 
Informatics for 
pathology 
evaluation and 
rating, Cox 
regression

Sensitivity: 0.90 
Specificity: 0.71 
Accuracy: 0.75 
AUROC: 0.851

- Limited

Tran-Dinh 
et al. [46]

40 LTx recipients Plasma levels of 
soluble CD31, 
oxygenation ratio 
and respiratory 
sequential organ 
failure assement 
score at 24h/ 
48h/72h

Predict acute cellular 
rejection within 1 year 
after LTx

Deep 
convolutional 
neural network 
using time 
series of 
biomarkers and 
multivariate 
modeling

AUROC = 0.85 
Accuracy = 
0.87 precision = 
0.93 
Recall = 0.33–1 
(depending on 
class)

Stratified k-fold 
cross-validation 
and external test 
set with class 
weighting

Network 
architecture, 
modeling 
methods, time 
series handling 
and statistical 
background

Zhang 
et al. [47]

243 LTx patients 
(mucosal biopsies)

Gene expression 
profiles 
(19420 genes)

Prediction of 4 clinical 
response subtypes 
post-LTx: no rejection, 
rejection, late 
inflammation–atrophy, 
recent injury

Feature 
selection: 
boruta and 
others 
Classifiers: 
SVM, RF, 
kNN, DT

SVM 
Accuracy = 0.992 
(247 genes used)

10-fold cross- 
validation

Metrics

Su et al. [48] 59 LTx recipients, 
181 sputum samples

16S rRNA 
microbiota 
sequencing and 
clinical biomarkers 
(procalcitonin, 
T-lymphocyte 
levels)

Differentiate infection vs. 
acute rejection vs. 
event-free

RF, linear 
discriminant 
analysis

Infection vs. event- 
free 
AUROC = 0.898 
Rejection vs. event- 
free 
AUROC = 0.919 
Infection vs. 
rejection 
AUROC = 0.895

10-fold 
crossvalidation

Limited

Watzenboeck 
et al. [49]*

19 LTx recipients (BAL) Microbiome (16S 
rRNA), 
metabolome, 
lipidome, BAL cell 
composition, clinical 
data, lung function 
tests

Predict FEV1 changes at 
30/60/90 days (lung 
function trajectory)

ridge regression 
models

30 days r = 0.76 
60 days r = 0.63 
90 days r = 0.42

Nested cross- 
validation (train: 3- 
fold cross- 
validation, test: 4- 
fold cross- 
validation)

Limited

Stefanuto 
et al. [50]

35 LTx recipients, 58 BAL 
and blind bronchial 
aspirate samples

VOC profiles 
(386 features, 
reduced to 
20 features)

Predict severe (PGD3) 
vs. mild/no PGD 
(PGD0–2)

SVM AUROC = 0.90 
Accuracy = 0.83 
Sensitivity: 0.63 
Specificity: 0.94

Train/test (50/50), 
leave-one-out 
cross-validation

Limited, 
visualisation of ML 
pipline

Qin et al. [51] 97 human LTx paired 
biopsies (pre/post-LTx)

Expression profiles 
(microarrays, incl. 
transcriptomics for 
cuproptosis-related 
genes)

Diagnosis of lung 
ischemia–reperfusion 
injury, identification of 
cuproptosis-related 
biomarkers

LASSO, SVM + 
recursive 
feature 
elimination, RF, 
logistic 
regression

15 biomarker, for 
each 
AUROC >0.8 
Logisitic regression 
AUROC = 0.96

Train/test (53/47), 
validation in rat 
model

Limited

Wijbenga et al. 
[52]*

152 LTx recipients Exhaled breath via 
SpiroNose (7- 
sensor eNose); 
patient and clinical 
characteristics

Diagnosis of CLAD and 
discrimination of 
phenotypes

Partial least 
squares 
discriminant 
analysis, logistic 
regression

AUROC = 0.94 
Specificity = 0.78 
Sensitivity = 1 
Discrimination BOS 
vs. Restrictief 
allograft syndroom 
AUROC = 0.95

Train/test (67:33); 
10-fold cross- 
validation

Limited

(Continued on following page)
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linked reduced aerobic capacity and high ventilatory cost to 
symptom severity. DT visualizations offered interpretable 
insights to guide exercise prescriptions [19]. Despite the small 
dataset (n = 24), the authors justified using ML, noting the 
method performs well in small, high-dimensional datasets 
without assuming normality or independence. Nonetheless, 

small cohorts increase overfitting risk and limit generalizability 
of the findings.

To analyze repeated FEV1 measurements after LTx, Pande 
et al. developed a longitudinal model, handling challenges as 
within-subject correlation, unequal time intervals, and 
unbalanced designs. Although FEV1 typically declines over 

TABLE 2 | (Continued) Overview of Studies about machine learning in lung transplantation.

Autor(s) 
(Year)

Study population Input Output Model(s) Metrics Train/Validation/ 
Test and 
validation 
method

Transparency 
and 

explanations of 
ML 

(mathematical 
background, 

architecture, . . .)

Ram et al. [53]* 80 out of 100 donor lung 
pairs (Computed 
tomography-imaged ex 
situ)

Ex vivo CT scans, 
donors and 
recipient features

Donor lung suitability 
classification; prediction 
of ICU stay, PGD3 and 
2-year CLAD

Dictionary 
learning 
(supervised ML) 
seen as a 
simpler 
technique

Accuracy = 0.727 
AUROC = 0.743 
F-score = 0.75 
Precision = 0.78 
Recall = 0.74

Train/test split 
(18/82)

In their 
Supplementary 
Material: 
explanation and 
formulas 
dictionary 
learning, sparse 
coding, 
classification, 
training

Chao et al. [54] 113 donor lungs 
evaluated with ex vivo 
lung perfusion

Chest radiographs, 
functional EVLP 
data

Predict transplant 
suitability and early post- 
transplant ventilation 
outcomes

Extreme 
gradient 
boosting 
(XGBoost)

Combined model 
AUROC = 0.807 
Sensitivity = 0.76 
Specificity = 
0.89–0.94

75%–25% 
training-test split, 
repeated with 
30 random seeds

Limited

Gouiaa et al. 
(2024) [55]

40 LTx patients Plasma levels of 
soluble CD31, 
oxygenation ratio 
and respiratory 
sequential organ 
failure assement 
score at 24h/ 
48h/72h

Predict acute cellular 
rejection within 1 year 
after LTx

Taelcore 
(topological 
autoencoder, 
ANN classifier) 
compared to 
other models 
(incl. RF, kNN)

MSE = 0.307 
RMSE = 0.0.38

Stratified k-fold 
cross-validation; 
training/test split 
75/25%

Topological loss 
function, 
persistence 
homology, 
entropy, rips 
filtration, metrics, 
short explanation 
other models, 
open-source code 
(GitHub)

Gao et al. [56] 113 + 97 lung graft 
biopsy samples

38 signature genes Prediction of 
ischemia–reperfusion 
injury and PGD

Weighted gene 
coexpression 
network 
analysis, 
LASSO, RF and 
nomogram

AUROC >0.70 for 
all 4 genes

LASSO: 10-fold 
cross-validation

Limited, small 
explanations of 
models

Chen et al. 
[57]*

160 LTx patients Demographics, LTx 
data and 69 lab 
indicators

Predict time to first 
rejection

LASSO 
regression, 
multivariate Cox 
model

1 year 
AUROC = 0.799 
2 years 
AUROC = 0.757 
3 years 
AUROC = 0.892

Train/test (70/30) 
10-fold cross- 
validation

Limited

Choshi 
et al. [58]

117 + 6 LTx patients 
(87112 datapoints)

36 clinical factors, 
time series data of 
tacrolimus doses 
and route of 
administration

Predict tacrolimus 
trough levels

Multivariate 
long short-term 
memory: an 
improved RNN, 
SHAP

R2 = 0.67 
Tacrolimus trough 
levels within ±30% 
of actual = 88.5%

Train/validate/test 
(80/10/10)

Metrics

Partitioned in “outcome prediction,” “organ allocation” and “Imaging, omics and other applications,” in chronological order. If an article was not discussed in the text, an asterisk is 
placed next to it. If multiple models were tested, metrics were reported for best-performing ML methods. ANN, Artificial Neural Network; AUROC, Area Under the Receiver 
Operating Characteristic Curve; BAL, Bronchoalveolar Lavage; BOS, Bronchiolitis Obliterans Syndrome; CLAD, Chronic Lung Allograft Dysfunction; DL, Deep Learning; DT, 
Decision Tree; EVLP, Ex Vivo Lung Perfusion; FEV1, Forced Expiratory Volume in one second; GA, Genetic Algorithm; IRD, Increased Risk for Disease Transmission; kNN, 
k-Nearest Neighbors; LAPT, Lung Transplantation Advanced Prediction Tool; LAS, Lung Allocation Score; LASSO, Least Absolute Shrinkage and Selection Operator; LTx, Lung 
Transplantation; ML, Machine Learning; MLP, Multilayer Perceptron; MSE, Mean Squared Error; PCA, Principal Component Analysis; PFT, Pulmonary Function Test; PGD, 
Primary Graft Dysfunction; RF, Random Forest; RMSE, Root Mean Squared Error; RNN, Recurrent Neural Network; SHAP, SHapley Additive Explanation; SVM, Support Vector 
Machine; UNOS, the United Network for Organ Sharing; VOC, Volatile Organic Compound.
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time, patterns vary with individual factors. The method was 
clearly described and implemented in an R package [15].

Overall, the studies reviewed above show the potential of ML 
in LTx, but the applications stay rather limited. Stronger tools, 
e.g., deep learning (DL), could be implemented, as seen in section 
Organ Allocation [33].

Organ Allocation
LTx faces suboptimal organ allocation, causing long wait times 
and significant candidate mortality [64]. Varying donor selection 
criteria across centers limits organ availability. Allocation studies 
suffer from bias, as unaccepted organs are absent in training 
datasets. Unlike other transplants with comprehensive donor- 
recipient risk stratification, LTx allocation largely neglects the 
combined influence of factors [30].

To address these challenges, Zafar et al. developed the LTx 
Advanced Prediction Tool (LAPT). Based on 15,124 UNOS cases, 
LAPT grouped patients into low-, medium-, and high-risk 
subsets. LAPT outperformed LAS by predicting 1-, 5-, and 10- 
year survival and graft half-life for donor-recipient matches. This 
web-based tool enables data-driven allocation beyond recipient- 
centric systems [30].

Duen􏽥as-Jurado et al. combined logistic regression with ANNs 
for donor-recipient matching. They incorporated donor, recipient 
and perioperative variables to predict 6-month graft survival, 
claiming to outperform traditional methods, although metrics 
were not reported. Key predictors included low pre-transplant 
CO2, while prolonged donor ventilation, older donor and 
recipient age were linked to poorer outcomes [29].

To assess the suitability of donor lungs, Sage et al. created 
InsighTx, a RF model integrating ex vivo lung perfusion (EVLP) 
and other variables, offering a quantitative approach to evaluate and 

improve lung utilization [32]. However, its primary endpoint, 
extubation time, serves only as a short-term proxy for success 
and does not fully capture longer-term outcomes.

Pu et al. developed eight ML models using donor 
demographics to predict lung, heart, and thoracic cavity 
volumes, to improve donor-recipient size matching [33]. The 
performance of these approaches was benchmarked against 
convolutional neural network (CNN)-based image 
segmentation models, which were used to generate the 
volumetric ground truth. CNNs are a class of DL 
(Figure 3A.9), referring to ANNs with multiple hidden layers, 
designed to process structured grid-like data like images. They 
use filters to detect local structures (e.g., edges) and combine 
them to recognize shapes. Like other DL models, it requires large 

FIGURE 5 | Kernel Trick for Nonlinearly Separable Data in Feature Space 
to Linearly Separable Data. By applying a kernel function, the data are 
transformed into a higher dimension, where a separating hyperplane can be 
found. This enables Support Vector Machines to classify complex 
patterns that cannot be separated in the original feature space. F1, 
F2 represents features. X1, X2, X3 represents axis of projections in a 
higher dimension.

FIGURE 4 | Comparison between biological neurons and artificial neural networks. Panel (A) Biological neuron receiving input via dendrites and sending output via 
axon; Panel (B) Artificial neuron, a perceptron, receiving input from features (F1-F3) and after mathematical manipulation sending output as Yj (binary output); Panel (C) 
Connection of multiple neurons via synapses; Panel (D) Artificial neural network.
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labeled datasets and significant processing power [1–3, 8]. The 
best-performing model was a MLP for individual lungs and 
thoracic cavity estimates. These non-imaging-based volume 
predictions may enhance allocation [33].

In contrast to these optimistic findings, Brahmbhatt et al. 
concluded that LAS, clinician-based models, LASSO, and RF are 
not sufficiently accurate to predict post-LTx survival. LAS 
overestimated mortality in high-risk patients and the AUROC 
of the Houston Methodist model was not achieved, highlighting 
challenges of reproducibility and possible overfitting in earlier 
literature. Predictive performance was not improved by ML, 
disease-specific models, or donor variables [31].

Similarly, Dalton et al. reported that LAS refinement and 
advanced techniques did not improve performance. Seven models 
were evaluated with waitlist and post-transplant data to predict 
waitlist mortality or post-transplant survival. While waitlist 
models showed strong discrimination, all post-transplant models 
performed poorly [34]. A possible solution is integrating images or 
biological markers. Studies employing these approaches are 
examined in section Imaging, Omics and Other Applications.

Imaging, Omics and Other Applications
Barbosa et al. investigated quantitative CT (qCT) to diagnose 
bronchiolitis obliterans syndrome (BOS), a form of CLAD. 
Logistic regression and SVM were used to compare qCT metrics, 
pulmonary function tests (PFT), and semi-quantitative imaging 
scores as input. To reduce qCT dimensionality, principal 
component analysis (PCA) (Figure 3B.2) was applied, projecting 
the data onto components capturing the highest variance while 
minimizing information loss [1, 2, 5, 8]. PCA of qCT together with 
PFT outperformed all models. However, BOS diagnosis relied solely 
on chart-reviewed PFT decline, creating circularity, lacking 
pathological confirmation, and potentially biasing comparisons 
between qCT- and PFT-based models [36]. In a subsequent 
study, qCT features including lobar volumes, airway volumes, and 
airway resistance differed significantly in BOS patients, even at 
baseline. Using SVM, they constructed classifiers in one-, two-, 
and three-dimensional feature spaces. Remarkably, with only 
three qCT parameters, the model achieved 85% accuracy in 
predicting BOS [38]. Bartholmai et al. also used qCTs, to develop 
the CALIPER platform for interstitial lung diseases. They applied 
different ML methods to categorize lung parenchyma into five 
patterns, challenging even for expert readers to distinguish. 
CALIPER provided 3D visualizations for tracking of disease 
burden [35]. Later, McInnis et al. tested CALIPER to distinguish 
CLAD phenotypes and predict graft survival. Both CALIPER and 
radiologist scores independently predicted graft failure, with 
CALIPER enabling reproducible phenotyping and early 
prognostication without requiring expiratory CT [45]. An 
XGBoost model based on X-rays and perfusion data from EVLP 
was developed to predict transplant suitability and ventilation 
duration post-LTx. Abnormalities were scored per lobe and 
correlated with oxygenation, compliance and edema. SHAP 
ranked consolidation and infiltrates as strongest associated with 
function and transplantability [54]. These studies illustrate how 
ML-driven imaging analysis can overcome interobserver 
variability, provide objective and reproducible quantification, 

reduce human workload, and enable more accurate, scalable 
assessment of graft injury.

Tran-Dinh et al. developed a model to predict acute cellular 
rejection using soluble CD31 (sCD31) as biomarker. From only 
forty recipients, sCD31 levels were combined with recipient 
haematosis in a CNN model [46]. The authors claim their 
model uses concepts similar to transfer learning (Figure 3C.2), 
where a model trained on one task is adapted to another, valuable in 
data-scarce settings [1, 2]. However, this is questionable, as their 
network was trained from scratch rather than optimized from a 
pretrained model. In another study, a topological autoencoder 
(Taelcore) was created to improve these predictions by capturing 
underlying data structures. Applied to the same dataset, 
dimensionality reduction with Taelcore achieved more accurate 
predictions than methods like PCA [55]. Likewise, features 
extracted by Taelcore lack biological interpretability.

To predict tacrolimus trough levels (TTLs) in LTx patients, 
Choshi et al. developed a long short-term memory–based Recurrent 
Neural Network (RNN), a DL model handling sequential data. This 
approach relied on clinical inputs identified by SHAP, including 
previous TTLs and tacrolimus doses. The model captured temporal 
patterns in dosing and drug response, enabling individualized 
immunosuppressant management [58]. Yet, its accuracy may 
diminish in real-world patient settings where missed doses and 
irregular timing are common.

A gene expression–based DL classifier by Cantu et al. used 
preprocurement donor lung biopsies to predict PGD3. Their Toll- 
like receptor model outperformed clinical covariates [40], 
demonstrating strong discriminative ability and indicating donor 
innate immune activation as a key driver of PGD, though the analysis 
was limited to two pathways. Gao et al. also used transcriptomic data 
in different algorithms. Four neutrophil extracellular traps-related 
hub genes were identified as drivers of ischemia-reperfusion injury. 
Three of these were validated in clinical samples, related with PGD 
development [56]. Furthermore, transcriptomic data were used to 
explore cuproptosis, a form of cell death, as a potential mechanism in 
ischemia-reperfusion injury. Three methods (LASSO, SVM, RF) 
recognized critical biomarkers, with good performance. 
Functional enrichment linked these genes to immune regulation 
and cell death, while immune infiltration analysis revealed 
associations with distinct immune cell subsets [51].

Using unsupervised ML on LTx transbronchial biopsies, Halloran 
et al. defined four rejection archetypes. PCA linked T-cell mediated 
rejection (TCMR) and injury to T cell and macrophage transcripts, 
and antibody-mediated rejection-like to endothelial markers [39]. 
They also showed that this method worked for mucosal biopsies [41]. 
However, because mucosal biopsies were obtained only during 
protocol or clinically indicated bronchoscopies, the sampling may 
be biased toward unwell patients, limiting generalizability to 
asymptomatic recipients. Molecular TCMR was associated with 
future graft loss. Molecular scores outperformed clinical variables 
in RF and remained robust even in low-surfactant or mucosal 
samples [42]. Across these studies, Halloran et al. demonstrate 
that molecular profiling of biopsies provides a more biologically 
coherent assessment of rejection than histology, although the work 
remains limited by sampling bias, nonspecific injury signals, and 
small sample size. Using previously reported mucosal biopsy data 
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[41], Zhang et al. classified recipients into four rejection-related 
subgroups. Supervised classification achieved high accuracies (likely 
overfitted: more features than samples) and lacked external 
validation. Predictive genes were linked to T cell signaling and 
innate immunity [47].

In another study, lymphocytic bronchitis gene signature in 
transbronchial biopsies and small airway brushings were used to 
predict graft failure and differentiate CLAD from controls. Gene 
expression profiling with RF showed superior diagnostic 
performance for brushings over biopsies, but because brushings 
contain mixed epithelial and leukocyte populations, cell- 
type–specific interpretation remains limited. The lymphocytic 
bronchitis score was elevated in CLAD and associated with 2.4- 
fold increased risk of graft loss [43].

Su et al. analyzed 181 sputum samples from 59 recipients using 
16S rRNA sequencing, classifying samples into “stable”, “infection”, 
and “rejection”. Differences in microbial composition appeared, 
with six genera enriched during acute rejection, suggesting 
immune-modulatory roles. Integrating these genera and clinical 
data in a RF classified well, though repeated samples per patient 
may cause biased results [48]. A study by Weigt described that gene 
expression profiling of cells in bronchoalveolar lavage (BAL) 
revealed an immune activation signature preceding clinical 
CLAD diagnosis. Forty genes were differentially expressed in 
incipient CLAD versus CLAD-free samples, enriched for 
cytotoxic lymphocyte markers. SVM achieved 94.1% accuracy in 
distinguishing only seventeen cases [37]. Berra et al. also used BAL 
samples to predict CLAD and investigate the association with the 
renin–angiotensin system. Although single proteins could not 
discriminate, combinations in ML classifiers can, reflecting ML’s 
strength in modelling beyond human assessment [44].

Another study predicted PGD using volatile organic 
compounds (VOCs) from BAL fluid and bronchial aspirate 
samples. VOC profiling with SVM modeling achieved 83% 
accuracy in distinguishing PGD3 from lower grades. Twenty 
VOCs, associated with lipid peroxidation and oxidative stress, 
were top predictors. Additional analyses linked VOC patterns to 
clinical variables, including donor BMI and Organ Care System, 
indicating potential confounding. Recipient and intraoperative 
factors did not significantly influence VOC profiles [50].

KEY INSIGHTS, FUTURE DIRECTIONS AND 
CONCLUSION

A consistent strength of ML is its ability to integrate many weak or 
noisy features into a meaningful signal, where human interpretation 
or single-variable analyses fail. ML can capture complex, nonlinear 
interactions, reveal hidden patterns, and offer early risk stratification 
that traditional clinical or statistical methods miss. Yet, the 
limitations across studies are strikingly uniform. Most studies are 
small, single-center, only internally validated, and based on 
imbalanced datasets. Sampling bias, missing confounders, and 
heterogeneous data quality further reduce generalizability. 
Compared with kidney, liver, and heart transplantation, where 
ML-based tools are more mature, ML approaches in LTx research 
remains largely underexplored [65–74]. Reporting is often 

insufficient: many papers provide limited mathematical detail 
about model design, preprocessing, hyperparameter tuning, or 
validation, making replication difficult and hindering fair 
comparison across studies. More transparent, standardized 
reporting following frameworks like MI-CLAIM (Minimum 
Information about Clinical Artificial Intelligence Modeling) and 
TRIPOD-AI (Transparent Reporting of a Multivariable prediction 
model for individual Prognosis Or Diagnosis) should be strongly 
encouraged.

Future Directions & Underused 
Advanced Methods
Future directions should include more multimodal datasets, true 
external validation, and the careful use of advanced ML methods. 
Stacking, an ensemble model, could improve performance by 
combining diverse base learners and a meta learner. Generative 
Adversarial Networks (GANs) could augment datasets. They consist 
of a generator that creates synthetic data and a discriminator that 
evaluates authenticity. Through adversarial training, based on 
unlabeled data, both networks iteratively improve, allowing to 
generate realistic data. Although the information content does not 
increase, it enhances model flexibility and generalization. These are 
only two examples of underused ML methods, that could strengthen 
model performance. Post-hoc explanation tools such as Local 
Interpretable Model-agnostic Explanations [5] and SHAP will 
remain essential to ensure that predictions are clinically interpretable.

Conclusion
ML holds major potential in LTx, from improving outcome 
prediction and organ allocation, to imaging and omics-based 
insights. Yet, clinical adoption remains limited due to small, 
single-center datasets and insufficient external validation. 
Enhancing generalizability and building trust requires large 
multicenter studies, XAI, and standardized reporting. 
Additionally, ethical considerations remain important when 
using ML in medicine [2]. Progress in other solid organ 
transplants highlights opportunities for LTx, with techniques 
still unexplored, offering room for future innovation. Crucially, 
ML should complement clinical decision-making, and not replace 
clinical judgement. Its success relies on collaboration among 
clinicians, data scientists, ethicists, and regulators. Overcoming 
current barriers will enable ML to meaningfully improve 
transplant outcomes.
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GLOSSARY

AI Artificial Intelligence

ANN Artificial Neural Network

AUROC Area Under the Receiver Operating Characteristic Curve

Bagging Bootstrap Aggregating

BAL Bronchoalveolar Lavage

BMI Body Mass Index

BOS Bronchiolitis Obliterans Syndrome

CLAD Chronic Lung Allograft Dysfunction

CNN Convolutional Neural Network

DL Deep Learning

DT Decision Tree

EVLP Ex Vivo Lung Perfusion

FEV1 Forced Expiratory Volume in one second

GA Genetic Algorithm

GAN Generative Adversarial Network

IRD Increased Risk for Disease Transmission

kNN k-Nearest Neighbors

LAPT Lung Transplantation Advanced Prediction Tool

LAS Lung Allocation Score

LASSO Least Absolute Shrinkage and Selection Operator

LTx Lung Transplantation

ML Machine Learning

MLP Multilayer Perceptron

MSE Mean Squared Error

PCA Principal Component Analysis

PFT Pulmonary Function Test

PGD Primary Graft Dysfunction

qCT quantitative Computed Tomography

RF Random Forest

RMSE Root Mean Squared Error

RNN Recurrent Neural Network

sCD31 soluble CD31

SHAP SHapley Additive Explanation

SVM Support Vector Machine

TCMR T-cell-mediated Rejection

TTLs Tacrolimus Trough Levels

UNOS the United Network for Organ Sharing

VO2 Volume of Oxygen Consumption

VOC Volatile Organic Compound

XAI explainable artificial intelligence
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Post-Transplant Lymphoproliferative 
Disorder
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1Ajmera Transplant Centre, University Health Network, Toronto, ON, Canada, 2Division of Infectious Diseases, Department of 
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Post-transplant lymphoproliferative disorder (PTLD) is a major complication of solid organ 
transplantation (SOT), with the greatest risk in Epstein–Barr virus (EBV) donor-positive/ 
recipient-negative (D+/R−) pairs. The contribution of cytomegalovirus (CMV) serostatus is 
less well defined. We conducted a population-based study of 47,333 abdominal SOT 
recipients in the United States (1995–2015) using linked SRTR data. Donor–recipient EBV/ 
CMV serostatus was evaluated as a compound variable. The primary outcome was PTLD 
incidence, with secondary analyses assessing predictors of PTLD and impact on survival. 
Overall, 716 patients (1.5%) developed PTLD at a median of 6.1 years (IQR 2.9–9.7) after 
transplant. EBV D+/R- recipients had the highest incidence (3.2%), and those with 
compound [EBV D+/R−, CMV D−/R−] serostatus had more than double the PTLD risk 
compared with [EBV D+/R−, CMV D+/R−] (5.3% vs. 2.5%, p < 0.001). Logistic regression 
and random forest models consistently identified [EBV D+/R−, CMV D-/R-] serostatus, 
age, and race as leading predictors, though discrimination was modest (test AUC ~0.61). 
In a matched survival analysis, PTLD was not associated with increased all-cause mortality 
(aHR ~1.0). Our findings demonstrate that combined EBV/CMV serostatus improves PTLD 
risk prediction compared with EBV alone and emphasize the need for targeted preventive 
strategies.

Keywords: cytomegalovirus (CMV), Epstein–barr virus (EBV), machine learning, post-transplant lymphoproliferative 
disorder (PTLD), solid organ transplantation
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INTRODUCTION

Post-transplant lymphoproliferative disorder (PTLD) is a 
potentially life-threatening complication that occurs in 
approximately 1%–16% of solid organ transplant (SOT) 
recipients [1–4]. The intensity of immunosuppression and 
Epstein–Barr virus (EBV) replication are key drivers in the 
development of PTLD [1, 5]. The risk of PTLD is particularly 
high in EBV-seronegative recipients who acquire primary EBV 
infection post-transplant, especially when the donor is EBV- 
seropositive, highlighting the pivotal role of EBV serostatus in 
PTLD development [6]. The association between 
cytomegalovirus (CMV) infection and PTLD remains 
inconclusive, with inconsistent findings across studies. Some 
studies have identified CMV disease and CMV-EBV 
coinfection as risk factors for PTLD, while others found no 
consistent association after adjusting for EBV serostatus and 
immunosuppression intensity [7–12]. The association between 
CMV infection and post-transplant outcomes, including 
PTLD, may be confounded or modified by antiviral 
prophylaxis [13, 14]. Although some data showed antiviral 
agents such as valganciclovir may delay EBV viremia, the 
role of antiviral prophylaxis in preventing PTLD remains 
debated [15, 16]. A systematic review found insufficient 
evidence to support this conclusion [17–19]. However, a 
recent meta-analysis suggests antiviral prophylaxis may 
reduce PTLD risk and EBV viremia, especially in patients 
receiving intensive immunosuppression [20].

Inconsistencies in prior observational studies evaluating 
PTLD risk likely reflect methodological limitations, including 

small sample sizes, short follow-up durations, single-center 
designs, and lack of adjustment for CMV serostatus. In this 
study, we applied machine learning (ML) to estimate PTLD 
risk in SOT recipients, incorporating EBV-CMV serostatus as 
a compound variable to explore whether patients with [EBV (D+/ 
R−), CMV (D−/R−)] serostatus are at elevated risk of PTLD.

MATERIALS AND METHODS

Study Design and Population
In this large-scale, population-based study, we included all 
recipients of abdominal organ transplants (liver, kidney, 
kidney-pancreas, and intestine) between May 1995 and March 
2015, for whom both the recipient’s and the donor’s EBV and 
CMV serostatus were documented. We used the linked health- 
related data included in the Scientific Registry of Transplant 
Recipients (SRTR), which comprises information from every 
transplant and organ donation that has taken place in the 
United States since October 1987.1 The SRTR provides 
information on donor-recipient matching and transplant 
recipients’ demographics, clinical data, and outcomes, as 
supplied by the Organ Procurement and Transplantation 
Network (OPTN) and managed by the United Network for 
Organ Sharing (UNOS). We linked various variables and 
datasets in the SRTR, including transplant recipient 
information, registration records, follow-up data, 

GRAPHICAL ABSTRACT | 
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immunosuppressive therapies, and malignancy reports. To 
minimize bias, we excluded variables with >20% missingness 
and thoracic transplant recipients, as EBV/CMV serostatus was 
frequently unreported in this group.

Exposure and Outcomes
The exposure of interest was the combined EBV and CMV 
donor/recipient (D/R) serostatus at the time of 
transplantation, treated as a compound variable. The primary 
outcome was the development of PTLD, and the secondary 
outcome was all-cause post-transplant mortality. The 
observation period extended through 30 November 2023.

Statistical Analysis
Categorical variables were presented as proportions, and 
continuous variables as medians with interquartile ranges 
(IQR). We calculated the cumulative incidence of PTLD 
across 16 EBV/CMV compound variable categories. 
Associations between PTLD and categorical variables were 
assessed using the Chi-square test, while the Mann-Whitney 
U test was used for continuous variables. A p-value <0.05 was 
considered statistically significant. Variables significantly 
associated with PTLD were used as input features for two 
machine learning algorithms—logistic regression (LR) and 
random forest classifier (RFC)—to predict PTLD 
development. Due to the low incidence of PTLD, random 
undersampling was used to achieve a balanced 1:1 ratio of 
patients with and without PTLD [21]. The resulting dataset was 
then randomly split into 80% for training and 20% for testing. 
This process was repeated 20 times, and the mean and standard 
deviation of the area under the curve (AUC) and accuracy were 
calculated for both models on the training and test sets. The 
results of the LR analysis were reported as adjusted odds ratios 
(aOR). To interpret model performance and identify the 
relative importance of predictors, Shapley Additive 
Explanations (SHAP) analysis was performed for both the 
LR and RFC models [22, 23]. We estimated the confidence 
intervals using 200 bootstrap resamples.

Using survival analysis, we determined the all-cause post- 
transplant mortality risk as the secondary outcome. To account 
for immortal time bias, we matched each patient diagnosed 
with PTLD with four patients who did not develop PTLD and 
survived until the time of PTLD diagnosis in the corresponding 
case. Matching variables included transplant year (±2.5 years), 
age (±5 years), sex, race, organ transplanted, and the presence 
of comorbidities [24]. Matching was achieved by filtering 
patients based on predetermined matching variables, 
followed by a random selection of non-PTLD patients for 
each PTLD case. Patients were censored at the time they 
were lost to follow-up (i.e., right-censoring). We used the 
log-rank test and the Kaplan-Meier analysis to compare 
survival differences between patients with PTLD and 
patients without PTLD. Cox proportional hazards regression 
analysis was performed to identify risk factors associated with 
mortality. All analyses were conducted using Python (version 
3.12.4, packaged by Anaconda, Inc.) with the Scikit-learn 
(sklearn) and scikit-survival (sksurv) libraries.

RESULTS

During the study period, a total of 47,333 patients underwent 
abdominal organ transplants (median [IQR] age: 49 [37–58] 
years, male: 28,718 [60.6%]). Cohort characteristics are 
provided in Table 1.

PTLD
A total of 716 patients (1.5%) developed PTLD. The median time 
to PTLD diagnosis was 6.1 years (IQR 2.9–9.7 years), with 
86 patients (12%) developing PTLD within the first year post- 
transplant. The predominant pathological PTLD subtype was 
monomorphic PTLD (n = 279 [39.0%]). Supplementary Table 1
provides disease characteristics in SOT recipients with PTLD. 
Among patients with early-onset PTLD (i.e., diagnosed within 
2 years post-transplant), 62 of 142 (42.2%) had extranodal 
involvement, compared to 112 of 573 (19.5%) among those 
with late-onset PTLD (P < 0.0001).

The incidence of PTLD in the EBV D+/R− group (137/ 
4,236 [3.23%]) was significantly higher than in the other 
serogroups (EBV D-/R-: 11/1,073 [1.02%]; EBV D−/R+: 35/ 
2,905 [1.20%]; EBV D+/R+: 533/38,979 [1.36%]; p < 0.001) 
regardless of the timing of the PTLD development (see 
Supplementary Tables 4, 5). Table 2 presents the PTLD 
incidence considering compound variable of [EBV (D/R), 
CMV (D/R)]. Among EBV mismatch recipients, those with 
CMV mismatch serostatus (CMV D+/R−) had a significantly 
lower incidence of PTLD compared to those with CMV D−/R− 
status [23/938 (2.45%) vs. 67/1,332 (5.3%), p < 0.001]. The lowest 
PTLD cumulative incidence was in the [EBV (D-/R+), CMV (D+/ 
R-)] recipients (0.57%).

In multivariable LR model, we estimated the training 
accuracy of 61.172 %± 0.010% and the training AUC of 
0.658 ± 0.001. The test accuracy and test AUC for the LR 
were 57.17% ± 0.022% and 0.605 ± 0.023, respectively. 
Supplementary Table 2 presents the adjusted OR in LR 
analysis. In the multivariable RFC model, we estimated a 
training accuracy of 60.658 ± 0.009, with a training AUC of 
0.653 ± 0.006. The RFC test accuracy and AUC were 58.104 %± 
0.018% and 0.615 ± 0.018, respectively (Table 3).

SHAP Analysis
Figure 1 presents the SHAP rankings of the variables used in 
each model, highlighting the top 20 predictors of PTLD. In 
both models, age, white race, and combined 
serostatus—specifically [EBV (D+/R-), CMV (D-/R-)]— 
consistently emerged as the most influential predictors. The 
variables incorporated into the two machine learning 
algorithms are presented in Supplementary Table 3. 
The rankings of other predictors varied between the LR 
and RFC models. Male sex and the use of 
immunosuppressive agents such as mycophenolate 
compounds, azathioprine, cyclosporine or tacrolimus were 
associated with PTLD development, while treatment with 
mTOR inhibitors showed an inverse relationship. Figure 2
provides Bees worm plots of the shapely valued for the LR and 
RFC analyses.
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All-cause Post-transplant Mortality
In this analysis, 570 patients with PTLD were matched to 
2,280 controls without PTLD. Using Cox proportional hazards 
models, including stratified analyses by age, sex, and race, PTLD 

was not associated with increased all-cause mortality. Adjusted 
hazard ratios ranged from 0.991 to 1.008, with 95% confidence 
intervals consistently crossing unity (e.g., aHR 1.004 [95% CI, 
0.900–1.120]; aHR 0.991 [95% CI, 0.883–1.113]). White 

TABLE 1 | Patients’ characteristics in the cohort.

Patients without PTLD (n = 46,617) Patients with PTLD (n = 716) p Value

Sex, male, n (%) 28,262 (60.6) 456 (63.7) 0.096
Age (years), median (IQR) 49 (37–58) 52 (42–61) <0.001
BMI, median (IQR) 27 (23–31) 26.5 (23–30) 0.115
Recipient ethnicity (no. [%])
White 31,918 (68.5) 559 (78.1) <0.001
Black 6,481 (13.9) 54 (7.6) <0.001
Hispanic 5,659 (12.1) 55 (7.7) <0.001
Asian 1,940 (4.2) 26 (3.6) 0.969
Other 619 (1.3) 21 (2.9) 0.026
Previous malignancy (no. [%]) 378 (0.8) 6 (0.8) 0.135
Drug treated COPD 537 (1.2) 7 (1.0) 0.670
Drug treated systemic hypertension 34,984 (75.0) 454 (63.4) 0.478
Symptomatic peripheral vascular disease 2,046 (4.4) 33 (4.6) 0.762
Symptomatic cerebrovascular disease 983 (2.1) 21 (2.9) 0.148
Peptic ulcer disease 1,349 (2.9) 23 (3.2) 0.637
Organ transplanted
Intestine 3 (0.0) 0 (0.0) -
Kidney 43,215 (92.7) 630 (87.9) <0.001
Liver 2,082 (4.5) 55 (7.7) <0.001
Kidney-pancreas 1,317 (2.8) 31 (4.3) 0.016
Post-transplant immunosuppression
Cyclosporine, N (%) 5,310 (11.4%) 77 (10.7) 0.263
mTOR inhibitor, N (%) 3,953 (8.5%) 52 (7.3) 0.407
Tacrolimus, N (%) 38,523 (82.6%) 611 (85.3) 0.035
Corticosteroid, N (%) 32,171 (69.0%) 480 (67.0) 0.510
Azathioprine, N (%) 631 (1.4%) 20 (2.8) <0.001
Mycophenolate mofetil, N (%) 40,377 (86.6%) 615 (85.9) 0.772
Any anti lymphocyte exposure in the first year, N (%) 898 (1.9%) 9 (1.3) 0.051

Bold values: statistically significant.

TABLE 2 | EBV-CMV serology status of the recipients (R) and the donors (D).

EBV D−/R− EBV D+/R−

Patients with 
PTLD (11)

Patients without PTLD 
(1062)

Cumulative 
incidence

Patients with 
PTLD (137)

Patients without PTLD 
(4239)

Cumulative 
incidence

CMV 
D−/R−

5 457 1.08% 67 1265 5.03%

CMV 
D+/R−

2 145 1.36% 23 915 2.45%

CMV 
D-/R+

2 280 0.71% 21 758 2.69%

CMV 
D+/R+

2 180 1.10% 26 1301 1.96%

EBV D−/R+ EBV D+/R+
Patients with 

PTLD (35)
Patients without PTLD 

(2870)
Cumulative incidence Patients with 

PTLD (533)
Patients without PTLD 

(38446)
Cumulative incidence

CMV 
D−/R−

15 853 1.73% 140 9089 1.52%

CMV 
D+/R−

2 350 0.57% 82 6414 1.26%

CMV 
D−/R+

9 838 1.06% 114 8441 1.33%

CMV 
D+/R+

9 829 1.07% 197 14502 1.34%

The Chi-square test yielded a global p-value <0.001, demonstrating a significant association between combined EBV–CMV serostatus and PTLD.
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recipients had a higher risk of mortality compared to non-White 
recipients (aHR 1.153 [95% CI, 1.027–1.295]). Model 
discrimination was limited (C-index ~0.50), indicating no 
strong mortality signal associated with PTLD in this matched 
cohort. Kaplan–Meier analysis and log-rank testing showed no 
significant survival difference between patients with and without 
PTLD (P = 0.261; Supplementary Figure 1).

DISCUSSION

EBV-naïve recipients are exposed to donor-derived EBV 
infection and are vulnerable to PTLD due to unregulated viral 
replication under immunosuppressive conditions [1]. Previous 
studies consistently showed patients with EBV D+/R− serostatus 
are at the greatest risk of PTLD development [25–27]. However, 
the relationship between CMV serostatus and PTLD has not been 
thoroughly investigated. Using two ML models, we found a 
consistent association between [EBV [(D+/R−), CMV (D−/ 

R−)] serostatus and increased PTLD risk. Among EBV 
mismatch recipients, those with CMV D+/R− had a 
significantly lower risk of PTLD compared to those with CMV 
D−/R−. Although single-center studies have suggested a potential 
link between PTLD and CMV infection, the association between 
PTLD and CMV serostatus has not been systematically 
investigated [10, 28, 29]. An early study by Walker et al. in 
1995 examined a cohort of 381 non-renal SOT recipients at the 
Mayo Clinic and proposed a possible role for CMV serostatus in 
PTLD pathogenesis. However, the interpretation of these results 
is constrained by confounding from concurrent use of potent 
immunosuppressive therapy, notably OKT3, which substantially 
elevates PTLD risk [9]. Opelz et al. conducted a large SRTR-based 
cohort study (1999–2007) of 23,340 SOT recipients and found no 
significant association between recipient CMV serostatus and 
non-Hodgkin lymphoma; however, donor CMV serostatus was 
not included in their analyses [30]. In a separate cohort study, 
Geris et al. found a relationship between CMV D-/R- serostatus 
and the development of PTLD. However, the study outcome was 

TABLE 3 | Comparison of models’ performances. The average of 20 under sampling.

Model Training set Test set

AUC (95% CI) Accuracy (95% CI) AUC (95% CI) Accuracy (95% CI)

Logistic regression 0.658 (0.657–0.659) 61.172 (61.162–61.182) 0.605 (0.582–0.628) 57.170 (57.148–57.192)
Random forest 0.653 (0.647–0.659) 60.658 (60.649–60.667) 0.615 (0.597–0.633) 58.104 (58.086–58.122)

FIGURE 1 | SHAP Analysis, impact of the features on model output. (A) Logistic regression. (B) Random forest. This figure illustrates the variable importance for the 
top 20 variables and the association with PTLD. Higher average SHAP values indicate a greater contribution of the variable to the model. The arrows indicate the direction 
of the association: red arrows represent positive associations, while blue arrows represent negative associations.
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limited to diffuse large B-cell lymphoma (DLBCL) and did not 
investigate the simultaneous roles of EBV (D/R) and CMV (D/R) 
as a compound variable [7]. Ali et al., in a cohort of 
10,947 pediatric renal transplant recipients, found that 
recipient CMV seropositivity was associated with a protective 
effect against PTLD (HR = 0.82; 95% CI: 0.73–0.94) [11]. To our 
knowledge, no prior study has evaluated the association between 
PTLD and combined EBV/CMV donor–recipient serostatus as a 
single compound variable.

We evaluated PTLD risk using combined [EBV (D/R), 
CMV (D/R)] serostatus and found that EBV D+/R- 
recipients with CMV D−/R− serostatus were at increased 
risk of PTLD. This observation does not inherently indicate 
a protective effect of valganciclovir, which is typically not 
administered to CMV D-/R- recipients. Although they may 
receive acyclovir or valacyclovir, these agents have negligible 
activities against CMV and no proven benefit in preventing 
EBV-related PTLD. Aldabbagh et al. conducted a metanalysis 

FIGURE 2 | Bees worm Plot of the shapely valued for the LR and RFC analyses. (A) Bees worm Plot of the shapely valued for the LR model, (B) Bees worm Plot of 
the shapely valued for the RFC model.
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in 2017 including 9 studies and 2,366 SOT recipients and 
concluded that existing data are insufficient to support the 
routine use of antivirals to prevent PTLD in EBV-naive SOT 
recipients [19]. However, a recent meta-analysis by 
Moghadamnia et al., including 22 studies and 13,498 SOT 
recipients, found that PTLD incidence was significantly lower 
among those who received antiviral prophylaxis (RR 0.77; 
95% CI, 0.63–0.94) [20]. In heart and kidney transplant 
recipients, Albatati et al. found that valganciclovir delayed 
viremia onset compared to no antiviral use (143 vs. 90 days; 
p = 0.008), with each additional day of prophylaxis increasing 
viremia-free survival by 1.4% (p < 0.001) [15]. In a case- 
control study of 100 PTLD cases and 375 controls, ganciclovir 
use was associated with a 38% reduction in early PTLD risk for 
each 30-day period during the first posttransplant year [17]. 
Lytic replication during primary EBV infection promotes 
dissemination via infected B cells and remains susceptible 
to antiviral suppression [31]. However, these findings do not 
necessarily support the use of nucleoside analogs in EBV D+/ 
R- recipients, who are at the highest risk of primary infection. 
Antiviral prophylaxis is not currently recommended by 
current guidelines, as evidence remains limited [1]. In the 
absence of interventional studies evaluating preventive 
strategies, further research is warranted to identify 
approaches that reduce PTLD risk.

In our study, 60% of PTLD cases occurred in male transplant 
recipients, consistent with prior research indicating the 
disproportionate impact of PTLD, particularly late-onset 
disease, on males [30]. This disparity may stem from 
differential immune responses and increased susceptibility to 
EBV-associated complications [14, 32]. We also observed that 
patients with PTLD were older than those without, likely 
reflecting increased risk due to immunosenescence [33]. Most 
PTLD cases in our cohort were late-onset (median time from 
transplant to diagnosis: 6.1 years), consistent with prior studies 
linking late-onset PTLD to older age and early-onset PTLD to 
younger recipients [30].

We found an inconsistent association between PTLD and 
rabbit antithymocyte globulin (rATG) use, despite previous 
studies showing a possible link [34, 35]. This inconsistency 
may be partly explained by selective survival bias: recipients at 
a higher risk for PTLD are less likely to receive rATG, as clinicians 
frequently avoid its use in these patients due to its known 
association with PTLD [36, 37]. Additionally, 88% of patients 
with PTLD in this cohort had a late-onset disease, typically many 
months or even years after rATG exposure.

The application of newer ML models underscores the 
evolving methodology in estimating PTLD risk. RFC 
particularly aggregates predictions from multiple decision 
trees to mitigate overfitting and enhance generalizability 
[38, 39]. These strengths make RFC particularly suitable 
for analyzing highly imbalanced datasets and predicting 
rare events [40]. Previous studies have demonstrated 
that RFC often outperforms LR in terms of predictive 
accuracy and interpretability in various medical domains, 
including organ transplantation [41, 42]. In our study, RFC 
and LR models produced comparable AUC values of 

approximately 0.65 in the training set and 0.61 in the 
testing set. Model performance was likely impacted by 
extreme class imbalance with PTLD occurring in only 1.5% 
of patients. To address this, we employed random 
undersampling repeating the process 20 times to balance 
the dataset and improve model sensitivity to minority-class 
predictions [21]. Although random undersampling risks 
excluding valuable majority-class data, this iterative 
approach helped achieve a balance between data retention 
and model focus [43]. We could not include granular clinical, 
dynamic, or omics data—such as medication dosages, viral 
load, or immune markers—which likely limited model 
performance. These individual-level variables are 
unavailable in population-based sources like the SRTR. The 
modest overall performance may also reflect the limited 
granularity of the feature set, which may not adequately 
capture individual-level variation in PTLD risk. 
Incorporating personalized variables, such as 
pharmacogenetic or molecular data, could improve future 
model performance.

Our study had some limitations. First, the retrospective 
cohort design is subject to inherent constraints, including 
the potential for selection bias. Due to considerable 
missing data on EBV and CMV serostatus among thoracic 
transplant recipients, we excluded this subgroup from 
the cohort. Another limitation is the small number of 
PTLD cases, which reduced model performance; as such, 
our analysis is intended to generate hypotheses and 
highlight potential risk patterns rather than serve as a 
clinical prediction tool. The predictive performance of both 
logistic regression and random forest models was modest (test 
AUC ~0.61), which likely reflects several methodological 
challenges: the low incidence of PTLD, the resulting class 
imbalance despite undersampling, and the absence of 
granular clinical variables such as viral load, dynamic 
immune monitoring, heterogeneity in immunosuppressive 
regimens, donor-recipient characteristics, and center- 
specific protocols in the SRTR database. These limitations 
may have reduced the ability of our models to achieve higher 
discrimination.

This study demonstrates the utility of ML models in predicting 
the rare post-transplant outcomes such as PTLD in the SOT 
population. Our study may challenge traditional reliance on 
linear models. By bridging established research with cutting- 
edge methodologies, this study paves the way for improved 
clinical decision-making and personalized patient care. Our 
findings have potential implications in the PTLD risk 
assessment and suggest using compound [EBV (D/R), CMV 
(D/R)] serostatus rather than simple EBV (D/R) for PTLD 
prediction.
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The integration of minimal invasive (MIS) techniques in liver transplantation (LT) emerged as a 
natural progression following advances in laparoscopic and robotic hepato-pancreato-biliary 
surgery. However, it poses specific challenges that are inherent to LT. Chronologically, it is a 
recent topic that only emerged 2 decades ago in donors and recently in recipients, but it has 
showed a meteoric rise with tremendous progress over the last years. This review aimed to 
provide a comprehensive yet synthetic overview of the available data on minimal invasive liver 
transplantation (MILT), for both donor hepatectomy (DH), recipient hepatectomy and graft 
implantation. Developments were numerous: top-notch technical skills have not only been 
reported but have foremost been performed worldwide by an increasing number of groups. 
Technology also played a central role, as exemplified by the integration of 3D visualization 
techniques, the utilization of indocyanine green (ICG) near-infrared fluorescence camera 
system or the use of robotic technology. Research efforts finally illustrated this progress with a 
rapid rise of number of publications and adoption. The present analysis of the available data 
permitted to identify gaps that may be valuable to explore by future research projects.

Keywords: laparoscopy, minimally invasive surgery, minimally invasive liver transplantation, robotic surgery, liver 
transplantation

INTRODUCTION

Liver transplantation (LT) is the best therapeutical option for a wide range of end-stage liver diseases, 
acute liver failure, and some liver malignancies. LT has been increasingly performed with 
approximately 41,000 procedures worldwide in 2023 [1].

Over the past decades, hepatic minimally invasive surgery (MIS) has been developed, 
with both laparoscopic and robotic approaches [2, 3]. The main reported benefits of these 
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techniques include reduced bleeding, a lower inflammatory response 
to trauma, decreased postoperative pain, improved cosmetic 
outcomes, and faster postoperative recovery [4]. The first 
laparoscopic liver resection was reported by H. Reich in 1991 [5]. 
Since then, MIS indications have expanded to include increasingly 
complex procedures. The first laparoscopic left lateral sectionectomy 
(LLS - segments II and III) in a living donor was reported by Cherqui 
et al. in [6] and 10 years later the first laparoscopic living donor right 
hepatectomy was described by Soubrane et al. [7]. These techniques 
then spread to Asia (South Korea) in particular where living donor 
liver transplantation (LDLT) is much more developed, and since 
2016 attention has shifted toward the robotic approach [8]. However, 
partial liver resection from a living donor has been controversial, as it 
exposes a healthy individual to surgical morbidity and mortality and 
may impact long-term quality of life. Recent studies have shown that 
laparoscopic donor hepatectomy (L-DH) is feasible and safe when 
performed in an experienced liver transplant centre on selected 
donors [9–11].

Even though MIS was developed in living donors, it 
was only later applied to recipients. In 2011 Eguchi et al. 

described a hand assisted laparoscopic approach using MIS 
for liver mobilization, but a short midline incision was 
required for the subsequent explantation and implantation 
[12]. In 2019, the first laparoscopic total explant hepatectomy 
was reported by Dokmak et al. at Beaujon Hospital 
in France [13].

Although MIS in LT only implicates highly specialized 
hospital centers, it is considered a significant LT 
breakthrough. The present article aims to provide a 
thorough but synthetic overview of minimally invasive liver 
transplantation (MILT) and its different subdomains. It 
first focuses on the different aspects of the procedures and 
results in the donor, followed by a state-of-the art in 
the recipient.

MATERIALS AND METHODS

A detailed description of the methods is available in 
Supplementary Methods.

FIGURE 1 | Minimally Invasive Liver Transplantation. Overview of the available studies on MILT (n = 82). (A) Pie chart illustrating the distribution between 
laparoscopic donor hepatectomy (L-DH), robotic DH (R-DH) and minimal invasive techniques in the recipients. (B) Global map illustrating the number of publications per 
country. (C) Bar plots showing the chronological evolution of publications in the field. (D) Box plot illustrating sample size of the available studies.
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RESULTS

Minimally Invasive Liver Transplantation at 
a Glance
Our review of the literature identified a total of 82 publications on 
MILT [6–8], [10–88]. Most of them (50 studies, 61%) reported 
laparoscopic donor hepatectomy (L-DH) whereas reports on 
robotic donor hepatectomy (R-DH) and MIS techniques in 
recipients represented 19 (23%) and 13 (16%) articles, 
respectively (Figure 1A). In term of scientific contributions, 
Republic of South Korea (40 contributions), United States of 
America (11 contributions), Saudi Arabia (9 contributions), 
Japan and France (7 contributions, each) appeared as the 
leading countries (Figure 1B). While the first report on MILT 
was published in 2002, the number of publications remained 
relatively constant during the following decade and started rising 
upon 2017 (Figure 1C). Likewise, the purport of these articles has 
progressively increased, partly illustrated by larger sample sizes 
over the years (Figure 1D).

Minimal Invasive Donor 
Hepatectomy (MIDH)
Laparoscopic Donor Hepatectomy (L-DH)
Laparoscopic donor hepatectomy (L-DH) was first reported in 
2002, performed in two young parents in whom a left lateral 
sectionectomy (LLS) was performed and transplanted to their 1- 

year old sons suffering from biliary atresia [6]. Both donors and 
recipients recovered uneventfully and liver grafts showed 
excellent function. A decade later, striking progress were 
achieved to develop L-DH in pediatrics and adults, in 
particular in Asian countries such as Republic of South Korea. 
Literature on L-DH entails >50 peer-reviewed articles, detailed in 
Supplementary Table S1.

Overview of Laparoscopic Donor Hepatectomy 
(L-DH) Results
Twenty-six studies were selected for analysis [7, 11, 15, 19, 20, 
22–24, 28, 31, 38, 42, 56, 60, 61, 64, 66, 68, 69, 71, 74, 77–79, 81, 
82], yielding a total of 2404 patients. Most studies reported 
experiences of pure L-DH whereas a hybrid approach was also 
used. Right hepatectomy (RH) represented most procedures 
(Figure 2A). Conversion was requested in 30 patients (1.3%) 
(Table 1). Duration of surgery averaged 400 min (Figure 2B) and 
blood loss ranged from 100–600 mL (Figure 2C). No case of 
mortality was reported but 266/2404 (11.1%) and 95 (4%) 
patients developed overall and severe complications, 
respectively (Table 1). Most patients stayed 6–10 days at 
hospital after surgery (Figure 2D). Overall, these results 
demonstrate safety of L-DH.

These data provide an overview on the outcomes of patients 
undergoing L-DH but it must obviously be stratified for each 
specific procedures (e.g., RH vs. LLS). Unfortunately, data 
comparing outcomes after RH, left hepatectomy (LH) and LLS 

FIGURE 2 | Laparoscopic donor hepatectomy (L-DH) Overview of selected studies on L-DH (n = 26). (A) Pie chart illustrating the distribution between the different 
types of partial hepatectomy. (B) Dot plot of surgery duration [minutes]. (C) Dot plot of blood loss [mL]. (D) Dot plot of length of stay (LoS) [days].

Transplant International | Published by Frontiers February 2026 | Volume 39 | Article 15366 3

Gomez et al. Minimally Invasive Liver Transplantation

52



are lacking, because most studies reported series of a specific 
procedure for which the authors gained sufficient experience. 
Rare studies included different procedures; although outcomes 
were excellent for each specific procedures, data reasonably 
showed a trend toward higher complications rates after RH as 
opposed to LH or LLS [48].

The added value of L-DH on cosmetic and patients’ 
satisfaction was also reported by several studies, as opposed to 
open donor hepatectomy (O-DH) [77, 82].

Patients’ Selection and Predictors of Adverse Outcomes
Although patients’ selection is paramount, most studies did not 
detail their selection criteria and/or did not precise whether 
specific conditions should be considered as contraindications 
for L-DH. Of note, the selection criteria of certain groups 
varied overtime, as exemplified by two groups that excluded 
donors with vascular or biliary anatomical variants in the initial 
phase of their experience with RH L-DH but thereafter 
extended their criteria and also included patients with 
anatomical variants [53, 63].

Important efforts were pursued to conduct research to assess 
safety and eventual benefits of L-DH. As an example, Rhu et al. 
thoroughly analyzed a monocentric cohort of 636 donors 
undergoing L-DH in South Korea [11]. Not only providing 
classical endpoints such as overall/major complications, 
mortality, and biliary complications, they also assessed 
postoperative bleeding, reoperation, and readmission rates that 
reached 6%, 2.2% and 5.2%, respectively. Furthermore, they 
identified risk factors of specific types of complications in 
donors: the presence of 2 hepatic arteries was associated with 
an increased risk of biliary leakage, whilst the Pringle maneuver 
appeared to be protective against this complication. Similarly, a 
multicentric Korean study including 543 patients aimed to 
identify factors associated with adverse events in to predict 
safety and thereby to facilitate patient selection [29]. 
BMI >30 kg/m2 was a predictor of higher conversion rate 
whereas graft weight >700 g and surgery duration >400 min 
predicted higher risk of overall- and major complications. In a 
recent study comparing L-DH and O-DH, multiple portal veins 
were identified as an independent predictor of major- (OR, 5.75; 
95% CI, 1.28-25.79; p = 0.022) and biliary (OR, 3.84; 95% CI, 1.71- 
8.69; p = 0.001) complications, in donors [15].

Comparison With Open Approach
Subsequently, authors naturally aimed to determine whether 
L-DH was comparable or superior to O-DH. A cohort study 
reviewed 894 donors and conducted propensity score matching 

(PSM) for a head-to-head comparison of 198 donor-recipient 
pairs [42]. No case of mortality was observed. Compared to 
O-DH, L-DH was associated with longer duration of surgery 
(290 vs. 271 min, p < 0.001), longer time to remove the liver from 
the abdomen (211 vs. 166 min, p < 0.001) and longer warm 
ischemia time (12 vs. 4 min, p < 0.001), but reduced length of stay 
(LoS) (8 vs. 9 days, p < 0.001) and comparable overall 
complication rates (6.1% vs. 10.6%, p = 0.102); no difference 
in recipient survival was highlighted (p = 0.935). Another recent 
study also used PSM to compared both laparoscopic (n = 329) 
and open (n = 3019) approaches in living donors, and showed 
similar results [15].

Outcomes After Laparoscopic Donor Hepatectomy (L-DH)
Reporting their initial experience on L-DH in a cohort of 
54 patients, Kwon et al. also analyzed recipients’ outcomes 
[63]: biliary and arterial complications occurred in 31.5% and 
2.7%, respectively whereas graft failure was reported in 5 (9.3%) 
patients. A PSM analysis comparing L-DH and O-DH in 
220 pediatric transplantations showed similar outcomes for 
recipients [67]. Park et al. also conducted a PSM analysis 
comparing 72 recipients from O-DH and L-DH, showing no 
difference for major complications (40.3% vs. 47.2%, p = 0.397), 
graft failure (4.2% vs. 5.6%, p = 0.699) and mortality (2.8% vs. 
4.2%, p = 0.657) [57].

Cho et al. compared outcomes in both donors and recipients 
after laparoscopic RH versus laparoscopic right posterior 
sectionectomy [32]. Overall outcomes for recipients showed 
major complications and mortality rates of 36.5% and 2.3%, 
respectively, and comparison further detected higher rates of 
major complications after laparoscopic right posterior 
sectionectomy as opposed to laparoscopic RH (62.5% versus 
35.2%, p = 0.034). Kim et al. identified multiple bile ducts as a 
predictor of bile leakage and biliary stricture in the 
recipients [15].

Technical Considerations
One may reasonably question the feasibility of implementing 
L-DH, particularly in Western countries. Encouraging data 
demonstrated the feasibility to develop programs dedicated to 
L-DH in Western countries with good outcomes [10, 31]. This 
raises the question of the learning curve, unfortunately barely 
investigated. Cumulative sum method (CUSUM) of the operative 
time of a single surgeon who performed 100 L-RH, showed a 
continuous fall after 43 operations, which was used as a cut-off to 
split the retrospective cohort in two groups (i.e., initial n = 43, and 
recent n = 57) [49]. In comparison to the initial group, surgery 

TABLE 1 | Conversion rates and incidence of adverse events in minimally invasive liver transplantation in the 82 listed studies.

Conversion Overall complications Major complications Mortality

Laparoscopic DH 30/2404 (1.3%) 266/2404 (11.1%) 95/2404 (4%) 0/2404
Robotic DH 22/1629 (1.4%) 145/1629 (8.9%) 38/1629 (2.3%) 0/1629
Recipient 10/39 (25.6%) 5/39 (12.8%) 2/39 (5.1%) 1/39 (2.6%)
MILT 62/4072 (1.5%) 416/4072 (10.2%) 135/4072 (3.3%) 1/4072 (0.02%)
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duration (282 vs. 181 min, p < 0.01) and length of stay (7.1 vs. 
5.8 days, p < 0.01) were shorter in the recent group while overall 
complications rate was comparable (1.8% vs. 9.3%, p = 0.1). 
Following a similar approach, another group established that 
1 year including 115 patients was sufficient to standardize the 
procedure [62].

Visualization techniques is also an important point. Although 
data comparing 2D versus 3D technologies are not yet available, 
recent studies mostly used 3D techniques. As an example, Kwon 
et al. reported switching from 2D to 3D during the study period 
[63], and rapidly recognized the advantages offered by 3D vision.

Likewise, indocyanine green (ICG) near-infrared fluorescence 
camera system has gained important interest and is more and 
more often utilized to facilitate the visualization of bile duct 
division and/or to demarcate the exact midplane [42]. As energy- 
sealing devices are more likely to be used in MIS, and they are 
presumably at higher risk of causing thermal damages to the 
microvasculature surrounding bile ducts. Offering the option to 
accurately delineate the biliary tree before transection, ICG may 
be particularly valuable to prevent biliary injuries.

Robotic Donor Hepatectomy (R-DH)
Robotic donor hepatectomy (R-DH) remains restraint to the 
experience of a small number of centers and surgeons that have 
developed the specific skills and expertise. Consequently, reports 
on the topic are scant, with only 20 publications [8, 14, 16–18, 20, 

25, 26, 34, 36, 40, 41, 44, 46, 54, 55, 70, 80, 87, 88] retrieved from 
the literature (Supplementary Table S2). Those included 3 case 
reports, 2 case series, 11 cohort studies and 4 case-match studies. 
Five and 6 studies were conducted in South Korea and Saudi 
Arabia, respectively. Median sample size was 64 (12-116), 
heterogeneously varying from 1 to 913 patients.

In 2011, Giulianotti et al. reported the first case of robotic right 
hepatectomy for LDLT [80]. The procedure was exclusively 
performed with a minimal invasive technique and the 
specimen was extracted through a small lower midline 
incision. Cold and warm ischemia were limited to 25 and 
35 min, respectively, and both the donor and the recipient 
showed an uneventful postoperative course. Subsequently, 
publications on the topic showed a meteoric rise.

Overview of Robotic Donor Hepatectomy (R-DH) Results
Thirteen studies including 1629 patients undergoing robotic DH 
were reviewed [8, 14, 16–18, 20, 26, 41, 44, 70, 80, 87, 88]. 
Distribution of the types of partial hepatectomies is illustrated in 
Figure 3A, showing a majority of RH (69%). Conversion was 
indicated in 22/1629 (0.7%) patients (Table 1). Duration of 
surgery was typically between 400 and 500 min (Figure 3B), 
with blood loss essentially approximating 200 mL (Figure 3C). In 
term of postoperative outcomes, overall and major complications 
appeared in 145 (8.9%) and 38 (2.3%) patients, respectively. No 
case of postoperative mortality was reported (Table 1). LoS varied 

FIGURE 3 | Robotic donor hepatectomy (R-DH). Overview of selected studies on R-DH (n = 13). (A) Pie chart illustrating the distribution between the different types 
of partial hepatectomy. (B) Dot plot of surgery duration [minutes]. (C) Dot plot of blood loss [mL]. (D) Dot plot of length of stay (LoS) [days].
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from 4 to 9 days (Figure 3D). In summary, R-DH appears as a 
safe procedure with low incidences of adverse events and no 
reported mortality, to date, given it is performed in centers with 
high expertise in MIS.

Patients’ Selection and Predictors of Adverse Outcomes
Like in L-DH, exclusion criteria essentially included high BMI, 
large graft volume or anatomical variants [14, 41, 44]. While 
predictors of adverse outcomes have been identified for L-DH, it 
precisely represents an unmet need in the field of R-DH. Future 
studies should actively tackle this challenge.

Comparison With Open and Laparoscopic Approaches
Studies compared R-DH with O-DH and/or with L-DH, tackling 
the stake question: does robotic offer any advantage in DH [8, 14, 
16, 18, 20, 36, 40, 44, 46, 55]. Most comparisons showed that 
R-DH was associated with longer surgery duration, lower blood 
loss and similar postoperative complications rates [16, 18, 36, 40, 
44]. Associations with lower pain (visual analogue scale on POD 
3 of 2.4 in R-DH vs. 3.1 in O-DH, p < 0.001) [18] and shorter LoS 
(8 vs. 9 days, p < 0.001) [44] were also reported. The group of 
Riyadh recently published a landmark study providing a 
comprehensive analysis of 1724 donor-recipient pairs, and 
comparing 913 R-DH with 646 O-DH and 165 L-DH [20]. 
R-DH showed lower rate of overall complications (R-DH = 
4%, L-DH = 8%, O-DH = 16%; p < 0.001) but major 
complications (R-DH = 0.1%, L-DH = 0%, O-DH = 0.8%; p = 
0.065) and mortality (no case of mortality reported) were similar 
among the three groups. A study applying PSM to compare 
R-DH to L-DH, including 71 donor-recipient pairs in each group, 
reported reduced biliary after R-DH (22.5% versus 42.3%, 
p = 0.012) [16].

Outcomes After R-DH
Raptis DA et al. also analyzed outcomes of the recipients: both 
adult (R-DH = 23%, L-DH = 44%, O-DH = 31%; p = 0.001) and 
pediatric (R-DH = 15%, L-DH = 25%, O-DH = 19%; p = 0.033) 
recipients showed lower incidence of major complications after 
R-DH, as opposed to O-DH and L-DH. In 2024, the same group 
performed a fully robotic donor total hepatectomy and 
recipient liver graft implantation and therewith established 
an important milestone in the development of R-DH [25]. 
Likewise, propensity score matching was applied to compare 
71 donor-recipients pairs undergoing either R-DH or L-DH, 
and specifically soughing biliary complications [16]. In donors, 
outcomes were similar but recipients of robotic-procured grafts 
showed lower rates of biliary complications (22.5% vs. 42.3%, 
p = 0.012), compared to recipients from L-DH. The authors 
attributed this difference to the precision of robotics for 
dissection and for bile duct division, which presumably 
reduced the risk of bile duct openings.

In a multicentric retrospective study using PSM, 50 recipients 
of robotic-procured grafts were compared to 100 recipients of 
open- and laparoscopic-procured grafts. Rate of major 
complications and survival were comparable among the 
groups [18]; another study by Amma et al. including 
102 R-DH and 152 O-DH showed consistent findings [44].

Technical Considerations
Analysis suggested that 17 procedures were required to 
achieve the learning curve for robotic right donor 
hepatectomy [17]. Descriptions of surgical techniques are 
quite concordant among the different reports, at least for 
living donor right hepatectomy. DaVinci® system was the 
most used platform and surgeons typically placed 5 trocars. 
Most groups used a Pfannenstiel incision to extract the graft 
[8, 14, 16, 17, 26, 35, 36, 40, 41, 44, 46, 54, 55, 70, 87, 88]. 
Variations included Pringle maneuver and the use of 
indocyanine green cholangiography. The former was 
inconstant, described in some reports (on for 15 min, off 
for 5 min) [41], but seemed to be avoided by a majority of 
teams while it does not appear deleterious when applied [8, 
17, 44]. Regarding the latter, it has been integrated in some 
surgical protocols to facilitate the visualization of the bile 
ducts before dividing them and thus presumably reduce the 
risk of biliary complications [8, 14, 16, 17, 36, 40, 41, 46, 54, 
55, 87, 88].

Like in conventional liver surgery, parenchymal 
transection techniques and devices highly varied. Most 
studies described using harmonic scalpel and Maryland 
bipolar forceps [8, 14, 16, 17, 26, 36, 40, 41, 44, 46, 54, 55, 
70], whereas a combined laparoscopic Cavitron Ultrasonic 
Suction Aspirator (CUSA) was also utilized in some cases 
requiring a second liver surgeon at the sterile operating table 
[26, 44]. Likewise, multiple techniques exist to divide bile 
ducts, but “clip and cut” was the most frequently reported 
option [14, 26].

Minimally Invasive Liver Transplantation: 
Recipient’s Perspective
The first reported use of a minimally invasive recipient 
hepatectomy (MIRH) was in a Japanese study from Eguchi 
et al. with nine cases, mostly for viral chronic liver disease 
patients with a median Child-Pugh score of 9 [12]. Surgical 
technique consisted in a hand-assisted liver mobilization with 
a Gelport device inserted through an 8-cm upper midline 
laparotomy which was eventually extended to 12–15 cm to 
finish the explantation and perform the anastomoses. Median 
blood loss was 3940 mL and operative duration was 74min with 
one postoperative death. Results were not different from the 
13 patients operated through a Mercedes-Benz-type incision 
during the same period, except for a longer median operative 
duration (812 vs. 741 min, p < 0.05).

The first report of a full laparoscopic explantation was 
published by Dokmak et al. in France in 2020 [13] in a 
patient with liver metastases of a neuroendocrine tumor. 
Without any underlying liver disease hence no portal 
hypertension and associated portosystemic shunts, portal flow 
must be preserved until the very end of the explantation. Rapid 
dissection of the bile duct and hepatic artery was performed with 
no porto-caval shunt, and extensive caval dissection was eased by 
the early division of the left hepatic vein trunk, aiming the 
shortest anhepatic phase duration. A previous 12-cm midline 
incision helped retrieve the specimen and perform a lateral 
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clamping of the vena cava and anastomoses similar to the open 
approach. In this patient, a left lateral sectionectomy had to be 
performed. This report was later completed with a case series of 
6 patients [43]. All patients had liver metastases from 
neuroendocrine tumors, all grafts were from brain death 
donors, midline incision length varied from 12 to 20 cm, 
blood loss from 250 to 600 mL, operative duration from 
323 to 450 min and there was no postoperative death. 
Dokmak and colleagues emphasized the importance of small 
liver grafts of excellent quality, like in DH. Indications have been 
recently expended to selected cirrhotic patients with moderate 
liver volume and portosystemic venous shunts allowing early 
division of the portal vein with no portocaval anastomosis.

The first report of a full laparoscopic LDLT comes from Suh 
et al. in South Korea in 2021 [33]. The right liver graft from a 
living donor was inserted through a Pfannenstiel incision with 
laparoscopic implantation. Blood loss was 3300 mL, operative 
duration 960 min, warm ischemia time 84 min and portal 
clamping time 212 min. Left portal flow preservation 
technique was applied to shorten as much as possible the 
anhepatic phase. Laparoscopic anastomoses proved to be 
challenging, leading the same team to propose a hybrid 
approach, with robot-assisted arterial and biliary anastomoses, 
with blood loss of 11500 mL and operative duration of 1140 min 
[34]. In both cases there was no major complication and hospital 
stay were respectively 11 and 13 days.

In 2023, other pioneers pushed the envelope and published the 
first cases of fully robotic liver transplant, with R-DH followed by 
robotic graft implantation [25, 27]. Lee et al. reported blood loss 
of 6300 mL and operative duration of 850 min [27] while 
Broering et al. almost simultaneously reported a 3-case series 
with blood loss of 700–1000 mL and no major postoperative 
complication in both donors and recipients [25]. Eventually, 
Khan et al. performed a full robotic LT from a brain death 
donor with uneventful follow-up [85]. More recently, the groups 
from Lisbon and from Modena commonly reported their 
experience of robotic whole liver transplantation in 6 patients. 
Selection criteria were patients with hepatocellular carcinoma, 
small caudate lobe, low degree of portal hypertension, absence 
of porto-mesenteric thrombosis and low MELD score. Fully 
R-DH was followed by robotic implantation of the graft 
through a small midline incision. Reported outcomes were 
excellent: warm ischemia ranged from 55 to 90 min, surgery 
duration from 440 to 710 min. Altogether, 5/6 patients 
experienced no postoperative complication whereas one 
patient showed prolonged hyperbilirubinemia with no 
particular consequence [86].

Apart from these landmark publications, other reports were 
published between 2010 and 2025 representing a total of 
35 patients (Supplementary Table S3) [21, 25, 30, 39, 47]. 
Procedures required five or six various size trocars, with 
pedicle dissection leaving long biliary and vascular stumps. 
Portal vein division was either performed during the pedicle 
dissection or at the latest point during the explantation (i.e., left 
portal flow preserving dissection) [30, 33, 47]. Graft implantation 
was performed through a midline incision [12, 13, 21, 30, 43, 47] 
or a Pfannenstiel incision combined with a Gelport device [25, 27, 

33, 34, 39]. Clamping of the inferior vena cava was lateral [13, 43], 
total with a Glover clamp (especially for minimally invasive 
implantation) [25] or with a combination of distal Chitwood 
clamp and proximal bulldog clamps [27, 39, 47]. In case of a right 
liver graft, iced gauze was put beneath the liver in the right upper 
abdominal quadrant [39, 47] and the graft portal vein was 
elongated during the backtable [39]. Minimally invasive 
anastomoses were robotic, hybrid or laparoscopic. 
Laparoscopy allows a larger range of movement and facilitates 
the presence of an assistant to position the iced gauze. Venous 
anastomoses are large enough to be performed laparoscopically 
[39, 47] whereas the robotic approach seems to be particularly 
adapted to the small diameter of the arterial and biliary 
anastomoses [27, 39, 47].

Throughout the literature, a total of 55 MIRH have already 
been performed. Operative time varied from 350 to 1065 min [13, 
34], blood loss from 100 to 24200 mL [21, 30], intraoperative 
transfusion from 0 to 42 units of red blood cells [13, 30] and 
conversion rate from 0% to 60% during explantation [30]. Major 
complications (i.e., Clavien >2) occurred at most in 10% of 
patients [30]. Cold and warm ischemia times were not always 
reported but ranged respectively from 50 to 575 min and 
21–117 min [30, 43, 47]. Operative and ischemia times as well 
as blood loss were greater in patients undergoing MIRH although 
postoperative outcomes did not seem to be worsened. This 
highlights the importance of the learning curve in such 
procedures, even considering that all surgeons involved are 
already highly skilled [39]. Coordination with the graft 
harvesting team is paramount to reduce ischemia time.

MIRH is feasible and challenges reside mostly in the 
implantation phase, where concerns can be raised about the 
necessity of vena cava total clamping, prolonged duration of 
the portal vein occlusion and its consequences especially in 
patients without portal hypertension. The hybrid laparoscopic/ 
robotic approach seems to be a good alternative in the early 
experience with minimal risk for both recipients and grafts.

DISCUSSION

MILT is a rapidly emerging field, as exemplified by the rising 
number of publications during the last 5–10 years (Figure 1B). 
Tremendous progress has been made in a very short period of 
time as assessed by the number of publications and patients.

Obvious considerations and specificities render the use of 
minimal invasive techniques in LT much more complex which, 
given MILT controversial nature, limits its generalization. 
Conversely to conventional surgery that is typically performed 
in patients harboring diseases that indicate surgery, living donors 
are healthy by definition. Hence, safety becomes even more 
crucial in these patients. In addition, moderate or poor 
outcomes would likely discourage potential donors, which 
would ultimately accentuate the dramatic issue of organ 
shortage, particularly in Eastern countries where LDLT 
remains the main source of liver grafts. Therefore, most 
available studies previously discussed focused on safety. 
Recent studies provided valuable data that not only 
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addressing safety or technical aspects of MILT, but aiming to 
identify risk factors or tackling the difficult challenge of 
patients’ selection. Improving patients’ selection is precisely 
at the crossroad between challenges and promises. It is likely a 
game-changer in MILT. It is a pivotal stake as important in 
donors as in recipients. For the latter, on a more technical 
point of view, patients’ selection must facilitate MILT 
procedures. Ideal recipients are those who need non 
complicated LT (e.g., no portal vein thrombosis) harboring 
small liver and small segment I, allowing easier manipulation 
and giving more space for instruments and cameras. Cirrhotic 
livers, stiff, are more difficult to retract and mobilize. 
Patients with ascites also were found to provide more 
workspace because of a dilated abdominal cavity. A left 
lateral sectionectomy can be performed to create space, 
minding a risk of disease dissemination in case of 
associated cancer disease. Presence of portal hypertension 
and collateral circulation can be beneficial by allowing rapid 
division of the portal vein without porto-caval shunt to ease 
caval dissection and increase tolerability of prolonged duration 
of portal and caval clamping. On the other hand, the absence of 
a porto-caval shunt increase mesenteric congestion and 
bleeding risk [25, 33, 43]. Along with the learning curve 
completion, indications are to be extended and future 
studies are needed to better understand how create the “bel- 
ensemble” and how pairing surgical approaches according to 
both donors’ and recipients’ characteristics. Presently, apart 
from feasibility, it is very early to conclude on the benefit of 
this approach regarding recovery, early and long-term 
complications.

Another challenge is the democratization of MILT. Although, 
certain groups have demonstrated the feasibility to start, develop 
and maintain MILT programs, achieving great results in short 
periods of time, it is a very demanding task. Again, MILT is 
essentially driven by a few groups, worldwide. In term of research, 
most articles provided data deriving from a single training cohort 
but lacked validation cohort. This is an important aspect that 
needs to be addressed by future studies in the field. Likewise, 
multicentric studies were quite uncommon.

A minimally invasive organ transplant consensus conference 
was held in Riyadh in December 2024. The aim was to develop 
consensus-driven recommendations for applying those 
techniques across various organ types (kidney, liver, pancreas, 
lung, heart, and uterus). The produced recommendations offer a 
guide for centers worldwide to implement MILT with ongoing 
evaluation and adaptation based on emerging evidence and 
technological advancements [89].

Drawing definitive conclusions about MILT from the 
literature is quite early. L-DH is the most studied field and the 
most performed procedure, with results backed by a sizable body 
of evidence. Recipient-related procedures are still confidential, 
with case reports or at best case series from highly-experienced 
surgeons. If one extrapolates the kinetics of MILT that occurred 

during the last 2-3 years, the field has a bright future. Promises 
rely on technological developments like the improvement of 
robotic platforms, for instance. The application of artificial 
intelligence is another important domain that has not yet been 
explored but that may offer pivotal options to overcome specific 
difficulties.

In summary, MILT is a rapidly emerging topic that gained a 
striking interest along the last years. Challenges and promises in 
MILT are closely related. Future studies may further tackle the 
challenge of patients’ selection and new technologies such as the 
application of artificial intelligence may be of interest to moving 
the field forward.
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Institut Georges Lopez-2M as a Novel 
Lung Preservation Solution 
Attenuates Ischemia-Reperfusion 
Injury in a Rat Ex Vivo Lung Perfusion 
Model 
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Institut Georges Lopez-2M (IGL-2M), a novel preservation solution containing polyethylene 
glycol (PEG 35kD, 5 g/L), preserves mitochondrial integrity and redox balance in liver 
grafts. This study assesses IGL-2M’s effect on lung preservation during prolonged cold 
ischemia. Rat’s heart-lung blocks were procured and subjected to 18 h cold ischemia 
(4 °C). Lungs were flushed and preserved using one of these preservation solutions: OCS, 
Perfadex Plus, IGL-2M (n = 6/group). Following ischemia, lungs underwent up to 7 h 
normothermic ex vivo lung perfusion. Edema was quantified by weight gain. Lung 
physiological parameters were recorded. Perfusate, bronchoalveolar lavage (BAL), and 
tissue samples were collected. All lungs in IGL-2M group completed 7 h EVLP protocol. 
Compared to OCS, IGL-2M reduced edema formation (p < 0.01), preserved superior 
compliance (p < 0.01), and maintained lower pulmonary vascular resistance (p < 0.01). 
IGL-2M showed lower perfusate concentrations of IL-1β (p < 0.05), IL-6 (p < 0.05), and 
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TNF-α (p = 0.08). In BAL, IGL-2M reduced IL-1β (p < 0.01), IL-6 (p < 0.05), TNF-α (p < 
0.01), and CXCL1 (p < 0.01). IGL-2M showed lower release of Syndecan-1 (p < 0.05). 
Compared to Perfadex Plus, IGL-2M was not inferior, with reduced expression of TNF-α in 
the perfusate (p < 0.05). IGL-2M effectively prevents edema development like Perfadex 
Plus. IGL-2M results in decreased inflammation and a stronger endothelial lining, making it 
a promising solution for lung preservation.

Keywords: endothelial glycocalyx, ischemia-reperfusion injury, lung preservation, polyethylene glycol (PEG), 
preservation solution

INTRODUCTION

Ischemia–reperfusion injury (IRI) is one of the key challenges in 
lung transplantation and plays a pivotal role in the development 
of primary graft dysfunction (PGD), leading to early morbidity 
and mortality [1]. The sequence of ischemia during organ 
procurement, static cold storage, and subsequent reperfusion 
after implantation triggers a cascade of cellular and molecular 
events that culminate in tissue injury [2]. At the onset of ischemia, 
an imbalance between metabolic supply and demand disrupts 
epithelial and endothelial homeostasis, alters mitochondrial 
function, and induces ionic disequilibrium. Cold preservation 
further amplifies this process through the generation of reactive 
oxygen species (ROS), inflammatory cytokine release, 
microvascular injury, and epithelial barrier disruption, 
ultimately resulting in lung edema and PGD following 
reperfusion [3, 4].

A central element in IRI is the inflammatory response, which 
is amplified upon reperfusion. Pro-inflammatory cytokines such 

as IL-1β, IL-6 and TNF-α, play a key role by activating endothelial 
cells, promoting leukocyte adhesion, and increasing vascular 
permeability [5, 6]. Chemokines like CXCL1 further drive 
neutrophil recruitment, while dysregulation of anti- 
inflammatory mediators such as IL-10 contributes to an 
imbalance between pro- and anti-inflammatory signaling [7, 
8]. This cytokine storm accelerates endothelial dysfunction, 
microcirculatory failure, and edema formation, ultimately 
impairing graft function, leading to PGD [9].

Progress in optimizing lung preservation remains limited. 
Current preservation solutions differ across centers but share 
common design principles: colloids to counteract cellular edema, 
buffers to stabilize pH, antioxidants to scavenge ROS, and metabolic 
precursors to support ATP regeneration [10, 11]. However, clinical 
outcomes indicate that existing solutions provide partial protection, 
and novel approaches are needed to better preserve vascular 
integrity and attenuate IRI, especially in the context of evolving 
lung preservation practices toward controlled hypothermic storage 
and prolonged preservation time [12].
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One promising strategy involves the use of polyethylene glycol 
(PEG)-based preservation solutions. Institut Georges Lopez-2 
(IGL-2®), with PEG 35 kDa at 5 g/L, has been shown to 
stabilize mitochondrial function, preserve redox balance, and 
reduce endothelial injury in experimental liver 
transplantation [13, 14].

The aim of this study is to evaluate whether a further modified 
PEG-based preservation solution IGL-2M improves lung 
preservation during prolonged cold ischemia compared to 
clinically used Organ Care System lung solution (OCS) and 
Perfadex Plus. The primary endpoint of the study is to assess 
the success rates of 7 h of EVLP and edema formation. We 
analyzed the effect on edema, inflammation, and endothelial 
injury, using a rat ex vivo lung perfusion (EVLP) model 
to mimic IRI.

MATERIALS AND METHODS

Animals
Male Sprague-Dawley rats (350–400 g, Janvier Labs, France) 
received adequate care, and the study was performed after 
authorization by local Ethical Committee for Animal 
Experimentation (Ethische Commissie Dierproeven) (P128/2023).

Surgical Techniques
Rats were anesthetized with 5% isoflurane and maintained with 
3% isoflurane during lung procurement. A tracheostomy was 
performed, followed by mechanical ventilation with rodent 
ventilator (R415VentStarSmallAnimalVentilator; RWD Life 
Science Co., Ltd. Guangdong, P.R. China). A tidal volume 
(TV) of 8 mL/kg, ventilatory rate (VR) of 70/min, positive 
end-expiratory pressure (PEEP) of 3cmH2O, and a fraction of 
inspired oxygen (FiO2) of 50% were applied. A laparotomy was 
performed, and 200U/kg heparin (LeoPharma, Denmark) was 
injected into abdominal caval vein followed by sternotomy with 
removal of thymus to gain access to the pulmonary artery (PA). 
Exsanguination was obtained by cutting abdominal caval vein. 
The PA (inflow) was cannulated through an incision in the right 
ventricular outflow tract, while left atrium (outflow) was 
cannulated through an incision in the apex of left ventricle 
and after dilatation of mitral valve. Cold pulmonary antegrade 
flush was performed using one of three preservation solutions 
(20cc at 4 °C): OCS, Perfadex Plus, IGL-2M and 500U heparin. 
After pulmonary flush, pneumonectomy was performed. Trachea 
was clamped at inspiration and transected. The heart-lung block 
was weighed, submerged in same cold preservation solution used 
for the flush, and stored for 18 h in a temperature-controlled cold 
room at 4 °C. A cold ischemic time of 18 h was chosen to establish 
a severe, robust and reproducible injury model that mimics 
ischemia reperfusion injury, thereby enabling discrimination 
between preservation solutions under extreme conditions, 
which would not be achievable with shorter cold ischemia times.

Ex-Vivo Lung Perfusion
Lungs were mounted on an isolated perfused lung system for 
rats (IPL-2 platform; Hugo-Sachs Elektronik, Germany). The 

ex vivo lung perfusion protocol used was inspired by the 
protocols employed in the research laboratories of 
Lausanne and Zurich [15, 16]. A 75 mL of acellular 
albumin-rich Steen solution (XVIVO, Sweden) at 7 °C was 
used as perfusate supplemented with 1 mL of diluted Tham 
Koler 3M. Flow-controlled perfusion was started at 1% of 
cardiac output (CO) and was increased to 7.5% CO at 
incremental steps within 20 min. Perfusate temperature 
was increased to 37 °C within 25 min. Volume-controlled 
ventilation was started after 20 min reperfusion time at a 
3 mL/kg TV, 10/min VR, 21% FiO2 and 3cmH2O PEEP. TV 
was increased to 6 mL/kg and VR to 30/min after 30min. The 
perfusate was continuously deoxygenated through a 
membrane filter (D150, Medica, Italy) with a 12% CO2/6% 
O2/82% N2 sweep gas. A recruitment maneuver with a TV of 
10 mL/kg was performed every hour, followed by 3min of 
ventilation at 100% FiO2 and subsequent gas analysis of 
inflow and outflow perfusate samples (ABL800 FLEX, 
Radiometer, Denmark). Differential perfusate pO2 
(outflow-inflow) (ΔpO2) and outflow perfusate lactate 
levels were recorded.

Respiratory physiology data were measured and recorded 
using dedicated software (Pulmodyn HSE software, Germany). 
Pulmonary arterial pressure (PAP), pulmonary vascular 
resistance (PVR), and compliance were monitored. Left atrium 
pressure was set at 2-3 cmH2O. Hourly outflow perfusate samples 
(1 mL) were collected, immediately snap frozen in liquid nitrogen 
and stored at −80 °C.

EVLP protocol was continued for a total of 7h, unless 
massive edema impeding further ventilation forced a 
premature stop to prevent fluid from reaching the trachea, 
afterwards heart-lung block was weighed. Prolonged EVLP 
(7 h) was chosen to allow clear detection of inflammatory 
differences between groups. An EVLP model to mimic 
reperfusion, rather than a transplant model, was used to 
reduce animals required. Bronchoalveolar lavage (BAL) 
samples of 1 mL 0.9% NaCl were collected from right 
lower lobe and snap-frozen in liquid nitrogen. Left lobe 
was instilled and fixed with 4% formaldehyde (Avantor, 
U.S). Remaining lobes were snap-frozen in liquid nitrogen 
and stored at −80 °C (Figure 1A).

Study Groups and Preservation Solutions
Cold pulmonary antegrade flush and static preservation were 
performed using one of three preservation solutions: OCS lung 
solution (TransMedics), Perfadex Plus (XVIVO), or IGL-2M 
(Institut Georges Lopez 2 modified) after unblinded 
randomization.

For each group (n = 6/group), the lungs were flushed with 20cc 
sterile preservation solution, pre-cooled to 4 °C, via pulmonary 
artery during procurement. Lungs were then preserved in the 
specific preservation solution at 4 °C for 18 h. After the 
preservation phase, EVLP was performed (Figure 1B). During 
EVLP, Steen solution (XVIVO, Sweden) was used as perfusate for 
all groups.

OCS lung solution is an FDA-cleared extracellular, low- 
potassium solution based on colloid Dextran 40 (50 g/L). It is 
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used in clinics for normothermic perfusion and in our center for 
static cold preservation of donor lungs.

Perfadex Plus is a ready-to-use extracellular colloid-based 
(Dextran 40, 50 g/L) and is used by most lung transplant 
centers for cold flush and static preservation. Unlike OCS, 

Perfadex Plus is pre-buffered and pre-supplemented with 
calcium ions and THAM.

IGL-2M is a novel polyethylene glycol (PEG-35kDa) based 
extracellular preservation solution, representing a modified 
version of IGL-1 and IGL-2 with improved antioxidant and anti- 

FIGURE 1 | (A) Experimental protocol and ex vivo lung perfusion sampling. (B) Study groups; (C) Composition of preservation solutions. Information about OCS 
solution’s composition was found on the clinic bag that held the solution. Details about Perfadex Plus were found on XVIVOgroup website, and information about IGL-2M 
was provided by IGL-company. Created in https://BioRender.com.
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inflammatory properties. Originally designed to offer protection for 
steatotic livers [17]. It has not been used in clinic (Figure 1C)

Perfusate Samples, Bronchoalveolar 
Lavage Samples, and Lung Tissue Analysis
For analysis of cytokines, a 50 μL volume of either perfusates 
collected at 7 h EVLP and BAL was assayed using Rat Procarta 6- 
plex Luminex assay (Thermo Fisher Scientific).

RNA was isolated from frozen tissue biopsies. 25mg of frozen 
tissue RNA from the upper, middle, lower, and accessory lobes 
was combined with a 3 mm tungsten carbide bead (Qiagen, 
Ref#69997) and 300 µL of Aurum™ RNA lysis buffer (Bio-Rad, 
Ref#7326820), then homogenized using a TissueLyser II 
(Qiagen). RNA extraction was performed with TRIzol™ 
Reagent (Thermo Fisher Scientific, Ref#15596026) following 
the manufacturer’s protocol, and the RNA phase was further 
purified using the Aurum™ Total RNA Mini Kit (Bio-Rad, 
Ref#7326820). The RNA concentration and purity were 
assessed using NanoDrop oneC (Thermo Fisher Scientific). 
c-DNA was synthesized from 200 ng RNA using Moloney 
Murine Leukemia Virus Reverse Transcriptase (M-MLV, Life 
Technologies, CA, USA). Next, the real-time qPCR reaction was 
performed on a LightCycler 96W system (Roche Diagnostics, 
Vilvoorde, Belgium) with Taqman Fast Universal PCR Master 
Mix and Taqman Gene Expression Assays IL-1β (Gene 
expression assay: Rn00580432_m1), IL-6 (Gene expression 
assay: Rn01410330_m1), TNF-α (Gene expression assay: 
Rn00562055_m1), NFKB (Gene expression assay: 
Rn01399572_m1), VCAM-1 (Gene expression assay: 
Rn00563627_m1), Bcl2 (Gene expression assay: 
Rn99999125_m1), Bcl2l1 (Gene expression assay: 

Rn00437783_m1), bax (Gene expression assay: 
Rn01480160_g1) and TaqMan® Fast Universal PCR Master 
Mix (Applied Biosystems®, Life Technologies, CA, USA). 
Thermocycling conditions consisted of an initial denaturation 
of 60s at 95 °C, followed by 45 cycles of 95 °C for 5s and 60 °C for 
30s. Quantification of input target amount was analyzed by cycle 
threshold (Ct) value, the point at which the sample PCR 
amplification plot crosses the threshold. All data were 
normalized to GAPDH (Gene expression assay: 
Rn00562055_m1), and differences in gene expression were 
calculated as dCt values.

Lung Tissue Staining for Hyaluronan- 
Binding Protein
Paraffin-embedded sections were used for hyaluronic acid 
staining using a biotinylated hyaluronan binding protein 
(Sigma, 385911-50UG). Sections were baked at 65 °C and 
allowed to cool completely. Deparaffinization and 
dehydration were performed by sequentially immersing 
slides in xylene followed by a reducing ethanol gradient 
(100%, 95%, 70%, 50%). Slides were then washed once with 
distilled water before performing antigen retrieval (Target 
Retrieval Solution, Dako). Following incubation with protein 
blocking solution (TNB protein blocking solution) and 
endogenous biotin blocking (Biolegend) samples were 
incubated in solution containing hyaluronan binding 
protein (1/100) and αSMA-Cy3 antibody (1/400, Sigma, 
C6198) overnight with gentle rocking. Slides were washed 
three times with TNT Buffer (0.1M Tris.HCl (pH 7.5), 0.15M 
NaCl, 0.05% Tween®-20). To detect bound hyaluronan, slides 
were incubated in the dark with streptavidin conjugated to 

FIGURE 2 | Proportion of experiments developing edema. (A) 7 h ex vivo lung perfusion success rate. Log-rank test: p < 0.05. (B) Lung weight gain after ex vivo lung 
perfusion. Statistical analysis was performed using one-way ANOVA.
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Alexa488 (1/400, Thermo Fisher Scientific) for 1 h. Slides were 
washed three times in TNT, counterstained with DAPI and 
mounted with ProLong™ Gold Antifade Mountant (Thermo 
Fisher Scientific). All steps were performed at room 
temperature.

Fluorescent images were taken with a Zeiss 700 M confocal 
microscope (×20 magnification). Per animal, 3-4 tiled regions 
were captured. Images were analyzed using ImageJ software 
(Fiji). First each channel underwent background subtraction. 
Image segmentation was achieved using Cy3 channel to 
identify αSMA positive vessels. Images were then binarized 
using the triangle algorithm for thresholding. The binary 
image was converted to a mask and Cy3+ve areas were eroded 
to remove small particles, remaining positive areas were then 

dilated to capture the areas surrounding vessels. The segmented 
image was used to define measured areas on 488-channel image 
by redirecting measurements and using the “Analyze Particles” 
function in ImageJ. Results per image were written to csv files 
analyzed in R4.5.1.

Statistics
Continuous physiology and weight data were reported as mean 
with SD. Edema was quantified by measuring difference in heart- 
lung block weight after vs. before EVLP. Repeated measurements 
were compared using 2-way analysis of variance (ANOVA). 
Static data were compared using one-way ANOVA. Statistical 
significance was assigned to a p < 0.05. GraphPad Prism Version 
10.3.1 was used for all statistical analyses.

FIGURE 3 | Physiological data during 7 h ex vivo lung perfusion. (A) Pulmonary vascular resistance. (B) Pulmonary compliance. (C) Perfusate oxygenation 
(differential outflow minus inflow partial O2 pressure). (D) Outflow lactate levels. Statistical analysis was performed using two-way ANOVA.
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RESULTS

IGL-2M Prevents Edema Development After 
Prolonged Static Cold Preservation
All six IGL-2M experiments reached 7 h EVLP. In Perfadex 
Plus group, 5/6 experiments reached 7 h EVLP while one 
experiment failed prematurely after 3 h due to massive edema. 
In OCS group 2/6 reached 7 h EVLP while 4 experiments failed 
prematurely after 0.25 h due to massive edema (p < 
0.05) (Figure 2A).

Weight difference between heart-lung block after vs. before 
EVLP was taken as indicator of edema development. Weight gain 
in IGL-2M group was lower compared to OCS (p < 0.01) and no 
significant difference was found compared to Perfadex Plus (p = 
0.54) (Figure 2B).

IGL-2M Results in Stable Pulmonary 
Vascular Resistance and Results in Higher 
Pulmonary Compliance Compared to OCS
After 7 h EVLP, pulmonary vascular resistance remained stable 
and was lower in IGL-2M compared to OCS, which showed a 
worsening trend over time (p < 0.01) and Perfadex Plus (p < 0.05) 
(Figure 3A). Compliance was higher in IGL-2M than in OCS, 
which started with a lower value from the beginning (p < 0.01), 
with no difference compared to Perfadex Plus (p = 0.63) 
(Figure 3B). Pulmonary gas exchange was evaluated using 
perfusate ΔpO2, showing better oxygenation in IGL-2M than 
in OCS (p < 0.01) and no difference compared to Perfadex Plus 
(p = 0.21) (Figure 3C). Cellular damage was assessed by lactate 
levels in the effluent, with both IGL-2M and Perfadex Plus having 
lower lactate levels than OCS (p < 0.01) with a trend over 
time (Figure 3D).

IGL-2M Results in a Limited Release of 
Inflammatory Biomarkers in the Perfusate
Perfusate samples collected after 7 h EVLP in IGL-2M showed 
lower concentrations of pro-inflammatory cytokines IL-1β 
(p < 0.05) and IL-6 (p < 0.05) compared to OCS, and no 
difference compared to Perfadex Plus (p = 0.96; p = 0.99). IGL- 
2M showed the lowest concentration of TNF-α (vs. OCS p = 
0.08; vs. Perfadex plus p < 0.05). Compared to OCS, Perfadex 
Plus showed a trend towards lower inflammatory cytokine 
release (Figure 4).

IGL-2M Results in a Limited Release of 
Inflammatory Biomarkers in the 
Bronchoalveolar Lavage
BAL samples collected after 7 h EVLP in IGL-2M showed 
reduced release of pro-inflammatory cytokines IL-1β (p < 
0.01); IL-6 (p < 0.01); TNF-α (p < 0.01); CXCL1 (p < 0.01) and 
anti-inflammatory cytokine IL-10 (p = 0.05) compared to 
OCS; and no difference for the same biomarkers compared 
to Perfadex Plus. Compared to OCS, Perfadex Plus showed 
reduced release of IL-1β (p < 0.05); IL-6 (p < 0.01); TNF-α (p < 

0.01); CXCL1 (p < 0.01) and anti-inflammatory cytokine IL- 
10 (p < 0.01) (Figure 5).

IGL-2M and Perfadex Plus Reduce 
Inflammation in Lung Tissue
Lung tissue analysis with RT-qPCR showed lower IL-6 
gene expression (p < 0.05) in IGL-2M compared to OCS, 
with no difference compared to Perfadex Plus (p = 0.82). 
Compared to OCS, Perfadex Plus showed lower gene 
expression of IL-6 (p < 0.01); TNF-α (p < 0.05); VCAM-1 
(p < 0.05) (Figure 6).

IGL-2M Induces the Expression of Anti- 
apoptotic Gene
The anti-apoptotic Bcl2 gene expression was higher in IGL-2M 
(vs. OCS, p < 0.01) with no difference compared to Perfadex Plus 
(p = 0.31) (Figure 6).

Hyaluronan Associated With the Lung 
Endothelium Is Preserved With IGL-2M
Hyaluronan detected by biotinylated hyaluronan-binding 
protein was present in the adventitia of αSMA positive 
vessels, as well as in the bronchial and bronchiolar 
epithelium, in the region of the basement membrane. 
Hyaluronan levels were decreased in αSMA positive vessels 
across the groups (F (2, 14) = 4.384, p < 0.05). Lungs 
preserved with OCS showed reduced vascular hyaluronan 
levels as compared to IGL-2M preserved lungs 
(Figure 7, p < 0.05).

IGL-2M and Perfadex Plus Preserve 
Endothelial Glycocalyx Integrity Compared 
to OCS
Perfusate samples collected after 7 h EVLP in IGL-2M and 
Perfadex Plus showed lower concentrations of Syndecan-1 
compared to OCS (p < 0.05; p < 0.01) (Figure 8).

DISCUSSION

This rat model of prolonged lung preservation assessed over 7 h 
EVLP shows for the first time that IGL-2M, a PEG-based 
preservation solution, can be successfully used to flush and 
preserve rat lungs subjected to prolonged cold ischemia of 
18 h. Compared to OCS, IGL-2M markedly reduced edema 
formation, preserved pulmonary vascular resistance and 
compliance, improved oxygenation, reduced lactate release, 
and attenuated the inflammatory cytokine response. IGL-2M 
was not inferior to Perfadex Plus, the current gold standard, 
and showed an additional effect of TNF-α suppression.

PGD remains a leading cause of early morbidity and mortality 
after lung transplantation, with an incidence of 30%, largely 
driven by IRI. While IRI encompasses the cascade of cellular 
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metabolic, inflammatory, and endothelial responses initiated by 
ischemia and reperfusion, PGD is the clinical manifestation 
characterized by pulmonary edema, hypoxemia, and impaired 
compliance [1]. One key feature of IRI is microvascular leakage 
secondary to endothelial barrier disruption, resulting in 
uncontrolled transvascular fluid and leukocyte 
extravasation [4, 18].

Controlled hypothermic storage (CHS) has been introduced in 
clinical practice, reshaping static lung preservation and allowing 
prolonged ischemic time [12, 19, 20]. Therefore, minimizing 
ischemic damage is a key area of investigation. One of the 

strategies to reduce IRI is to explore new preservation 
solutions, where the components should aim to prevent the 
inflammatory processes that typically start during preservation. 
Minimizing the inflammatory response to ischemia and 
strengthening endothelial barrier integrity are key therapeutic 
strategies for reducing IRI and decreasing the incidence of PGD. 
Our data show that lungs preserved with IGL-2M had less edema, 
lower expression of pro-inflammatory cytokines such as IL-1β, 
IL-6, TNF-α, and CXCL1, and reduced shedding of syndecan-1, 
supporting improved preservation of endothelial integrity 
compared to OCS.

FIGURE 4 | Cytokine expression in the perfusate at 7 h of ex vivo lung perfusion. Data are plotted as effective concentrations (pg/mL). Statistical analysis was 
performed using one-way ANOVA.
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The Perfadex Plus is the most widely used lung preservation 
solution [21], with OCS lung solution used in the context of 
portable normothermic perfusion [22]. Both solutions are 
dextran-based. Perfadex Plus is pre-buffered with THAM and 
supplemented with calcium, which stabilizes endothelial 
junctions and maintains contractile tone [23]. This likely 
explains the superior protection compared to OCS observed in 
our model, where lungs preserved with Perfadex Plus developed 
less edema and released lower levels of inflammatory mediators in 
perfusate, BAL, and tissue. On the other hand, IGL-2M replaces 
dextran with PEG 35kDa, adding anti-inflammatory, antioxidant, 
and membrane-stabilizing effects [24, 25]. Our data indicate that 
IGL-2M achieves similar preservation compared to Perfadex Plus, 

while showing an additional anti-inflammatory effect through 
TNF-α suppression.

Physiologically, IGL-2M-preserved lungs showed stable and 
lower pulmonary vascular resistance from the onset of 
reperfusion, whereas OCS-preserved lungs had a progressive 
rise in resistance during EVLP. Compliance followed a similar 
pattern, with better compliance in the IGL-2M group already at 
the start of reperfusion. These early differences suggest that lungs 
preserved with IGL-2M experienced less structural and molecular 
damage during ischemia, allowing for more favorable baseline 
function when reperfusion began. The vascular staining of HA is 
likely around veins and venules, both based on structure and 
previous reports [26]. HA is essential in controlling permeability, 

FIGURE 5 | Cytokine expression in the bronchoalveolar lavage samples at 7 h of ex vivo lung perfusion. Data are plotted as effective concentrations (pg/mL). 
Statistical analysis was performed using one-way ANOVA.
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FIGURE 6 | The mRNA expression of cytokines, transcription factor (NF-kB), adhesion molecule (VCAM-1) and proteins involved in the apoptotic signaling in the 
lung tissue were quantified relative to the housekeeping gene GAPDH after ex vivo lung perfusion. Statistical analysis was performed using one-way ANOVA.
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but also plays a structural role and affects inflammation [27]. PEG 
has been shown to stabilize endothelial junctions by promoting 
VE-cadherin clustering and reducing paracellular gap formation 
[28]. The protective role of PEG 35 kDa in IGL-2M is further 
supported by in vitro studies demonstrating up to a 125% increase 
in transendothelial electrical resistance (TEER), sustained for 
over 40 h, compared to the transient effects of other agents. 
PEG reduces paracellular permeability to FITC-dextran by more 
than fourfold [28]. Together, these cellular mechanisms likely 
explain the lack of edema, the immediate physiological stability 
during EVLP, the decreased vascular leak, lower pulmonary 
vascular resistance, and reduced inflammatory cytokine release 
observed in IGL-2M-preserved lungs.

IGL-2M showed an anti-inflammatory effect at multiple levels. 
Perfusate analysis demonstrated reduced IL-1β and IL-6 
compared to OCS, while BAL samples showed lower release of 
IL-1β, IL-6, TNF-α, and CXCL1. These findings were 
corroborated by tissue analysis, where IL-6 expression was 
reduced, and Bcl2 expression increased, indicating anti- 
apoptotic signaling. Moreover, IGL-2M suppressed TNF-α 
release compared to both OCS and Perfadex Plus. TNF-α plays 
a central role in IRI by amplifying endothelial activation, 
promoting leukocyte adhesion, and driving vascular leak [5]. 
Its reduction in the IGL-2M group points to PEG-mediated 

modulation of intracellular signaling pathways, beyond colloid 
effects alone.

Whether this effect will translate into reduced rates of PGD in 
clinical transplantation remains to be determined.

Perfadex Plus also demonstrated clear anti-inflammatory 
effects compared to OCS, lower levels of IL-1β, IL-6, TNF-α, 
CXCL-1 and IL-10, consistent with its calcium supplementation. 
Calcium is essential for preserving endothelial and epithelial 
integrity by stabilizing adherens junctions. Perfadex Plus 
contains a modified dextran formulation with a lower viscosity 
and carefully balanced electrolyte/osmolarity profile, reducing 
the risk of vascular leak. This likely accounts for the lower edema 
and reduced cytokine release observed in the Perfadex Plus 
group. Thus, while both solutions limit inflammation and 
preserve function, they probably act through different 
mechanisms: calcium-mediated stabilization for Perfadex Plus 
and PEG-mediated for IGL-2M.

Our findings are consistent with prior studies in liver 
transplantation, where PEG-containing solutions have been 
shown to preserve mitochondrial function, redox balance, and 
endothelial glycocalyx integrity more effectively than traditional 
solutions [25, 29–32]. PEG has also demonstrated anti- 
inflammatory, immunosuppressive, and cell-membrane- 
stabilization effects in the setting of intestinal IRI, increasing 

FIGURE 7 | Vascular hyaluronan was quantified using the Hyaluronan Binding Protein (HABP), co-stained with α smooth muscle actin (αSMA), in the rat lung after ex 
vivo lung perfusion. (A) Median intensity of HABP signal around αSMA positive vessels. Smaller points represent median intensity values from individual images. Large 
circles represent the average intensity derived from the individual images obtained per animal. (B) representative image of binding protein (green) positive co-localized with 
αSMA (orange). Statistical analysis was performed using one-way ANOVA.
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with higher dose [33–36]. The reproducibility of PEG’s protective 
effects across organs suggests the feasibility of a universal 
preservation solution. A single PEG-based formulation for 
multiple organs could streamline procurement, simplify 
logistics, and expand the use of marginal donors.

This study has several limitations. Firstly, the high failure 
rate in the OCS group reduced the number of evaluable data 
points at the 7 h EVLP time point to only n = 2. This affects the 
statistical power, so the 7 h comparison should be interpreted 
with caution. However, this reflects the inability of OCS- 
preserved lungs to withstand prolonged cold ischemia 
followed by EVLP, resulting in edema and endothelial 
injury, which serve as important biological indicators of 
inferior preservation capacity under extended cold 
ischemia, rather than a technical failure. Secondly, 18 h of 
cold ischemia may exceed the tolerance of the OCS, 
potentially leading to early EVLP failure. However, this 
observation is indicative of solution-specific performance 
rather than a real limitation inherent to the study design. 
Third, direct visualization of endothelial glycocalyx integrity 
was not possible due to the experimental setup, as HA is only 
one component of the glycocalyx. Nonetheless, an ongoing 

transmission electron microscopy study will offer further 
evidence. Fourth, since this is a rodent model, caution is 
needed when translating findings to human lungs. Fifth, 
mechanistic studies were limited by the limitation of 
obtaining sequential tissue samples during ischemia and 
reperfusion. Nevertheless, the robust physiological, 
biochemical, and inflammatory data provide consistent 
evidence supporting the protective role of IGL-2M.

CONCLUSION

IGL-2M preserved lung function during prolonged cold ischemia 
at least as effectively as Perfadex plus, with additional anti- 
inflammatory benefits on TNF-α. Compared with OCS, IGL- 
2M limited edema formation and improved physiological 
stability. These findings justify further evaluation of IGL-2M in 
large animal models and provide a strong rationale for clinical 
translation, with the potential to establish a single PEG-based fluid 
as a universal organ preservation solution.
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Maribavir is indicated for the treatment of refractory cytomegalovirus (CMV) infection/ 
disease in patients who have undergone a solid organ transplant (SOT) or hematopoietic 
cell transplant (HCT). Only limited data on its use in real-world settings have been published 
from retrospective series. This retrospective study describes the real-world effectiveness of 
maribavir in 79 transplant patients with refractory CMV infection (67 SOT and 12 HCT) 
treated under a compassionate use program in France between October 2021 and April 
2023. Maribavir was administered for <8 weeks, 8 weeks, and >8 weeks in 17, 32, and 
30 patients, respectively. The response rate, defined as viremia clearance, was 53.2%, 
with a median time to first CMV clearance of 59 days. CMV clearance was observed in 
patients beyond 8 weeks of treatment. De novo maribavir resistance mutations were 
observed in 13.9% of patients, and CMV recurrence occurred in 45.2% of patients. 
Presence of CMV disease at baseline was associated with a lower likelihood of maribavir 
response. Compared to the pivotal SOLSTICE trial, real-world maribavir use demonstrated 
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comparable effectiveness and a lower emergence of maribavir resistance. Moreover, 
outcomes of patients with a longer treatment duration suggested potential benefits of 
extending maribavir therapy beyond the recommended 8 weeks.

Keywords: antiviral agents, cytomegalovirus, drug resistance, maribavir, transplantation

INTRODUCTION

Cytomegalovirus (CMV) is the leading cause of 
opportunistic infection in recipients of solid organ 
transplants (SOT) and allogeneic hematopoietic cell 
transplants (HCT) [1], with CMV infections occurring in 
10%–40% of SOT recipients [2] and in approximately half of 
seropositive allogeneic HCT recipients in the absence of 
prophylaxis [3, 4].

In 3%–10% of SOT recipients and 11%–50% of HCT 
recipients, CMV infection is refractory to antivirals, defined as 
a decrease in blood or plasma viral load of less than one log10 IU/ 
mL after 14 days of antiviral treatment [5, 6]. Refractory CMV 
can result from host, treatment, or viral factors, including 
mutations in viral genes that confer drug resistance and 
possible cross-resistance to antivirals. The most commonly 
identified drug resistance mutations are located in the genes 
encoding CMV DNA polymerase (UL54) and CMV protein 
kinase (UL97) [7]. Refractory CMV infections are associated 
with increased morbidity and mortality due to the direct and 
indirect effects of CMV infection, the immunosuppressed status 
of patients, and the side effects resulting from prior treatment 
with conventional antivirals [8, 9]. New therapies against CMV 
are therefore needed to provide alternative approaches to CMV 
management with the potential to improve patient outcomes 
[5, 10–12].

Maribavir is an orally bioavailable benzimidazole riboside 
with potent and selective multimodal anti-CMV activity 
through competitive inhibition of the CMV protein kinase 
[13]. The SOLSTICE trial (NCT02931539), a pivotal phase III 
clinical trial, was designed to evaluate the efficacy and safety of 
maribavir in adult patients with refractory or resistant CMV 
infection or disease following transplantation. Patients received 
maribavir at a dose of 400 mg twice daily for up to 8 weeks. The 
primary endpoint, CMV viremia clearance at Week 8, 
demonstrated superior efficacy and lower toxicity of maribavir 
compared with standard antiviral treatments (ganciclovir, 
valganciclovir, foscarnet, or cidofovir) for refractory CMV 
infection or disease with or without antiviral resistance [8, 14].

Maribavir received European marketing authorization on 
November 11, 2022, for the treatment of CMV infection and/ 
or disease (with or without resistance) that is refractory to one or 
more prior therapies, including ganciclovir, valganciclovir, 
cidofovir, or foscarnet, in adult patients who have undergone 
HCT or SOT. The updated European Conference on Infections in 
Leukaemia (ECIL) guidelines for the management of CMV in 
patients after allogeneic HCT strongly recommend the use of 
maribavir for resistant or refractory CMV infection and disease, 
highlighting its lower risk of side effects compared to other 
available treatments [15]. Hence, maribavir can be considered 
for first-line preemptive therapy in patients with neutropenia or 
impaired renal function. Furthermore, the Fourth International 

GRAPHICAL ABSTRACT | 

Transplant International | Published by Frontiers February 2026 | Volume 39 | Article 15769 2

Kamar et al. Maribavir in Refractory Cytomegalovirus Infection

76



Consensus Guidelines on the management of CMV in SOT 
strongly recommend the use of maribavir in patients who are 
intolerant to valganciclovir or ganciclovir during the treatment 
phase, as second-line therapy and as the principal alternative in 
cases of resistance to either ganciclovir or foscarnet [5]. 
Nevertheless, foscarnet may be preferred over maribavir in 
clinically severe patients with high viral load.

In France, the compassionate use program (CUP) allowed 
transplanted patients with refractory CMV infection with or 
without antiviral resistance to access maribavir (Agence 
Nationale de Sécurité du Médicament et des produits de santé, 
ANSM; 2021), prior to European marketing authorization. In 
accordance with French Health Authority requirements, data on 
the conditions of prescription and use of maribavir were collected 
and analyzed within the framework of the CUP. The purpose of 
the current study is to describe the use of maribavir treatment in a 
real-world setting.

PATIENTS AND METHODS

Study Design and Setting
This was a retrospective longitudinal study based on the 
maribavir CUP database. This database was compiled using 
prospective data collection (from 13 October 2021 to 
31 August 2023), in accordance with the therapeutic use 
protocol (Protocole d’Utilisation Thérapeutique - Recueil des 
données; PUT-RD) validated by the French Health Authority 
(ANSM). All French centers had access to the CUP. Requests 
were submitted by physicians from transplant units and evaluated 
on a case-by-case basis by ANSM according to the PUT-RD. 
After inclusion in the CUP, no invasive or specific examinations 
were performed. All patients were managed by their transplant 
physicians in accordance with local procedures.

Ethics
According to French legislation, this study protocol, based on the 
retrospective analysis of CUP data, was declared to the French 
authorities under reference methodology MR-004. Patients 
provided informed consent regarding the use of their data as 
part of the CUP, and for the reuse of these data for the purposes of 
this research.

Processing of personal data was performed in accordance with 
Regulation (EU) No 2016/679 on the General Data Protection 
Regulation (GDPR) of natural persons.

Study Population
The patients included in this study were participating in the CUP 
and completed both treatment initiation and end-of-treatment 
forms. According to the PUT-RD, the main eligibility criteria to 
be included in the CUP were: age >18 years, history of a HCT or 
SOT, ongoing CMV refractory infection (i.e., failed to reach 
1 log10 reduction in blood or plasma viral load after 14 days 
of standard antiviral treatment) with or without antiviral 
resistance, and estimated glomerular filtration rate 
(eGFR) >15 mL/min/1.73 m2 (calculated using the 
Modification of Diet in Renal Disease Equation). The 

definition of refractory infection used in the present study is 
consistent with recent recommendations [5, 6, 15]. The complete 
list of inclusion criteria in CUP program is provided in the 
Supplementary Material.

Treatment Administration
Maribavir was administered orally at the recommended dose of 
400 mg (two 200-mg tablets) twice daily (i.e., total daily dose of 
800 mg). Although the recommended duration according to the 
maribavir label is 8 weeks, the treatment duration could be 
adjusted by the physician based on the clinical characteristics 
of each patient.

Data Collection Timepoints
Data on baseline variables were collected at the time of CUP 
request or at treatment initiation, then on follow-up visits: at 
week 4 (W4), W8, W12, and W20. Data on the use of maribavir 
were collected at each follow-up visit. Given the real-life setting of 
the study, there were no mandatory visits or interventions. In the 
event of inconsistencies regarding clinical values, quality controls 
were conducted by contacting the centers.

Variables of Interest
Baseline patient characteristics were collected on demographics 
(age, sex), biological parameters (hemoglobin, leukocyte, and 
platelet counts, eGFR), transplantation parameters (type and 
timing), and CMV-related variables (viral load, CMV drug 
resistance mutations, presence of CMV disease), when 
available. The collection of all CMV-related variables was not 
mandatory in routine clinical care.

Viral load levels were measured in local laboratories using a 
highly sensitive polymerase chain reaction (PCR) with a limit of 
detection of 200–500 IU/mL to quantify CMV deoxyribonucleic 
acid (DNA) in blood or plasma, i.e., DNAemia. DNAemia 
categories were defined as follows:

• High: ≥91,000 IU/mL (4.95 log10) for plasma, 
or ≥273,000 IU/mL (5.4 log10) for whole blood;

• Intermediate: <91,000 IU/mL (4.95 log10) and ≥9,100 IU/ 
mL (3.95 log10) for plasma, <273,000 IU/mL (5.44 log10) 
and ≥27,300 IU/mL (4.44 log10) for whole blood;

• Low: <9,100 IU/mL (3.95 log10) and ≥910 IU/mL 
(2.95 log10) for plasma, <27,300 IU/mL (4.44 log10) 
and ≥2,730 IU/mL (3.44 log10) for whole blood.

These thresholds were those used in the pivotal 
SOLSTICE study [14].

No standardized definition of CMV disease was provided in 
the CUP protocol (PUT-RD); physicians were expected to rely on 
international recommendations and clinical judgment [16].

Co-prescriptions were recorded at treatment initiation and 
during follow-up. Treatment duration was measured from 
therapy start to discontinuation.

For effectiveness assessment, patients were considered 
treatment responders if they met either of the following 
criteria: they achieved viremia clearance, defined as a viral 
load concentration below the lower limit of quantification 
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of <137 IU/mL of plasma, or <411 IU/mL of whole blood); or 2) 
the viral load concentration was reported as below a threshold 
determined by the local laboratory or “not detectable” or “not 
quantifiable”. The proportion of responders was estimated both 
across the full maribavir treatment period (i.e., between treatment 
initiation and treatment termination), regardless of treatment 
duration; and by treatment duration according to three 
categories: <8 weeks, 8 weeks ±6 days and ≥8 weeks.

Patients were followed for viral load up to 20 weeks after 
maribavir initiation, which allowed the identification of CMV 
recurrence after an initial response, defined as a PCR value above 
reference values for plasma or whole blood. Known CMV drug 
resistance mutations [17] were identified by Sanger sequencing 
genotyping before, during, and after maribavir treatment, at the 
physician’s request.

Statistical Analysis
Descriptive statistics on patient characteristics, maribavir 
treatment use, and effectiveness were conducted within the 
overall study population. Kaplan Meier curves were provided 
for descriptive purposes. The median time to first clearance and 
time to treatment discontinuation were calculated, along with 
their 95% confidence intervals (CI).

Regression models were performed to identify potential 
predictive factors of treatment effectiveness. The construction 
of this model included the following steps: 1) selection of 
clinically relevant variables, 2) univariate analyses, 3) initial 
multivariate model and 4) final multivariate model. First, 
clinically relevant variables at treatment request or initiation 
were considered in univariate analyses [i.e., presence of CMV 
disease, CMV drug resistance mutations, biological measures 
(categorized according to population distribution, > or ≤ 
median), and viral load levels (categorized according to low, 
intermediate, and high levels)]. Then, univariate analyses were 
conducted using Chi2 tests or Fisher’s exact test, with variables 
retained being those with p < 0.05. Statistically significant factors 
identified in the univariate analyses were then modeled using a 
Cox regression model to estimate the hazard ratio (HR) adjusted 
for significantly associated factors (after having verified that they 
were not highly correlated, i.e., R < 0.7; in case of highly 
correlated variables, the most significant variables in the 
univariate analysis were retained in the model). At the end, a 
final model was obtained considering model performance based 
on the Akaike information criterion, given the limited 
sample size.

RESULTS

Patient Characteristics
Between October 2021 and April 2023 (18 months), 79 patients 
initiated treatment with maribavir across 61 transplant 
departments and completed both initiation and end-of- 
treatment forms. The completeness rate of collected data 
exceeded 90% (CUP report ANSM, 2024). At baseline, 
patients had a mean age of 56.2 years and were 
predominantly male (69.6%). The majority had received 

SOT (67 patients; 84.8%), mainly kidney (52; 77.6%), 
followed by heart (7; 10.4%), lung (7; 10.4%), and pancreas 
(1; 1.5%). HCT recipients (12 patients) accounted for 15.2% of 
the study population. Additionally, 18.9% (15 patients) had 
cytopenia (neutrophil <1,000/mm3, platelet <25,000/mm3 or 
hemoglobin <8 g/dL), 16.5% (13 patients) had severe renal 
impairment (eGFR ≤30 mL/min/1.73 m2), and 48.1% 
(38 patients) had viral loads (DNAemia) in the intermediate 
to high range (Table 1). Of the 79 infected patients, 57 (72.2%) 
were asymptomatic, and 22 (27.9%) had CMV disease. Co- 
prescription of maribavir with other anti-CMV agents was 
observed in 12 patients, including anti-CMV 
immunoglobulins Cytotect® (9 patients), foscarnet 
(2 patients), and cidofovir (1 patient).

Among the 79 patients with refractory CMV, 57 (72.2%) had 
at least one known CMV drug resistance mutation at baseline 
(resistant CMV), whereas 22 (27.9%) had no drug resistance 
mutations detected. One patient presented a mutation conferring 
resistance to maribavir, while the remaining mutations were 
associated with resistance to standard antiviral agents. The 
majority of detected CMV drug resistance mutations were in 
the UL97 gene, with additional mutations in the UL54 gene, 
conferring multidrug resistance (Table 1).

Maribavir Conditions of Use
The mean treatment duration of maribavir was 65.2 ± 4.4 days 
(median 59 days, [95% CI: 57–61] days). Most patients had a 
complete 8-week treatment (40.5%, 32 patients) or a treatment 
prolongation ≥8 weeks (38.0%, 30 patients), while 21.5% of 
patients (17 patients) received treatment for less than 8 weeks.

Treatment Effectiveness
Overall, 53.2% of patients (42/79) responded to maribavir at any 
time during treatment. The median time to first CMV clearance 
was 59 days [95% CI: 39–69] days (Figure 1A). Moreover, as 
shown in Figure 1B and Supplementary Table S1, the median 
time to first CMV clearance according to treatment duration 
(<8 weeks, 8 weeks ± 6 days, or >8 weeks) was 39, 56, and 63 days, 
respectively. These data indicate that patients may continue to 
achieve initial CMV clearance beyond the 8-week mark. Notably, 
66.7% (20/30) of patients treated for >8 weeks experienced their 
first clearance after the 8th week.

Regarding potential predictive factors of treatment 
effectiveness, clinically relevant variables that could be related 
to viremia clearance under treatment were first considered in 
univariate analyses. These analyses showed that only three 
variables had p-values <0.05: the presence of CMV disease, 
leucocyte levels, and viral load levels at baseline (Table 2). 
These variables were then considered in multivariate models. 
In the final model, the presence of CMV disease at baseline was 
statistically significantly associated with viremia clearance 
(Table 3), indicating that patients with CMV disease at 
baseline were less likely to achieve CMV viremia clearance 
under maribavir treatment (adjusted HR = 0.44 [95% CI: 
0.20–0.96]). However, baseline leucocyte levels (>4,180 mm3 

vs. ≤4,180 mm3) and viral load levels (low vs. intermediate/ 
high) were not statistically associated with response to 
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maribavir: adjusted HR = 1.76 [95% CI: 0.92–3.37] and adjusted 
HR = 1.56 [95% CI: 0.82–2.97], respectively.

Post-Maribavir CMV Mutations and CMV 
Recurrence
Post-treatment, emergent maribavir resistance was detected in 
13.9% (11/79) of patients. All CMV maribavir resistance 
mutations were located in the UL97 gene and included: T409M 
(5 patients), F342Y (3 patients), C480F (2 patients), C480R 
(1 patient), H411L (1 patient), and H411Y (1 patient). Of note, 
a single patient could present with multiple mutations. The 
median time to first maribavir resistance mutation occurrence 
was 45 days. Maribavir resistance mutations occurred during 
treatment in 8 patients and post-treatment in 3 patients. 
Among the 42 patients who achieved a treatment response, 19 
(45.2%) experienced CMV recurrence within the 20-week follow- 
up period. The median time to recurrence was 91 days.

DISCUSSION

Since its marketing authorization in the European Union, maribavir 
has significantly changed the management of CMV infection and 
disease due to its efficacy, tolerability, and oral administration. These 
advantages are reflected in recent updates of international guidelines 
[5, 15]. Since the pivotal SOLSTICE trial, which demonstrated 
superior efficacy of maribavir over standard antiviral therapies 
[14], only a few publications have reported data on maribavir in 
transplant recipients in real-life settings [18–21].

The national-level retrospective study presented in this article 
is based on prospectively collected CUP data on the use of 
maribavir treatment in SOT and HCT recipients with 
refractory CMV infection or disease. Compared with the 
SOLSTICE study, the French CUP included patients with more 
severe hematological and renal impairment. At baseline, several 
patients in the CUP population presented cytopenia and/or renal 
impairment, criteria that led to exclusion in the SOLSTICE study. 
Specifically, 16.5% of patients had severe renal failure and 18.9% 
had cytopenia, compared with none in the SOLSTICE study. 
Additionally, more patients in the CUP had high CMV viral load 
levels (23.0% versus 6.0% in SOLSTICE), and presented with 
baseline CMV mutations conferring resistance to standard 
antivirals (72.2% versus 51.5% in SOLSTICE).

The response rate at any time during maribavir treatment in 
the CUP study was 53.2%, with a median time to first response of 
59 days. These findings are consistent with other real-world 
studies, which reported response rates ranging from 40% to 
69% [18–21]. However, the time to response observed in this 
study was longer than the 22 days reported in the SOLSTICE trial. 
This difference may be attributed to the absence of standardized 
PCR testing schedules in the CUP cohort—unlike in the clinical 
trial—as well as to higher baseline viral loads in CUP patients.

Regarding effectiveness and treatment duration, this real-life 
study showed that among the 30 patients who received treatment 
for more than 8 weeks, 67% experienced their first viremia 

TABLE 1 | Patient characteristics at treatment access request.

Demographics Patients (N = 79)

Age, years mean ± SD 56.2 ± 13.6
Male/Female sex, n (%) 55 (69.6)/24 (30.4)
Biological parameters
Absolute neutrophil count,/mm3

<1,000, n/N (%) 8/76 (10.5)
≥1,000, n/N (%) 68/76 (89.5)
Missing data, n 3

Platelet count,/mm3

<25,000, n/N (%) 2/78 (2.6)
≥25,000, n/N (%) 76/78 (97.4)
Missing data, n 1

Hemoglobin level, g/L
<80, n/N (%) 5/78 (6.4)
≥80, n/N (%) 73/78 (93.6)
Missing data, n 1

Glomerular filtration rate mL/min/1.73 m2

<15, n/N (%) 1/78 (1.3)
15–30, n/N (%) 12/78 (15.4)
>30, n/N (%) 65/78 (83.3)
Missing data, n 1

Solid organ transplant, n (%) 67 (84.8)
Organ transplanted, n/N (%)

Kidney 52/67 (77.6)
Heart 7/67 (10.4)
Lung 7/67 (10.4)
Pancreas 1/67 (1.5)
Liver 0/67 (0.0)

History of graft rejection, n/N (%)
No 59/67 (88.1)
Yes 8/67 (11.9)

Hematopoietic stem cell transplant, n (%) 12 (15.2)
Type of hematopoietic transplant, n/N (%)
Autologous 2/12 (16.7)
Allogeneic 10/12 (83.3)

Graft-versus-host disease (GvHD), n (%) 13 (16.5)
Acute grade > 2, n/N (%) 6/9 (66.7)
Chronic, n/N (%) 3/9 (33.3)
Missing data, n 4

Patients asymptomatic/with CMV disease, n (%) 57 (72.2)/22 (27.9)
Organ infected in patients with CMV disease, n/N (%)

Gastrointestinal tract (GI) alone or in combination with other symptoms 18/21 (85.7)
Kidney 1/21 (4.8)
Lung 1/21 (4.8)
Eye 1/21 (4.8)
Bone marrow + kidney 1/21 (4.8)
Missing data, n 1

Refractory CMV infections, n 79
Refractory to ganciclovir/valganciclovir, n/N (%)

Yes 75/78 (96.2)
No 3/78 (3.8)
Missing data, n 1

Refractory to foscarnet or cidofovir, n/N (%)
Yes 24/74 (34.5)
No 50/74 (65.5)
Missing data, n 5

Analysis of baseline CMV drug resistance mutation, n 79
CMV gene with mutation, n/N (%) 57/79 (72.2)

UL97 51/57 (89.5)
UL54 14/57 (24.6)
Other 7/57 (12.3)

Patients with more than one drug mutation 15/57 (26.3)
Patient with maribavir resistance 1/57 (1.8)
Baseline DNAemia level categoriesa, n 79

High, n/N (%) 18/79 (22.8)
Intermediate, n/N (%) 20/79 (25.3)
Low, n/N (%) 41/79 (51.9)

Abbreviations: CMV, cytomegalovirus; DNAemia; level of human CMV DNA in plasma or 
whole blood samples; SD, standard deviation.
aThe definition of CMV DNAemia level categories is provided in the methods of the article.
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clearance after the 8th week, suggesting that late treatment 
response can occur beyond the 8-week mark. Furthermore, 
this analysis indicated that maribavir-emerging resistance 
during/after treatment occurred in around 14% of patients, 
which was lower than the 26% reported in the SOLSTICE 
trial. Other real-world studies have reported varying rates of 
treatment-emergent resistance, ranging from 8% to 47%, based 

on small series from single centers [18–20, 22]. Recently, a sub- 
analysis of the SOLSTICE trial showed that among SOT patients 
who developed maribavir-resistance, 58% achieved a viral 
clearance after switching to an alternative therapy [23].

In addition, this analysis describes CMV recurrences 
regardless of maribavir treatment duration. A potential 
hypothesis to explain the high percentage of recurrence 

FIGURE 1 | Kaplan Meier estimates of time to first viremia clearance. (A) At any time under maribavir (MBV) treatment. (B) At any time under maribavir (MBV) 
treatment, stratified by treatment duration.
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TABLE 2 | Univariate analysis of factors potentially associated with viremia clearance at any time under maribavir treatment.

Variables Viremia clearance at any time Total (N = 79) P-value

No (N = 37) Yes (N = 42)

Age (year) 0.3211a

N (missing) 37 (0) 42 (0) 79 (0)
Mean (SD) 54.4 (14.67) 57.7 (12.53) 56.2 (13.59)
Range 23.9–78.4 29.3–78.8 23.9–78.8
Median (IQR) 57.0 (43.8–65.8) 61.2 (50.1–66.1) 58.6 (47.5–66.1)

Gender, N (%) 0.0653b

Male 22 (59.5%) 33 (78.6%) 55 (69.6%)
Female 15 (40.5%) 9 (21.4%) 24 (30.4%)

Type of transplant, N (%) 0.8115b

SOT 31 (83.8%) 36 (85.7%) 67 (84.8%)
HCT 6 (16.2%) 6 (14.3%) 12 (15.2%)

Time between the most recent transplantation and treatment initiation (days) 0.9765a

N (missing) 37 (0) 42 (0) 79 (0)
Mean (SD) 734.0 (1,303.29) 551.5 (1,007.45) 637.0 (1,151.46)
Range 37.0–5,582.0 42.0–6,066.0 37.0–6,066.0
Median (IQR) 288.0 (198.0–516.0) 270.0 (201.0–437.0) 270.0 (198.0–485.0)

Resistance at initiation of maribavir (CMV drug mutation identified), N (%) 0.3936b

No 12 (32.4%) 10 (23.8%) 22 (27.8%)
Yes 25 (67.6%) 32 (76.2%) 57 (72.2%)

Platelet counts at baseline, N (%) 0.1408b

≤157000 mm3 22 (59.5%) 18 (42.9%) 40 (50.6%)
>157000 mm3 15 (40.5%) 24 (57.1%) 39 (49.4%)

Leucocyte counts at baseline, N (%) 0.0047b

≤4,180 mm3 25 (67.6%) 15 (35.7%) 40 (50.6%)
>4,180 mm3 12 (32.4%) 27 (64.3%) 39 (49.4%)

Neutrophil polynuclear at baseline, N (%) 0.2487b

≤2,500 mm3 21 (58.3%) 19 (45.2%) 40 (51.3%)
>2,500 mm3 15 (41.7%) 23 (54.8%) 38 (48.7%)
Missing 1 0 1

ALAT at baseline, N (%) 0.6496b

≤25.5 IU/L 17 (47.2%) 22 (52.4%) 39 (50.0%)
>25.5 IU/L 19 (52.8%) 20 (47.6%) 39 (50.0%)
Missing 1 0 1

ASAT at baseline, N (%) 0.9272b

≤29 IU/L 19 (51.4%) 22 (52.4%) 41 (51.9%)
>29 IU/L 18 (48.6%) 20 (47.6%) 38 (48.1%)

Total bilirubin at baseline, N (%) 0.3831b

≤7 μmol/L 22 (61.1%) 21 (51.2%) 43 (55.8%)
>7 μmol/L 14 (38.9%) 20 (48.8%) 34 (44.2%)
Missing 1 1 2

Creatinine clearance at baseline, N(%) 0.2163b

>90 mL/min 4 (10.8%) 5 (11.9%) 9 (11.4%)
60–90 mL/min 11 (29.7%) 10 (23.8%) 21 (26.6%)
30–60 mL/min 11 (29.7%) 21 (50.0%) 32 (40.5%)
≤30 mL/min 11 (29.7%) 6 (14.3%) 17 (21.5%)

Concomitant treatment of CMV, N (%) 0.2646b

No 29 (78.4%) 36 (87.8%) 65 (83.3%)
Yes 8 (21.6%) 5 (12.2%) 13 (16.7%)
Missing 0 1 1

Baseline viral load level (High)c, N (%) 0.0087b

No 26 (70.3%) 39 (92.9%) 65 (82.3%)
Yes 11 (29.7%) 3 (7.1%) 14 (17.7%)

Baseline viral load level (Intermediate)d, N (%) 0.7589b

No 25 (67.6%) 27 (64.3%) 52 (65.8%)
Yes 12 (32.4%) 15 (35.7%) 27 (34.2%)

Baseline viral load level (Low)e, N (%) 0.0866b

No 23 (62.2%) 18 (42.9%) 41 (51.9%)
Yes 14 (37.8%) 24 (57.1%) 38 (48.1%)

Baseline viral load levels, N (%) 0.0267b

Low 14 (37.8%) 24 (57.1%) 38 (48.1%)
Intermediate 12 (32.4%) 15 (35.7%) 27 (34.2%)

(Continued)
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observed in this study (i.e., 45.2%) could be early treatment 
discontinuation, as 21.5% of patients stopped treatment before 
completing 8 weeks. However, these findings cannot be directly 
compared to those from the SOLSTICE trial since 1) recurrence 
in SOLSTICE was identified after a fixed treatment duration of 
8 weeks; and 2) only clinically significant recurrences (those 
requiring treatment) were included.

Regarding potential predictive factors of treatment effectiveness, 
only the presence of CMV disease at baseline emerged as a 
significant predictor of a lower treatment response. Interestingly, 
leucocyte or CMV viral load levels at maribavir initiation were not 
significantly associated with CMV clearance in the final multivariate 
model. However, given the limited data available in this study to 
perform predictive modeling, we cannot rule out a potential clinical 
effect of these variables on CMV clearance following maribavir 
treatment. Indeed, Kasriel et al. have recently reported that high 
viral load was significantly associated with a higher rate of 
recurrence after maribavir treatment and a higher risk of 
mutation strain emergence [21].

The main study strengths were the study population, the 
quality of the prospectively collected clinical data, and the 
analytical approach. Patients were enrolled across the whole 
country, providing nationwide representativeness of maribavir 
use in both SOT and HCT populations. In addition, the data 
collected through the CUP were of high quality, with 
completeness rates exceeding 90%.

This study has several limitations. Unlike the SOLSTICE pivotal 
trial [14], in which CMV DNAemia levels were measured in plasma 
by a centralized laboratory, the CUP cohort data relied on 
measurements from plasma or whole blood samples tested at 
individual hospitals. This may have introduced measurement 
variability. Not all data were available at all timepoints as visits 
and interventions were not mandatory. Additionally, the follow-up 
period was limited to 20 weeks after treatment initiation, which 
precluded long-term assessment of CMV recurrence and 
maribavir-associated resistance. Finally, the study population 
included both SOT and HCT patients, with the SOT cohort 
primarily composed of kidney transplant recipients, which limits 
the extrapolation of findings to recipients of other organ types.

CONCLUSION

Overall, this study provides insight into the real-life use of 
maribavir in a population with a more severe health profile 
than in the pivotal SOLSTICE trial [14]. This included more 
patients with cytopenia, severe renal insufficiency, CMV disease, 
and elevated viral loads at baseline.

Our findings confirm that maribavir is an effective treatment for 
transplant recipients with refractory—eventually resistant—CMV 
infection or disease. The response rate observed was consistent with 
outcomes from the SOLSTICE trial. However, maribavir resistance 
occurred less frequently in this cohort, despite patients being more 
severely ill at baseline. Moreover, this study highlights the need for 
adaptable treatment duration, with potential benefits in extending 
maribavir therapy beyond the recommended 8 weeks to 
accommodate late treatment responders. Further studies are still 
needed to assess long-term outcomes in transplant recipients 
receiving anti-CMV therapy with maribavir.
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TABLE 2 | Continued

Variables Viremia clearance at any time Total (N = 79) P-value

No (N = 37) Yes (N = 42)

High 11 (29.7%) 3 (7.1%) 14 (17.7%)
Baseline CMV disease, N (%) 0.0230b

No 20 (57.1%) 34 (81.0%) 54 (70.1%)
Yes 15 (42.9%) 8 (19.0%) 23 (29.9%)
Missing 2 0 2

Abbreviations: ALAT, alanine aminotransferase; ASAT, aspartate aminotransferase; CI, confidence interval; CMV, cytomegalovirus; HCT, hematopoietic cell transplant; IQR, interquartile 
range; IU, international unit; SD, standard deviation; SOT, solid organ transplant.
aKruskal-Wallis p-value.
bChi-Square p-value.
cThe variable “viral load level high” includes the following categories: “Yes” for patients with high viral load levels and “No” for patients with intermediate and low viral load levels.
dThe variable “viral load level intermediate” includes the following categories: “Yes” for patients with intermediate viral load levels and “No” for patients with low and high viral load levels.
eThe variable “viral load level low” includes the following categories: “Yes” for patients with low viral load levels and “No” for patients with intermediate and high viral load levels.

TABLE 3 | Results of the multivariate model.

Baseline variables Hazard ratio (95% CI)

Presence of CMV disease
No Reference
Yes 0.44 (0.20–0.96)
Leucocyte levels
≤4,180 mm3 Reference
>4,180 mm3 1.76 (0.92–3.37)
Low viral load level
No (intermediate/high) Reference
Yes 1.56 (0.82–2.97)

Abbreviations: CI, confidence intervals; CMV, cytomegalovirus.
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Combined Creatinine and Cystatin C 
Equations Improve Estimation of 
Glomerular Filtration Rate in Kidney 
Transplant Recipients
Etienne Mondésert1*, Anne-Sophie Bargnoux1,2, Ilan Szwarc3, Moglie Le Quintrec3, 
Georges Mourad3 and Jean-Paul Cristol1,2,4
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Santé Fondation Charles Mion, Montpellier, France

Glomerular filtration rate (GFR) is a crucial parameter in post-transplant follow-up (PTF). 
CKD-EPI 2009 creatinine-based equation remains the most used estimated GFR (eGFR) 
and only few data are available on the other equations, based on creatinine, cystatin C or 
their combination. We evaluated 10 GFR estimation equations on 242 kidney-transplant 
recipient patients having measured GFR (mGFR) determination (urinary clearance of 
99mTc-DTPA) with simultaneous plasma enzymatic creatinine and serum cystatin C 
(immunoturbidimetry or immunonephelemetry) assessments. Five creatinine (MDRD 
2006, CKD-EPI 2009 and 2021, EKFC 2021, KRS 2023), two cystatin C (CKD-EPI 
2012, EKFC 2023) and three combined eGFR (CKD-EPI 2012 and 2021, combined EKFC) 
were evaluated. All equations were significantly correlated with mGFR (R² = 0.672–0.745) 
with a low median bias (+4.2 to −1.1 mL/min/1.73 m²). Chronic kidney disease staging 
agreements were all above 68% (maximum: 79.3% for CKD-EPI comb 2021). 
Percentages of eGFR comprised in between 30% of the mGFR ranged from 85.5% to 
87.6% (combined equations), from 83.1% to 84.3% (cystatin C equations) and from 75.2% 
to 81.4% (creatinine equations). Combined creatinine/cystatin C eGFR equations with a 
P30 value greater to 85% of transplant recipients appeared closer to mGFR than cystatin C 
or creatinine eGFR.

Keywords: chronic kidney disease epidemiology collaboration CT, creatinine, cystatin C, glomerular filtration rate, 
kidney transplantation

INTRODUCTION

Post transplantation follow-up (PTF) of kidney transplant recipient (KTR) patient recommendations 
comprises a regular monitoring of estimated glomerular filtration rate (eGFR) [1]. Indeed, 
longitudinal follow-up of glomerular filtration rate (GFR) could determine transplant trajectories 
and predict graft failure or improvement of transplant function following adaptation of 
immunosuppressive treatment [2–5]. Although measured GFR (mGFR) with iohexol or 
radionuclides permits the most precise GFR assessment, its utilization requires outpatient 
hospitalization and is often limited to specialized medical structures and thus cannot be used to 
routinely monitor kidney function [6].
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Creatinine is the most used endogenous biomarker to estimate 
GFR. However, its levels can be influenced by several bias such as 
muscle mass variation [7] or tubular secretion [8]. KTR patients 
are particularly concerned by those biases since creatinine tubular 
secretion tends to increase with kidney function decline and 
could be impaired by anti-infectious drugs [8, 9]. Moreover, there 
is a high prevalence of sarcopenia in end stage renal disease 
patients undergoing hemodialysis [10, 11] and creatinine 
excretion rate (CER), a direct reflection of muscle mass could 
be decreased following transplantation [12].

Cystatin C (Cys C) is a complementary endogenous 
marker used to estimate GFR. Unlike creatinine, it is not 
secreted in renal tubules and is far less sensitive to muscle 
mass variations. Cys C have an important place in chronic 
kidney disease diagnosis and classification as it has been 
implemented since 2012 in kidney disease-improving 
global outcome (KDIGO) guidelines [13]. Moreover, the 
2024 KDIGO recommendations clearly recommend Cys C 
use if creatinine estimation could be inaccurate, or if a 
more accurate assessment of GFR is needed for clinical 
decision-making or drug dosing [6]. Cys C has also been 
shown to be a strong predictor of cardiovascular mortality 
in the general population [14]. Several studies cite data in 
favor of the use of cystatin C in KTR. [15, 16], but Cys C has 
also its own bias in this population. For instance, 
corticosteroid medication that is a commonly prescribed 
immunosuppressive drug in kidney transplantation tends 
to increase Cys C concentration [17, 18].

Besides the specific variation factors for each marker, 
another factor of variability in eGFR is the multiplication 

of estimation equations (Table 1). Historically, Modification 
in Renal Diet Disease (MDRD 2006) equation was the first 
based on creatinine and estimating mGFR [19]. Chronic 
kidney disease–epidemiology equation based on creatinine 
(CKD-EPI creatinine 2009) equation had been developed 
afterwards in 2009 and is probably now the most used 
worldwide [20]. Nevertheless, the equation had been 
updated in 2021 (CKD-EPI creatinine 2021) to avoid the 
“race factor” that was complicated to implement in clinical 
settings [21]. In 2021, Pottel et al. developed in collaboration 
with the European kidney function consortium (EKFC) an 
eGFR equation (EKFC creatinine 2021) using a creatinine 
rescaling factor to control variation related to age and sex 
[22]. More recently, another “race-free” creatinine-based 
eGFR equation was specifically developed in KTR 
population datasets (KRS 2023), with superior 
performances compared to others cr-based eGFR equations 
[23]. Apart from the KRS 2023 equation, the development and 
validation dataset for eGFR typically includes a small number 
of KTR patients.

With Cys C use as the endogenous biomarker, the CKD-EPI 
Cys C 2012 equation was designed like CKD-EPI creatinine 
2009 to be calculated with Cys C levels, age and sex [24]. 
EKFC Cys C 2023 was also designed like EKFC creatinine 
2021 but with age as the only factor required to 
calculate eGFR [25].

Finally, combined equation based on both creatinine and 
Cys C levels had been developed: combined CKD-EPI 2012 
(CKD-EPI comb 2012) which was updated in 2021 (CKD-EPI 
comb 2021) to overcome the limitation of incorporating a “race 
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factor” into the equation, which is a social construct that can 
influence medical decisions [21, 24]. The mean of EKFC 
creatinine 2021 and EKFC Cys C 2023 (EKFC comb) can 
be also used.

To date, few data comparing all these equations are 
available in KTR patients. We took advantage of 
simultaneous mGFR, creatinine and Cys C assessments in 
KTR patients to evaluate the performances of the ten eGFR 
equations mentioned above.

MATERIALS AND METHODS

Subjects
This single-center and retrospective study was carried out on 
patients seen in the Nephrology department of the Montpellier 
University Hospital between 2007 and 2009. KTR patients aged 
18 or more recruited during their normal PTF protocol 
underwent GFR measurement by urinary clearance of 
technetium-labelled di-ethylene-triamino-penta acetic acid 

TABLE 1 | eGFR equations formulas. CREA, creatinine; Cys C, cystatin C; comb, combination.

Equation/Sex [references] Cr (µmol/L) Cys (mg/L) Equation

MDRD 2006 [19]
Women & men — — 175×(CREA/88.4)−1.154×Age−0.203[×0.742]a

CKD-Epi creatinine 2009 [20]
Women ≤62 — 144×((CREA/88.4)/0.7)−0.329 × 0.993Age[×1.15]b

>62 — 144×((CREA/88.4)/0.7)−1.209 × 0.993Age[×1.15]b

Men ≤80 — 141×((CREA/88.4)/0.9)−0.411 × 0.993Age[×1.14]b

>80 — 141×((CREA/88.4)/0.9)−1.209 × 0.993Age[×1.14]b

CKD-Epi Cys C 2012 [24]
Women & men — ≤0.8 133×(Cys C/0.8)−0.499 × 0.996Age[×0.932]a

Women & men — >0.8 133×(Cys C/0.8)−1.328 × 0.996Age[×0.932]a

CKD-Epi comb 2012 [24]
Women ≤62 ≤0.8 130×((CREA/88.4)/0.7)−0.248×(Cys C/0.8)−0.375 × 0.995Age[×1.08]b

>0.8 130×((CREA/88.4)/0.7)−0.248×(Cys C/0.8)−0.711 × 0.995Age[×1.08]b

Women >62 ≤0.8 130×((CREA/88.4)/0.7)−0.601×(Cys C/0.8)−0.375 × 0.995Age[×1.08]b

>0.8 130×((CREA/88.4)/0.7)−0.601×(Cys C/0.8)−0.711 × 0.995Age[×1.08]b

Men ≤80 ≤0.8 135×((CREA/88.4)/0.9)−0.207×(Cys C/0.8)−0.375 × 0.995Age[×1.08]b

>0.8 135×((CREA/88.4)/0.9)−0.207×(Cys C/0.8)−0.711 × 0.995Age[×1.08]b

Men >80 ≤0.8 135×((CREA/88.4)/0.9)−0.601×(Cys C/0.8)−0.375 × 0.995Age[×1.08]b

>0.8 135×((CREA/88.4)/0.9)−0.601×(Cys C/0.8)−0.711 × 0.995Age[×1.08]b

CKD-Epi creatinine 2021 [21]
Women ≤61.6 — 142×((CREA/88.4)/0.7)−0.241 × 0.9938Age×1.012

>61.6 — 142×((CREA/88.4)/0.7)−1.200 × 0.9938Age×1.012
Men ≤79.2 — 142×((CREA/88.4)/0.9)−0.302 × 0.9938Age×1.012

>79.2 — 142×((CREA/88.4)/0.9)−1.200 × 0.9938Age×1.012
CKD-Epi comb 2021 [21]

Women ≤62 ≤0.8 130×((CREA/88.4)/0.7)−0.219×(Cys C/0.8)−0.323 × 0.9961Age

>0.8 130×((CREA/88.4)/0.7)−0.219×(Cys C/0.8)−0.778 × 0.9961Age

Women >62 ≤0.8 130×((CREA/88.4)/0.7)−0.544×(Cys C/0.8)−0.323 × 0.9961Age

>0.8 130×((CREA/88.4)/0.7)−0.544×(Cys C/0.8)−0.778 × 0.9961Age

Men ≤80 ≤0.8 135×((CREA/88.4)/0.9)−0.144×(Cys C/0.8)−0.323 × 0.9961Age

>0.8 135×((CREA/88.4)/0.9)−0.144×(Cys C/0.8)−0.778 × 0.9961Age

Men >80 ≤0.8 135×((CREA/88.4)/0.9)−0.544×(Cys C/0.8)−0.323 × 0.9961Age

>0.8 135×((CREA/88.4)/0.9)−0.544×(Cys C/0.8)−0.778 × 0.9961Age

EKFC creatinine 2021 [22]
Women & men cr/Q ≤1 — 107.3/(CREA/Q)0.322×[0.99Age−40]c

cr/Q >1 — 107.3/(CREA/Q)1.132×[0.99Age−40]c

EKFC Cys C 2023 [25]
Women & men — cys/Q ≤1 107.3/(CREA/Q)0.322×[0.99Age−40]c

— cys/Q >1 107.3/(CREA/Q)1.132×[0.99Age−40]c

EKFC comb
Women & men — — (eGFR(EKFC CREA 2021)+eGFR(EKFC Cys C 2023))/2

KRS 2023 [23]
Women — — e4.4275492-0.8230475*ln(CREA/88.4)-0.0124264(CREA/88.4)2-0.055068*Age

Men — — e4.4275492-0.8230475*ln(CREA/88.4)-0.0124264(CREA/88.4)2-0.055068*Age+0.1806494

aFactor to apply if the patient is a woman.
bFactor to apply if the patient is African American.
cFactor to apply if age >40 years.
Q = rescaling factor, calculated as follows:
Creatinine: For ages 2–25 years, Women: ln(Q) = 3.080 + 0.177 × Age − 0.223 × ln(Age) − 0.00596 × Age2 + 0.0000686 × Age3.
Men: ln(Q) = 3.200 + 0.259 × Age − 0.543 × ln(Age) − 0.00763 × Age2 + 0.0000790 × Age3. For ages >25 years, Women: Q = 62 μmol/L, Men Q = 80 μmol/L.
Cys C: For ages <50 years: Women & men: Q = 0.83 mg/L. For ages >50 years, Q = 0.83 + 0.005*(Age-50) mg/L.
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(99mTc-DTPA). Inclusion criteria comprised concomitant plasma 
creatinine and serum Cys C measurements and age superior to 
18 years. Blood collection took place the same day before any 
injection and before the start of GFR measurement, whereas 24- 
hour urine sample was collected the day before GFR 
measurement. Basic demographical data (age, sex), graft date 
and medication at the time of mGFR measurement were 
extracted from medical records, in accordance with approval 
by our institution local ethics committee declared under the 
number DC-2008-417.

Methods
mGFR were measured by urinary clearance of 99mTc-DTPA 
using the constant infusion technique [26], results were 
expressed in mL/min/1.73 m2, with body surface area 
calculated by Du Bois and Du Bois formula [27]. For mGFR 
measurement; four 20–30 min urine collections were obtained 
by spontaneous voiding after the induction of water diuresis 
and a 90-min equilibration period. At the end of each clearance 
period, patients drank a volume of water equal to the preceding 
urine volume. Radioactivity was determined on the 4 urine 
collection samples and on 4 plasma samples drawn at midpoint 
of each clearance period. The measured GFR values was the 
average of the four calculated clearance. Plasma creatinine 
assessment using an enzymatic isotope dilution mass 
spectrometry (IDMS) traceable assay on Olympus® analyzer 
(Olympus France, Rungis, France) using creatinine reagents 
from Olympus (Olympus France, Rungis, France) or on 
architect C8000® (Abott, Chicago, USA) using Abbott 
enzymatic creatinine method (Multigent® creatinine) was 

performed. Cys C serum levels were determined by particle- 
enhanced immunonephelometry (PENIA) using N Latex cys 
reagents from Siemens on the BNII® systems (Siemens, 
Marburg, Germany) or by particle-enhanced turbidimetry 
(PETIA) using Sentinel Diagnostics reagents (Sentinel CH. 
SpA, Milano, Italy) on Architect C8000® analyzer [15, 28]. 
BD vacutainer® (Franklin Lakes, New Jersey, United States of 
America) collection, with lithium heparinate anticoagulation 
for plasma samples and with clot activator additive (silica 
particles) for serum samples, were centrifuged at 2000g for 
10 min. Creatinine measurements were performed shortly after 
centrifugation, while serum samples were frozen at −18 °C until 
analysis performed within 7 days from sampling. When 
available, CER expressed by urinary Creatinine measured by 
the same techniques than in the blood on a 24-h urine 
collection (mmol/24h) preceding mGFR assessment was also 
collected. eGFR was calculated with the formulas of the 
equations depicted in Table 1, comprising five CREA-based 
equations (MDRD 2006, CKD-EPI 2009, CKD-EPI 2021, EKFC 
creatinine 2021, KRS 2023), two Cys C-based equations (CKD- 
EPI Cys C 2012, EKFC Cys C 2023) and three combined 
equations (CKD-EPI comb 2012 and 2021, EKFC comb). 
For CKD-EPI creatinine 2009 and CKD-EPI comb 2012, the 
“African-American factor” was not taken into account in eGFR 
calculation.

Statistical Analysis
All quantitative values of GFR are expressed in mL/min/ 
1.73 m2 and as mean ± standard deviation (SD) in text. 
Normality was assessed with the Kolgomorov-Smirnov test. 
Passing-Bablok regression procedure was used to determine 
the slope (a) and the intercept (b) of the linear equation 
eGFR = a*mGFR + b. Pearson determination coefficients 
(R2) were determined to compare mGFR with eGFRs, 
eGFRs based on creatinine or combined eGFRs with 24- 
hours urinary CREA, eGFRs based on Cys C or combined 
eGFRs with corticosteroid dosage. Slope tests and t-tests for 
Pearson correlation were performed with alpha significance 
level set at 5% and a P-value under 0.05 considered as 
statistically significant. The scatter of differences was 
visualized by means of Bland-Altman plot. The concordance 
between CKD classification according to the 2012 KDIGO 
definition of patients using mGFR and eGFR was assessed 
using weighted Cohen’s κ-test coefficient (wκ) with value in 
between 0.4 and 0.6 indicating moderate agreement, and 
values in between 0.6 and 0.8 indicating substantial 
agreement. Concordance was also evaluated by the 
determination of the proportion of patient with eGFR 
comprised within ±10% (P10) ±30% (P30) of mGFR. 95% 
confidence intervals were calculated for concordance 
measures. Net reclassification improvement (NRI) was 
calculated to assess the ability of the best performing eGFR 
equation (in terms of concordance with mGFR) to correctly 
classify individuals into CKD stages compared to other eGFR 
equations with mGFR as the reference standard. Category- 
based NRI was used with CKD stage cutoffs of 90, 60, 45, 
30 and 15 mL/min.1.73 m2.

TABLE 2 | Baseline characteristics of the 242 included patients. min, minimum; 
max, maximum; PTF, post-transplantation follow-up; IQR, interquartile range; 
SD, standard deviation.

Criteria Value

Age (years, median [min-max]) 53.2 [18.3–76.6]
%Female/ %male (%) 35/ 65
PTF duration (years, median ± IQR) 2.1 ± 5
99mTc-DTPA mGFR (ml/min/1.73 m2, mean±SD) 51.4 ± 19.8
CKD classification based on mGFR (%)

G1 (>90 mL/min/1.73 m2) 3.3
G2 (60–90 mL/min/1.73 m2) 26
G3a (45–60 mL/min/1.73 m2) 31
G3b (30–45 mL/min/1.73 m2) 26
G4 (15–30 mL/min/1.73 m2) 11.6
G5 (<15 mL/min/1.73 m2) 2.1

Creatinine (µmol/L, mean±SD) 144.7 ± 62.3
Cystatin C (mg/L, mean±SD) 1.6 ± 0.6
Mean eGFR (ml/min/1.73 m2, mean±SD)

MDRD 2006 47.8 ± 19.3
CKD-Epi CREA 2009 51.6 ± 21.5
CKD-Epi CREA 2021 54.2 ± 22.3
EKFC CREA 2021 51.5 ± 20.3
KRS 2023 51.2 ± 16.2
CKD-Epi Cys C 2012 49.4 ± 21.5
EKFC Cys C 2023 52.8 ± 20
CKD-Epi comb 2012 49.4 ± 21
CKD-Epi comb 2021 51.8 ± 22
EKFC comb 52.2 ± 19.4
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RESULTS

Population, eGFR and mGFR
A total of 242 KTR patients (median [min-max] age: 
53.2 [18.3–76.6] years, %female/male: 35/65, median ± 
Interquartile range PTF duration: 2.1 ± 5 years) with 
simultaneous mGFR, plasma creatinine and serum Cys C 
measurement were recruited (Table 2). Kolgomorov-Smirnov 
test showed that CREA, Cys C, mGFR and eGFRs values were 
normally distributed. Mean mGFR was at 51.4 ± 19.8 mL/min/ 
1.73 m2, CKD classifications based on it consisted mainly in G3a 
(N = 75, 31%) and G3b and G2 (N = 63, 26% for both) stages 
(Figure 1). Mean creatinine plasma level and Cys C serum level 
were 144.7 ± 62.3 μmol/L and 1.6 ± 0.6 mg/L respectively. Mean 
eGFRs ranged from 47.8 ± 19.3 (MDRD) to 54.2 ± 22.2 (CKD- 
EPI creatinine 2021) mL/min/1.73 m2. A poor fit was observed 
between 24-h urinary creatinine (available for 97% of cases, 234/ 
242 patients) and eGFRs based on creatinine or combined eGFRs 
(R2 = 0.0005 to 0.015, P > 0.05 in every case). The relationship 
between immunosuppressive corticosteroid dosage (median ± 
Interquartile range: 5 ± 5 mg, 82% of patients treated) and eGFRs 
based on Cys C or combined eGFRs was limited in terms of 
explanatory power (R2 = 0.004 to 0.01, P > 0.05 in every case).

Regression, Correlation, Bias and 
Concordance Between mGFR and eGFR
Regression and correlation between mGFR and the 10 tested 
equations are shown in Figure 2 and values are summarized in 

Table 3. A statistically significant relationship with a slope test 
P-value <0.001 was found for all equations. Passing-Bablok 
regression yielded slopes values comprised between 0.8 and 
0.96 for all equations except for KRS which was substantially 
lower (0.68). KRS equation presented also the highest intercept 
(16.2), while CKD-EPI Cys C and combined equations presented 
the lowest intercepts (2.2–2.5). Only three eGFRs (CKD-EPI Cys 
C, Comb 2012 and 2021) did not present a constant error 
compared to mGFR as 95% confidence intervals for the 
intercept included zero. On the other hand, only CKD-Epi 
creatinine 2021 and CKD-EPI Comb 2021 had a 95% 
confidence interval of the linear equation eGFR = a*mGFR + 
b slope (a) comprising one, indicating the absence of 
proportional error. R2 coefficients were higher for combined 
equations (0.741–0.745) compared to Cys C (0.703–0.714) and 
creatinine ones (0.672–0.689). T-tests for Pearson correlation 
resulted in a statistically significant correlation (P < 0.001) 
between each eGFR and mGFR.

All equations presented a median bias (i.e., mGFR-eGFR) 
comprised in between ±2 mL/min/1.73 m2 compared to mGFR 
except for MDRD median bias, underestimating mGFR by 
4.2 mL/min/1.73 m2 on average. Scatter of differences 
visualized on Bland-Altman plots (Figure 3) showed an 
equally positive and negative repartition, with a higher 
imprecision of eGFR when mGFR values are increasing.

Agreements measures are listed in Table 3. Overall, combined 
equations gave the best performances in terms of percentages of 
agreement in CKD classification, wκ index and P30 values 
followed by Cys C equations and then by creatinine equations. 

FIGURE 1 | Repartition of mGFR and eGFR values across the cohort. Percentage of concordance in CKD classification with mGFR is indicated for each 
eGFR equation.
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FIGURE 2 | Regression between mGFR (x axis, mL/min/1.73 m2) and eGFRs (y axis, mL/min/1.73 m2). Creatinine equation are presented in left, Cys C and Comb 
equations in right.
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CKD-EPI comb 2021 had the highest percentage of agreement in 
CKD classification (79%) and highest wκ (0.712) indicating a 
substantial agreement. Substantial agreement was also noted for 
other combined equations and CKD-EPI cys 2012, whilst a 
moderate agreement was obtained for all other equations (wκ 
values from 0.515 to 0.594). P30 value was the highest for EKFC 
comb with 88%.

Using CKD-EPI comb 2021 as the reference eGFR equation, 
nine alternative eGFR equations were evaluated using CKD stages 
category-based NRI relative to mGFR (Table 4). A positive NRI 
was observed for 8 out of 9 equations (from 2.5 for EKFC Cys C to 
12.4 for CKD-Epi CREA 2021), indicating a superior CKD 
classification ability of CKD-EPI comb 2021. A negative NRI 
was observed only for EKFC comb (−2.48).

P30 and Bias According to Age
Figure 4 shows the P30 and median bias according to age 
categories. Cys C and combined equations appeared to 
systematically underestimating mGFR for patients younger 
than 30 years, in contrast with patients aged 30–40 years 
where a systematic overestimation was observed. Creatinine 
equations presented more variable bias repartition, with CKD- 
EPI 2009 having the less important bias and MDRD the worst. In 
addition, a systematic underestimation of mGFR by all creatinine 
equations was noted in the patients aged over 70 years.

All equations presented a mean P30 greater than 75% for 
patient <70 years old which has been considered “sufficient for 
good clinical decision making” by the Kidney Disease Outcomes 
Quality Initiative [29]. However for older patients (>70 years-old) 
only EKFC Cys C and KRS creatinine remained around 80%, all 
other equations fell below 75%. Combined equations had the 
highest rates of P30 with some values greater than 90% which is 
the goal for optimal clinical decision making [29], except for 
patients aged above 70 years.

DISCUSSION

The present study was designed in order to determine the best 
biomarker/equation combination for eGFR determination in 
KTR settings. Our results clearly indicate that combined 
equations have better performances than Cys C and creatinine 

eGFR-based equations in terms of correlation and bias (Figures 
2–4) with reference method and in terms of concordance 
performances for CKD classification (Table 3). CKD-Epi 
comb 2021 was notably the best performing equation when 
looking at Passing-Bablok regression (eGFR = a*mGFR + b 
equation), being the only equation having slope (a) interval 
confidence including one (0.89–1.03) and intercept (b) 
confidence interval including zero (−1.4-6.5). Cys C is 
however not implemented in all laboratories yet and therefore 
the use of EKFC creatinine 2021 or CKD-EPI creatinine 
2021 over CKD-EPI creatinine 2009 may be recommended 
because the “race factor” is not needed and the equations are 
simplest to calculate. Moreover, CKD-Epi comb 2021 showed a 
positive NRI of CKD classifications compared to most of the 
other equations with mGFR as a reference, only EKFC comb 
performing slightly better (Table 4).

Accurate GFR estimation is of critical importance for KTR 
patient, since eGFR trajectory changes can lead to important 
clinical decisions like immunosuppressive treatment 
management, dialysis reinstauration or reinscription in kidney 
transplantation list [1–5]. Gold standard measurement methods 
should be performed to have the most precise GFR 
determination, but cannot be routinely implemented in KTR 
patient follow-up [6]. Prompt GFR estimation with the help of 
endogenous markers and adequate equation is therefore 
advisable. KDIGO guidelines for KTR patient recommend a 
regular blood creatinine measurement for eGFR determination 
in PTF, at an increased rate the year after transplantation and 
every 2–3 months after the first year post-transplantation [1]. 
However, no precise eGFR formula is recommended in the 
guideline, and at the time of publication of the guideline 
(2009), only MDRD 2006 was available. Since then, 
multiplication of published equations has been observed 
(Table 1), and Cys C is being more widely used. eGFR based 
on blood Cys C assessment is notably included in the algorithm of 
eGFR initial assessment of the recent 2024 KDIGO guideline [6]. 
Numerous eGFR equations and cr/cys bias in the specific KTR 
population can lead to a substantial variability of eGFR results.

Interestingly, in our cohort CREA-based equations appeared 
to underestimate mGFR in older patients. A possible explanation 
could be the high prevalence of sarcopenia in this age category 
[10, 11]. However, no correlation was found between daily 

TABLE 3 | mGFR-eGFR equations correlation, regression and agreement measures with 95% confidence intervals. Passing-Bablok regression procedure fits the parameters 
a and b of the linear equation eGFR = a*mGFR + b. CREA, creatinine; Cys C, cystatin C; comb, combination.

Equation R2 Slope (a) Intercept (b) Cohen wκ Concordance in CKD classification (%) Mean P30 (%)

MDRD 2006 0.672 0.80 [0.73, 0.87] 6.7 [2.8, 10.6] 0.566 [0.615, 0.517] 68.6 [62.7, 74.4] 78.1 [72.9, 83.3]
CKD-Epi CREA 2009 0.680 0.90 [0.82, 0.98] 5.5 [1.2, 9.8] 0.550 [0.600, 0.500] 67.8 [61.9, 73.7] 75.2 [69.8, 80.6]
CKD-Epi CREA 2021 0.678 0.93 [0.85, 1.01] 6.5 [2.0, 11.0] 0.546 [0.596, 0.496] 68.6 [62.7, 74.4] 75.6 [70.2, 81]
EKFC CREA 2021 0.673 0.84 [0.77, 0.92] 8.2 [4.1, 12.3] 0.552 [0.602, 0.502] 69 [63.2, 74.8] 78.5 [73.3, 83.7]
KRS 2023 0.698 0.68 [0.62, 0.74] 16.2 [13.0, 19.4] 0.515 [0.567, 0.463] 69.4 [63.6, 75.2] 81.4 [76.5, 86.3]
CKD-Epi Cys C 2012 0.714 0.92 [0.84, 0.99] 2.2 [−1.9, 6.2] 0.649 [0.696, 0.602] 75.2 [69.8, 80.6] 83.1 [78.3, 87.8]
EKFC Cys C 2023 0.703 0.85 [0.78, 0.92] 9.3 [5.4, 13.1] 0.594 [0.643, 0.545] 78.5 [73.3, 83.7] 84.3 [79.7, 88.9]
CKD-Epi comb 2012 0.745 0.92 [0.85, 0.98] 2.3 [−1.5, 6.1] 0.675 [0.720, 0.630] 76.4 [71.1, 81.8] 86 [81.6, 90.3]
CKD-Epi comb 2021 0.741 0.96 [0.89, 1.03] 2.5 [−1.4, 6.5] 0.712 [0.755, 0.669] 79.3 [74.2, 84.4] 85.5 [81.1, 90]
EKFC comb 0.741 0.84 [0.78, 0.91] 8.8 [5.3, 12.3] 0.686 [0.731, 0.641] 78.5 [73.3, 83.7] 87.6 [83.5, 91.8]
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FIGURE 3 | Bland-Altman’s plots between mGFR and eGFR. x axis represents mean of mGFR and eGFR (both in mL/min/1.73 m2), y axis represents the difference 
between mGFR and eGFR. Creatinine equation are presented in left, Cys C and Comb equations in right. Median bias between mGFR and eGFR are indicated for 
each equation.
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urinary excretion of creatinine and plasma creatinine or eGFR 
based on creatinine. On the counterpart, Cys C appeared to 
underestimate mGFR in younger patients aged under 30 and 
overestimate mGFR in patients aged between 30 and 40 years, 
without any clear explanation. Nonetheless, Cys C levels can be 
influenced notably by high corticosteroids dosages that can be 
encountered in transplantation for immunosuppression purposes 
[17, 18] but we did not find any correlation between Cys C or 

eGFR Cys C and corticosteroids dosages. Combined equations 
seem to limit those specific biomarker bias by taking into account 
another unbiased biomarker. Interestingly, a previous article 
demonstrated that a bias exists between eGFR based on Cys C 
and eGFR based on creatinine in KTR patient [30]. Moreover, it 
has been showed that GFR based on creatinine is more accurate 
than eGFR based on Cys C for determining associations with 
clinical outcomes due to low GFR when mGFR is not available 
[31]. This finding is consistent with the results published by Pottel 
and colleagues [22] where combined equations presented the best 
P30 values across ages in a general population of 12,832 patients. 
Also consistent with our results, Meeusun and colleagues showed 
as well that CKD-EPI comb 2012 performed better than CKD- 
EPI creatinine 2009 and CKD-EPI Cys C 2012 in a population of 
568 KTR patients [32].

Regarding equation diversity, no equation seems to 
outperform another one in term of agreement when looking 
in each biomarker group. In term of absolute bias, no equation 
surpasses 3 mL/min/1.73 m2 with the exception of MDRD 
2006 equation with a median bias of +4.2 mL/min/1.73 m2. 
This latter can lead to important errors and MDRD 
2006 should therefore not be used in KTR patient.

TABLE 4 | Net reclassification improvement (NRI) of eGFR CKD-Epi comb 2021 to 
correctly classify individuals into CKD stages compared to eGFR calculated 
with other equations with mGFR as the reference standard.

Equation NRI

MDRD 2006 
CKD-Epi CREA 2009 
CKD-Epi CREA 2021 
EKFC CREA 2021 
KRS 2023 
CKD-Epi Cys C 2012 
EKFC Cys C 2023 
CKD-Epi comb 2012 
EKFC comb

10.3 
9.5 
12.4 
10.7 
7.9 
6.6 
2.5 
1.7 

−2.5

FIGURE 4 | Estimation equation performances in terms of median bias (left panel) and P30 (right panel) according to different ages categories. (A) Creatinine (CREA) 
equations performances. (B) Cystatin c (cys C) equations performances. (C) Combined (comb) equations.
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In order to prevent some regional heterogeneity on 
creatinine level and eGFR estimation [25, 33], we tested the 
EKFC equations in our monocentric cohort. By contrast to 
previous reports [25], we did not observe a clear difference 
with the CKD-EPI equations. EKFC equation is being 
constructed with a Q-rescaling factor representing 
concentration of serum creatinine or Cys C in healthy 
males and females. Population-specific Q-rescaling factor 
have been proposed [34] providing remarkable 
performances in those populations. A specific Q-rescaling 
factor for KTR patients is maybe necessary to improve 
EKFC performances in this specific context.

Moreover, the KRS equation developed for KTR patient was 
not superior to other CREA-based equations. The overall P30 
(81%) of KRS equation was lower of the overall P30 (90%) 
obtained in the development cohort [23]. Additionally, this 
equation had much worst Passing-Bablok regression results 
(eGFR = 0.68*mGFR+16.2) compared to all other equations, 
which could compromise his use.

We acknowledge that this study suffers from limitations: a 
limited patient number, a monocentric study setting and a 
variability of creatinine and Cys C employed assays. 
Nevertheless, all creatinine assays were based on a 
standardized enzymatic method as recommended by 
guidelines [35]. Regarding Cys C, measurements were 
realized before the establishment of ERM-DA471/IFCC 
reference material that have proven to improve 
performances of Cys c assays [36]. However, switch ability 
between the two PENIA and PETIA assays used in the present 
study were tested in a previous study [28]. Both assays yielded 
very close results on repeated measurements of five pooled 
serum samples with cystatin C values ranging from 0.6 to 
1.4 mg/L. Furthermore, the Siemens PENIA assay was tested 
and showed good correlation with both IDMS reference 
method [37] and with many other PETIA assays [15, 38, 
39]. The use of urinary clearance of 99mTc-DTPA method 
for mGFR determination is also a limitation because eGFR 
equations are generally build on other mGFR determination 
methods such as iotholamate for CKD-Epi and inulin, 
iohexol clearance and radionuclide clearances including 
99mTc-DTPA for EKFC. Comparability between mGFR 
methods is often not observed, and steps towards 
standardization are needed [40, 41].

In conclusion, the conjoint use of creatinine and Cys C with 
combined equations in KTR patient follow-up offers the best 
performance in estimating GFR in our experience. Further 
studies on larger cohorts need to be conducted to confirm 
these results.
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Terry Smith1, Abigail Ackroyd3, Ben Vandermeer3, Bonnie Corradetti1, Aman Dhaliwal1, 
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We evaluated the feasibility and acceptability of the Multidisciplinary Support To Access 
living donor Kidney Transplant (MuST AKT) intervention, developed to increase living donor 
kidney transplantation (LDKT). In this pilot randomized controlled trial, we randomly 
assigned transplant candidates to receive standard care or the MuST AKT intervention, 
where transplant candidates and their social network addressed barriers to LDKT across 
four 60–90-minute sessions. Feasibility was assessed by consent/recruitment, retention, 
study protocol adherence, intervention adherence, and intervention engagement. 
Acceptability was assessed by questionnaire and post-intervention interviews. The 
recruitment rate was 61% (43/71), with 38 participants randomized 1:1. Among 
intervention participants, 1 was excluded for not meeting study criteria prior to start. 
Among those that started (18), 100% completed 1 session, 94% completed 2 sessions, 
83% completed 3 sessions, and 56% completed all 4 sessions. The intervention was 
delivered in 71 days (mean), shorter than anticipated. The intervention participants 
reported increased confidence for communicating about LDKT from pre-to post- 
intervention, and all recommended MuST AKT to their peers. Intervention participants 
and invitees from their social network described a positive experience and provided 
recommendations for improvement. The MuST AKT intervention is feasible with minor 
modifications and acceptable to transplant candidates and their social network.

Keywords: kidney transplant, living kidney donation, pilot study, randomized controlled trial, transplant

*Correspondence 
Soroush Shojai, 

shojai@ualberta.ca

Received: 22 August 2025
Revised: 16 January 2026

Accepted: 19 January 2026
Published: 25 February 2026

Citation: 
Selzler A-M, Davoodi PM, 

Klarenbach S, Lam NN, Smith T, 
Ackroyd A, Vandermeer B, 

Corradetti B, Dhaliwal A, Ferdinand S, 
Ikekekpolor D, Smith G, Bello AK, 

Wen K and Shojai S (2026) The 
Multidisciplinary Support To Access 

living donor Kidney Transplant (MuST 
AKT) intervention: A Pilot Randomized 

Controlled Trial. 
Transpl. Int. 39:15472. 

doi: 10.3389/ti.2026.15472
Abbreviations: COM-B, capability, opportunity, motivation, and behavior model; LDKT, living donor kidney transplantation; 
MuST AKT, Multidisciplinary Support To Access living donor Kidney Transplant; RCT, randomized controlled trial.

Transplant International | Published by Frontiers February 2026 | Volume 39 | Article 15472 1

ORIGINAL RESEARCH
published: 25 February 2026

doi: 10.3389/ti.2026.15472

97

http://crossmark.crossref.org/dialog/?doi=10.3389/ti.2026.15472&domain=pdf&date_stamp=2026-02-25
http://creativecommons.org/licenses/by/4.0/
mailto:shojai@ualberta.ca
mailto:shojai@ualberta.ca
https://doi.org/10.3389/ti.2026.15472
https://doi.org/10.3389/ti.2026.15472


GRAPHICAL ABSTRACT | 

INTRODUCTION

Compared with deceased donor kidney transplantation, living 
donor kidney transplant (LDKT) provides longer patient and 
graft survival [1] and shorter wait-time to transplantation [2]. 
Pre-emptive LDKT can prevent the need for dialysis and reduce 
the shortage of organs (kidney) for transplantation. However, 
LDKT is underutilized and many potential transplant recipients 
report being hesitant to approach potential living kidney donors 
due to fear, guilt, lack of knowledge, and lack of confidence to 
communicate effectively about living kidney donation [3–9].

Several interventions have been developed to increase LDKT. 
The most effective interventions are individually and culturally 
tailored, and designed to increase knowledge about LDKT and 
facilitate communication between potential recipients and their 
social network [10–13]. These interventions have led to increased 
potential donor evaluations [12, 14–17]. In a scoping review, 
similar interventions have been found to increase the number of 
potential donors contacting transplant programs by 40%–50%, 
the number of potential donors evaluated by 25%–47%, and the 
number of LDKT by 34% [18].

To address patient barriers to LDKT in our healthcare 
jurisdiction, we collaboratively developed the Multidisciplinary 
Support to Access living donor Kidney Transplant (MuST AKT) 
intervention [19] with patients, healthcare providers, and 
administrators, with the long-term goal of increasing LDKTs. 
Similar to previous successful interventions, MuST AKT targets 

transplant candidates and their social network to address 
knowledge and communication barriers to LDKT. In our 
design of MuST AKT, we applied the COM-B model [20] of 
behavior change to address barriers to LDKT and specifically 
enhance transplant candidates’ motivation (M) and capability (C) 
to communicate about LDKT and support them with the creation 
of opportunities (O) for communication. Consistent with 
recommendations for developing, evaluating, and 
implementing complex interventions [21, 22], we first 
conducted a pilot study with the objective of assessing the 
feasibility and acceptability of the MuST AKT intervention.

MATERIALS AND METHODS

Study Design and Setting
We conducted a pilot parallel RCT with a nested qualitative study 
following qualitative description methodology [23, 24]. In this 
study we adopted a pragmatic worldview, acknowledging 
multiple realities (ontology) and valuing diverse approaches to 
knowledge (epistemology) to understand and evaluate a program 
to support people with their personal search for a living kidney 
donor. This study was conducted at a single regional academic 
transplant referral center with a catchment area population 
of >2 million. Participants were randomly assigned 1:1 to 
either the experimental (MuST AKT) or control (standard 
care) arm. Institutional review board approval was obtained 
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from the University of Alberta Health Research Ethics 
Board–Health Panel and Northern Alberta Clinical Trials and 
Research Centre (Pro00097902). The trial was registered with 
ClinicalTrials.gov (NCT04666545) and the CONSORT extension 
for pilot and feasibility trials [25] was used for reporting. Study 
enrollment occurred between May 2021 and February 2022. A 
comprehensive description of the MuST AKT intervention and 
study protocol is published elsewhere [19].

Participant Recruitment and Procedures
Patient Participants
Participants were recruited from the standard care ‘Introduction 
to Kidney Transplant’ education class or transplant waitlist at the 
University of Alberta Hospital. The inclusion criteria were 
referred or approved for kidney transplantation, aged between 
18 and 75 years old, and English-speaking. The exclusion criteria 
were having a potential living kidney donor who contacted the 
living donor program, previously received a solid organ 
transplant, a candidate for a multi-organ transplant, 
scored <19 on the Rapid Estimate of Adult Literacy in 
Medicine (REALM-66) – indicating illiteracy in English [26] 
or scored >20 on the Stanford Integrated Psychosocial 
Assessment for Transplant (SIPAT) – indicating less than a 
good candidate for transplant [27]. The SIPAT is a standard 
assessment tool used at our transplant center and was conducted 
to support the inclusion of patients referred for transplant who 
were likely to be approved. No patients already approved for 
transplant were excluded by the SIPAT. A social worker 
conducted the REALM-66 and SIPAT using a virtual 
communications platform. The project manager obtained 
written informed consent electronically via the REDCap 
database [28]. Those who declined to participate were invited 
to take part in an interview to expand on their reasons 
for declining.

Subsequently, participants completed a baseline questionnaire 
(socio-demographics and self-efficacy) over the telephone with 
the project manager, who then randomized participants in the 
REDCap database [28] using predetermined randomly generated 
permuted blocks of 4 and 6 created by a statistician in Stata/MP 
17.0 [29]. All participants completed a post-study questionnaire 
(acceptability and self-efficacy) after their intervention or time- 
control (12–14 weeks following enrollment), as appropriate. 
Participants in the experimental (MuST AKT) arm were 
invited to participate in a post-intervention interview.

Invitees of Patient Participants
All English-speaking individuals who attended the final MuST 
AKT intervention session at the invitation of the patient 
participant were invited to participate in a qualitative 
interview after the session. An independent qualitative 
researcher obtained written informed consent electronically via 
the REDCap database [28].

Interventions
Participants in the experimental arm received the MuST AKT 
intervention plus standard of care, whereas participants in the 
control arm received standard of care only.

Multidiscipinary Support To Access living donor 
Kidney Transplant (MuST AKT)
MuST AKT is a person-centered evidence-informed intervention 
designed to address barriers to LDKT, including lack of 
knowledge about LDKT and the process for potential donors, 
difficulty communicating about LDKT, and lack of social 
support, which were previously identified by transplant 
candidates in our healthcare jurisdiction [30]. The 
intervention was co-designed with patients and family advisors 
with lived experience of chronic kidney disease and kidney 
transplant, nephrologists and healthcare providers with 
expertise in kidney transplant, behavioural scientists, and 
social media experts from the Kidney Foundation of 
Canada–Alberta branches. Intervention strategies outlined in 
the COM-B model [20], including education (e.g., providing 
information, including how to use social media safely and 
appropriately), training (e.g., activities, including identifying 
donors and advocates), enablement (e.g., solution-focused 
interviewing to identify and overcome barriers to having 
conversations about LDKT), and modelling (e.g., role-playing 
on how to initiate and sustain conservations about LDKT) were 
applied to address these barriers. The sessions included 
structured activities and flexible time to support patients with 
identifying and overcoming their own personal barriers to LDKT. 
A complete description of the MuST AKT intervention has been 
published elsewhere [19]. In short, the MuST AKT intervention 
consists of an introductory session followed by 4 intervention 
sessions delivered over 12–14 weeks (approximately 1 session 
every 3 weeks), each ranging from 60–90 minutes in length, to 
identify and address barriers to LDKT. Figure 1 outlines the main 
topics of each intervention session. All sessions were one-on-one 
with a behavioral scientist or a social worker, with the exception 
of the final session, in which the transplant candidate invited 
individuals from their social network to attend an information 
session on kidney disease and living kidney donation. This 
session also included an opportunity for participants to share 
their kidney disease and LDKT journey with invitees, and a 
question-and-answer period for which a transplant nephrologist 
was in attendance. The intervention was designed to be delivered 
in-person or virtually. Due to the COVID-19 pandemic, all 
sessions were conducted virtually.

Participants received reminder phone calls or emails 1–2 days 
prior to their scheduled sessions to promote session attendance. 
At their own request, participants could discontinue their 
participation in the intervention or withdraw from the study 
(i.e., no further data collection). Participants were withdrawn 
from the study if they did not respond to the study team after 
3 contact attempts (as per HREB guidelines). Reasons for 
discontinuation and withdrawal were tracked.

Standard of Care
At our kidney transplant program, standard of care includes a 
standardized virtual group transplant education class (2 hours), 
arrangement of the required tests and consultations for transplant 
evaluation, and medical assessment for transplant suitability by a 
social worker, transplant nephrologist, and surgeon. Prior to the 
virtual education class, patients were provided with resources on 
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how to use the virtual communication platform and one-on-one 
technical support to access the class. The transplant education is 
delivered by a nurse coordinator with topics including benefits 
and risks of kidney transplantation, living kidney donation, the 
kidney paired donation program, deceased kidney donation, 

evaluation and waitlist procedures, transplant surgery, post- 
transplant medicines and recovery. Additionally, patients were 
given a link to a kidney transplant educational website (https:// 
myhealth.alberta.ca/KidneyTransplant) and access to the 
teaching materials. These resources were provided to all 

FIGURE 1 | Outline of the MuST AKT intervention sessions.

TABLE 1 | Feasibility and acceptability (questionnaire) outcomes.

Outcome Details

Consent/recruitment Consent rate (nconsented/napproached) for patient participants and invitees of session 4 was tracked by consent logs, with 
reasons identified by structured survey

Retention The number of patient participants that withdrew from the study and the number that were discontinued (session stoppage) 
were tracked by logs, with reasons identified by structured interview/survey

Adherence to study protocol (fidelity) The duration of the intervention (from session 1–4) was tracked by logs of session attendance dates

Adherence to intervention Attendance rate (nattended/nallocated to MuST AKT) for each session, and the rate of sessions rescheduled combined across all 
4 sessions (nsessions rescheduled/ntotal possible sessions) were tracked by attendance logs. Reasons for rescheduling sessions were 
identified by structured surveys

Engagement in intervention Intervention engagement was measured by logs tracking completion of each step/component of the MuST AKT intervention 
(fidelity), the number of participants who wrote their stories at the end of MuST AKT session 1, the number of potential donors 
and advocates identified during session 1 of the MuST AKT intervention, the number of participants who found at least one 
potential advocate at the end of the MuST AKT intervention (12–14 weeks), and the number of participants who started 
conversation with at least one potential donor by the end of the last MuST AKT session

Acceptability (questionnaire) A post-study questionnaire was conducted with patient participants 1–2 weeks after completing the MuST AKT intervention 
or time control. ‘Recommendation of MuST AKT to others’ and ‘perception of intervention effectiveness’ were measured 
using likert scales from 1 (completely disagree) to 7 (completely agree); and ‘self-efficacy for finding a living kidney donor’ and 
‘self-efficacy for communicating about LDKT’ were measured on a scale from 0 (not at all confident) to 100 (completely 
confident). Self-efficacy was also assessed prior to randomization. Self-efficacy was assessed by items designed specifically 
for this study. These items were developed to assess the specific types of self-efficacy we were trying to impact with our 
intervention (i.e., confidence for communicating about LDKT, and confidence for finding a living kidney donor). Importantly, 
these items adhere to the theoretical and measurement guidelines outlined by Bandura [31].
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patients prior to their participation in the study, with no 
additional internal resources provided as part of standard care 
during the study period. During their transplant work-up, 
patients are supported by a transplant nephrologist, nurse 
coordinator, and social worker.

Outcomes
Our joint primary outcomes were feasibility and acceptability, with 
feasibility assessed by consent/recruitment, retention, adherence to 
study protocol (fidelity), adherence to intervention, and 
engagement in intervention. Acceptability was assessed by 
questionnaire and interview (Table 1; Supplementary Material
for guides and questions). A secured REDCap database [28] was 
used to collect and store survey and study process data. NVivo-12 
software was used to organize and store qualitative data [32].

Acceptability (Interview)
The interview methodology was guided by qualitative description 
[24], where language is viewed as a vehicle of communication 
rather than an interpretive structure to be deciphered. In this 
approach the researcher seeks to present an accurate account of 
experiences using everyday language [24]. The interview guide 
was informed by the COM-B model [20] and written in everyday 
language to be consistent with qualitative description 
methodology. Semi-structured interviews were conducted over 
the telephone or virtual communication platform with (i) 
participants allocated to receive the MuST AKT intervention 
and (ii) their invitees who attended session 4 of the MuST AKT 
intervention. The purpose of the interviews was to explore 
their perspectives of the intervention sessions attended 
(including content), and to receive recommendations for 
improvement of the intervention. The interviewers were not 
healthcare professionals, had no pre-existing relationship 
with the participants, and were independent of the study team. 
The interviews were digitally recorded and transcribed 
clean verbatim. MuST AKT participant interviews ranged 
from 25–55 min and the invitee interviews ranged 
from 15–30 min.

Demographics, Social, and Clinical Characteristics
Participant age, gender, ethnicity, education, employment status, 
income, household status, dialysis (yes/no), duration of dialysis, 
and cause of kidney disease were collected from electronic 
medical databases or structured survey.

Changes to Trial Assessments
The following efficacy outcomes were collected in monthly reports 
and validated by comparing reports to individual electronic charts: 
proportion of participants with at least 1 potential donor who (i) 
contacts living donor services, (ii) starts evaluation, and (iii) 
completes evaluation; along with (iv) the proportion who 
receive a LDKT. After trial commencement but before 
completion, we decided to postpone the analysis of efficacy 
outcomes in order to pool the pilot data with the subsequent 
larger definitive RCT (funding secured during pilot for definitive 
RCT with power more favorable with pooling). The timeframe for 
collecting LDKTs was changed from 12 to 24 months in the pilot 

study to match the definitive RCT timeframe (clinicaltrials.gov: 
NCT04666545).

We planned to conduct interviews with people who declined 
to participate in the study to better understand their reasons for 
declining; however, no one consented to an interview.

Sample Size
Prior to the decision to postpone the analysis of the efficacy 
outcomes in this pilot study and pool the data with the definitive 
RCT data, we chose a sample size of 38 participants (19 per 
group), which is consistent with recommendations for pilot 
studies [33, 34]. Sample size calculations for the efficacy data 
are described elsewhere [19].

Blinding
It was not possible to blind the participants or the research team 
as to which intervention the participants received, although 
intervention allocation was not revealed until the participant 
was enrolled in the study and completed the baseline 
questionnaire. The quantitative and qualitative data analyses 
were conducted by a statistician and a qualitative research 
team, respectively, not involved in the conduct of the study.

Statistical Method
Quantitative Analysis
All analyses were conducted in Stata/MP 17.0 (www.stata.com) 
following an intention-to-treat approach. Descriptive statistics 
were conducted to summarize the data. T-tests were conducted to 
compare the difference in pre- and post-intervention self- 
efficacy (acceptability) scores across treatment arms, with 
p < 0.05 considered statistically significant.

Qualitative Design and Analysis
The interview data was analyzed using thematic analysis [35]. 
Two researchers read through the transcripts several times, while 
identifying meaningful information related to the research 
objectives. Next, key words or statements were selected from 
the data and then grouped into codes. A coding framework was 
established based on the COM-B informed interview guides and 
additional codes that emerged from the data. Including an 
inductive coding approach allowed us to stay close to the 
recounting of events as described by participants and interpret 
events beyond our theoretical disposition, consistent with 
qualitative description [24]. The coding framework was 
validated by two coders, with any disagreements resolved 
through discussion. The codes were revised and reviewed for 
each interview and then grouped into common themes. The 
themes were reviewed and compared across the interviews. Then, 
the themes were described and linked with quotes.

RESULTS

Recruitment, Enrollment, and Retention
Figure 2 displays the complete study flow with reasons for 
exclusion and discontinuation. In short, 43 of 71 transplant 
candidates consented (61%). The most common reason for 
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non-consent was non-response after 3 contact attempts (n = 14). 
Of the 43 consenting participants, 5 were ineligible and excluded, 
and 38 were randomized 1:1 to the MuST AKT intervention or 
standard care arms. Of the 19 participants allocated to the MuST 
AKT arm, 1 did not receive the intervention as they were 
excluded after randomization (and from analysis) for having a 
living donor in evaluation. Of the 18 who started the intervention, 
10 fully completed, and 8 partially completed (n = 7 discontinued, 
1 lost-to contact/withdrew). Reasons for discontinuation include 
difficulty scheduling Session 4 (n = 4), received what they joined 
for–started communicating with social network about LDKT (n = 
2), and received a deceased donor kidney transplant (n = 1). In 

the MuST AKT arm, 17 participants completed assessments 
(10 who completed the intervention, 7 who partially 
completed). In the standard of care arm, all 19 participants 
completed the assessments at the time control (12–14 weeks 
after enrollment).

Sociodemographic and Clinical 
Characteristics
Baseline characteristics of participants in the MuST AKT and 
control arms were similar, although, there was a greater 
representation of non-Caucasian and employed participants in 

FIGURE 2 | Participant Flow Diagram for screening, eligibility, enrollment, randomization, and session completion.
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the MuST AKT arm compared to the control arm (Table 2). 
Among the participants who chose to discontinue the 
intervention (n = 7), 86% (6/7) were male, 71% (5/7) were 
non-Caucasian, 86% (6/7) had at least some-post secondary or 
trade certification, 71% (5/7) were employed, 57% (4/7) had 
income > $90,000CAD, and 86% (6/7) lived with someone, 
57% (4/7) lived with their spouse.

Intervention Adherence, Engagement, 
and Fidelity
Session attendance was 100% (18/18) for Session 1 but 
decreased throughout the sessions, with 94% (17/18) 
completing the first 2 sessions, 83% (15/18) completing the 
first 3 sessions, and 56% (10/18) completing all 4 sessions. A 
total of 25% of sessions were postponed and rescheduled (15/ 
60) mainly as participants forgot/mixed up dates (n = 6) 

(Figure 3). The planned intervention duration, from 
session 1 to 4, was 84–98 days (12–14 weeks) and the 
average (SD) observed intervention duration was 71 (22) days.

Among those that attended, the completion rate across all in- 
session activities was 76% (142/187), with Session 2 and 4 having 
the lowest and the highest activity completion rate, respectively 
(40/68 = 59% and 10/10 = 100%) (Table 3). All participants who 
attended the first intervention session identified at least one 
potential advocate and one potential donor by the end of the 
MuST AKT sessions, with a median (IQR) of 17.5 (8, 25) 
advocates and 10.5 (7, 19) potential donors identified for each 
participant.

Acceptability
Questionnaire
There were statistically significant differences in self-efficacy for 
communicating about living kidney donation (p = 0.004) and 

TABLE 2 | Participant sociodemographic and clinical characteristics at enrollment.

Characteristics Experimental arm (n = 19) Control arm (n = 19)

Age, years, mean (SD) 49.8 (16.2) 50.9 (15.8)
Gender, female, n (%) 6 (31.6) 8 (42.1)
Ethnicitya, n (%)

Caucasian 7 (36.8) 12 (63.2)
Indigenous 6 (31.6) 2 (10.5)
Non-Caucasian nor indigenous 7 (36.8) 5 (26.3)

Highest level of education, n (%)
University Degree 7 (36.8) 2 (10.5)
College Diploma 5 (26.3) 4 (21.1)
Trade certification/some post- secondary 4 (21.1) 7 (36.8)
High school Diploma 3 (15.8) 4 (21.1)
Elementary/some high school 0 (0.0) 2 (10.5)

Employment status, n (%)
Full-time 8 (42.1) 5 (26.3)
Part-time or casual 4 (21.1) 3 (15.8)
Not employed 1 (5.3) 3 (15.8)
Student 1 (5.3) 0 (0.0)
Disability 2 (10.5) 4 (21.1)
Retired 3 (15.8) 4 (21.1)

Household income, Canadian dollars, n (%)
$0–49,999 5 (26.3) 2 (10.5)
$50,000-$99,999 4 (21.1) 9 (47.4)
$100,000-$149,999 1 (5.3) 2 (10.5)
≥$150,000 7 (36.8) 1 (5.3)
Prefer not to say 2 (10.5) 5 (26.3)

Household status, n (%)
Alone 5 (26.3) 3 (15.8)
Spouse 10 (52.6) 12 (63.2)
Immediate family member 3 (15.8) 4 (21.1)
Friend(s) or roommate(s) 1 (5.3) 0 (0.0)

Dialysis at enrollment, n (%) 10 (52.6) 13 (68.4)
Days on dialysis at enrollment, median (IQR) 139 (67, 307) 151 (114, 456)
Cause of kidney disease

Diabetic nephropathy 7 5
Glomerulonephritis 7 9
Hypertension 1 1
Congenital 1 0
Polycystic kidney disease 0 1
Thrombotic microangiopathy 1 0
Other 0 1
Unknown 2 2

aOne participant in “Treatment Group” identified as both Caucasian and Indigenous.
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self-efficacy for finding a living kidney donor (p < 0.001) between 
the MuST AKT intervention and control arms from pre- to post- 
intervention. Participants in the intervention arm reported 
increased confidence for communicating about living kidney 
donation and finding a living kidney donor from pre- to post- 
study, whereas participants in the control arm reported decreased 
confidence (Table 4). All participants in the intervention arm 
recommended the program and found it effective.

Nested Qualitative Study
Interviews were conducted with participants in the 
experimental arm, referred to as “MuST AKT participants” 
and those who they invited to session 4, referred to as 
“invitees”. Of the MuST AKT participants, 11 of 19 (58%) 
completed an interview (8 fully completed intervention, 
3 partially completed). Of the invitees, 16 of 89 (18%) 
agreed to and completed an interview, with an average of 
2 invitees per session, representing 7 of 10 (70%) session 4’s. 
Most MuST AKT participants interviewed were male (6/11 = 
55%), whereas most invitees were female (12/16 = 75%).

The report provided by the independent qualitative research 
team is summarized below [36]. Although the MuST AKT 
participants and invitees were interviewed with a different 
focus (the entire program versus one session) and using 
different interview guides, the data analysis revealed similar 
themes across both groups. As such, the results are presented 
together. We distinguish MuST AKT participant and invitee data 
when necessary. Additionally, similar themes were found across 
participants who fully and partially completed the intervention, 
and no distinction is made between these groups.

Participants’ views were understood within 4 main themes and 
9 sub-themes: (1) Intervention expectations and experience 
(exceeded expectations, positive & informative experience), (2) 
MuST AKT sessions (content, sharing my story, social media, 
logistics), (3) Intervention facilitators, and (4) Intervention 
Effectiveness (intervention impact, encouraged to be an 
advocate, encouraged to be a donor). Representative quotes 
for each theme and sub-theme are presented in Table 5 and 
referred to in the text below (E.g., quote 1 [Q1], etc).

Intervention Expectations and Experience
Most MuST AKT participants did not have specific expectations 
of the intervention, whereas the invitees’ expectations of session 
4 varied according to what they were told by the MuST AKT 
participant (e.g., no specific expectation, a campaign to promote 
donation, learn about donation process). Regardless of 
expectations, MuST AKT participants and invitees reported a 
positive experience, which exceeded their expectations (Q1 and 
Q2). MuST AKT participants found the intervention informative, 
provided personalized support, and helped and guided them to 
share their story (Q1 and Q3). Invitees reported that session 4 was 
well facilitated and informative (Q4).

MuST AKT Sessions
MuST AKT participants and invitees reported that they valued 
learning clear and accurate information (Q5). MuST AKT 
participants emphasized the value of this approach over 
previous clinical interactions and felt more knowledgeable 
about their disease and circumstances (Q6). Invitees valued 
learning from healthcare professionals working with the MuST 
AKT participant compared to the internet (Q7). Both MuST AKT 
participants and invitees wanted a stronger focus on advocacy in 
the sessions (Q8).

MuST AKT participants reported that the intervention 
provided the support they needed to process their 
circumstances and emotions and share their story (Q9 and 
Q10). Most (10/11) reported sharing their story with others, 
with 50% (5/10) sharing their own story through social media, 
20% (2/10) planning to share it on social media in the future, and 
40% (4/10) asking others to share their story through social 
media. Sharing their story through social media and through 
advocates were considered important methods for 
communicating with their social network (Q11 and Q12). 
One-on-one conversations was another common way that 
participants shared their story.

MuST AKT participants were satisfied with the scheduling and 
logistics of the sessions (Q13). Invitees recommended having 
time without the MuST AKT participant present in session 4 to 
ask sensitive questions (e.g., drug and alcohol use) (Q14). See 
Table 6 for a list of other logistical recommendations to improve 
MuST AKT sessions.

Intervention Facilitators
Both MuST AKT participants and invitees enjoyed the session 
facilitators and felt that the qualities of the facilitators (e.g., 
empathetic, emotionally intelligent, kind, personable) were 
critical to the success of the intervention (Q15 and Q16).

FIGURE 3 | The number of MuST AKT sessions rescheduled (15 total out 
of possible 60). Reasons for rescheduling included, forgot/mixed up dates (n = 
6), unwell/emergent health visit (n = 3), work/school (n = 3), too busy (n = 1), 
caring for dependent (n = 1), wanted more time before next session (n = 
1), facilitator scheduling conflict (n = 1), no friends/family members attended 
session 4 (n = 1). Multiple reasons for non-attendance were recorded, if 
applicable.
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Intervention Effectiveness
MuST AKT participants and invitees agreed that the program was 
valuable and important to continue (Q17). Invitees reported that 
session 4 encouraged and empowered them to be an advocate 
(Q18 and Q19). Some invitees reported that they were motivated 
to start the evaluation process amidst their uncertainty about 
donating, but (Q20) noted that it was helpful to have accurate 
information to help them make a decision (Q21).

DISCUSSION

The results of this pilot parallel RCT demonstrate feasibility of the 
MuST AKT intervention as assessed by outcomes of recruitment, 
intervention fidelity, adherence and engagement in the 
intervention, and acceptability of the intervention, with 
modifications needed to improve participant retention 
(completion of all 4 sessions) before further evaluation. The 
participant recruitment rate projects a recruitment timeline of 
16–17 months for the definitive RCT (64 total participants/ 
3.8 pilot participants per month), which is feasible for timely 

achievement of broader project commitments. This recruitment 
rate is satisfactory (61%) given the long-term and intensive 
commitment required for the intervention and is within the 
range of what has been reported in similar studies [14, 15]. 
Most intervention sessions were well attended (3 of 4 sessions 
with >80% attendance) and there were an acceptable number of 
intervention sessions rescheduled (15/60 = 25%), which was 
similar to what is observed for outpatient appointments at our 
center. We received positive feedback on the content, format, and 
delivery of the intervention, and had positive accounts of 
participant reported outcomes. The total intervention duration 
was shorter than anticipated, which bodes well for future 
implementation.

To the best of our knowledge, this is the first intervention 
developed to address barriers to LDKT that was delivered 
exclusively over a virtual communications platform. Previous 
similar interventions have included in-person visits between 
patients, healthcare providers, and the patient’s social network 
[12, 14–17]. Although the virtual format was implemented out 
of necessity of the COVID-19 pandemic, a benefit of this format was 
that we were able to improve healthcare access by reaching patients 

TABLE 3 | In-session activity completion rates and reasons for non-completion.

Activities across 4 sessions Completion rate Reasons for non-completion

Session 1 activity (n = 18) 
1. Write story 18/18 (100%)
2. Family tree 18/18 (100%)
3. Discussed social and financial challenges & solutions 3/18 (16.7%) • Session delivered by non-social worker without this expertise (n = 12) 

• Not enough time (n = 2) 
• Covered in screening (n = 1)

Total session 1 activity completion 39/54 (72.2%)

Session 2 activity (n = 17)
1. Create plan for sharing story 3/17 (17.6%) • Reasons not tracked

2. Short message prepared 9/17 (52.9%) • Not enough time (n = 3) 
• Participant declined (n = 3) 
• Not relevant to participant (n = 2)

3. Discuss & identify best advocates 11/17 (64.7%) • Not enough time (n = 5) 
• Participant declined (n = 1)

4. Discuss challenges & solutions to one-on-one conversations 17/17 (100%)
Total session 2 activity completion 40/68 (58.8%)

Session 3 activity (n = 15)
1. Create story 15/15 (100%)
2. Discuss challenges & solutions to group conversations 13/15 (86.7%) • Not enough time (n = 2)

3. Session 3 slideshow reviewed in full (how to create effective 
messages)

15/15 (100%)

Total session 3 activity completion 43/45 (95.6%)

Session 4 activity (n = 10)
1. Session 4 slideshow reviewed in full (information on kidney disease 
and LDKT)

10/10 (100%)

2. Question and answer period for friends and family members 10/10 (100%)
Total session 4 activity completion 20/20 (100%)
Total activity completion across all sessions 142/187 (76%)

Bold text indicates a cumulative completion rate across each individual session and all sessions combined.
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across a large geographical area, many of whom would have 
been required to travel multiple hours to attend in-person 
visits posing a significant barrier to participation. Previous 
research has shown that virtual modalities are often preferred 
by patients for non-urgent care due to prompt appointments 
and convenience, although care should be taken to consider 
privacy, technology, and connectivity to maintain equity and 
quality of service [37]. We found that the virtual format was 
well accepted by both MuST AKT participants and invitees. 
While some challenges to using the virtual communication 
platform was noted by the facilitators (e.g., no audio), all 
challenges were able to be remedied before or during the 
session. We used the same secure virtual communication 
platform as the standard of care transplant education class 
at our health care center. Thus, prior patient experience with 
the virtual platform may have contributed to few participant 
challenges.

The finding that patients receiving the MuST AKT intervention 
reported stronger self-efficacy/confidence for communicating about 
LDKT after participating is an important benefit. While 
encouraging, this finding is preliminary, and will be re-evaluated 
in a definitive RCT. From the lens of the COM-B model, MuST 
AKT increased motivation to communicate about LDKT, making it 
more likely that such communication will take place, which is a 
critical and necessary step to receiving a LDKT. Previous 
interventions that were found to increase LDKTs and surrogate 
outcomes [10–12, 14–17] used communication with one’s social 
network as a core component. Furthermore, self-efficacy has been 
shown to be a strong predictor of health behaviors across a variety of 
settings [38] and is associated with readiness to pursue LDKT [39].

Beyond increasing motivation for communicating about living 
kidney donation, qualitative reports indicate that MuST AKT 
increased key capabilities of transplant candidates related to 

finding a living donor, including story writing and sharing, 
and provided an opportunity (session 4) for communication 
about living kidney donation that was valued by both 
transplant candidates and their invitees. As a result of their 
participation in MuST AKT session 4, some invitees indicated 
they were encouraged to be advocates and/or living donors. 
While these are subjective reports, and not objective accounts 
of donor behaviour, the results provide support for our behaviour 
change approach guided by the COM-B model [20].

After a multi-session formal review of the results with the 
study team, intervention facilitators, and patient advisors, minor 
modifications to the intervention will be made to address 
participant retention and optimize the intervention before 
further evaluation (Table 7). We observed a moderate 
completion rate of all four MuST AKT sessions, which was 
similar to the TALK intervention [14], but lower than other 
interventions [15, 17]. The participants who chose to discontinue 
the MuST AKT intervention were predominantly non-Caucasian 
males currently employed and living with others. While we did 
not evaluate the role that these sociodemographic factors played 
in intervention completion, other studies have also found being 
male [40] and employed [41] led to lower-rates of health program 
completion. Based on participant report, almost half (4/9) of the 
participants who discontinued from this study did so for positive 
reasons (e.g., began communicating with their social network 
about LDKT or received deceased donor transplant). Of the 
remaining discontinuations, participants cited difficulty 
scheduling session 4 as the most common reason, suggesting 
this is a key facet to address. Scheduling session 4 with friends and 
family may present added logistical challenges for employed 
individuals. While difficulty scheduling session 4 may in part 
be logistical, the qualitative accounts highlight the emotional 
fortitude it takes to initiate communication about LDKT. In the 

TABLE 4 | Participant reported acceptability by study arm.

Acceptability measure Pre-study Post study p- 
valueExperimental arm (n = 17) Control arm (n = 19) Experimental arm (n = 17) Control arm (n = 19)

Recommend to others, n (%)
Completely agree 15 (88.2%)
Moderately agree 1 (5.9%)
Slightly agree 1 (5.9%)
Neither agree nor disagree 0 (0.0%)
Slightly disagree 0 (0.0%)
Moderately disagree 0 (0.0%)
Completely disagree 0 (0.0%)

Program was effective, n (%)
Completely agree 6 (31.6%)
Moderately agree 5 (29.4%)
Slightly agree 3 (17.7%)
Neither agree nor disagree 2 (11.8%)
Slightly disagree 1 (5.9%)
Moderately disagree 0 (0.0%)
Completely disagree 0 (0.0%)

Self-efficacya, 0–100, mean (SD)
Confidence for communicating about LDKT 83 (23) 83 (25) 94 (13) 77 (26) 0.004
Confidence for finding LKD 62 (27) 61 (25) 81 (22) 47 (28) <0.001

LDKT, living donor kidney transplant; LKD, living kidney donor.
at-test
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TABLE 5 | Themes, sub-themes, and representative quotes from participants.

Themes Sub-themes Representative sentence

Intervention expectation and 
experience

Expectations exceeded “It was way beyond my expectations. [. . ..] it almost felt like it was personalized. [MuST AKT facilitator 1] 
was just fantastic. [. . .] I’m not saying I cannot do things like by myself, but it is really hard to do some of 
these things like [. . .] writing the story. Even though it sounds simple, it is not that simple.” – MuST AKT 
participant (Q1) 
“Obviously it is a pretty serious issue, but even still, you do hear a lot of negative things more so than 
positive about the state of our healthcare system. To see two healthcare professionals come together 
for one person and do a 2-h info session on a zoom call in an evening, yeah it was really really 
impressive.” – Friend and family (Q2)

Positive & informative 
experience

“No, I just enjoyed it so much you would not believe. It was awesome. It was great. I learnt so much. I 
learnt to open up to friends and all that. I have good word for it.” – MuST AKT participant (Q3) 
“I did not expect that it would be – I guess in the end it was so educational, such good information. I 
thought wow, we were not just looking at slides, we had professional people answering our questions 
and it went really well I thought.” – Friend and family (Q4)

MuST AKT sessions Content “[. . .] I really appreciated the graphics and the slides and being able to see what [MA facilitator 1] was 
talking about and coming away with a clear understanding of where [MA participant] is going to be going 
as [they] continue on this journey.” – Friend and family (Q5) 
“[. . .] with the specialist they had given me a binder. That was their extent of their education. When I 
compare my experience with the medical team I had and with what [MuST AKT facilitator 1] and that 
specialist provided, it was quite a difference. The session was much more informative and 
personal.” – MuST AKT participant (Q6) 
“ [. . .] I did have a lot of questions so I was curious to hear from professionals [. . .]. Google can be a bit 
daunting just because there is so much information, so it was nice to hear from people who are actively 
working with [MuST AKT participant] about the kidney transplant process.” – Friends and family (Q7) 
“Just put more emphasis on what an advocate can do. [There is more emphasis] towards a living donor 
[. . .] which is great, but if you could also add to that advocacy part that would be beneficial.” – MuST 
AKT participant (Q8)

Sharing my story “It helped me to talk about it because I was not ready to talk to anyone even my family, even my friends 
because I felt not guilty, it is hard to explain but I did not want to bother them with that. It was my burden. 
I’m taking care of it, but [they] helped me go through to open up to [my friends and family].” – MuST AKT 
participant (Q9) 
“It walked me through this is something do not think I’d even be able to get this far on my own because 
there was always that reluctance. I did not know how to go about it. It was there providing the support 
that I needed and helped me get through all these hurdles” – MuST AKT participant (Q10)

Social media “Yeah so if I post something and a couple of my friends will share it and let’s say they have 500 friends on 
their friend list then maybe 10% will read it or curious and search it. That’s 50 people that will find out 
about it. It is just ongoing right.” – MuST AKT participant (Q11) 
“My [sibling] was a good help. When I sent [them] my story, [they] said can I share that? I said [. . .] share it 
to the family and friends first. Don’t put it on Facebook [. . .]. [They] sent everything to everyone the 
nieces, the nephews. Everybody was calling me [. . .]. It was like social media.” – MuST AKT 
participant (Q12)

Logistics “I think it was scheduled pretty good, [. . .] I was not overwhelmed. At times it was overwhelming 
because it seems I got a lot of appointments and busy, busy, busy.” – MuST AKT participant (Q13) 
“If you take a [religious] household where maybe the kids are not religious, they drink, they smoke and 
they obviously cannot say that to their parents. [. . .] that was really important to ask that question, but I 
obviously could not go into detail.” (Q14)

Intervention facilitators “I think we lucked out with the people that were helping with the session. They were very personable and 
quite emotionally intelligent, responding to cues and humor [. . .] I think for this program to be successful, 
you really have to strike it with the people hosting because [they] are 80% of it. People will participate if 
dealing with someone more personable.” – Friend and family (Q15) 
“I felt that [they were] with me and understood me very empathetic.” – MuST AKT participant (Q16)

Intervention effectiveness Intervention impact “I think it is very important. I would hate for the program to not continue because in my opinion it 
improved our life and if it improves one or two other people, which I know it’ll improve more, it’s 
beneficial. It should happen.” (Q17)

Encouraged to be an 
advocates

“I think ultimately as a family member you do have to be an advocate regardless, but I think it made it 
easier. [. . .] it refines your knowledge a bit on the actual issues.” – Friend and family (Q18) 
“It just really reassured us that this was something that we should be doing. We were supporting [them] 
personally, but not going out and letting other people know here we are, we are in this situation and we 
need that kidney.” – Friend and family (Q19)

Encouraged to be a donor “I mean yes and no. It is very tough. The session definitely made me want to actually reach out to the 
next level of inquiry so I do plan on reaching out and calling that number and setting up a meeting to see 
what the first steps would be to run some tests. I do not know if it actually made me more likely to go 
through with it, but it has definitely made me more likely to go through the first steps of it.” – Friend and 
family (Q20) 
“It gave me the information that would be needed to contemplate that decision with a little bit more 
clarity and a more informed decision.” – Friend and family (Q21)
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definitive RCT, participants will be encouraged to invite a support 
person/advocate to the earlier intervention sessions to provide 
emotional and logistical support with arranging session 4, as 
previous research has found utilizing advocates or “donor 
champions” to be effective for initiating LDKT conversations 
and reducing communication barriers to LDKT [42]. We will also 
include resources for the intervention facilitators to better 
support patients who experience emotional challenges (e.g., 
fear, guilt) to communicating about LDKT, including how to 
utilize the narrative or story from session 1 to address patient 
challenges. This approach is consistent with techniques of 
Narrative Therapy [43], which has shown promise for 
addressing emotional challenges in medicine [44, 45].

Our approach to the MuST AKT initiative to increase LDKT in 
our healthcare jurisdiction aligns with continuous quality 
improvement processes, which are integral for ensuring quality 
in healthcare [46]. Delivery of a process of care/education, by its very 
nature, slowly changes over time. This adaptive approach ensures 
responsiveness to patient needs and jurisdictional circumstance.

Our findings should be interpreted within the following 
contexts and limitations. This pilot RCT was conducted 
virtually at a single transplant center in a Canadian city with 
English speaking participants, although there was representation 
from non-Caucasian racial groups and other groups 
disadvantaged for transplant including women, those with 
lower socioeconomic status, and non-urban dwellers. If the 
MuST AKT intervention is adopted as part of standard care, 
we will continue to work with our healthcare organization to 
ensure the intervention is accessible and comprehensible to all 
transplant candidates in our catchment area (e.g., provide real- 
time translation services, offer in-person sessions, ensure 
educational materials meet our organization’s health literacy 
standards). Despite randomization, there appear to be 
differences between the study arms on sociodemographic 
characteristics. It is possible that sociodemographic factors 
including employment, gender, and ethnic background played 
a role in MuST AKT intervention completion. More research is 
needed to understand the interplay of these characteristics in 

program completion. We recruited participants without potential 
living donors who had not had a previous transplant and were 
either at the beginning of their transplant evaluation and/or were 
anticipated to have a long wait on the deceased donor waitlist 
determined by the transplant center. Those who consented to 
participate may have been particularly motivated to take the 
required steps to find a living kidney donor. Also, participants 
had pre-existing experience with virtual communication 
platforms prior to this study, which may have contributed to 
their willingness to participate in a virtual intervention. 
Satisfaction with the intervention was high, although a social 
desirability bias is possible for the acceptability questionnaire 
items, and only a small proportion of session 4 attendees 
completed interviews, which may not be representative of the 
patient’s entire social network. Still, the qualitative interviews 
were conducted by researchers independent of the study team to 
mitigate social desirability bias, and the findings suggest that the 
MuST AKT intervention was acceptable. Although the results 
may not generalize to other healthcare jurisdictions and 
populations, this initiative outlines an approach for 
personalizing LDKT interventions that may be useful to 
others. The self-efficacy assessments were not validated 
tools, but they adhere to the theoretical and measurement 
guidelines [31]. The intervention was primarily delivered by 
a behavioral scientist out of necessity due to the organization’s 
COVID-19 response, in which the social worker was 
unavailable to deliver the intervention. While these 
professions have different backgrounds and training, both 
individuals followed detailed intervention guides. In the 
definitive RCT, a social worker in kidney care will deliver 
the intervention, in which feasibility and acceptability will 
be re-evaluated. The sample size of the study was small but 
appropriate to evaluate feasibility. Results of statistical 
comparisons should be considered preliminary, and will be 
re-evaluated in a definitive RCT. While we did not set a priori 
cutoffs to evaluate feasibility, the comprehensiveness of the 
feasibility and acceptability metrics provide us with the 
required information to improve the intervention.

TABLE 6 | Logistical recommendations to improve MuST AKT sessions as provided by MuST AKT participants and friends and family.

MuST AKT participant recommendation (all sessions) Friends and family recommendations (session 4 only)

• Incorporate more visuals in presentations • Provide an agenda, session expectations, and session length before the meeting

• Record the sessions so they could share with others • Clearly state the goal of the session at the beginning

• Have nephrologist attend session(s) to answer medical questions • Provide another session for friends and family

• Provide more sessions to get more information and support • Have the option to attend in person

• Provide additional friends and family session to provide more opportunity for 
them to ask questions

• Include more pauses and opportunities for discussion throughout the presentation

• Provide assistance for using zoom

• Include more resources after the session (e.g., how to share story and create effective 
messages, information discussed during the session)
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Overall, this study demonstrated that the MuST AKT 
intervention designed to engage transplant candidates and 
their social network to address barriers to LDKT, is acceptable 

and is feasible with minor modifications. A larger definitive RCT 
will be conducted to evaluate the optimized MuST AKT 
intervention and efficacy to increase LDKTs.

TABLE 7 | Forthcoming modifications to the Multidisciplinary Support To Access living donor Kidney Transplant (MuST AKT) intervention.

Identified area of improvement Modification

Retention/Intervention adherence – difficulty getting participants to schedule and 
commit to session 4

• Provide more information in advance about what to expect in session 4

• During session 3, discuss barriers to scheduling session 4 and help identify 
solutions

• Encourage participants to bring a support person/advocate to at least one 
intervention session (1–3) who could help arrange session 4

Intervention Fidelity/Engagement in intervention – unable to complete all session 1 and 
session 2 activities in the allotted time

• Session 1: social and financial challenges

• Session 2: create plan to share story

• Session 2: prepare short message

• Session 2: discuss and identify best advocates

• Session 2&3: discuss challenges and solutions to one-on-one and group 
conversations

• Discussion of these challenges begins when screening potential participants for the 
study. Move in depth discussion of social and financial challenges from session 1 to 
session 2 and 3

• Allow flexibility for facilitator to carry over discussion from session 2 to session 3, if 
required

• Remove – covered in session 3

• Move description and discussion of advocates from session 2 to session 1

• Allow flexibility for facilitator to carry over discussion from session 2 to session 3, if 
required

• Allow more participant generated discussion of LDKT barriers, including barriers 
that fall outside of ‘having conversations’ such as other social and financial barriers

Acceptability – participant recommended improvements to the sessions

• Session 4: Invitation to friends and family

• Session 4: Introduction

• Session 4: Advocacy

• Session 4: Question and answer period

• All sessions: Approach to presenting information

• Have nephrologist attend session(s)

• More sessions

• Remind participants to send out standardized invitation to friends and family with 
session details. Describe why this is important

• Clearly state the goals of the session at the beginning and provide assistance with 
using zoom, if required

• Include additional information and discussion about how to be an advocate

• Provide an opportunity for friends and family to ask questions about LDKT without 
the participant present

• Provide more opportunity for pauses and discussion throughout and reduce 
amount of time presenting

• If presentation is required, incorporate more visuals

• Develop narrated PowerPoint slides of key session materials so that session 
content can be shared with friends and family and reflected on afterwards

• Not feasible to have nephrologist attend
• Ensure training of facilitators so that they are able to answer medical questions

• Develop a FAQ document that is vetted by nephrologists and clinicians

• Not feasible to include more sessions

• Determine what specifically participants and friends and family members would like 
included if an extra session were to be available. Ask detailed follow-up questions 
during interviews for the definitive RCT.

Facilitator recommended improvement

• Use narrative from session 1 to help address emotion-related barriers (e.g., fear) • Utilize the narrative or ‘write your story’ activity from session 1 to help address 
emotional barriers to LDKT.

• Develop materials for facilitators to better guide and incorporate the use of narrative 
in sessions 2 & 3

LDKT = living donor kidney transplantation; FAQ = frequently asked questions; RCT = randomized controlled trial.
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Immediate and Gradual Withdrawal of 
Immunosuppression After Kidney 
Graft Loss Lead to Similar Outcomes
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The management of immunosuppression in dialysis patients with a failed kidney transplant 
remains a pending question, and different approaches to immunosuppression weaning 
have been proposed. We conducted a retrospective study of patients who experienced a 
graft failure, and compared the rates of immune and non-immune events, according to 
different modalities of immunosuppression withdrawal. Two hundred and eighteen 
patients were included. During the follow-up (45 (20–80) months post-graft failure), 
53 patients (24.3%) experienced an intolerance syndrome. The time between graft 
failure and the occurrence of intolerance syndrome was 6 (3–13) months. 
Immunosuppression withdrawal was associated with the occurrence of intolerance 
syndrome. However, regarding the immunosuppression withdrawal modality, only a 
steroid cessation during the first 3 months post graft failure was independently 
associated with an earlier occurrence of intolerance syndrome [HR = 1.91, 95%CI 
(1.08–3.38), p = 0.025], while a longer time between transplantation to graft failure 
was independently associated with a delayed occurrence of intolerance syndrome 
[HR = 0.99, 95%CI (0.98–0.99), p = 0.009]. The immunosuppression withdrawal 
modality after graft failure didn’t have an impact on infections and cardiovascular 
complications. Although discontinuation of immunosuppression strongly influences the 
occurrence of intolerance syndrome, immunosuppression withdrawal modality itself does 
not appear to.
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INTRODUCTION

Anti-HLA sensitization remains a significant barrier in kidney 
transplantation because of the risk of antibody-mediated rejection 
in the setting of preformed DSA [1]. Despite the attention paid to 
pregnancy or blood transfusion, the rate of hypersensitized 
recipients on the waiting list didn’t decrease over time [2–4], and 
a majority of these patients are candidates for a retransplantation [3, 
4]. Although anti-HLA antibodies could develop after 
transplantation, the incidence of de novo DSA detection is less 
than 10% in recipients with a functioning graft [5, 6]. However, an 
intense allo-sensitization is observed after patients return to dialysis 
and stop immunosuppression while waiting for another transplant. 
Augustine and colleagues found an increase of highly sensitized 
recipients (defined as a cPRA≥80%) from 21% to 68% between the 
time of transplant failure and 2 years later [7]. Billen and colleagues 
found in a cohort of 56 patients that 16% presented detectable de 
novo DSA at graft failure, but the proportion increased to more than 
80% after ceasing immunosuppression [8]. A majority of anti-HLA 
antibodies detected after graft loss are considered to be donor- 
specific at the epitope level [9].

After patients return to dialysis and immunosuppression is 
reduced or stopped, an allograft nephrectomy could be required 
in case of graft rejection occurring in a failed transplant (the so- 
called “intolerance syndrome”), graft malignancy, persistent 
C-reactive protein or to create space for another transplant 
[10]. The incidence of allograft nephrectomy in this setting 
can be as high as 30% [11], and appears to be more frequent 
during the first 6 months post-dialysis initiation [11–15]. 
Allograft nephrectomy is associated with non-immunological 

complications (mainly infections) in up to 30% [16] of case, 
including death. Furthermore, it is also responsible for an 
increase in anti-HLA antibodies occurrence, mainly in less 
sensitized patients [9, 17].

The management of immunosuppression in dialysis recipients 
with a failed transplant remains a pending question. Some but not 
all reports have suggested that maintaining immunosuppression 
could increase hospitalizations, and major adverse events such as 
infections, cardiovascular events, or cancers [12, 18–25]. Hence, 
currently, except for patients with a planned retransplantation 
from a living donor, most transplant societies propose ceasing 
immunosuppression during the first year after graft failure [10, 
26, 27]. However, an immediate or progressive stop of 
immunosuppression over 1 year after graft failure was not 
assessed until now.

The present study first aimed to compare the incidence of 
intolerance syndrome after return to dialysis, according to the 
modality of immunosuppression withdrawal. The secondary aims 
were to compare the incidence of allo-sensitization, infection, 
neoplastic, and cardiovascular complications following graft failure 
according to the type of immunosuppressive withdrawal strategy.

PATIENTS AND METHODS

Patients
This retrospective study obtained approval from the Toulouse 
IRB (RC31/21/01/54).

The study was conducted using our Institution Electronic 
Medical Records. All adult kidney transplant recipients who 
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experienced graft failure between 01.01.2008 and 31.12.2022 were 
screened for inclusion (n = 418). The date of graft failure was 
defined as the date of starting hemodialysis or peritoneal dialysis.

Patients were excluded in case of preemptive transplantation 
(n = 3), combined transplantation that required the maintenance 
of immunosuppression (n = 23), need for graft nephrectomy of a 
functioning transplant (surgical complication, n = 31), immediate 
graft nephrectomy (and hence immunosuppression withdrawal) 
after transplantation (vascular complications during the first 
8 days post transplantation, n = 125), and loss of follow-up 
immediately (<1 month after return to dialysis, n = 18). The last 
follow-up was considered as last medical appointment until July 
01 2023. Finally, 218 patients were included in the study.

Immunosuppression
The time for immunosuppression discontinuation was defined as 
the time between the date of graft failure and the date of the last 
prescription recorded of any treatment, including calcineurin 
inihibitors (CNI), antimetabolites, mammalian target of 
rapamycin (mTOR) inhibitors, belatacept, and steroids. Since 
several recommendations were proposed, immunosuppressant 
discontinuation modalities were at the clinician’s discretion:

a. Modality 1: brutal CNI and/or antimetabolites/mTOR 
inhibitors discontinuation at return to dialysis (no 
immunosuppression except steroids after 1 month post- 
graft failure).

b. Modality 2: CNI and antimetabolites/mTOR inhibitors were 
maintained at the same dose until they were discontinued 
between 1 and 3 months post-graft failure.

c. Modality 3: CNI and antimetabolites/mTOR inhibitors 
maintained at the same dose until they were discontinued 
more than 3 months post graft failure.

All patients had been given a low dose of steroids until graft 
failure (5 mg/day). After graft failure, steroids were converted to 
hydrocortisone or stopped (with or without ACTH stimulation 
test), at the clinician’s discretion (in the absence of 
recommendations).

Outcomes
The primary outcome of this study was the occurrence of 
intolerance syndrome after return to dialysis. Intolerance 
syndrome was defined as the occurrence of graft pain with or 
without gross hematuria, fever, refractory anemia, or elevated C 
reactive protein (after exclusion of infection or cancer) [14]. 
Cases were identified and reviewed by 2 senior nephrologists 
from electronic medical records (AN, ADB). Secondary 
outcomes included the following: infection episodes requiring 
hospitalization, and cardiovascular complications (number, type, 
and time from return to dialysis to event were obtained from 
electronic medical records), allo-sensitization (as defined by the 
calculated panel reactive antibody cPRA with the vPRA online 
tool1. Opportunistic infections were defined as previously 

published [28, 29]. Major Adverse Cardiovascular Events 
(MACE) were defined as previously published [30]. The 
presence of anti-HLA antibodies was assessed every 6 months 
after return to dialysis in patients eligible for retransplantation, 
and detected using the Lifecodes™ single antigen technology 
(LMX deluxe Immucor, Gateway Drive, GA). The Lifecodes™ 
single antigen (LSA class I/II) determined the specificity of class I 
HLAs in A/B/Cw and class II in DR/DQ/DP IgG antibodies in the 
recipients’ sera according to the manufacturer’s instructions. The 
presence and specificity of antibodies were then detected, and the 
mean fluorescence intensity for each sample in each bead was 
evaluated. A mean fluorescence intensity value of >1,000 was 
considered positive.

Statistical Analyses
Reported values represent the means (±SD) or medians (IQR). 
Quantitative variables were compared using the student T-test or 
Mann-Whitney non-parametric test if appropriate. Categorical 
variables are expressed as percentages and compared between 
groups using the chi-squared tests or, if appropriate, Fisher’s 
exact test. A p-value of <0.05 was considered statistically 
significant.

Analyses were performed with R, version 4.2.2 (R 
Development Core Team, Vienna, Austria).

Missing data represented less than 10% in each variable of the 
dataset (medical history [donor age, initial nephropathy, diabetes 
at dialysis initiation], initial immunosuppression [CNI type]) and 
were imputed (excluding outcomes) using the MICE package.

We used Kaplan-Meier curves (with log-rank tests) and 
univariate and multivariate Cox models (including all 
statistically significant variable in univariate analysis, and 
variables known to be clinically relevant such as donor and 
recipient age or class-I and II HLA mismatches) with 
backward elimination to estimate the association between the 
different immunosuppressant withdrawal modalities and the 
outcomes (intolerance syndrome, cardiovascular diseases, 
infections). The proportional hazards assumption was verified 
using Schenfeld residuals.

Survival without intolerance syndrome was analyzed using Cox 
proportional hazards models with time-dependant covariates. 
Time was measured from dialysis initiation until the 
occurrence of intolerance syndrome, or last-follow-up. The use 
of immunosuppression was modeled as a time-dependant 
covariate: patients contributed to the “immunosuppression” 
category until treatment discontinuation (except steroids), and 
to the “immunosuppression withdrawal” thereafter. This 
approach allowed patients to contribute risk time to both 
exposure groups according to their actual status during follow-up.

Survival analyses were performed with the survminer and 
survival packages.

RESULTS

Description of the Cohort
Baseline characteristics of the included patients are described in 
Table 1. The majority of patients were male, first kidney 1www.etrl.org/vPRA
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transplant recipients, non-HLA sensitized at transplantation, and 
did not receive a T-cell depleting agent at the time of 
transplantation. The median follow-up period between 
transplantation and graft failure was 45 (20-80) months. The 
primary causes of graft loss were chronic antibody-mediated 
rejection and interstitial fibrosis/tubular atrophy (IF/TA). Most 
patients began dialysis with a triple therapy regimen that included 
calcineurin inhibitors, mycophenolate, and steroids. The median 
follow-up period between graft failure and the last follow-up was 
22.7 (10.9; 38.6) months. The median follow-up period between 
the cessation of immunosuppression and the last follow-up was 
21.4 (8.8; 45.8) months. Except steroids, immunosuppression 
withdrawal was achieved in less than 1 month for 84 patients 
[median 0.0 (0.0; 0.0) months], between 1 and 3 months for 
80 patients [median (1.1 (1.0; 2.9) months], and in more than 

3 months for 54 patients [median 5.9 (4.9; 10.8) months]. With 
respect to steroids, they were stopped in 11, 47 and 160 patients, 
within the first month, between 1 and 3 months, and after 
3 months after graft failure, respectively.

Intolerance Graft Syndrome and 
Allo-Sensitization
During the follow-up, fifty-three patients (24.3%) experienced an 
intolerance syndrome (Table 2). The time between graft failure 
and the occurrence of intolerance syndrome was 6 (3; 13) 
months. The time of intolerance syndrome and 
immunosuppression discontinuation was 1 (2; 9) months. All 
patients received a course of steroids for 1 week at 1 mg/kg. The 
treatment was effective and sufficient in 3 cases, without 

TABLE 1 | Baseline characteristics of the cohort.

Variables Modality- 1 
<1 month

Modality-2 [1-3 months] Modality – 3 
>3 months

P-value

Number of patients 84 80 54
Gender, male (%) 52 (61.9) 49 (61.3) 31 (57.4) 0.86
Recipient age at transplantation, mean (SD) 53.2 (15.1) 52.5 (13.9) 49.3 (17.2) 0.32
Initial nephropathy (%) 
Interstitial - genetic 
Glomerular 
Diabetic 
Vascular 
Other-uknown

22 (26.2) 
28 (33.3) 
8 (9.5) 

14 (16.7) 
12 (14.3)

27 (33.8) 
26 (32.5) 
10 (12.5) 
11 (13.8) 
6 (7.5)

20 (37) 
14 (25.9) 
5 (9.3) 

11 (20.4) 
4 (7.4)

0.67

Number of previous transplantations (%) 
0 
1 
2 
3 or more

63 (75.0) 
17 (20.2) 
2 (2.4) 
2 (2.4)

59 (73.8) 
15 (18.9) 
5 (6.3) 
1 (1.3)

47 (87.0) 
7 (13.0) 

0 
0

0.40

Donor age at transplantation, mean (SD) 57.6 ± 14.8 57.5 ± 17.6 53.7 ± 19.1 0.22
T cell depleting agent at induction (%) 24 (28.6) 31 (38.8) 13 (24.1) 0.16
HLA A/B/DR/DQ mismatches, mean (SD) 4.88 (1.63) 5.01 (1.62) 4.83 (1.9) 0.81
cPRA at transplantation, median (IQR) 
Class I 
Class II

0 (0; 22) 
0 (0; 50)

0 (0; 31.5) 
0 (0; 60)

0 (0; 30) 
0 (0; 32)

0.96 
0.44

Time between transplantation – return to dialysis, in months, mean (SD) 46.8 (35.9) 51.8 (38.2) 60.9 (38.6) 0.10
Diabetes at return to dialysis (%) 12 (14.3) 11 (13.8) 6 (11.1) 0.86
Cause of graft loss (%) 
Chronic antibody mediated rejection 
Chronic T cell mediated rejection 
Reoccurrence of initial disease 
PVAN 
Chronic infection 
IFTA

21 (25) 
16 (19.0) 
7 (8.3) 
9 (10.7) 
3 (3.6) 

28 (33.4)

30 (37.5) 
14 (17.5) 
2 (2.5) 
5 (6.2) 
1 (1.3) 

28 (35.0)

20 (37.0) 
3 (5.6) 
3 (5.6) 
5 (9.3) 
1 (1.9) 

22 (40.6)

0.26

Immunosuppression at return to dialysis (%) 
CNI 
MPA mTOR inhibitors 
Belatacept 
Steroids

69 (82.1) 
52 (61.9) 
20 (23.8) 
13 (15.5) 
84 (100)

78 (97.5) 
49 (61.3) 
12 (15) 
3 (3.8) 

80 (100)

51 (94.4) 
27 (50) 

13 (24.1) 
10 (18.5) 
54 (100)

0.002 
0.32 
0.29 
0.016 
>0.99

Steroids withdrawal (%) 
<1 month 
1-3 months 
>3 months

8 (9.5) 
22 (26.2) 
54 (64.3)

0 
22 (27.5) 
58 (72.5)

3 (5.6) 
3 (5.6) 

48 (88.9)

0.001

Time between dialysis initiation – last follow-up, months, median (IQR) 22.5 (11.1; 51.7) 20.6 (9; 43.4) 30.5 (13.8; 42.4) 0.83
Time between IS withdrawal – last follow-up, months, median (IQR) 22.5 (11.1; 51.7) 20.0 (7.9; 42.8) 21.8 (2.8; 37.9) 0.05

Abbreviations: SD, standard deviation; cPRA, calculated panel reactive antibodies; IQR, interquartile range; PVAN, polyoma virus associated nephropathy; IFTA, interstitial fibrosis tubular 
atrophy; CNI, calcineurin inhibitors; MPA, mycophenolic acid; mTOR, mammalian target of rapamycin.
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reoccurrence after a decrease in steroids over 1 month. The 
remaining 50 patients required a surgical graft nephrectomy (n = 
43) or a renal artery embolization (n = 7). The impact of 
immunosuppression cessation on the development of 
intolerance syndrome was modelled using a Cox proportional 
hazards model with immunosuppression therapy as a time- 
dependant covariate. We observed that IS cessation was 
associated with the occurrence of intolerance syndrome [HR: 
11.41, 95%CI (4.20–31.03), p < 0.0001, Figure 1A]. This 
remained true after adjustment for donor and recipient age, 
and time between transplantation and graft failure [aHR: 10.37, 
95%CI (3.79–28.42), p < 0.0001]. When considering the 
modality of cessation of all immunosuppressants except 
steroids, we did not observe a difference for the rate or the 
time to intolerance syndrome after graft failure (Figures 1B,C) 
or after IS cessation (Figures 1C,D; Table 1). However, a steroid 

cessation during the first 3 months post graft failure was 
independently associated with a reduced time between graft 
failure and the occurence of intolerance syndrome [aHR = 
2.31, 95% CI (2.13–2.50), p < 0.001], while a longer time 
between transplantation to graft failure was independently 
associated with a prolonged time between graft failure and 
the occurrence of intolerance syndrome [aHR = 0.99, 95% CI 
(0.98–0.99), p < 0.001], after adjustment for donor and recipient 
age, number of HLA mismatches, modality of cessation of 
immunosuppressants except steroids (Figures 1C,D; Table 1; 
Supplementary Tables 1, 2).

After graft failure, 99 patients (45.4%) were considered for a 
retransplantation and screened for anti-HLA sensitization. 56 of 
the 99 (58.6%) had developed de novo DSA at last follow-up [21 
(9; 39) months post-graft failure]. We assessed the role of 
immunosuppression cessation modality on the occurrence of 

TABLE 2 | Baseline characteristics of the cohort who presented or not an intolerance syndrome.

Variables Intolerance syndrome No intolerance syndrome P-value

Number of patients 53 165
Gender, male (%) 29 (54.7) 103 (62.4) 0.18
Recipient age at transplantation, mean (SD) 50.0 ± 15.0 52.3 ± 15.1 0.18
Initial nephropathy (%) 
Interstitial - genetic 
Glomerular 
Diabetic 
Vascular 
Other-uknown

18 (34.0) 
16 (30.2) 
6 (11.3) 
11 (20.7) 
2 (3.8)

51 (30.9) 
52 (31.5) 
17 (10.4) 
25 (15.1) 
20 (12.1)

0.45

Number of previous transplantations (%) 
0 
1 
2 
3 or more

39 (73.6) 
11 (20.7) 
2 (3.8) 
1 (1.9)

130 (78.8) 
28 (17.0) 
5 (3.0) 
2 (1.2)

0.37

Donor age at transplantation, mean (SD) 53.8 ± 18.0 57.4 ± 16.6 0.21
T cell depleting agent at induction (%) 18 (33.9) 50 (30.3) 0.74
HLA A/B/DR/DQ mismatches, mean (SD) 4.9 ± 1.6 4.9 ± 1.7 0.35
cPRA at transplantation, median (IQR) 
Class I 
Class II

0 (0; 22) 
0 (0; 8)

0 (0; 30) 
0 (0; 50)

0.41 
0.10

Time between transplantation – return to dialysis, in months, mean (SD) 38.6 ± 35.4 56.5 ± 37.5 0.38
Diabetes at return to dialysis (%) 8 (15.1) 21 (12.7) 0.83
Cause of graft loss (%) 
Immune related, yes 
Chronic antibody mediated rejection 
Chronic T cell mediated rejection 
Other, yes 
Reoccurrence of initial disease 
PVAN 
Chronic infection 
IFTA

26 (49.0) 
18 (34.0) 
8 (15.0) 
27 (51) 

0 
0 

2 (3.8) 
25 (47.2)

78 (47.3) 
53 (32.1) 
25 (15.1) 
87 (52.7) 
12 (7.3) 
19 (11.6) 
3 (1.8) 

53 (32.1)

0.95

Immunosuppression at return to dialysis (%) 
CNI 
MPA mTOR inhibitors 
Belatacept 
Steroids

49 (92.4) 
32 (60.4) 
9 (17.0) 
6 (11.3) 
53 (100)

149 (90.3) 
96 (58.2) 
36 (21.8) 
20 (12.1) 
165 (100)

0.97

Steroids withdrawal (%) 
<1 month 
1-3 months 
>3 months

2 (3.8) 
17 (32.0) 
34 (64.2)

9 (5.4) 
30 (18.2) 
126 (76.4)

0.10

Abbreviations: SD, standard deviation; cPRA, calculated panel reactive antibodies; IQR, interquartile range; PVAN, polyoma virus associated nephropathy; IFTA, interstitial fibrosis tubular 
atrophy; CNI, calcineurin inhibitors; MPA, mycophenolic acid; mTOR, mammalian target of rapamycin.
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post-graft failure allo-sensitization and found that a delayed 
withdrawal of immunosuppression other than steroids did not 
affect the occurrence of anti-HLA DSA (Figure 2; 
Supplementary Table 2). However, although a delayed 
steroids withdrawal was associated with a reduced occurrence 
of DSA (HR 0.41, 95% CI [0.24–0.71] p = 0.001, Figure 2; 
Supplementary Table 2), we did not observe any difference 
on cPRA values at last follow-up, according to 
immunosuppression discontinuation modality (Figure 3). 
12 of the 99 patients received an allograft nephrectomy: 
7 patients presented a DSA before the nephrectomy, 
2 patients presented de novo DSA after the nephrectomy, 
and 3 patients did not presented DSA pre- or post 
nephrectomy. The cPRA increased before the nephrectomy 
(median cPRA: 0 (0; 93) at transplantation, 0 (0; 93) at graft 
failure, 52 (0; 100) before the nephrectomy [3.6 (0.9; 32.6) 
months post graft failure and 1.0 (0.0; 8.7) months before the 
nephrectomy], and after the nephrectomy (median cPRA: 96 
(36; 100) at last follow-up, after 50.4 (5.7; 119.9) months post 
graft failure. Forty-nine (22.5%) patients received another 
transplantation during the follow-up. We did not observe 
any difference regarding the different modalities of 
immunosuppression withdrawal and the occurrence of 
retransplantation (retransplantation according to 

immunosuppression withdrawal modalities except steroids, 
withdrawal <1 month as the reference group, HR = 1.32, 95% 
CI [0.93; 1.87], p = 0.19; retransplantation according to 
steroid withdrawal modality [withdrawal <3 months as the 
reference group, HR = 0.82, 95% CI (0.47; 1.43), p = 0.99]).

Infection and Cardiovascular 
Complications
Sixty-three out of the 218 patients (28.9%) experienced at least 
one episode of infection requiring hospitalization during the 
follow-up, (19 of the 63 (30.2%) occurred in patients that were 
still under immunosuppression). Among them, 20 patients 
(31.7%) required an intensive care unit hospitalization at least 
once. Twelve patients (including 5 who were still under 
immunosuppression) developed at least one opportunistic 
infection [cytomegalovirus syndrome (n = 6), HSV-2 viremia 
(n = 1), invasive pulmonary aspergillosis (n = 1) and invasive 
non-aspergillosis mold (n = 1), candidemia (n = 2), 
cryptosporidiosis induced diarrhea (n = 1)]. We did not find 
any difference regarding the type and length of 
immunosuppression after graft failure and the occurrence of 
infectious complications (Figures 4A,B; 
Supplementary Table 4).

FIGURE 1 | Occurrence of intolerance syndrome according to immunosuppression withdrawal modality (A). Patient survival free from intolerance syndrome 
according to immunosuppression exposition. Patients contributed to the “immunosuppression” category until treatment discontinuation (except steroids), and to the 
“immunosuppression withdrawal” thereafter. The p-value in the Kaplan-Meier curve was tested the log-rank test. (B). Patient survival free from intolerance syndrome after 
graft failure. The p-value in the Kaplan-Meier curve was tested the log-rank test. (C) Patient survival free from intolerance syndrome after immunosuppression 
withdrawal (apart from steroids). The p-value was tested the log-rank test. (D) Patient survival free from intolerance syndrome after steroid withdrawal (less or more than 
3 months). The p-value was tested the log-rank test.
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FIGURE 2 | Occurrence of de novo-Donor Specific Antibodies according to the timing of steroid withdrawal. Patient survival free from de novo DSA after graft failure. 
The p-value was tested the log-rank test. Association between the steroid withdrawal modality after graft failure and de novo DSA occurrence. The association was tested 
by using a univariate Cox proportional hazards model.

FIGURE 3 | Evolution of the cPRA at transplantation, graft failure and last-follow-up, according to (A) immunosuppression withdrawal modality except steroids, and 
(B) steroid withdrawal modality. Abbreviation: cPRA, calculated Panel Reactive Antibodies; Tx, Transplantation; LFU, Last Follow-up; reTx, re-Transplantation; w/d, 
withdrawal.
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Eighteen patients (8.3%) experienced at least one MACE 
during the follow-up (Supplementary Table 5). We did not 
find any difference regarding the occurrence of MACE and type 
and length of immunosuppression during dialysis 
(Figures 4C,D).

Fifty-nine patients (27.0%) died during the follow-up 
(Supplementary Figure 1A,B; Supplementary Table 6). 
We did not observe any difference regarding different 
modalities of immunosuppression withdrawal and death 
(death according to immunosuppression withdrawal 
modalities (except steroids): <1 month: 30/84, 1–3 months 
16/80, more than 3 months 13/54, p = 0.07; death according to 
steroid withdrawal modality: <3 months, 15/58, >3 months 
44/160, p = 0.81).

DISCUSSION

Although patients with a failing graft represent an increasing 
proportion among the dialysis population [27], return to dialysis 
remains a critical period. At that time, the management of 
immunosuppression is quite complex. Indeed, maintaining 
immunosuppression is considered to be risky because of the 
limited immediate expected benefit compared with potential 
complications. A higher risk for cardiovascular and infection 
disorders have been reported, leading to an increased risk of 
death compared to patients with poor allograft function, or 

incident dialysis patients without a history of transplantation 
[31–35]. However, clinicians may be prompted to pursue 
immunosuppressants in order to reduce the risk of allo- 
sensitization. Our study is in line with previous studies and 
shows that the risk of allo-sensitization is not very high during 
the graft functioning period [5, 6] and as long as the patient 
remains on immunosuppression [19], while returning to dialysis 
after immunosuppression withdrawal remains a high risk period 
when allo-sensitization occurs [7–9, 11, 17, 36–38], that 
represents a significant limitation for future transplantation. 
Moreover, intolerance syndrome, that is related to 
immunosuppressants’ withdrawal, is a major complication 
that could lead to the need for allograft nephrectomy or 
arterial embolization that may induce other complications. 
Available guidelines to manage immunosuppression in those 
patients remain elusive [10, 26].

In the present retrospective study, we assessed the impact of 
different strategies of immunosuppression withdrawal on the 
occurrence of intolerance syndrome. The incidence of intolerance 
syndrome in our cohort was 24.3%, and occurred early after graft 
failure (median 6 (3; 13) months post-graft failure), which is 
concordant with previous studies [7, 11, 39]. We noted a strong 
association between immunosuppression withdrawal and intolerance 
syndrome occurrence. However, we did not observe any difference in 
the incidence or the timing of intolerance syndrome or anti-HLA 
sensitization after graft failure and the modality of 
immunosuppression withdrawal, except for steroid management 

FIGURE 4 | Occurrence of infections and Major Adverse Cardiovascular Events (MACE) according to immunosuppression withdrawal (A). Patient survival free from 
infection requiring a hospitalization after graft failure. The p-value was tested the log-rank test. (B) Patient survival free from infection requiring a hospitalization after graft 
failure according to the steroid withdrawal modality. (C) Patient survival free from MACE requiring an hospitalization after graft failure. The p-value was tested the log-rank 
test. (D) Patient survival free from MACE requiring an hospitalization after graft failure according to the steroid withdrawal modality.
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which was associated with a delay in the occurrence of this 
complication. This is in line with previous retrospective [23, 40, 
41] and prospective studies [19, 42]. How to handle steroids after 
kidney graft failure is often not described and not considered in 
the strategy of management of immunosuppression in this 
critical period [10, 27]. However, our study suggest that the 
impact of low-dose steroids in this setting could be non-zero. 
Indeed, we found that patients who stopped their steroids 
during the first 3 months could present an intolerance 
syndrome earlier, and independently of the way of 
management of other immunosuppressants, i.e., CNIs, 
mTOR inhibitors and MPA. In a retrospective study of 
89 patients who returned to dialysis, Garg and colleagues 
found that steroid continuation was associated with 
significantly lower odds of developing an absolute increase 
of allo-sensitization [43]. Low-dose steroids alter T-cell and 
antibody mediated responses [44–46]. Discontinuation of low- 
dose steroids was previously associated with immune 
reconstitution inflammatory syndrome after a prolonged 
course of treatment [47]. Taken together, these observations 
suggest that (i) reduced doses, without monitoring drug dose 
levels, for a limited period (i.e., not prolonged until 
retransplantation) is inefficient to prevent allo-sensitization 
or intolerance syndrome after graft failure, and (ii) in cases 
where early immunosuppression discontinuation is proposed, 
a brutal withdrawal of steroids could participate in the 
development of intolerance syndrome and allo-sensitization 
complications. Nonetheless, these findings should be 
interpreted as exploratory. Unmeasured factors not included 
in our analysis may have contributed to early steroid 
discontinuation and could therefore have introduced 
residual confounding. Validation of these results in future 
external cohorts will be important to confirm their 
generalizability. We didn’t find an impact of a gradual 
maintenance immunosuppression withdrawal on the rate of 
infections requiring hospitalization, opportunistic infections, 
and cardiovascular complications in dialysis patients during 
follow-up. This could be explained by the low doses of CNIs/ 
antimetabolites and early drug discontinuation. Some [23, 40], 
but not all [12], retrospective studies did not observe a higher 
risk for infections or MACE in the same seting. However, other 
adverse effects (e.g., hypertension, dyslipidemia, diabetes, 
etc. . .) that alter the long-term cardiovascular health should 
be kept in mind.

Our study presents several limitations. This is a retrospective, 
monocentric study. Immunosuppressants’ doses and trough levels 
were not assessed. The number of intolerance syndromes included 
was small, limiting our ability to included multiple parameters in 
our multivariate analyses. Nonetheless, this helped us to obtain a 
granular assessment of immunosuppression management in these 
patients, particularly regarding the management of steroids. These 
results could guide the development of future large prospective 
clinical study.

In conclusion, although discontinuation of 
immunosuppression strongly influences the occurrence of 
intolerance syndrome, the modality of immunosuppression 
withdrawal according to available recommendations in 

patients with a failed graft do not prevent the occurrence of 
intolerance syndrome, or allo-sensitization. Only a brutal, early 
(<3 months) withdrawal of steroids seems to reduce the time 
between graft failure and the development of intolerance 
syndrome. Our data suggest further evaluation of the impact 
of current expert’s opinion-based guidelines.
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Long-Term Renal Outcomes 
Following Left Renal Vein Ligation 
Versus Direct Splenorenal Shunt 
Ligation in Living Donor Liver 
Transplantation: A 10-Year 
Single-Center Study
Woo-Hyoung Kang, Deok-Bog Moon*, Shin Hwang, Ki-Hun Kim, Chul-Soo Ahn, Tae-Yong Ha, 
Gi-Won Song, Dong-Hwan Jung, Gil-Chun Park, Young-In Yoon, Byeong-Gon Na, 
Sang-Hoon Kim, Sung-Min Kim and Sung-Gyu Lee

Division of Liver Transplantation and Hepatobiliary Surgery, Department of Surgery, Asan Medical Center, University of Ulsan 
College of Medicine, Seoul, Republic of Korea

In living donor liver transplantation (LDLT), large splenorenal shunts (SRS) can divert portal 
inflow and negatively affect graft function due to portal steal syndrome. Direct SRS ligation 
(SRSL) and left renal vein ligation (LRVL) are used to prevent this complication; however, 
the long-term renal impact of LRVL remains unclear, particularly in recipients requiring 
nephrotoxic immunosuppression. We retrospectively analyzed adult LDLT recipients with 
large SRS (>1 cm) and normal baseline renal function who underwent SRSL (n = 120) or 
LRVL (n = 74). Patient and graft survival, serial renal function profiles, and tacrolimus trough 
levels were evaluated. Survival outcomes were comparable between the two groups. 
LRVL was more frequently performed in patients with higher preoperative Model for End- 
Stage Liver Disease (MELD) scores or increased transfusion requirements. During 
long-term follow-up, the LRVL group showed a more evident decline in renal function, 
with persistently higher serum creatinine levels, despite similar tacrolimus exposure. Four 
recipients in the LRVL group progressed to end-stage renal disease requiring dialysis 
within 10 years, whereas no dialysis cases occurred following SRSL. Although both 
strategies are clinically feasible, LRVL demonstrated a stronger association with 
progressive renal deterioration. These findings suggest that SRSL may be preferred in 
recipients with renal vulnerability to minimize cumulative renal burden.

Keywords: end-stage liver disease, left renal vein ligation, living donor liver transplantation, nephrotoxicity, 
splenorenal shunt ligation
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GRAPHICAL ABSTRACT | 

INTRODUCTION

In patients with end-stage liver disease, portal hypertension 
frequently leads to the formation of spontaneous portosystemic 
shunts, including coronary, periumbilical, and splenorenal shunts 
(SRS). Among these, large SRSs can divert portal blood flow away 
from the liver graft after living donor liver transplantation 
(LDLT), resulting in portal steal syndrome. This condition may 
compromise graft regeneration and function, potentially leading 
to graft failure. Therefore, intraoperative interruption of large 
shunts is essential to ensure adequate portal inflow and graft 
survival [1–3].

The following two major surgical approaches are used to 
interrupt SRSs: Direct splenorenal shunt ligation (SRSL) and 
left renal vein ligation (LRVL) [4, 5]. SRSL involves anatomically 
precise identification and ligation of the shunt vessel itself, but 
often present technical challenges during the procedure 
(particularly in patients with severe adhesions or complex 
vascular anatomy) and carries a risk of bleeding from 
surrounding tissues or from the shunt itself. In contrast, LRVL 
achieves functional interruption of the SRS by ligating the left 
renal vein (LRV), and is often preferred due to its simplicity and 
ease of access.

Our institution previously reported the safety and feasibility of 
LRVL in LDLT, and several subsequent studies have confirmed 
its effectiveness in preventing portal steal syndrome and 
maintaining stable portal perfusion [1, 4]. However, concerns 
persist regarding the potential impact of LRVL on renal function. 
Because the LRV is the major venous drainage pathway for the 
left kidney, its ligation may lead to venous congestion and 

impaired renal perfusion. Although previous nontransplant 
studies have suggested that LRV ligation has minimal long- 
term effects on renal function—because collateral pathways 
such as the left gonadal vein can provide sufficient 
outflow—the applicability of these findings to transplant 
recipients remains to be evaluated [6–9].

To date, most studies on LRVL in LDLT have focused on 
surgical feasibility and short-term safety, with few addressing 
long-term renal outcomes. Moreover, there is a lack of direct 
comparisons between SRSL and LRVL in the transplant setting, 
especially using methodologies that adjust for baseline differences 
in renal function and comorbidities.

We aimed to compare the long-term outcomes of patients 
undergoing either LRVL or SRSL during LDLT, focusing on 
graft-related endpoints such as shunt recanalization, graft failure, 
and patient survival, as well as changes in renal function. To account 
for baseline differences, propensity score matching was applied, and 
renal function was assessed over a 10-year follow-up period in a 
single-center setting using a consistent immunosuppressive protocol.

MATERIALS AND METHODS

Study Design and Patient Selection
This retrospective single-center cohort study was conducted 
at Asan Medical Center and included adult patients who 
underwent LDLT between January 2009 and December 
2015. Among 267 patients with spontaneous SRSs >1 cm in 
diameter and preserved renal function (serum 
creatinine ≤1.4 mg/dL), 194 were selected for analysis 
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based on having undergone one of the two intraoperative 
shunt interruption techniques: LRVL (n = 74) or SRSL (n = 
120). The remaining 73 patients were excluded because they 
had received alternative treatments for SRS—such as selective 
embolization, plug-assisted retrograde transvenous 
obliteration, or proximal splenic vein embolization [5]—or 
were managed with immunosuppressive regimens other than 
tacrolimus.

Surgical Techniques
The method for SRS interruption was determined 
intraoperatively based on a comprehensive assessment of 
anatomical feasibility, severity of adhesions, complexity of 
collateral circulation, and hemodynamic stability. Portal 
hemodynamics were primarily evaluated using real-time cine- 
portography. Portal pressure was not routinely measured. The 
presence of portal flow diversion through collateral vessels, as 
well as the velocity and direction of portal flow, was directly 
visualized on cine-portography. Restoration of hepatopetal flow 
after ligation was confirmed jointly by the transplant surgeon and 
the interventional radiologist. In all cases, intraoperative 
portography was performed to verify adequate portal inflow 
and confirm the absence of residual portal steal [10].

Dissection of the SRS or the LRV was carried out either during 
total hepatectomy or after graft implantation. However, ligation 
was typically performed after portal reperfusion to avoid portal 
hypertension and ensure adequate graft inflow.

In the SRSL group, patients with a single collateral draining 
into the LRV underwent direct ligation of the shunt. The 
mesocolon was dissected to expose the LRV near the ligament 
of Treitz or the inferior mesenteric vein. The shunt was then 
isolated circumferentially and ligated using thick silk ties or 
vascular nylon tape (Figure 1A). In the LRVL group, 
Kocherization was performed to mobilize the duodenum 
and mesocolon from the inferior vena cava, thereby 
exposing the LRV along its left side. After careful 
dissection, the LRV was completely encircled and fully 

ligated (Figure 1B). Compared with SRSL, this approach 
was technically simpler and provided a safer access route 
with lower risk of injury to adjacent vessels.

Study Objectives and Endpoints
This study had two predefined objectives. The primary objective 
was to compare the long-term clinical outcomes of the two 
surgical approaches, including patient mortality, graft failure 
or need for retransplantation, and shunt recannulation. The 
secondary objective was to evaluate the differential effects of 
SRSL and LRVL on long-term renal function following a 
consistent immunosuppressive regimen.

Renal Function and Immunosuppression 
Assessment
All patients had normal preoperative renal function and no 
history of kidney disease. Renal function was assessed using 
serum creatinine levels at postoperative intervals of 1 week, 
1 month, 6 months, and 1, 3, 5, and 10 years. We also 
documented whether any patients required initiation of dialysis 
during the follow-up period. Patients in both groups received 
tacrolimus-based immunosuppression, and tacrolimus trough 
levels were analyzed as a supportive indicator to ensure 
comparable immunosuppressive exposure between the two 
groups. When tacrolimus dose reduction was required because 
of nephrotoxicity, mycophenolate mofetil or other non- 
nephrotoxic agents were added according to standard 
institutional protocols to maintain adequate immunosuppression.

Statistical Analysis
To minimize baseline imbalances between the two groups and 
control for potential confounders affecting renal function, 
propensity score matching was performed. Matched variables 
included age, sex, graft-to-recipient weight ratio, Model for 
End-Stage Liver Disease (MELD) score, presence of diabetes 
mellitus and hypertension, preoperative serum creatinine, and 

FIGURE 1 | Representative illustrations of the available techniques to prevent splenorenal shunt (SRS). (A) Isolation of the splenorenal shunt for direct ligation 
(SRSL). (B) Isolation of the left renal vein after Kocherization for left renal vein ligation (LRVL).
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intraoperative red blood cell transfusion volume [11]. One-to- 
one nearest-neighbor matching with a caliper of 0.2 was applied. 
After matching, balance between the groups was assessed using 
standardized mean differences. Because procedural selection was 
influenced by intraoperative findings and surgeon judgment, we 
included MELD score and intraoperative RBC transfusion 
volume as pragmatic surrogate indicators of overall surgical 
complexity and physiological instability. Although prior 
abdominal surgery and previous episodes of spontaneous 
bacterial peritonitis may partially reflect surgical difficulty, 
their impact is variable and difficult to quantify objectively. 
Surgeon-related factors could not be quantified and therefore 
could not be directly adjusted for.

For the longitudinal assessment of renal function, both fixed- 
effects models and linear mixed-effects models were used to 
account for repeated measurements over time. The 
postoperative follow-up period was divided into an early 
(0–1 years), an intermediate (1–5 years), and a late 
(5–10 years) phase, and temporal changes in creatinine levels 
as well as group-by-time interactions were evaluated accordingly. 
Period-specific changes in creatinine levels (ΔCr) were also 
analyzed to compare long-term renal trajectories between the 
LRVL and SRSL groups. Tacrolimus trough levels were analyzed 
using similar phase-specific fixed-effects models to evaluate 
differences in immunosuppression tapering patterns between 
the groups. Patient and graft survival were analyzed using the 
Kaplan–Meier method, and between-group differences were 
assessed with the log-rank test. Continuous variables were 
compared using Student’s t-test or the Mann–Whitney U test, 
while categorical variables were analyzed using the chi-square 
test or Fisher’s exact test, as appropriate. All statistical analyses 
were performed under the guidance of a medical statistician from 
our institution to ensure appropriate model selection and 
methodological validity.

This study was conducted with approval from the Institutional 
Review Board of Asan Medical Center (IRB No. AMC 2022-0763).

RESULTS

Baseline Characteristics of the 
Original Cohort
A total of 194 adult LDLT recipients with large spontaneous SRSs 
were included in the analysis, comprising 120 patients in the SRSL 
group and 74 in the LRVL group. Most baseline characteristics 
were comparable between the two groups. The mean age was 
similar (52.3 vs. 53.0 years, p = 0.500), and the sex distribution was 
nearly identical (male participants: 67.5% vs. 67.6%). The presence 
of diabetes mellitus and hypertension, the primary liver disease 
patterns, the graft-to-recipient weight ratio, and the preoperative 
serum creatinine levels were also well balanced (Table 1).

Two variables demonstrated significant differences: The LRVL 
group exhibited a higher mean MELD score (17.7 ± 6.0 vs. 14.2 ± 
6.3, p < 0.001), suggesting increased disease severity at 
transplantation. Additionally, intraoperative red blood cell 
transfusion volumes were noticeably higher in the LRVL 
group (15.4 ± 10.7 vs. 7.9 ± 7.1 units, p < 0.001). These 
findings suggest that LRVL was more frequently selected in 
surgically complex or hemodynamically challenging situations, 
rather than being applied uniformly across the cohort.

Baseline Characteristics After Propensity 
Score Matching
To reduce potential confounding from preoperative or 
intraoperative variables that may influence long-term renal 
outcomes, 1:1 propensity score matching was performed using 
age, sex, MELD score, graft-to-recipient weight ratio, presence of 

TABLE 1 | Baseline cohort characteristics.

Characteristic Category SRS ligation LRV ligation p-value SMD

120 74

Sex (%) Male 81 (67.5) 50 (67.6) 1.000 0.001
Female 39 (32.5) 24 (32.4)

Age (mean [SD]) 52.33 (6.96) 53.00 (6.19) 0.500 0.101
Original disease (%) HBV 83 (69.2) 51 (68.9) 0.661 0.287

HCV 6 (5.0) 2 (2.7)
ALD 17 (14.2) 11 (14.9)
PSC 1 (0.8) 0 (0.0)
AI 2 (1.7) 0 (0.0)
Other 11 (9.2) 10 (13.5)

GRWR (mean [SD]) 1.17 (0.28) 1.14 (0.25) 0.437 0.117
MELD (mean [SD]) 14.21 (6.27) 17.73 (5.98) <0.001 0.575
DM (%) No 93 (77.5) 52 (70.3) 0.339 0.165

Yes 27 (22.5) 22 (29.7)
HTN (%) No 104 (86.7) 64 (86.5) 1.000 0.005

Yes 16 (13.3) 10 (13.5)
Preoperative serum creatinine (mean [SD]) 0.72 (0.23) 0.72 (0.20) 0.882 0.022
Intraoperative RBC transfusion, unit (mean [SD]) 7.85 (7.06) 15.36 (10.66) <0.001 0.831

HBV, hepatitis B virus; HCV, hepatitis C virus; ALD, alcoholic liver disease; PSC, primary sclerosing cholangitis; AI, autoimmune hepatitis; GRWR, graft-to-recipient weight ratio; MELD, 
model for end-stage liver disease; DM, diabetes mellitus; HTN, hypertension; Cr, creatinine; RBC, red blood cell; SMD, standardized mean difference; SRS, splenorenal shunt; LRV, left 
renal vein.
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diabetes and hypertension, preoperative serum creatinine levels, 
and intraoperative RBC transfusion volume. Matching with a 
caliper of 0.2 yielded 58 well-balanced pairs (n = 116).

After matching, most covariates achieved acceptable 
balance. Although minor residual imbalance remained in 
baseline creatinine, this difference was limited and clinically 
marginal. Overall, the matching process substantially improved 
comparability between the two groups (Table 2).

Clinical Outcomes in the Original and the 
Matched Cohorts
Patient and Graft Survival
In the original cohort (n = 194), Kaplan–Meier analysis 
demonstrated no significant difference in patient survival 
between the SRSL and LRVL groups (p = 0.92; Figure 2A). 
Similarly, graft failure–free survival did not differ significantly 
(p = 0.77; Figure 2B).

TABLE 2 | Baseline characteristics in matched cohort.

Characteristic Category SRS ligation LRV ligation p-value SMD

58 58

Sex (%) Male 41 (70.7) 41 (70.7) 1 <0.001
Female 17 (29.3) 17 (29.3)

Age (mean [SD]) 53.48 (7.68) 53.47 (5.32) 0.989 0.003
Original disease (%) HBV 32 (55.2) 45 (77.6) 0.129 0.512

HCV 4 (6.9) 2 (3.4)
ALD 13 (22.4) 6 (10.3)
PSC - -
AI 1 (1.7) 0 (0.0)
Other 8 (13.8) 5 (8.6)

GRWR (mean [SD]) 1.15 (0.29) 1.14 (0.26) 0.843 0.037
MELD (mean [SD]) 16.93 (7.42) 16.33 (5.13) 0.612 0.095
DM (%) No 40 (69.0) 39 (67.2) 1 0.037

Yes 18 (31.0) 19 (32.8)
HTN (%) No 51 (87.9) 51 (87.9) 1 <0.001

Yes 7 (12.1) 7 (12.1)
Preoperative serum creatinine (mean [SD]) 0.74 (0.25) 0.71 (0.19) 0.558 0.109
Intraoperative RBC transfusion, unit (mean [SD]) 11.45 (8.07) 11.59 (8.22) 0.928 0.017

HBV, hepatitis B virus; HCV, hepatitis C virus; ALD, alcoholic liver disease; PSC, primary sclerosing cholangitis; AI, autoimmune hepatitis; GRWR, graft-to-recipient weight ratio; MELD, 
Model For End-Stage Liver Disease; DM, diabetes mellitus; HTN, hypertension; Cr, creatinine; RBC, red blood cell; SMD, standardized mean difference; SRS, splenorenal shunt; LRV, left 
renal vein.

FIGURE 2 | Kaplan–Meier survival curves for the overall cohort showing (A) patient survival and (B) graft survival. No significant differences were observed between 
the splenorenal shunt ligation (SRSL) and left renal vein ligation (LRVL) groups (p = 0.92 and 0.77, respectively).
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The findings were consistent with those from the propensity- 
matched cohort (n = 116). Neither patient survival (p = 0.64) nor 
graft survival (p = 0.52) showed intergroup differences (Figures 
3A,B). These results indicate that both SRS interruption 
techniques offer comparable long-term survival outcomes.

Post-Transplant Dialysis Requirement
In the original cohort, four patients required chronic dialysis within 
the 10-year follow-up period, with all cases occurring in the LRVL 
group (4/74, 5.4%). Notably, each of these patients developed end- 
stage renal failure during the late postoperative period, between 
5 and 10 years after transplantation. This pattern was consistent 
with that observed in the propensity score–matched cohort, in 
which all three cases requiring dialysis were likewise confined to the 
LRVL group, with none observed in the SRSL group.

Beyond the initial 10-year follow-up period, two additional 
patients in the LRVL group subsequently initiated dialysis at 
11 and 14 years after transplantation, respectively (see Table 3). 
This suggests that the cumulative number of patients requiring 
dialysis is likely to increase further with a longer follow-up period. 
Taken together, these findings indicate that LRVL may be associated 
with a late-onset decline in renal function, underscoring the need for 
long-term renal surveillance in this population.

Shunt Recanalization
Clinically significant shunt recanalization occurred only in the 
SRSL group (2/120, 1.7%). One case was detected at 1 month and 
the other at 10 years post-transplantation. Both were managed 
successfully using plug-assisted retrograde transvenous 
obliteration, with preserved graft function and stable renal 
parameters during subsequent follow-up. No recanalization 
events were identified in the LRVL group.

Long-Term Renal Function Analysis
Temporal Trends in Serum Creatinine
Serum creatinine was analyzed at seven time points: After 1 week, 
1 month, 6 months, 1 year, 3 years, 5 years, and 10 years. Both groups 
maintained generally stable renal function, with mean creatinine 
values near 1.2 mg/dL across the 10-year follow-up period (Figures 
4A,B). However, the LRVL group demonstrated consistently higher 
mean creatinine levels at most time points. At year 10, mean 
creatinine was 1.11 ± 0.26 mg/dL in the SRSL group and 1.33 ± 
1.57 mg/dL in the LRVL group. The large standard deviation in the 
LRVL group resulted from occasional extreme elevations, including 
one outlier with creatinine levels as high as 12.0 mg/dL.

Overall, renal function remained stable in most patients, 
but the LRVL group exhibited a broader range of creatinine 
variability that included occasional extreme elevations along 
with a gradual upward trend during long-term follow-up.

Fixed-Effects Modeling
To characterize temporal patterns, the follow-up period was divided 
into an early (0–6 months), an intermediate (1–5 years), and a late 
(5–10 years) phase. Overall, serum creatinine increased significantly 
with time (estimate +0.25, p = 0.018).

Phase-specific changes revealed that baseline creatinine at the 
start of the intermediate phase was significantly higher than in the 
early phase (estimate +0.153, p = 0.032), although the subsequent 
rate of increase slowed down (Time × Phase 1–5 years: −0.283, 
p = 0.010). A similar pattern was observed in the late phase 
(−0.216, p = 0.043).

LRVL group assignment was not independently 
associated with a statistically significant elevation in 
creatinine (estimate +0.092, p = 0.185). Nonetheless, the 
LRVL group showed a consistent longitudinal trend toward 

FIGURE 3 | Kaplan–Meier survival curves for the propensity score–matched cohort showing (A) patient survival and (B) graft survival. No significant differences were 
observed between the splenorenal shunt ligation (SRSL) and left renal vein ligation (LRVL) groups (p = 0.64 and 0.52, respectively).
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higher creatinine values, although this did not reach 
statistical significance (Table 4).

Linear Mixed-Effects Model for Changes in Creatinine
Changes in creatinine (ΔCr) were compared across the three 
defined phases. Although intergroup differences were not 
statistically significant in any of the phases, the pattern for 

each of the phases differed (Table 5): During the early phase, 
the value for the SRSL group was +0.098 mg/dL and that for the 
LRVL group was +0.147 mg/dL. The increase in the LRVL group 
approached significance (95% CI: −0.011 to +0.306). During the 
intermediate phase, both groups showed mild declines (SRSL: 
−0.080 mg/dL; LRVL: −0.125 mg/dL). Finally, only the LRVL 
group demonstrated a significant increase in the late phase 

TABLE 3 | Clinical characteristics of patients who progressed to dialysis after modulation of preoperative splenorenal shunt.

Patient 
No.

SRS 
Modulation

Sex Etiology Age 
(yr)

GRWR MELD Intraoperative 
RBC Transfusion 

(Units)

Pre- 
op Cr 
(mg/ 
dL)

DM HTN Time to 
Dialysis 
(months)

Survival 
Status

Remarks

1 LRVL M HBV 44 1.05 14 16 0.8 Yes No 83 Alive —
2 LRVL M HBV 47 0.93 9 1 0.6 Yes No 115 Alive —
3 LRVL M HBV 47 1.08 24 80 0.7 No No 95 Dead Death due to 

pneumonia
4 LRVL M HBV 52 1.50 22 33 0.8 Yes Yes 167 Alive Dialysis initiated 

beyond 10-year 
follow-up

5 LRVL M HCV 41 0.94 21 59 0.6 No No 95 Dead Death due to 
post- 
retransplant 
bleeding

6 LRVL M HBV 47 1.38 31 15 0.6 Yes Yes 137 Alive Dialysis initiated 
beyond 10-year 
follow-up

LRVL, left renal vein ligation; HBV, hepatitis B virus; HCV, hepatitis C virus; GRWR, graft-to-recipient weight ratio; MELD, Model for End-Stage Liver Disease; RBC, red blood cell; Cr, 
creatinine; DM, diabetes mellitus; HTN, hypertension; SRS, splenorenal shunt.

FIGURE 4 | Longitudinal changes in serum creatinine after living donor liver transplantation. (A) Longitudinal creatinine profile by group. Mean serum creatinine levels 
with standard deviations after 1 week, 1 month, 6 months, 1 year, 3 years, 5 years, and 10 years are shown. The left renal vein ligation (LRVL) group (blue) demonstrated 
consistently higher creatinine values compared to the splenorenal shunt ligation (SRSL) group (red) across most time points. (B) Longitudinal trends for creatinine levels in 
each group. Creatinine trajectories during the same follow-up interval illustrate overall trends in both groups. The LRVL group exhibited a wider range of variability 
and relatively higher creatinine levels during long-term follow-up, with greater divergence observed at later time points.
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(+0.246 mg/dL; 95% CI: +0.082 to +0.411, p < 0.05), whereas the 
SRSL group did not (+0.087 mg/dL, NS).

Despite the absence of statistically significant intergroup 
interactions, the pronounced late-phase increase in the LRVL 
group suggests a trend toward accumulating renal burden during 
extended follow-up.

Longitudinal Trends in Tacrolimus 
Trough Levels
Tacrolimus trough levels decreased steadily over time in both 
groups, reflecting routine clinical tapering practices.

Overall Trends in Tacrolimus Trough Levels Over Time
The LRVL group generally exhibited slightly lower tacrolimus 
levels than the SRSL group at all time points, with the most 
noticeable difference occurring during the early postoperative 
period (Figure 5).

Phase-specific Modeling
The fixed-effects model showed that tacrolimus levels declined 
rapidly in the early phase (p < 0.001), with a significantly faster 
rate of decrease in the LRVL group (interaction estimate: −4.820, 
p = 0.004). Levels continued to decrease during the intermediate 
phase (p < 0.001), but group differences were no longer 
significant. A mild further decline was observed in both 
groups during the late phase (p < 0.001), with no intergroup 
differences. These findings suggest that early tacrolimus tapering 
may have been more aggressive in the LRVL group, possibly 
reflecting concerns for renal function by the attending clinicians, 
while tapering strategies later converged for both groups. Overall, 
despite a tendency toward earlier tacrolimus tapering in the 
LRVL group, these patients demonstrated a more pronounced 

long-term decline in renal function, reflected by progressively 
higher creatinine levels and the exclusive occurrence of renal 
failure requiring dialysis treatment within this group during the 
late phase of the follow-up period (Table 6).

DISCUSSION

Effective management of large spontaneous SRSs during LDLT 
is essential to ensure adequate portal inflow and prevent portal 
steal syndrome. Two intraoperative techniques are currently 
employed for this purpose: SRSL, which anatomically targets 
the shunt itself, and LRVL, which functionally interrupts shunt 
outflow by occluding the LRV. SRSL provides anatomically 
precise control but can be technically demanding in patients 
with dense adhesions or distorted venous anatomy. In 
contrast, LRVL is less technically challenging and is often 
preferred in hemodynamically unstable or surgically complex 
cases [1–3].

In this study, both techniques were effective in preventing 
portal steal and maintaining adequate graft perfusion. Patient and 
graft survival, re-transplantation rates, and shunt recanalization 
were comparable between groups, supporting LRVL as a feasible 
and effective alternative when direct shunt ligation is difficult or 
deemed unsafe.

Nevertheless, concerns remain regarding the potential long- 
term renal consequences of LRVL. Because the LRV is the primary 
venous drainage route of the left kidney, its ligation may 
predispose patients to impaired renal perfusion and progressive 
renal dysfunction, particularly in LDLT recipients who require 
lifelong exposure to nephrotoxic immunosuppressants such as 
tacrolimus. Although previous nontransplant studies have 
suggested minimal long-term renal impact after LRV ligation, 

TABLE 4 | Fixed-effects analysis of serum creatinine changes over time and by subgroup (SRSL vs. LRVL).

Term Estimate Std. Error df t value p-value Interpretation

Intercept 1.000 0.056 182.88 17.97 <0.001 Baseline Cr at time 0 in the reference phase
Time (per year) 0.250 0.106 644.87 2.37 0.018 Cr increases over time in reference phase
Phase: Year 1–5 0.153 0.071 644.17 2.16 0.032 Higher baseline Cr between intermediate phase vs. early phase
Phase: Year ≥5 −0.151 0.098 643.20 −1.54 0.123 Lower baseline Cr in 5+ years phase (not significant)
Group (LRVL vs. SRSL) 0.092 0.069 110.37 1.33 0.185 Slightly higher Cr in LRVL group (not significant)
Time × phase (Year 1–5) −0.283 0.110 644.61 −2.58 0.010 Cr rises slower over time between 1 and 5 years
Time × phase (Year ≥5) −0.216 0.106 644.82 −2.03 0.043 Slower Cr increase in late phase

Cr, serum creatinine; SRSL, splenorenal shunt ligation; LRVL, left renal vein ligation; y, year; df, degrees of freedom; Std., standard.

TABLE 5 | Estimated change in serum creatinine level (ΔCr) across follow-up intervals according to group (SRSL vs. LRVL).

Phase Group Estimated ΔCr (mg/dL) Std. Error 95% CI Interpretation

Early 
0 → 1 year

SRSL 0.0983 0.0827 [−0.0645, +0.2611] Slight increase (not significant)
LRVL 0.1473 0.0805 [−0.0111, +0.3057] Slight increase, marginally close to significance

Intermediate 
1 → 5 years

SRSL −0.0800 0.0844 [−0.2460, +0.0860] Mild decrease (not significant)
LRVL −0.1250 0.0828 [−0.2878, +0.0379] Slightly larger decrease, not significant

Late 
5 → 10 years

SRSL 0.0865 0.0870 [−0.0847, +0.2576] Small increase (not significant)
LRVL 0.2463 0.0836 [+0.0819, +0.4108] Significant increase

Cr, serum creatinine; SRSL, splenorenal shunt ligation; LRVL, left renal vein ligation; CI, confidence interval; Std., standard; ΔCr, change in serum creatinine.
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these findings may not be fully applicable to liver transplant 
recipients under chronic immunosuppression. Beyond 
simple mechanical obstruction of venous outflow, progressive 
renal dysfunction after LRVL may involve multiple 

pathophysiological mechanisms, including microvascular injury, 
altered renal autoregulation, and synergistic nephrotoxicity 
associated with prolonged calcineurin inhibitor exposure. These 
mechanisms may partly explain the greater variability in 
creatinine levels and the exclusive occurrence of dialysis in the 
LRVL group during long-term follow-up.

To evaluate renal outcomes more rigorously, we performed 1: 
1 propensity score matching using the baseline values for relevant 
variables. After matching, long-term tacrolimus exposure was 
comparable between the groups, although the LRVL group 
demonstrated a tendency toward earlier tacrolimus tapering 
during the early postoperative period, likely reflecting concerns 
by the clinicians about renal function. Despite this early tapering, 
the LRVL group exhibited a sustained trend toward higher serum 
creatinine throughout follow-up, and all cases of renal failure 
requiring dialysis occurred exclusively in the LRVL groups 
between 5 and 10 years post-transplant. Although not definitive, 
these findings raise the possibility that LRVL may be associated with 
a subtle but progressive long-term renal burden.

These observations align with prior experience at our 
institution. In an early report, Lee et al. found no short-term 
deterioration in renal function, proteinuria, or hematuria 
following LRVL [4]. However, a 20-year follow-up study by 
Hwang et al. in the same patient cohort revealed that 9.1% of 
them eventually required dialysis, and more than half 
experienced a decline in the estimated glomerular filtration 
rate [12]. Although underlying comorbidities such as diabetes 
or glomerulonephritis likely contributed to this outcome, chronic 
venous congestion from LRV ligation may also have played a role 
in the progressive renal decline. These longer-term findings 
underscore the importance of careful patient selection and 
appropriate renal monitoring following LRVL.

Our study provides follow-up data up to 10 years after 
transplantation. While no statistically significant differences in 
renal failure were observed during this interval, the trends in 
creatinine elevation and the exclusive occurrence of cases 
requiring dialysis in the LRVL group suggest that more 
pronounced differences may emerge with a more extended 
follow-up, as suggested by the long-term data reported by a 
Hwang et al. [12] This highlights the need for continued 

FIGURE 5 | Longitudinal changes in tacrolimus levels in blood after 
transplantation. Tacrolimus levels were analyzed at seven fixed time points: at 
1 week, 1 month, 6 months and 1, 3, 5, and 10 years. The left renal vein ligation 
(LRVL) group showed a more rapid decline in tacrolimus levels during the 
early phase compared to the splenorenal shunt ligation (SRSL) group, followed 
by a similar tapering pattern of immunosuppression in both groups. The early 
decrease in tacrolimus levels is presumed to be due to a rise in serum 
creatinine during the immediate postoperative period.

TABLE 6 | Changes in tacrolimus trough levels over time by phase and group.

Phase Variable Estimate Std. Error p-value Interpretation

Early 
0 → 1 year

Intercept 9.875 0.395 <0.001 FK level at time = SRSL group is higher
Time_year −4.709 1.196 0.000 FK level significantly declines over time
Group (LRVL vs. SRSL) 0.481 0.558 0.390 LRVL group shows slightly higher FK level (not significant)
Time × group −4.820 1.691 0.004 FK level in LRVL group declines faster than in SRSL group

Intermediate 
1 → 5 years

Intercept 7.411 0.512 <0.001 FK level starts lower than in early phase
Time_year −0.832 0.204 0.000 FK level continues to decrease over time
Group (LRVL vs. SRSL) −0.915 0.714 0.202 LRVL group shows slightly lower FK baseline level (not significant)
Time × group 0.069 0.284 0.807 No significant group difference in slope

Late 
5 → 10 years

Intercept 5.501 0.468 <0.001 FK level further reduced
Time_year −0.291 0.055 <0.001 Decline continues at a slower rate
Group (LRVL vs. SRSL) −0.055 0.654 0.933 No baseline difference between groups
Time × group −0.016 0.077 0.839 No group difference in slope (not significant)

FK, level, Tacrolimus trough level (FK506); SRSL, splenorenal shunt ligation; LRVL, left renal vein ligation; NS, not significant.
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surveillance and emphasizes the importance of choosing surgical 
strategies that minimize long-term renal risk.

In this context, the potential advantages of SRSL warrant 
renewed attention. SRSL preserves physiological renal venous 
drainage and avoids direct compromise of kidney perfusion. 
Although it may be technically challenging, particularly in the 
presence of dense adhesions, it provides targeted shunt 
interruption while minimizing collateral vessel injury. By 
avoiding alterations in systemic venous return, SRSL may 
offer the advantage of sparing the kidney, which is 
particularly important in patients with pre-existing renal 
risk factors.

At our institution, SRSL has consistently provided reliable 
portal decompression and stable long-term renal outcomes. 
Given the rising prevalence of chronic kidney disease after 
liver transplantation and the widespread use of tacrolimus, 
SRSL may represent the preferred SRS management strategy 
when anatomically feasible. Surgical planning should 
incorporate both anatomical considerations and long-term 
organ protection, particularly in recipients predisposed to 
renal dysfunction.

This study has several strengths, including a relatively large 
cohort of LDLT recipients with large SRS, long-term follow- 
up of up to 10 years, and rigorous propensity score matching 
to minimize selection bias. In addition, standardized 
immunosuppressive protocols and objective renal 
biomarkers further strengthened the validity of the 
comparative analyses. However, several limitations should 
be acknowledged. This was a retrospective single-center 
study, which limits generalizability, and residual 
confounding cannot be completely excluded. Procedural 
selection was influenced by intraoperative assessment, 
surgeon preference, and individual judgment, introducing 
potential selection bias. Although we attempted to mitigate 
this by using MELD score and RBC transfusion as surrogate 
markers in the propensity score model, unmeasured surgeon- 
related factors may still have contributed to 
residual confounding. Furthermore, technical difficulty in 
determining the ligation strategy was difficult to quantify 
objectively, and renal function was primarily assessed using 
only serum creatinine. and the limited number of patients 
requiring dialysis reduced the statistical power for detecting 
differences in rare outcomes. Another limitation is that 
detailed graft function parameters, including rejection and 
longitudinal liver function tests, were not systematically 
analyzed. Therefore, subtle differences in graft function 
between groups may not have been fully captured. These 
strengths and limitations should be considered when 
interpreting our findings, and further prospective 
multicenter studies are warranted to validate our results.

In conclusion, both SRSL and LRVL are effective strategies for 
managing SRS during LDLT. Although survival outcomes were 
comparable, LRVL may be associated with potential long-term 
renal risks, even when early tacrolimus tapering is implemented. 
When anatomically feasible, SRSL may be considered, whereas 
LRVL remains an important alternative in technically challenging 
or hemodynamically unstable cases. In patients requiring LRVL, 

strategies aimed at renal protection, including careful titration of 
nephrotoxic immunosuppressants, should be implemented, and 
long-term renal function should be closely monitored. Further 
prospective multicenter studies with extended follow-up are 
warranted to validate these findings and guide optimal surgical 
decision-making in the management of SRS during liver 
transplantation.
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Despite the metabolic risks associated with corticosteroids after liver transplantation (LT), 
the optimal timing for their withdrawal remains uncertain due to limited and inconsistent 
evidence. To evaluate the impact of corticosteroid withdrawal timing on the development 
of de-novo post-transplant diabetes mellitus (PTDM), we performed a retrospective cohort 
study of 6,295 adult recipients who underwent LT between 2009 and 2021 in South Korea, 
utilizing a national health insurance claims database. A landmark analysis with time-varying 
propensity score matching was conducted at one-, three-, and six-month post- 
transplantation to compare the incidence of PTDM between steroid withdrawal and 
maintenance groups. Early steroid withdrawal within 3 months significantly reduced 
PTDM risk (HR = 0.586; 95% CI = 0.407–0.846 at 1 month, HR = 0.766; 95% CI = 
0.611–0.960 at 3 month), whereas withdrawal after 3 months showed no significant 
benefit (HR = 0.844; 95% CI = 0.619–1.152 at 6 month). Rejection events were rare, 
suggesting no substantial compromise in graft function. These findings indicate that 
corticosteroid withdrawal within the first three months post-LT can lower the risk of 
PTDM without increasing rejection risk, supporting timely steroid tapering as part of post- 
transplant immunosuppressive strategies to reduce long-term metabolic complications.

Keywords: corticosteroid withdrawal, immunosuppression, landmark analysis, liver transplantation, post-transplant 
diabetes mellitus

INTRODUCTION

Liver transplantation (LT) has become the most effective treatment for patients with liver cancer or 
end-stage liver diseases [1], with 5-year graft survival rate exceeding 75% [2]. Long-term care after LT 
encompasses the management of hypertension, diabetes, bone health, and cancer surveillance [1, 3], 
underscoring the importance of reducing preventable complications such as post-transplant diabetes 
mellitus (PTDM) [4]. PTDM affects 30%–40% of recipients and increases the risks of infection, 
mortality, and cardiovascular disease, the leading cause of non-graft-related death after 
transplantation [5–7].

Steroids are the primary modifiable risk factor for PTDM due to their multiple interactions within 
glucose metabolism [8, 9]. While traditionally essential for induction of immunosuppression and 
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rejection control [10], their prolonged use has come under critical 
review. The 2018 International Liver Transplantation Society 
Consensus Statement recommended minimizing steroids use 
to prevent metabolic complications [11]. Many centers 
empirically adopt steroid-tapering protocols [12], often around 
3 months [13], but robust evidence and formal guidelines on 
optimal timing remain limited.

Given the complex nature of diabetes and the heterogeneity of 
transplant care, population-based studies reflecting real-world 
practice are crucial [14]. South Korea, with one of the highest 
global rates of living donor LT [15], provides a valuable setting to 
investigate LT outcomes across diverse clinical scenarios. Using 
nationwide healthcare insurance data, we aimed to evaluate the 
association between the timing of steroid withdrawal after LT and 
PTDM without compromising the liver graft function in liver 
recipients.

METHODS

Study Design and Population
This retrospective cohort study utilized the Health Insurance 
Review and Assessment Service database from South Korea, 
which includes comprehensive information on patient 
characteristics, diagnoses, treatments, prescription, and 
medical expenses for the entire population of approximately 
50 million people [16]. Patients aged >18 years who received 
LT between 2009 and 2021, with initial steroid-containing 
immunosuppressive regimen, were included and followed up 
until December 2021. Liver recipients were identified as those 

with an electronic data interchange (EDI) code related to LT for 
health insurance reimbursement (EDI code of Q80 for cadaver 
donor LT and Q81 for living donor LT). Patients were excluded if 
they had a history of diabetes mellitus within 1 year prior to LT. 
Furthermore, patients requiring continuous steroid use for 
specific conditions (e.g., autoimmune liver disease) were 
excluded, irrespective of the timing of diagnosis. This 
exclusion was implemented to delineate steroid exposure 
attributable to the immunosuppressive regimen from steroid 
use for the management of other medical conditions [17, 18]. 
All diagnoses were identified using ICD-10-CM codes 
(Supplementary Table S1). This study was approved by the 
Institutional Review Board of Kyung Hee University (No. 
KHSIRB-22-176(EA)) and was presented according to 
Strengthening the Reporting of Observational Studies in 
Epidemiology reporting guideline [19].

Landmark Analyses Based on Steroid Use
To assess the potential impact of steroid withdrawal at various 
time points after LT, we employed a landmark approach to 
facilitate the identification of causal effects, adhering to the 
foundational assumptions of propensity score analyses [20]. 
We set 1-, 3-, and 6-month post-transplantation as landmark 
times. At each time point, the patients were categorized into 
‘steroid withdrawal’ or ‘steroid maintenance’ groups according to 
their steroid use status from the previous landmark time to the 
current landmark time. We calculated propensity score using 
logistic regression models at each landmark time point based on 
the latest covariates, including comorbidities [21] and hepatitis C 
virus infections [22], alongside demographics and 
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immunosuppressive regimen. Subsequently, we performed 1: 
1 matching of patients from the steroid withdrawal group with 
those from the steroid maintenance group, creating two cohorts 
differentiated only by their steroid use at a specified landmark 
time. Patients were followed up from the day of LT surgery (index 
date) until the earliest day of occurrence of PTDM, cessation due 
to death, or the end of the dataset as censored observations. 
Additional information and the study scheme are shown in 
Supplementary Methods 1.1, Supplementary Figure S1.

Operational Definitions
The exposure of interest was steroid withdrawal, which is a 
dichotomous time-dependent variable. We defined steroids as 
the three corticosteroid medications commonly used after LT in 
South Korea; prednisolone/prednisone, methylprednisolone, and 
deflazacort [23].

In this study, PTDM was defined as a type 2 diabetes diagnosis 
along with a prescription for antidiabetic medication including 
insulin, with the date of the first prescription considered the 
occurrence of the outcome [24]. Steroid use was defined with a 30- 
day grace period, with maintenance as continuous use with a 
prescription refill within 30 days of the last fill date and withdrawal 
as no refill within 30 days. To prevent the inclusion of steroid use 
for other conditions, we considered only prescriptions where the 
diagnosis of “liver transplant status” (ICD-10-CM code of Z94.4) 
was confirmed on the same date as the prescription. Deceased 
individuals were identified by the absence of medical claims for 

over a year from their last visit. Lastly, we investigated whether 
steroid withdrawal compromised the goal of preventing allograft 
rejection, focusing on incidents occurring within 2 months of 
withdrawal [25]. Rejection events were defined as prescriptions of 
500 mg or more of intravenous methylprednisolone, based on 
medical advice. A detailed explanation is provided in 
Supplementary Methods 1.2.

Statistical Analysis
Data are summarized as frequencies with percentages or means 
with standard deviations. The chi-square test or Fisher’s exact test 
was used for categorical variables, while continuous variables 
were analyzed using Student’s t-test. Kaplan-Meier analysis was 
used to estimate the probability of outcomes at daily intervals 
with censoring. If the day of the outcome of interest in a patient’s 
record was within the analysis timeframe, the patient was 
censored on that day. For these matched cohorts, we 
measured the incidence of PTDM. The incidence rate was 
calculated by dividing the number of events by the total 
number of person years of follow-up, then multiplying by 
1,000. We performed Cox proportional hazards regression 
analysis to describe the relative hazard of the outcomes, 
comparing the time-to-event rates with HRs with 95% 
Confidence Interval (CI). Statistical significance was set as less 
than 0.05. The proportional hazards assumption was verified 
using a log minus log plot. All analyses were conducted using the 
SAS software (version 9.4.2 (SAS Institute, Inc., Cary, NC, USA)).

FIGURE 1 | Flow diagram of cohort construction.
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RESULTS

Patient Characteristics at Transplantation
A total of 14,768 adult patients who underwent LT in South Korea 
between January 2009 and March 2021 were identified. For the 
analysis of incident PTDM, the study cohort included 
6,295 patients with no history of diabetes (Figure 1). The 
mean age at LT was 53.0 years, with approximately 
400–600 recipients annually. The majority were male (70.7%), 
and most underwent living donor LT (76.4%) (Table 1). The 
tacrolimus-based regimen for initial post-transplantation 
immunosuppression was dominant (94.9%), with the use of a 
cyclosporin-based regimen becoming infrequent in 2016.

Among the patients followed up with, 41.5% withdrew from 
steroid use within 6 months after LT, and 44.5% were diagnosed 
with PTDM within the same period. The mean follow-up 
duration was 5.3 years (median 4.8 years; interquartile range 
2.0–8.3 years). After the patients were classified based on steroid 
use and matched by propensity scores, the two groups were 
balanced at each landmark time. The patient characteristics 
before and after matching are presented in 
Supplementary Table S2.

PTDM in LT Recipients at 1-Month 
Landmark Time
Among the initial cohort of 6,295 patients, 34.3% were diagnosed 
with PTDM within 1-month post-LT and 5.1% died. These 
patients were excluded from analysis at the 1-month 
landmark. The steroid maintenance group (hereafter SMG) 
included 3,732 patients, while the steroid withdrawal group 

(hereafter SWG) included 361 patients. After propensity score 
matching, each cohort group consisted of 351 patients. The 
incidence rate was 54.9 cases per 1,000 person-years in the 
SMG and 30.0 cases per 1,000 person-years in the SWG, 
indicating that the rate of new PTDM cases in the SMG was 
1.8 times higher than that in the SWG (P < 0.00001). The 
Kaplan-Meier cumulative survival curves showed a higher 
risk of PTDM at every time point in the SMG than in the 
SWG. The log-rank test demonstrated that the observed 
difference in risk between the two groups was statistically 
significant (P = 0.0018). Cox proportional hazards model 
analysis revealed that at the 1-month landmark time, the 
SWG had a significantly lower risk of PTDM compared to 
the matched SMG (5.8% vs. 14.0%; HR, 0.59; 95% CI, 
0.41–0.85) (Figure 2).

PTDM in LT Recipients at 3-Month 
Landmark Time
Among the 3,732 uncensored patients at the 1-month landmark, 
14.8% were diagnosed with PTDM within 3-month post-LT and 
2.3% died. These patients were excluded from the 3-month 
landmark analysis, which included 1,886 patients in the SMG 
and 1,260 in the SWG. After propensity score matching, each 
cohort group consisted of 1,257 patients. The incidence rate was 
30.2 cases per 1,000 person-years in the SMG and 22.1 cases per 
1,000 person-years in the SWG, indicating that the rate of new 
PTDM cases in the SMG was 1.4 times higher than that in the 
SWG (P = 0.0006). The Kaplan-Meier cumulative survival curves 
showed a slightly higher risk of PTDM at every time point in the 
SMG than in the SWG. The log-rank test demonstrated that the 
observed difference in risk between the two groups was also 
statistically significant (P = 0.0073). Cox proportional hazards 
model analysis revealed that at the 3-month landmark time, the 
SWG had a significantly lower risk of PTDM compared to the 
matched SMG (5.1% vs. 7.4%; HR, 0.77; 95% CI, 
0.61–0.96) (Figure 2).

PTDM in LT Recipients at 6-Month 
Landmark Time
Among the 1,886 uncensored patients at the 3-month landmark, 
3.9% were diagnosed with PTDM within 6-month post-LT and 
0.7% died. These patients were excluded from the 6-month 
landmark analysis, which included 827 patients in the SMG 
and 974 in the SWG. After propensity score matching, each 
cohort comprised of 782 patients. The incidence rate were 
23.5 cases per 1,000 person-years in the SMG and 18.7 cases 
per 1,000 person-years in the SWG; however, the difference was 
not statistically significant (P = 0.1159). The Kaplan-Meier 
cumulative survival curves did not show a clear difference in 
the risk of PTDM occurrence between the two groups at any time 
point. The log-rank test confirmed that the observed risk 
difference between the groups was not statistically significant 
(P = 0.1393). Cox proportional hazards model analysis showed 
that at the 6-month landmark time, the SWG had a lower risk of 
PTDM compared to the matched SMG, but this difference was 

TABLE 1 | Baseline characteristics of study participants with liver transplantation.

Characteristics No. (%) P value

Total no. of patients 6,295 (100)
Age at LT, mean (SD), y 53.0 (15.2) -
Male 4,451 (70.7) <0.0001
Insurance type <0.0001

National health insurance 5,945 (94.4)
Medical aid 350 (5.6)

Types of transplantation <0.0001
Living donor LT 4,812 (76.4)
Deceased donor LT 1,483 (23.6)

Immunosuppression <0.0001
Tacrolimus-based regimen 5,975 (94.9)
Cyclosporin A-based regimen 115 (1.8)
Other regimen 205 (3.3)

CCI score, mean (SD) 4.3 (2.2) -
Comorbidities <0.0001

Hypertension 841 (13.4)
Dyslipidemia 102 (1.6)
Osteoporosis 152 (2.4)
Congestive heart failure 304 (4.8)
Peripheral vascular disease 241 (3.8)
Chronic pulmonary disease 1,379 (21.9)
Rheumatologic disease 122 (1.9)
Renal disease 157 (2.5)

Abbreviations: CCI, charlson comorbidity index; LT, liver transplantation; n, number; SD, 
standard deviation; Y, year.
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not statistically significant (4.6% vs. 5.8%; HR, 0.84; 95% CI, 
0.62–1.15) (Figure 2).

Allograft Risk After Steroid Withdrawal
Although rejection is becoming less frequent in LT recipients, we 
monitored for allograft rejection to ensure the safety of steroid 
withdrawal. We examined the requirement for high-dose steroid 
pulse (≥500 mg/dose of prednisolone) as a treatment for acute 
cellular or humoral rejection within 2 months post-withdrawal. 
Two patients received such therapy, both of whom belonged to 
the 3-month landmark withdrawal group.

DISCUSSION

Minimizing exposure to immunosuppressive agents, especially 
steroids, in solid organ transplant recipients has been discussed 
for decades. However, no international consensus has been 
reached on its optimal timing or the appropriate withdrawal 
protocol. This was attributable to substantial heterogeneity in 
regimens and withdrawal schedules across LT studies. A 
systematic review of 16 randomized controlled trials (RCT) 
reported persistent ambiguity regarding the benefits and 
harms of steroid avoidance or withdrawal after LT, finding no 
significant differences in mortality, graft loss, or infection 
between steroid-free and steroid-containing regimens [26]. 
Regarding diabetes outcomes, a subgroup analysis yielded 
inconsistent results depending on the analytical approach: the 
fixed-effects model showed a significant reduction in risk 
(Relative Risk (RR), 0.81; 95% CI, 0.66–0.99), whereas the 
random-effects model did not (RR, 0.82; 95% CI, 0.64–1.07) 
[26]. Furthermore, substantial risk of bias and wide variability in 
withdrawal timing (64–180 days) among the included trials 
limited the reliability of comparisons across specific time points.

In a recent RCT comparing early withdrawal 
(2 weeks ±3 days) with later withdrawal (3 months ±2 weeks), 
the incidence of new-onset diabetes was significantly higher in 
the earlier-withdrawal group (23.3% vs. 5.5%; P = 0.008), likely 
attributable to intensified tacrolimus exposure [27]. However, 
that study was limited by a relatively short follow-up period of 
1 year, restricting evaluation of long-term outcomes.

Despite these uncertainties, efforts to reduce steroid use have 
continued, supported by the liver’s unique immune privilege, 

which may allow for safer minimization of immunosuppression 
[28]. This paradigm reflects a shift in focus from short-term graft 
survival toward long-term patient-centered outcomes.

In this context, our study provided robust evidence using a 
large cohort with up to 13 years of follow-up. We demonstrated 
that early steroid withdrawal reduced the risk of PTDM by 23%– 
41%. In the era of predominantly tacrolimus-based regimens, 
withdrawal within 3 months appeared to be a safe and effective 
strategy. Notably, continuing steroids more than 3 months 
offered no additional benefit even when withdrawal occurred 
before 6 months, underscoring the importance of discontinuing 
steroids as early as feasible within the first 3 months after 
transplantation. By applying a landmark design, we minimized 
immortal time bias and achieved an accurate assessment of time- 
dependent drug effects. In addition, the strict delineation of 
protocol-driven steroid exposure from therapeutic 
administration for comorbidities allowed us to mitigate 
confounding by indication. Combined with the external 
validity of a nationwide dataset reflecting real-world clinical 
practice, this study provides actionable evidence to guide 
immunosuppressive management and prognosis after LT.

Several limitations should be acknowledged. As steroid 
withdrawal may have reflected centre-led clinical decision- 
making, residual confounding from unmeasured factors 
cannot be excluded, despite landmark-specific propensity score 
matching to balance measured covariates [29]. Reliance on claims 
data also introduced the possibility of coding errors, and clinical 
parameters such as glycemic profiles and body mass index were 
unavailable. Our design also limited our ability to examine pre- 
transplant risk factors for developing PTDM or to evaluate the 
clinical rationale underlying decisions regarding steroid 
withdrawal, which may vary across institutions or among 
individual clinicians. This study addressed only the duration 
of steroid use without considering cumulative dosage or 
relative potency. Steroid withdrawal may have been 
accompanied by intensification or substitution with other 
immunosuppressants (e.g., calcineurin inhibitors, 
antimetabolites). Nevertheless, we prioritized steroid 
withdrawal as the primary exposure of interest, consistent with 
the conclusion of Van Hooff et al (2004) that avoidance or early 
withdrawal represents the best preventive strategy against 
diabetes [30]. Finally, as our cohort was derived exclusively 
from the South Korean population, caution is warranted when 

FIGURE 2 | Incidence rate (per 1000 person-years) and adjusted hazard ratio for post-transplant diabetes mellitus according to steroid withdrawal timing at each 
landmark time after liver transplantation. Abbreviations: CI, confidence intervals; HR, hazard ratio; SM, steroid maintenance; SW, steroid withdrawal.
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extrapolating these results to other geographic regions with 
different baseline patient characteristics or genetic backgrounds.

A substantial proportion of recipients developed 
hyperglycemia or diabetes within the first month after LT. 
These early cases were excluded from the landmark analyses 
for methodological reasons. Yet, accumulating evidence 
suggests that this early period represents a clinically 
important metabolic phase. Studies in kidney and other 
solid-organ transplant populations indicated that early 
post-transplant hyperglycemia was associated with adverse 
outcomes, including infections, rehospitalizations, and graft 
dysfunction [31, 32]. Together, these findings underscore the 
need for dedicated investigations focused on this early post- 
transplant period.

In conclusion, this nationwide cohort study showed that early 
steroid withdrawal after LT was associated with a lower risk of 
PTDM, with the greatest benefit observed when steroids were 
discontinued within 3 months. Using a landmark-based approach 
in a large, real-world population, our findings provide time- 
specific evidence relevant to contemporary tacrolimus-based 
practice. These results support earlier consideration of steroid 
minimization and may help inform clinical decision-making 
aimed at improving long-term metabolic outcomes in LT 
recipients.

DATA AVAILABILITY STATEMENT

The data analyzed in this study is subject to the following licenses/ 
restrictions: Data were obtained from the Health Insurance 
Review and Assessment Service (HIRA) under license and are 
not publicly available. Access requires administrative approval, 
and all patient information was anonymized in accordance with 
the Personal Information Protection Act. Requests to access these 
datasets should be directed to Health Insurance Review and 
Assessment Service (HIRA).

ETHICS STATEMENT

The studies involving humans were approved by The 
Institutional Review Board of Kyung Hee University. The 
studies were conducted in accordance with the local legislation 
and institutional requirements. Written informed consent for 
participation was not required from the participants or the 

participants’ legal guardians/next of kin in accordance with 
the national legislation and institutional requirements.

AUTHOR CONTRIBUTIONS

HL, YC, and HS conceived and designed the study. HL and YC 
acquired, analyzed, and interpreted the data. HL drafted the 
manuscript, and YC and HS critically revised it. HS secured 
funding, provided administrative and technical support, and 
supervised the study with YC. All authors contributed to the 
article and approved the submitted version.

FUNDING

The author(s) declared that financial support was received for this 
work and/or its publication. This research was supported by a 
grant (21153MFDS601) from the Ministry of Food and Drug 
Safety in 2023.

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.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: 
https://www.frontierspartnerships.org/articles/10.3389/ti.2026. 
15432/full#supplementary-material

REFERENCES

1. Lucey MR, Furuya KN, Foley DP. Liver Transplantation. New Engl J Med 
(2023) 389(20):1888–900. doi:10.1056/NEJMra2200923

2. Kwong A, Ebel N, Kim W, Lake J, Smith J, Schladt D, et al. OPTN/SRTR 
2020 Annual Data Report: Liver. Am J Transplant (2022) 22:204–309. doi:10. 
1111/ajt.16978

3. Lucey MR, Terrault N, Ojo L, Hay JE, Neuberger J, Blumberg E, et al. Long- 
Term Management of the Successful Adult Liver Transplant: 2012 Practice 
Guideline by the American Association for the Study of Liver Diseases and the 

American Society of Transplantation. Liver Transpl (2013) 19(1):3–26. doi:10. 
1002/lt.23566

4. Serper M, Asrani S, VanWagner L, Reese PP, Kim M, Wolf MS. Redefining 
Success After Liver Transplantation: From Mortality Toward Function and 
Fulfillment. Liver Transplant (2022) 28(2):304–13. doi:10.1002/lt.26325

5. Neuberger JM, Bechstein WO, Kuypers DR, Burra P, Citterio F, De Geest S, 
et al. Practical Recommendations for Long-Term Management of Modifiable 
Risks in Kidney and Liver Transplant Recipients: A Guidance Report and 
Clinical Checklist by the Consensus on Managing Modifiable Risk in 
Transplantation (COMMIT) Group. Transplantation (2017) 101(4S): 
S1–S56. doi:10.1097/TP.0000000000001651

Transplant International | Published by Frontiers February 2026 | Volume 39 | Article 15432 6

Lee et al. Early Steroid Withdrawal Post-LT

140

https://www.frontierspartnerships.org/articles/10.3389/ti.2026.15432/full#supplementary-material
https://www.frontierspartnerships.org/articles/10.3389/ti.2026.15432/full#supplementary-material
https://doi.org/10.1056/NEJMra2200923
https://doi.org/10.1111/ajt.16978
https://doi.org/10.1111/ajt.16978
https://doi.org/10.1002/lt.23566
https://doi.org/10.1002/lt.23566
https://doi.org/10.1002/lt.26325
https://doi.org/10.1097/TP.0000000000001651


6. Gupta S, Pollack T, Fulkerson C, Schmidt K, Oakes DJ, Molitch ME, et al. 
Hyperglycemia in the Posttransplant Period: NODAT vs Posttransplant 
Diabetes Mellitus. J Endocr Soc (2018) 2(11):1314–9. doi:10.1210/js.2018-00227

7. Schmidt K, Spann A, Khan MQ, Izzy M, Watt KD. Minimizing Metabolic and 
Cardiac Risk Factors to Maximize Outcomes After Liver Transplantation. 
Transplantation (2024) 108(8):1689–99. doi:10.1097/tp.0000000000004875

8. Singh S, Watt KD, editors. Long-Term Medical Management of the Liver 
Transplant Recipient: What the Primary Care Physician Needs to Know. Mayo 
Clinic Proceedings. Elsevier (2012).

9. Chauhan K, Khan A, Chowdhury S, Ross HM, Parra NS, Halegoua-DeMarzio 
D. A Comprehensive Review on the Risk of Metabolic Syndrome and 
Cardiovascular Disease After Liver Transplantation. Livers (2022) 2(2): 
85–96. doi:10.3390/livers2020006

10. Di Maira T, Little EC, Berenguer M. Immunosuppression in Liver Transplant. 
Best Pract & Res Clin Gastroenterol (2020) 46(47):101681. doi:10.1016/j.bpg. 
2020.101681

11. Charlton M, Levitsky J, Aqel B, O’Grady J, Hemibach J, Rinella M, et al. 
International Liver Transplantation Society Consensus Statement on 
Immunosuppression in Liver Transplant Recipients. Transplantation (2018) 
102(5):727–43. doi:10.1097/TP.0000000000002147

12. Fairfield CJ, Harrison EM, Wigmore SJ, VanWagner LB. Steroid-Free Versus 
Steroid-Containing Immunosuppression for Liver Transplant Recipients. Clin 
Liver Dis (2020) 16(5):191–5. doi:10.1002/cld.992

13. Reding R. Steroid Withdrawal in Liver Transplantation: Benefits, Risks, and 
Unanswered Questions. Transplantation (2000) 70(3):405–10. doi:10.1097/ 
00007890-200008150-00001

14. Murea M, Ma L, Freedman BI. Genetic and Environmental Factors Associated 
with Type 2 Diabetes and Diabetic Vascular Complications. The Review 
Diabetic Studies: RDS (2012) 9(1):6–22. doi:10.1900/RDS.2012.9.6

15. IRiODaT. International Registry in Organ Donation and Transplantation 
(2023).

16. Kim L, Kim J-A, Kim S. A Guide for the Utilization of Health Insurance Review 
and Assessment Service National Patient Samples. Epidemiol Health (2014) 36: 
e2014008. doi:10.4178/epih/e2014008

17. Jeong S-H. Current Epidemiology and Clinical Characteristics of Autoimmune 
Liver Diseases in South Korea. Clin Mol Hepatol (2018) 24(1):10–9. doi:10. 
3350/cmh.2017.0066

18. Annane D, Bellissant E, Bollaert PE, Briegel J, Keh D, Kupfer Y, et al. 
Corticosteroids for Treating Sepsis in Children and Adults. Cochrane 
Database Syst Rev (2019) 12(12):CD002243. doi:10.1002/14651858. 
CD002243.pub4

19. Vandenbroucke JP, von Elm E, Altman DG, Gøtzsche PC, Mulrow CD, Pocock 
SJ, et al. Strengthening the Reporting of Observational Studies in Epidemiology 
(STROBE): Explanation and Elaboration. Plos Med (2007) 4(10):e297. doi:10. 
1371/journal.pmed.0040297

20. Heinze G, Jüni P. An Overview of the Objectives of and the Approaches to 
Propensity Score Analyses. Eur Heart Journal (2011) 32(14):1704–8. doi:10. 
1093/eurheartj/ehr031

21. Li D-W, Lu T-F, Hua X-W, Dai H-J, Cui X-L, Zhang J-J, et al. Risk Factors for 
New Onset Diabetes Mellitus After Liver Transplantation: A Meta-Analysis. 

World J Gastroenterol WJG (2015) 21(20):6329–40. doi:10.3748/wjg.v21.i20. 
6329

22. Chowdhury TA, Wahba M, Mallik R, Peracha J, Patel D, De P, et al. 
Association of British Clinical Diabetologists and Renal Association 
Guidelines on the Detection and Management of Diabetes Post Solid 
Organ Transplantation. Diabetic Med (2021) 38(6):e14523. doi:10.1111/dme. 
14523

23. Park J, Joo D, Kim J. Liver Transplantation and New Life: The Korean Society 
for Transplantation. Available online at: https://mykst.org/wp-content/ 
uploads/2024/06/%EA%B0%84%EC%9D%B4%EC%8B%9D%EA%B3%BC-% 
EC%83%88%EB%A1%9C%EC%9A%B4-%EC%82%B6-%EB%82%B4%EC% 
A7%80.pdf. (Accessed June 30, 2023)

24. Lawendy B, Srinathan S, Kotha S, Gomes C, Misra S, Yu J, et al. Systematic 
Review and Meta-Analysis of Post-Transplant Diabetes Mellitus in Liver 
Transplant Recipients. Clin Transpl (2021) 35(7):e14340. doi:10.1111/ctr.14340

25. Park S, Kim M, Kim JE, Kim K, Park M, Kim YC, et al. Characteristics of 
Kidney Transplantation Recipients over Time in South Korea. The Korean 
J Intern Med (2020) 35(6):1457–67. doi:10.3904/kjim.2019.292

26. Fairfield C, Penninga L, Powell J, Harrison EM, Wigmore SJ. 
Glucocorticosteroid-Free Versus Glucocorticosteroid-Containing 
Immunosuppression for Liver Transplanted Patients. Cochrane Database 
Syst Rev (2018) 4(4):CD007606. doi:10.1002/14651858.CD007606.pub4

27. Kim J, Joh J-W, Lee K-W, Choi DL, Wang H-J. Safety and Efficacy of Early 
Corticosteroid Withdrawal in Liver Transplant Recipients: A Randomized 
Controlled Trial. Ann Hepatobiliary Pancreat Surg (2024) 28(2):238–47. doi:10. 
14701/ahbps.23-129

28. Forrester JV, Xu H, Lambe T, Cornall R. Immune Privilege or Privileged 
Immunity? Mucosal Immunol (2008) 1(5):372–81. doi:10.1038/mi. 
2008.27

29. Nørgaard M, Ehrenstein V, Vandenbroucke JP. Confounding in Observational 
Studies Based on Large Health Care Databases: Problems and Potential 
Solutions - A Primer for the Clinician. Clin Epidemiol (2017) 9:185–93. 
doi:10.2147/clep.S129879

30. Van Hooff JP, Christiaans MH, van Duijnhoven EM. Evaluating Mechanisms 
of Post-Transplant Diabetes Mellitus. Nephrol Dial Transplant (2004) 
19(Suppl. l_6):vi8–vi12. doi:10.1093/ndt/gfh1063

31. Muir CA, Kuang W, Muthiah K, Greenfield JR, Raven LM. Association of Early 
Post-Transplant Hyperglycaemia and Diabetes Mellitus on Outcomes 
Following Heart Transplantation. Diabet Med (2025) 42(1):e15441. doi:10. 
1111/dme.15441

32. Iqbal A, Zhou K, Kashyap SR, Lansang MC. Early Post-Renal Transplant 
Hyperglycemia. The J Clin Endocrinol & Metab (2021) 107(2):549–62. doi:10. 
1210/clinem/dgab697

Copyright © 2026 Lee, Choi and Suh. 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 February 2026 | Volume 39 | Article 15432 7

Lee et al. Early Steroid Withdrawal Post-LT

141

https://doi.org/10.1210/js.2018-00227
https://doi.org/10.1097/tp.0000000000004875
https://doi.org/10.3390/livers2020006
https://doi.org/10.1016/j.bpg.2020.101681
https://doi.org/10.1016/j.bpg.2020.101681
https://doi.org/10.1097/TP.0000000000002147
https://doi.org/10.1002/cld.992
https://doi.org/10.1097/00007890-200008150-00001
https://doi.org/10.1097/00007890-200008150-00001
https://doi.org/10.1900/RDS.2012.9.6
https://doi.org/10.4178/epih/e2014008
https://doi.org/10.3350/cmh.2017.0066
https://doi.org/10.3350/cmh.2017.0066
https://doi.org/10.1002/14651858.CD002243.pub4
https://doi.org/10.1002/14651858.CD002243.pub4
https://doi.org/10.1371/journal.pmed.0040297
https://doi.org/10.1371/journal.pmed.0040297
https://doi.org/10.1093/eurheartj/ehr031
https://doi.org/10.1093/eurheartj/ehr031
https://doi.org/10.3748/wjg.v21.i20.6329
https://doi.org/10.3748/wjg.v21.i20.6329
https://doi.org/10.1111/dme.14523
https://doi.org/10.1111/dme.14523
https://mykst.org/wp-content/uploads/2024/06/%EA%B0%84%EC%9D%B4%EC%8B%9D%EA%B3%BC-%EC%83%88%EB%A1%9C%EC%9A%B4-%EC%82%B6-%EB%82%B4%EC%A7%80.pdf
https://mykst.org/wp-content/uploads/2024/06/%EA%B0%84%EC%9D%B4%EC%8B%9D%EA%B3%BC-%EC%83%88%EB%A1%9C%EC%9A%B4-%EC%82%B6-%EB%82%B4%EC%A7%80.pdf
https://mykst.org/wp-content/uploads/2024/06/%EA%B0%84%EC%9D%B4%EC%8B%9D%EA%B3%BC-%EC%83%88%EB%A1%9C%EC%9A%B4-%EC%82%B6-%EB%82%B4%EC%A7%80.pdf
https://mykst.org/wp-content/uploads/2024/06/%EA%B0%84%EC%9D%B4%EC%8B%9D%EA%B3%BC-%EC%83%88%EB%A1%9C%EC%9A%B4-%EC%82%B6-%EB%82%B4%EC%A7%80.pdf
https://doi.org/10.1111/ctr.14340
https://doi.org/10.3904/kjim.2019.292
https://doi.org/10.1002/14651858.CD007606.pub4
https://doi.org/10.14701/ahbps.23-129
https://doi.org/10.14701/ahbps.23-129
https://doi.org/10.1038/mi.2008.27
https://doi.org/10.1038/mi.2008.27
https://doi.org/10.2147/clep.S129879
https://doi.org/10.1093/ndt/gfh1063
https://doi.org/10.1111/dme.15441
https://doi.org/10.1111/dme.15441
https://doi.org/10.1210/clinem/dgab697
https://doi.org/10.1210/clinem/dgab697
https://creativecommons.org/licenses/by/4.0/


Donor-Derived Cell-Free DNA as a 
Non-Invasive Readout of Activity 
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Recent work demonstrated that kidney allograft rejection unfolds along a biological 
continuum that can be quantified using histopathology-derived continuous indices. To 
investigate whether donor-derived cell-free DNA (dd-cfDNA) reflects this rejection 
continuum and complements these histopathology-derived indices, we analyzed the 
association between dd-cfDNA measures and the newly developed rejection indices in 
249 indication biopsies from two independent cohorts. dd-cfDNA was analyzed as 
percentage, absolute copies/mL, and as a previously developed combined continuous 
model (CM) score integrating both measures to mitigate limitations of relative 
measurements. dd-cfDNA increased with histopathological activity and was highest in 
biopsies with microvascular inflammation (MVI), including antibody-mediated (AMR) and 
mixed rejection, paralleling high AMR/MVI and activity indices. T-cell-mediated rejection 
(TCMR) showed elevated TCMR/tubulointerstitial inflammation (TI) indices but lower and 
more variable dd-cfDNA, accompanied by increased total cfDNA, providing a plausible 
explanation for the reduced detectability of low-grade TCMR when dd-cfDNA is expressed 
as a percentage alone. Interclass correlation analyses revealed the strongest associations 
between dd-cfDNA and the AMR/MVI and activity indices. The combined CM score 
achieved the highest overall associations (sum R2 = 3.4), outperforming absolute and 
relative dd-cfDNA measures. Thus, dd-cfDNA may serve as a non-invasive readout of graft 
inflammation and extends the rejection-continuum concept into the non-invasive space.

Keywords: dd-cfDNA, donor-derived cell-free DNA, kidney transplantation, rejection, rejection continuum

INTRODUCTION

The recently published study by Vaulet et al. compellingly demonstrates that kidney allograft 
rejection unfolds along a biological continuum rather than within rigid diagnostic subcategories [1]. 
By deriving continuous activity and chronicity indices from assessed histological lesion scores in a 
cohort study of 19,500 biopsies from 8,873 patients across 10 centers worldwide, the authors 
elegantly quantified the spectrum of rejection and distinguished microvascular inflammation from 
tubulointerstitial inflammation patterns. This is a huge step forward in the interpretation of Banff 
lesions in a more quantitative manner and shall provide a better and standardized patient care if 
implemented as histopathological standard.
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An important next step is determining whether non-invasive 
biomarkers map onto this continuum. Donor-derived cell-free 
DNA (dd-cfDNA) as an indicator of graft damage is now widely 
used in clinical kidney transplant care, in both for-cause and 
surveillance settings [2–4]. There is ongoing discussion about 
whether such a “liquid biopsy” may complement the 
histopathological and clinical assessment [3–7]. Usually, dd- 
cfDNA is measured as percentage of total cfDNA, which, 
however, may cause misinterpretation in patients with high or 
low total cfDNA [8]. Absolute dd-cfDNA copy numbers may 
address some of these limitations but require standardized 
measurement approaches [8, 9]. To address this, we recently 
developed a combined continuous model (CM) score that 
integrates relative and absolute dd-cfDNA measurements into a 
single composite metric, with the aim of reducing false classifications 
and improving the robustness of dd-cfDNA interpretation [10].

The aim of this study was therefore to determine whether, and 
how, dd-cfDNA measures including the combined CM score 
correlate with the newly developed histopathology-based 
continuous rejection indices [1] and to identify which Banff 
lesion patterns are the principal drivers of dd-cfDNA release.

METHODS

To this end, we analyzed a cohort of 249 indication biopsies from 
two previously published independent cohorts [11, 12]. Detailed 
descriptions of the patient populations have been reported 
previously. For each biopsy, histopathological diagnoses were 

assigned according to Banff criteria [13], and continuous 
rejection indices for antibody-mediated rejection/microvascular 
inflammation (AMR/MVI), T-cell-mediated rejection/ 
tubulointerstitial inflammation (TCMR/TI), global activity, and 
chronicity were calculated as described by Vaulet et al. [1].

dd-cfDNA was analyzed as relative percentage of total cfDNA, as 
absolute copies per milliliter (cp/mL), and using the previously 
developed combined CM score integrating relative and absolute dd- 
cfDNA measurements [10]. Descriptive analyses were performed by 
histopathological diagnostic category, with indices and dd-cfDNA 
measures summarized as means ± standard deviations.

To assess associations between individual Banff lesion scores 
and cfDNA measures, Spearman rank correlation coefficients (ρ) 
were calculated between each lesion score and dd-cfDNA metrics 
(percentage, cp/mL, CM score) as well as total cfDNA. Lesions 
were grouped according to AMR-related, TCMR-related, and 
chronic injury categories [13].

To evaluate how well dd-cfDNA quantitatively tracks the 
continuous rejection indices across their dynamic range, interclass 
correlation analyses were performed. For each dd-cfDNA metric, 
biopsies were stratified into five equal-sized quintiles. Mean values 
and standard errors of dd-cfDNA measures and histopathology- 
derived indices were calculated within each quintile, and linear 
regression between quintile means was used to derive coefficients 
of determination (R2) and corresponding P-values. Overall 
explanatory association was compared across dd-cfDNA metrics 
by summing R2 values across indices.

Because the endpoints were continuous indices and ordinal 
lesion grades, Spearman’s ρ and R2 were used as descriptive 
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measures of association. Our analyses were not intended to assess 
diagnostic discrimination or calibration for binary outcomes.

RESULTS

Across all dd-cfDNA measures, the highest dd-cfDNA levels were 
observed in biopsies with high histopathological activity indices 
(Table 1). Biopsies characterized by MVI, including AMR, mixed 
rejection, and DSA-negative/C4d-negative MVI, showed the 
highest AMR/MVI and global activity index values and 
correspondingly elevated dd-cfDNA levels. Biopsies with 
TCMR displayed elevated TCMR/TI and activity indices but 
lower and more variable dd-cfDNA levels. Borderline changes 
were associated with moderately increased TCMR/TI and activity 
indices, falling between overt TCMR and non-rejection. 
Categories characterized by chronic or non-immune-mediated 
injury, such as interstitial fibrosis/tubular atrophy (IFTA), 
glomerulonephritis (GN), or calcineurin inhibitor (CNI) 
toxicity, exhibited low dd-cfDNA and low activity despite 
variable chronicity indices.

To further assess the contribution of individual Banff lesions to 
cfDNA release, Spearman correlation coefficients were calculated 
between each lesion score and dd-cfDNA measured as percentage, 
copies/mL, and combined CM score, as well as total cfDNA 
(Figure 1). Lesions associated with AMR showed the highest 
correlation coefficients with dd-cfDNA measures, with 
glomerulitis (g) and peritubular capillaritis (ptc) demonstrating 
the largest coefficients. For TCMR lesions, correlations with dd- 
cfDNA percentage were lower, whereas higher coefficients were 
observed with absolute dd-cfDNA copies/mL and total cfDNA. 
Chronic lesions showed lower correlation coefficients overall with 
dd-cfDNA: among chronic Banff lesions, only transplant 
glomerulopathy (cg) and, to a lesser extent, vascular fibrous 
intimal thickening (cv) were associated with increased dd-cfDNA 
levels, whereas interstitial fibrosis (ci) and tubular atrophy (ct) 
showed no positive association or an inverse relationship.

Building on this descriptive alignment, we next assessed how 
well dd-cfDNA quantitatively tracks the newly developed indices 
across their dynamic range. We therefore performed interclass (IC) 
correlations between the histopathology indices and the dd-cfDNA 
measures, with classes defined by quintiles (20% intervals) of the 
dd-cfDNA levels in the cohort. Across all dd-cfDNA 
measurements, the highest R2 in the IC correlations were 
observed for the AMR/MVI and activity indices (Figure 2). In 
contrast, R2 values for the TCMR/TI and chronicity indices were 
lower (Figure 2). Among the dd-cfDNA metrics, the combination 
score, which simultaneously considers percent and absolute dd- 
cfDNA, showed the highest overall association with the indices, 
with a sum R2 of 3.4 across all indices, followed by absolute dd- 
cfDNA levels in cp/mL (2.9) and relative dd-cfDNA percentages 
(2.6) (Figure 2). Supplementary Figure S1 shows the individual- 
biopsy relationships between each cfDNA measure and the 
histopathology-derived continuous rejection indices.

DISCUSSION

In this study, we evaluate the newly developed histopathology- 
derived continuous indices [1] in an independent cohort of 
clinically indicated biopsies and demonstrate how dd-cfDNA 
aligns with the inflammatory component of the rejection 
continuum. Together, our findings suggest that dd-cfDNA 
may serve as a non-invasive readout of the acuity of graft 
injury within the continuous rejection spectrum.

As expected, biopsies with MVI as seen in AMR, mixed rejection, 
and DSAnegC4dneg MVI showed the highest AMR/MVI and 
activity index values, along with the highest dd-cfDNA levels, 
highlighting once again the utility of dd-cfDNA, particularly in 
AMR contexts [3–5, 10, 12, 14–16]. Consistently, correlation 
analyses demonstrated strong associations between AMR lesions, 
notably g and ptc, and dd-cfDNA, as demonstrated previously [2, 12].

In contrast, dd-cfDNA levels were lower and more heterogenous 
in TCMR biopsies, a pattern that has been reported previously across 

TABLE 1 | Indices and dd-cfDNA by histopathology.

Histopathological 
Diagnosis

N AMR/MVI 
[index]

TCMR/TI 
[index]

Activity 
[index]

Chronicity 
[index]

dd- 
cfDNA [%]

dd-cfDNA 
[cp/mL]

dd-cfDNA [CM- 
Score]

AMR 46 5.04 ± 2.28 0.95 ± 0.85 4.85 ± 2 7.07 ± 3.52 2.01 ± 1.48 96.4 ± 99.8 0.46 ± 0.63
TCMR 16 0.43 ± 0.79 3.57 ± 1.25 4.56 ± 2.1 3.25 ± 2.65 0.56 ± 0.39 53.4 ± 84.4 −0.14 ± 0.52
Mixed Rej 8 5.29 ± 0.96 4.47 ± 1.27 9.13 ± 1.64 6.13 ± 3 1.82 ± 1.11 153.6 ± 111.6 0.73 ± 0.47
DSA- MVI 9 5.34 ± 2.17 1.31 ± 1.04 5.78 ± 2.22 6.22 ± 3.9 1.81 ± 1.41 113.2 ± 101.9 0.5 ± 0.63
Borderline 20 0.6 ± 0.86 1.87 ± 0.23 2.7 ± 0.73 2.85 ± 2.54 0.65 ± 0.54 46.1 ± 66.1 −0.16 ± 0.51
IFTA 46 0.34 ± 0.59 0.64 ± 0.63 0.8 ± 1.09 3.61 ± 1.95 0.41 ± 0.52 21.4 ± 28.4 −0.4 ± 0.33
GN 20 0.57 ± 1.18 1.23 ± 1.2 1.5 ± 1.57 5.1 ± 2.83 0.33 ± 0.2 14.5 ± 9.6 −0.46 ± 0.15
CNI Tox 20 0.47 ± 0.9 0.33 ± 0.37 0.35 ± 0.67 3.85 ± 2.46 0.58 ± 0.59 14.8 ± 11.2 −0.38 ± 0.27
UTI 6 1.16 ± 1.34 2.66 ± 1.85 3.67 ± 3.27 5.83 ± 3.54 0.51 ± 0.32 14.2 ± 6.3 −0.38 ± 0.16
BKVAN 19 0.89 ± 1.2 2.72 ± 1.6 4.11 ± 2.54 2.84 ± 2.06 0.56 ± 1.04 56.4 ± 88.7 −0.2 ± 0.68
Normal 14 0.16 ± 0.58 0.26 ± 0.47 0.21 ± 0.43 1.29 ± 2.37 0.6 ± 1.02 29.8 ± 47.7 −0.31 ± 0.5
ATI 8 0.1 ± 0.27 0.36 ± 0.38 0.38 ± 0.52 1.25 ± 1.04 0.87 ± 1.04 92.3 ± 101.7 0.12 ± 0.77
Other 17 0.45 ± 1.0 1.07 ± 1.61 1.35 ± 1.84 2.71 ± 2.47 0.32 ± 0.11 37.1 ± 49.5 −0.29 ± 0.31

Averages and standard deviations are given. AMR, antibody-mediated rejection; ATI, acute tubular injury; BKVAN, BK polyomavirus nephropathy; CM-score, combined model score; CNI 
Tox, calcineurin inhibitor toxicity; dd-cfDNA, donor-derived cell-free DNA; DSA, donor-specific antibodies; GN, glomerulonephritis; IFTA, interstitial fibrosis and tubular atrophy; MVI, 
microvascular inflammation; Rej, rejection; TCMR, T-cell-mediated rejection; TI, tubulointerstitial inflammation; UTI, urinary tract infection.

Transplant International | Published by Frontiers February 2026 | Volume 39 | Article 16099 3

Benning et al. dd-cfDNA in Kidney Transplantation

144



multiple studies [2, 3, 5, 10–12, 14]. For TCMR-associated lesions, 
total cfDNA showed a strong influence on dd-cfDNA measurements 
(Figure 1). As total cfDNA constitutes the denominator of the 
percentage-based metric, this provides a plausible explanation for 
the limited increase in relative dd-cfDNA often observed in TCMR. 
In contrast, absolute dd-cfDNA expressed as copies per milliliter is 
not affected by recipient-derived cfDNA and therefore showed a 
stronger association with TCMR-related injury (Figure 2). These 
observations are strikingly consistent with the limited association 
between the TCMR/TI index and dd-cfDNA when expressed as a 
percentage (Figure 2). A potential biological explanation is that 
infiltrating recipient immune cells undergo cell death within the graft 
during TCMR, contributing substantially to circulating total cfDNA 
levels and thereby diluting the relative dd-cfDNA fraction when 
expressed as a percentage. Independently of this effect on total 
cfDNA, variability in dd-cfDNA measures among TCMR biopsies 
may also reflect biological differences in injury mechanisms, whereby 
some cases exhibit interstitial inflammation accompanied by subtle 
microvascular injury, leading to increased dd-cfDNA, whereas others 

are dominated by tubular injury that may preferentially drain 
into the urine and therefore not be reflected in circulating 
cfDNA. Notably, in our cohort, seven TCMR cases were grade 
Ia, six were grade Ib, and none were grade III, resulting in a 25% 
lower mean of the TCMR/TI index compared to the cohort 
described by Vaulet et al. [1]. This limited dynamic range likely 
contributes to the weaker alignment of dd-cfDNA with the 
TCMR/TI index and to mean CM scores near (and slightly 
below) zero, rather than clearly positive values. Nonetheless, 
our findings for the first time provide a plausible mechanistic 
explanation for why low-grade TCMR is difficult to detect 
when dd-cfDNA is expressed as a percentage alone.

As expected, patients with Borderline changes had only 
moderately elevated TCMR/TI and activity indices, which were 
lower than those with overt TCMR. This is consistent with 
previous findings indicating that approximately 2/3 of Borderline 
cases have a molecular phenotype compatible with no rejection [17]. 
In such ambiguous cases, histological assessment and biomarkers 
may complement one another, with dd-cfDNA providing additional 

FIGURE 1 | Spearman rank correlations between individual Banff lesion scores and circulating cfDNA measures in 249 kidney transplant biopsies. Correlations are 
shown for donor-derived cell-free DNA (dd-cfDNA) expressed as combined continuous model (CM) score, percentage, and copies/mL, as well as total cfDNA. dd-cfDNA 
shows strongest associations with microvascular inflammation lesions (g, ptc), whereas correlations with tubulointerstitial and chronic lesions are weaker. Dashed lines 
indicate thresholds for moderate and strong correlations; statistical significance is indicated as P < 0.05 (*), P < 0.01 (**), and P < 0.001 (***).
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support in distinguishing true rejection with ongoing graft injury 
from innocuous infiltrates, indicating which patients might profit 
from intensified surveillance [11]. Whether dd-cfDNA can 
distinguish Borderline lesions that require treatment from those 
that are clinically benign, however, remains speculative and will 
require confirmation in larger cohorts of borderline cases together 
with molecular phenotyping.

The consistently low dd-cfDNA levels observed in chronic 
and non-immune-mediated injury support the concept that 
dd-cfDNA primarily reflects acute inflammatory injury rather 
than chronic structural damage. Among chronic Banff lesions, 
only transplant glomerulopathy (cg) and, to a lesser extent, 
vascular fibrous intimal thickening (cv), both reflecting chronic 
vascular and endothelial injury, were associated with increased 

FIGURE 2 | Interclass correlations between continuous indices of kidney transplant rejection and circulating cfDNA measures in 249 kidney transplant biopsies. 
Biopsies were stratified into quintiles based on the four cell-free DNA (cfDNA) measures, including the combined continuous model (CM) score, donor-derived cell-free 
DNA (dd-cfDNA) percentage, dd-cfDNA copies/mL, and total cfDNA (rows, top to bottom). Mean values of (dd-)cfDNA and histopathology-derived indices (AMR/MVI, 
TCMR/TI, activity, chronicity) are shown across quintiles, with linear regression used to derive R2 and P-values. The CM score showed the highest overall 
explanatory power compared with absolute and relative (dd-)cfDNA measures. Background colors indicate statistical significance.
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dd-cfDNA levels, whereas interstitial fibrosis (ci) and tubular 
atrophy (ct), representing largely scarring, showed no positive 
association or an inverse relationship. Taken together, chronic 
graft injury represents a relatively weak driver of dd-cfDNA 
release, consistent with the findings observed for the chronicity 
index (Figure 2).

Thus, our dd-cfDNA data, and in particular the novel 
combined CM score (integrating the percentage and absolute 
dd-cfDNA) in relation to the rejection-continuum indices help 
integrate tissue-based and blood-based measures: whereas the 
continuous histology-based indices quantify the tissue 
phenotype of inflammation and injury, dd-cfDNA captures the 
real-time acuity of graft damage in the blood and may further 
support longitudinal monitoring of clinical response, as indicated 
previously [11, 18]. Despite the limited dataset, the overall patterns 
seem consistent with the biological behavior of dd-cfDNA, which 
reflects acute inflammation that causes cellular injury and death 
with subsequent release of dd-cfDNA but remains low in chronic 
structural damage. This supports the concept of a continuum of 
rejection activity, with microvascular inflammation representing 
the high-acuity end of the spectrum.

The results presented herein add to the scientific 
understanding of dd-cfDNA in relation to the specific lesions 
described by light microscopy and complement the biopsy- 
derived framework introduced by the publication of Vaulet 
et al. [1]. Particularly the increase of total cfDNA in TCMR is 
a novel observation, which offers an explanation, why low grade 
TCMR is notoriously hard to detect with dd-cfDNA when 
expressed as percentage only.

Our study has several limitations: (i) the study population is 
restricted to indication biopsies and does not include protocol 
biopsies, which may introduce selection bias and limits 
generalizability to low-pretest-probability surveillance settings 
and subclinical phenotypes; (ii) both cohorts are European, 
which constrains external validity across different populations 
and clinical practices; (iii) TCMR cases were predominantly low 
grade, which limits inference regarding cfDNA-index relationships 
in advanced/high-grade (“full-blown”) TCMR; (iv) the combined 
CM score, while applied here as a pre-specified composite 
integrating dd-cfDNA percentage and copies/mL, still lacks 
independent external validation in prospective clinical cohorts; 
and (v) because our endpoints were the newly proposed 
continuous rejection indices and Banff ordinal lesion grades, the 
reported Spearman and R2 metrics should be interpreted as 
descriptive measures of association and not as stand-alone 
diagnostic performance assessments.

Taken together, these invasive and non-invasive measures 
may contribute to a unified framework in which histology and 
circulating biomarkers (dd-cfDNA) converge to quantify active 
injury, track its trajectory, and potentially aid clinicians to more 
effectively treat graft inflammation with active injury patterns.
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Dear Editors,
Diarrhea is a major burden for kidney transplant recipients (KTR), associated with dehydration, 
sepsis, acute kidney injury, immunosuppressor overdose or discontinuation, and rejection [1, 2]. 
Infections and drug toxicity are the main causes of diarrhea in KTR, with infection being present in 
23%–51% of all cases [3–7]. Because of the variety of potential pathogens involved, it requires 
multiple and repeated stool samples for identification and appropriate treatment.

Diagnosis relies on microscopy, antigen detection, culture and specific polymerase chain reaction 
(PCR) [8]. They are time-consuming and can lack sensitivity. Multiplex PCR enables the diagnosis of 
a large range of microbiological agents in one unique sample, in a shorter timespan (around 1 h), and 
with a limited cost. FilmArray GastroIntestinal Panel (FAGIP) is a multiplex FDA-approved PCR, 
enabling the detection in stools of most pathogens involved in diarrhea. FAGIP has shown promising 
results in children [9], liver transplant recipients [10], and hematologic patients [11]. In KTR, data 
are limited and based on retrospective studies [12].

In this study, we compare the sensibility and specificity of FAGIP vs. standard tests in a 
population of KTR with diarrhea.

We performed a double-blind, observational, prospective cohort study in KTR from a single 
university hospital. The study was approved by the Institutional Review Board (IRB) CERC-MIT.

KTR hospitalized for acute diarrhea (<7 days) or who developed diarrhea during their hospital 
stay from April 2022 to February 2024 (with an interruption from May 2023 to October 2023 for the 
replacement of expired FAGIP kits and the relocation of the PCR device) were included in the study. 
The inclusion criteria consisted of adult KTR with a functional graft who did not express opposition 
to the study. Exclusion criteria were patients with a non-functional kidney transplant, resolution of 
diarrhea before samples could be achieved, those already included in the study for a diarrhea episode, 
and patients with a known positive CMV-PCR in blood tests during the 7 days preceding the study, 
as the diagnosis of CMV-related diarrhea does not rely on stool tests. Patients were included 
prospectively at their hospital admission and followed throughout their entire hospital stay.

Standard tests were prescribed by the attending physician following the procedures of each local 
laboratory: (i) bacteriological cultures for classical digestive pathogens (Salmonella spp., Shigella spp., 
Campylobacter spp., Yersinia spp.) and enzyme immunoassay for shiga-toxin in case of bloody 
stools; (ii) tests for toxinogenic C. difficile; (iii) tests for enteropathogenic parasites (cryptosporidium 
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or microsporidium) in the parasitology department (three stool 
samples within 5 days); and (iv) tests for enteric viruses 
(adenovirus, enterovirus, sapovirus, or norovirus) in the 
virology department.

FAGIP was performed on a stool sample by an independent 
clinical study technician, blinded from the patient, the 
circumstances of diarrhea, and the results of standard analyses. 
Investigators and clinicians were blinded from the FAGIP results 
in order not to interfere with the management of the patients.

Clinical and biological data were prospectively collected from 
electronic medical files.

Thirty-four patients were included in the study. Clinical and 
microbiological characteristics are summarized in Table 1. The 
median age was 51 years. Immunosuppression included 
corticosteroid (100%), mycophenolate mofetil (97.1%), or 
tacrolimus (97.1%). The median time between transplantation 
and diarrhea was 6.1 months. Twenty-three (67.6%) patients had 
Acute Kidney Injury and 55.9% had intravenous hydration. The 
median serum creatinine was 2.79 mg/dL.

Amongst 34 patients, 30 (88.2%) had a stool culture and 31 
(91.1%) a parasitological stool test, but only 9 (26.5%) had a 
virological test. FAGIP was performed in all patients. 

TABLE 1 | Population’s characteristics and FAGIP results.

Population’s characteristics Median [IQT] or number (percentage)

Age (median, IQT) 51.5 [43.3; 60.7]
Renal graft alone (n,%) 34 (100%)
Immunosuppressive treatment (n, %)
Corticoids 34 (100%)
Mycophenolate mofetil 33 (97.1%)
Tacrolimus 33 (97.1%)
Ciclosporine 1 (2.9%)
mTORi 1 (2.9%)
Delay since graft (months) (median, IQT) 6.1 [1.17; 8.4]
Hospitalization (n,%) 26 (76%)
Length of hospitalization (days, median, IQT) 7 [2.0; 16.7]
Fever (n, %) 23 [67.6%]
IV hydration (n,%) 15 (44.1%)
Length of hydration (days, median, IQR) 4.5 [3.25; 6.75]
Acute kidney injury (n, %) 23 (34.6%)
Initial creatininemia (mg/L) (median, IQR) 2.79 [1.8; 4.08]
CRP (mg/L) (median, IQR) 4.02 [1.09; 20.74]
Stool samples (n, %)
Standard stool culture 30 (88%)
Search for C. difficile toxin 34 (100%)
Parasitologic 31 (91%)
Virologic 9 (26%)
Delay before diagnostic (days, median, IQT) 6 [3; 9,7]
Delay before specific treatment (days, median, IQT) 7 [6; 9,5]
FAGIP and gold standard results
Positive FAGIP 13 (38.2%)
- Positive FAGIP and positive gold standard 
- Positive FAGIP and negative gold standard

4 
9

Negative FAGIP 21 (61.8%)
- Negative FAGIP and negative gold standard 
- Negative FAGIP and positive gold standard

19 
2

Comparison between pathogens identified with FAGIP and gold standard
FilmArray GI panel
Pathogen 1 Pathogen 2 Gold standard
Enteropathogenic E.coli Campylobacter
Enteropathogenic E.coli C. difficile -
Shiga-like toxin-producing E.coli Cryptosporidium Enteropathogenic E.coli
Cryptosporidium - Cryptosporidium
Sapovirus - Cryptosporidium
Enteroaggregative E.coli - -
Enteropathogenic E.coli - -
Enteropathogenic E.coli - -
Enteropathogenic E.coli Enterotoxigenic E.coli -
Enteropathogenic E.coli Cryptosporidium -
Enteroinvasive E.coli Shigella Cryptosporidium
Rotavirus - -
Sapovirus - -
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Antimicrobial treatment for diarrhea was initiated in 4/34 
(11.8%) patients, with a delay of 5 days.

Six (17.6%) patients had a diagnosis of infectious diarrhea 
(Table 1). In two of them, the diagnosis was made in spite of 
negative stool tests: one patient had a blood culture positive for 
Klebsiella pneumoniae and E.coli with a negative stool culture, and 
the second patient was diagnosed with CMV disease. FAGIP was 
negative in these two patients.

In the four patients with a positive standard test, FAGIP was 
also positive and identified the same pathogen. In three cases, 
FAGIP detected a second pathogen (Table 1). In the 30 patients 
with negative standard tests, FAGIP was positive in nine patients. 
Altogether, FAGIP was positive in 13 out of 34 patients (38.2%).

To investigate the significance of a positive FAGIP with 
negative standard tests, we studied clinical and demographic 
features: systolic arterial blood pressure (BP) was lower in 
patients with a positive FAGIP (median 121 vs. 138 mmHg, 
p = 0.049). Other features including temperature, kidney 
function, and length of stay were not significantly different.

These results highlight several key findings:

1. In our cohort of 34 patients, standard methods had limited yield 
since they could identify pathogens in only 4/34 (11.7%) patients 
(three parasites and one bacteria). The virological test could be 
performed in only 26.5% of patients, underscoring the difficulty 
of performing repeated stool sampling in real-life settings.

2. FAGIP was concordant with standard methods in the four 
patients with a positive standard test.

3. FAGIP was positive in 9/34 patients with negative standard 
tests (26.5%).

In these nine patients, FAGIP positivity with negative 
standard tests could have warranted a specific treatment or 
modification of immunosuppressive regimen. However, it is 
not possible at this stage to distinguish asymptomatic carriage 
from authentic active infection (as suggested by the slightly 
lower BP). Eventually, all these patients evolved well without a 
specific treatment. Therefore, it is also possible that FAGIP 
results were falsely positive, by detecting DNA or RNA of 
pathogens that can persist in stool after healing an infection or 
colonizing non-pathogenic agents.

An interventional study is thus needed to assess the effect of 
treating patients based on FAGIP results. Resolution of 
diarrhea, but also health costs and antibiotic resistance, are 
relevant outcomes, since the integration of highly sensitive 
multiplex PCR tests generally leads toward more antibiotics 
and anti-viral and anti-parasitic drug use.

In conclusion, FAGIP is an easy-to-implement and sensitive 
method for the identification of diarrhea-associated pathogens in 
KTR. Its increasing use in place of the standard microbiology tests 
raises concerns about overdiagnosis and overtreatment that will 
need further prospective evaluation.
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Dear editors,
Lung transplantation is a complex surgical procedure associated with significant perioperative 
morbidity. Adequate respiratory function after transplantation depends largely on 
proper diaphragmatic movement, which is exclusively innervated by the phrenic nerve. 
Injury to this nerve during surgical dissection, mediastinal manipulation, or thermal 
exposure may result in diaphragmatic paralysis or dysfunction, thereby compromising 
postoperative respiratory mechanics.

Phrenic nerve injury following lung transplantation has been reported with variable incidence 
and may significantly delay weaning from mechanical ventilation. Prolonged ventilatory support 
increases the risk of infection, ICU-related complications, and overall hospital costs. Early detection 
of phrenic nerve compromise during surgery may allow immediate corrective maneuvers and reduce 
the severity or permanence of nerve injury.

Intraoperative neurophysiological monitoring provides continuous functional assessment of 
neural pathways and allows surgeons and anesthesiologists to detect early warning signs of 
nerve injury [1, 2]. While its benefit has been well established in other surgical fields, experience 
with phrenic nerve monitoring in lung transplantation remains scarce [3]. The aim of this study was 
therefore to describe our institutional experience with intraoperative phrenic nerve monitoring and 
to evaluate its impact on postoperative outcomes and healthcare costs.

This longitudinal, prospective, parallel-group study was conducted at Hospital Universitario 
Puerta de Hierro Majadahonda in accordance with international ethical guidelines and the ethics 
statement of the International Society for Heart and Lung Transplantation (ISHLT). All patients 
undergoing lung transplantation between 11 January 2018, and 31 December 2019, were screened 
for inclusion.

Patients were excluded if they died within 4 weeks following transplantation, underwent redo 
lung transplantation, required preoperative non-invasive mechanical ventilation or extracorporeal 
membrane oxygenation (ECMO), or underwent combined heart–lung transplantation. Redo 
transplantations were excluded to maintain sample homogeneity, as these cases are typically 
more complex and associated with a higher risk of phrenic nerve injury.

A total of 58 patients met the inclusion criteria. Thirty-one patients underwent lung 
transplantation with intraoperative phrenic nerve monitoring (IOM group), while 27 patients 
formed the control group. Monitoring was applied consecutively depending on the availability of the 
neurophysiology team. Randomization and blinding were not performed due to ethical concerns 
regarding the potential withholding of a protective monitoring technique.
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All patients underwent a standardized preoperative 
neurophysiological assessment to document baseline phrenic 
nerve function. Patients in the monitored group also 
underwent postoperative neurophysiological evaluations at 1, 
6, and 12 months after transplantation.

Intraoperative phrenic nerve monitoring was performed 
using a combination of compound muscle action potential 
(CMAP) recordings and free-running electromyography 
(EMG). CMAPs were obtained by electrical stimulation of 
the phrenic nerve in the cervical region, with recordings 
obtained from the diaphragm using both external and 
internal electrodes [4].

Baseline recordings were established at the beginning of the 
surgical procedure and served as a reference throughout the 
operation. Alarm criteria were defined as a permanent 
reduction in CMAP amplitude greater than 50% or an 
increase in distal latency greater than 10% relative to 
baseline values [5]. Lesser changes, such as amplitude 
reductions between 30% and 50%, were considered warning 
signs and prompted immediate communication with the 
surgical team [6].

Free-running EMG was used to detect mechanical or thermal 
irritation of the nerve in real time. In addition, train-of-four 
(TOF) stimulation was employed to monitor the degree of 
neuromuscular blockade and exclude anesthetic interference 
with CMAP amplitude. Throughout the procedures, 
neuromuscular blockade was carefully adjusted to maintain 
reliable and reproducible recordings.

No adverse events related to intraoperative monitoring were 
observed. Baseline demographic and clinical characteristics were 
comparable between the two groups, with the exception of a higher 
prevalence of diabetes mellitus in the monitored group. Importantly, 
none of the patients with diabetes demonstrated evidence of 
preoperative peripheral neuropathy on baseline testing.

Postoperative outcomes demonstrated a consistent trend 
toward improved recovery in the monitored group. Patients 
who underwent intraoperative monitoring experienced shorter 
durations of mechanical ventilation, reduced ICU stay, and 
shorter overall hospital stay compared with controls. Although 
these differences did not reach statistical significance, they were 
clinically meaningful (Table 1).

Seven cases of new-onset phrenic nerve dysfunction were 
detected postoperatively, most of which were transient and 
associated with reversible intraoperative changes. One patient 
exhibited a sustained reduction in CMAP amplitude greater than 
50%, which correlated with persistent phrenic nerve dysfunction 
at 1-year follow-up.

Cost analysis revealed an average saving of €13,952.84 per 
patient in the monitored group, primarily attributable to reduced 
ICU and hospital length of stay.

The present study demonstrates that intraoperative phrenic 
nerve monitoring during lung transplantation is feasible, safe, 
and capable of providing clinically relevant information. Early 
detection of intraoperative changes allowed the surgical team to 
implement corrective maneuvers aimed at preventing permanent 
nerve injury [7].

When warning criteria were met, recovery strategies 
summarized by the acronym TIPP (Time, Irrigation, 
Papaverine, Pressure) were applied [8]. The most frequently 
used interventions were temporary interruption of the surgical 
maneuver and irrigation with warm saline, both of which were 
effective in restoring baseline CMAP values in the majority 
of cases.

Our findings support previous observations suggesting that 
CMAP amplitude reductions greater than 50% are associated 
with severe and potentially permanent nerve injury, whereas 
reductions between 30% and 50% may result in mild to 
moderate dysfunction. Even mild phrenic nerve dysfunction 
was associated with prolonged hospital stay, underscoring the 
clinical relevance of early detection [9].

Although the study was not powered to demonstrate 
statistically significant differences in all clinical endpoints, the 
consistent trend toward improved outcomes and the substantial 
cost savings observed highlight the potential value of routine 
intraoperative monitoring.

Intraoperative phrenic nerve monitoring during lung 
transplantation represents a valuable adjunct to surgical care. 
The technique is safe, provides real-time functional information, 
and may reduce postoperative morbidity, length of hospital stay, 
and overall healthcare costs. Based on these findings, routine 
implementation of phrenic nerve monitoring should be 
considered in lung transplantation programs [10].
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Variables Group 1 (IOM) Group 0 (control) p

N 31 27
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The quantitative variables are expressed as mean standard ± deviation. The qualitative 
variables are expressed as absolute variables and percentages. IOM: intraoperative 
monitorization, ICU_st: stay in ICU, SD: standard deviation, MVT: mechanical ventilation 
time, n: number of cases, %: percentage, Hospital_st: hospital stay. Total cost 
per patient.
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