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Transplant Live is the online education platform of the
European Society for Organ Transplantation (ESOT). We
are strongly committed to offering high-quality, easily
accessible education opportunities to the transplant
community worldwide.
A wealth of resources is available on this platform:
EACCME-accredited online courses, case studies, the best
content from ESOT’s scientific meetings including the
ESOT Congress and TLJ, a media library, and much more.
Start exploring now and learn more about the educational
opportunities offered by Transplant Live.
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27 MAY - 29 MAY 2022 
Warsaw, Poland

 
“BCLT – the first and necessary step to the successful career in liver

transplantation”

The course covers all aspects of liver
transplantation, including indications and recipient
evaluation, liver procurement and perfusion,
hepatectomy and implantation, and peri- and
post-operative management.

The programme, developed by the experts of the
European Liver and Intestine Transplant
Association (ELITA), includes a mix of state-of-
the-art lectures, case discussions and interactive
presentations.

4th Basic Course in Liver Transplantation



Transplant International 12 frontierspartnerships.org

Stem cells
organoids
machine perfusion
regeneration

Hear the latest developments in clinical regeneration
Get updated on immunomodulatory cell therapy in
transplantation
Be informed about the introduction of cell therapy in
machine perfusion
Learn about novel developments in organoid research

The main topics for 3rd ECTORS meeting will be:

 
Learning Objectives:

Target Group:
Researchers and clinicians from the transplant field interested
in regenerative medicine



Editorial: Rubies for ESOT!
Thierry Berney1*, Nuria Montserrat 2, Maarten Naesens2, Stefan Schneeberger2,
Maria Irene Bellini 3 and Thomas Neyens4

1Editor-in-Chief, Transplant International, 2Deputy Editor-in-Chief, Transplant International, 3Social Media Editor, Transplant
International, 4Statistical Editor, Transplant International

Forty years ago, on April 28th, 1982, ESOT was founded in Zürich, Switzerland by an assembly of 14
European transplant surgeons, to satisfy the “need for a society . . . which would represent the aims
and needs of transplantation surgery and surgeons in Europe” (1). The founders had the wisdom to
suggest that all scholars actively involved in organ transplantation should be included in such an
organization rather than transplant surgeons only. This idea prevailed thanks to the visionary Sir Roy
Calne who would become ESOT’s first president (1). Thus, instead of a European Society of
Transplant Surgeons (ESTS), as originally planned, the European Society for Organ
Transplantation (ESOT) was born. While surgeons were driving (and dominating) the world of
transplantation in the 1980’s, Sir Roy had understood the need to build a broader European transplant
community inclusive of physicians and scientists, meeting in a common forum, rather than at parallel
events. This vision has endured and ESOT progressively engaged other categories of transplant
professionals: transplant coordinators, allied healthcare professionals, and - more recently - patients
and (bio)technology scientists. This last advancement is the response to the broadening of our field
towards organ reconditioning, regenerative medicine, artificial and bioartificial organs (2).

The founding assembly of ESOT was a group of formidable individuals including Guy
Alexandre, Max Dubernard, Carl Groth, Walter Land or Raimund Margreiter, to name only a
few. One of these founding fathers was Gauke Kootstra, transplant surgeon in Maastricht, the
Netherlands. Gauke had pioneered the development of machine perfusion for marginal organs
(3), but his claim to fame has been the understanding of the value of “non heart-beating donors”
for increasing the donor organ pool (4). His efforts contributed significantly to the
standardization and categorization of donors with circulatory death (DCD), which led to the
Maastricht classification (5).

The ESOT founders understood the need for the society to establish a scientific journal and Gauke
Kootstra was appointed as the first editor-in-chief of Transplant International (1988–1998). As a
result of the strong commitment of the ESOT community, the editorial board released the first issue
containing 10 articles in 1988 (6). Since then, Transplant International has successfully established
itself as a major and respected title and has consistently progressed under the stewardship of
Ferdinand Mühlbacher (1999–2014) and the team of Thomas Wekerle and Rainer Oberbauer
(2015–2021) in their roles as editors-in-chief. The current leading editorial board is grateful to have
inherited such a high-quality journal from our forebears.

From its creation, Transplant International was committed to modernity. As written in the
editorial of the first issue: “We are convinced that with such modern means of communication
as the fax, it is possible to keep the processing and publication times in our journal to a
minimum. This will be of great importance, especially in the field of transplantation which is, by
its nature, a very dynamic science” (6). Thirty-four years later, the fax looks like a prehistoric
communication tool, but the spirit of the current editorial board is pretty much the same,
embracing all the tools brought by the information revolution, for the communication with our
readers and ESOT members and for the dissemination of our authors’ work (7). This has
allowed to strengthen further the ties between ESOT and Transplant International and to work
toward our common interests: the desire to address the new cutting-edge topics developing fast
in the field of organ replacement (2, 8, 9). Anticipating, rather than adjusting to the
modernization of scientific publication led us to adopt a gold open access model (10). The
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immediate -and huge-benefit is already palpable with the free
access granted to all present and past Transplant International
publications.

Traditionally, 40 years mark a ruby anniversary. As
Transplant International has elected to go for gold, we offer
(virtual) rubies to ESOT!
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AIMS

This was a substudy of the SiLVER study which examined the link between pretransplant bridging
therapy and long-term posttransplant survival.

INTERVENTIONS

Participants in the original trial were randomised to receive either a centre specific
immunosuppressive regimen (mTOR inhibitor free), or a sirolimus based immunosuppressive
regimen.

PARTICIPANTS

350 liver transplant patients from the SilVER study who underwent one or more hepatocellular
carcinoma (HCC) bridging treatments.

OUTCOMES

The main outcomes of interest were disease-free survival and overall survival within and outside the
Milan criteria.
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FOLLOW-UP

Median follow-up was 5.3 years (inter-quartile range
(2.4–6.2 years)).

CET CONCLUSION

This manuscript reports a substudy of the SILVER trial (sirolimus
in liver transplant candidates with HCC), investigating the
relationship between pretransplant bridging therapy and post-
transplant survival. The authors report that patients with
progression despite bridging therapy had inferior survival, and
that those patients with tumours downsized successfully with
bridging therapy had inferior outcomes compared to those who
had smaller tumours initially. This suggests that downstaging
patients with tumours exceeding the Milan criteria with bridging
therapy does not improve the probability of survival. Whilst these
results are interesting, it is important to remember that the
SILVER study was not designed or powered to test the effects
of bridging therapy, and bridging therapy used was very variable.
Future prospective studies would be needed to further assess the
role of response to bridging therapy on post-transplant outcomes.

TRIAL REGISTRATION

EudraCT: 2005-005362-36; Clinicaltrials.gov: NCT00355862.

FUNDING SOURCE

Not reported.

AIMS

This study aimed to investigate the safety and efficacy of
maribavir compared to investigator-assigned therapy (IAT) for
the treatment of with or without resistance cytomegalovirus (R/R
CMV) infection in solid-organ transplant (SOT) and
hematopoietic-cell transplant (HCT) recipients.

INTERVENTIONS

Participants were randomised to either the maribavir group or the
IAT group.

PARTICIPANTS

352 HCT and SOT recipients.

OUTCOMES

The primary outcome was confirmed CMV viremia clearance.
Secondary outcomes included achievement of CMV clearance
and symptom control.

FOLLOW-UP

16 weeks.

CET CONCLUSIONS

This multicentre RCT investigated the use of Maribavir (a UL97
protein kinase inhibitor) in post-transplant (HCT or SOT)
patients with refractory CMV infection. Maribavir was
compared to investigator assigned treatment with either
valganciclovir/ganciclovir, foscarnet, or cidofovir. CMV
clearance was significantly more likely in the Maribavir group
(55.7% vs. 23.9%) and demonstrated less nephrotoxicity than
foscarnet, and less myelosuppression than valganciclovir/
ganciclovir. Whilst unblinded, the study is pragmatic and well
designed. There is some variability in included patients
(“refractory” patients had to have failed to respond to one first
line therapy, but this was not specified in detail) and in the
investigator assigned comparator group, but this likely reflects
real-world variations in practice. The results encouraging for the
use of Maribavir as an alternative, potentially less toxic,
alternative to existing therapies in this setting.

JADAD SCORE

3.

DATA ANALYSIS

Per protocol analysis.

ALLOCATION CONCEALMENT

Yes.

TRIAL REGISTRATION

ClinicalTrials.gov—NCT02931539.

RANDOMISED CONTROLLED TRIAL 2

Maribavir for Refractory Cytomegalovirus Infections With or Without
Resistance Post-Transplant: Results from a Phase 3 Randomized
Clinical Trial

by Avery, R. K., et al. Clinical Infectious Diseases 2021 [record in progress].
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FUNDING SOURCE

Industry funded.

CLINICAL IMPACT SUMMARY

Treatment of refractory cytomegalovirus (CMV) infection in
solid organ transplant recipients is challenging, with existing
therapies limited by toxicity and drug resistance. Ganciclovir
resistance is frequently seen, and foscarnet is associated with renal
dysfunction in around 50% of patients treated (1). Safer, more
effective treatments are needed to improve outcomes.

Avery et al. (2) have recently reported the outcomes of a
multicentre, phase 3 randomised controlled trial of Maribavir, a
novel UL97 protein kinase inhibitor that interferes with CMV
DNA replication and encapsidation. The study randomised solid
organ or stem cell transplant recipients with refractory CMV
infection to Maribavir or investigator assigned treatment (IAT;
valganciclovir/ganciclovir, foscarnet or cidofovir). Maribavir-
treated patients demonstrated significantly higher clearance of
viraemia after 8 weeks of treatment compared to IAT (55.7% vs.
23.9%). This response also appeared more sustained with
Maribavir, with more patients achieving viraemia clearance
and symptom control through to week 16.

Perhaps as importantly, Maribavir also appeared to have an
improved safety profile compared to other agents. Incidence of
renal dysfunction was lower than with foscarnet, and neutropenia

was less frequent than valganciclovir/ganciclovir. Dysguesia was
the most frequently reported side effect in Maribavir-treated
patients. Overall, fewer patients discontinued therapy due to
side effects than in the IAT group.

The study is pragmatic and well designed. It is not blinded,
although this would be challenging given the different routes of
administration of the various agents. There is some variability in
included patients (“refractory” patients had to have failed to
respond to one first line therapy, but this was not specified in
detail) and in the investigator assigned comparator group, but
this likely reflects real-world variations in practice.

Overall, the results are very encouraging and suggest that
Maribavir offers an effective, better tolerated alternative to
existing therapies for refractory CMV.

AUTHOR CONTRIBUTIONS

The author confirms being the sole contributor of this work and
has approved it for publication.

CONFLICT OF INTEREST

The author declares that the research was conducted in the
absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

REFERENCES

1. Avery RK, Arav-Boger R, Marr KA, Kraus E, Shoham S, Lees L, et al. Outcomes
in Transplant Recipients Treated with Foscarnet for Ganciclovir-Resistant or
Refractory Cytomegalovirus Infection. Transplantation (2016) 100:e74–e80.
doi:10.1097/tp.0000000000001418

2. Avery RK, Alain S, Alexander BD, Maribavir for Refractory Cytomegalovirus
Infections with or without Resistance Post-Transplant: Results from a Phase 3

Randomized Clinical Trial. Clin Infect Dis (2021). 1:ciab988. doi:10.1093/cid/
ciab988

Copyright © 2022 Knight. 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 April 2022 | Volume 35 | Article 104343

Knight Transplant Trial Watch

17

https://doi.org/10.1097/tp.0000000000001418
https://doi.org/10.1093/cid/ciab988
https://doi.org/10.1093/cid/ciab988
https://creativecommons.org/licenses/by/4.0/


Risk Aversion, Organ Utilization and
Changing Behavior
Adnan Sharif 1,2*

1Department of Nephrology and Transplantation, University Hospitals Birmingham, Birmingham, United Kingdom, 2Institute of
Immunology and Immunotherapy, University of Birmingham, Birmingham, United Kingdom

Improving organ acceptance and utilization rates is critical to ensure we maximize usage of
donated organs as a scarce resource. Many factors underlie unnecessary discard of viable
organs. Declined transplantation opportunities for candidates is associated with increased
wait-list mortality. Technological advancements in organ preservation may help bridge the
gap between donation and utilization, but an overlooked obstacle is the practice of risk
aversion by transplant professionals when decision-making under risk. Lessons from
behavioral economics, where experimental work has outlined the impact of loss or risk
aversion on decision-making, have not been translated to transplantation. Many external
factors can influence decision-making when accepting or utilizing organs, which are
potentially amendable if external conditions are improved. However, attitudes and
perceptions to risk for transplant professionals can pervade decision-making and
influence behaviour. If we wish to change this behavior, then the underlying nature of
decision-making under risk when accepting or utilizing organs must be studied to facilitate
the design of targeted behavior change interventions to convert risk aversion to risk
tolerance. To ensure optimal use of donated organs, we needmore research into decision-
making under risk.

Keywords: decision making, organ utilization, psychology, risk aversion, risk tolerance, discard

INTRODUCTION

Due to continued disparity between the supply versus demand for organs, maximizing usage of
available organs is critically important. Strategies to increase both organ acceptance and
utilization have been published, with the United Kingdom one example (1), acknowledging
wide disparities in organ acceptance and/or utilization across national transplant programs.
Some of this heterogeneity is unavoidable, relating to center-specific or cohort-specific factors,
and multi-stakeholder calls to action acknowledge these barriers (2). However, another
important variable is risk aversion. Specifically, risk aversion from transplant professionals
when they receive viable organ offers but decision-making is skewed against acceptance and/or
utilization. Risk aversion may occur due to infrastructural constraints, resource pressures or
organ quality concerns. While the latter concern may be attenuated with development of novel
techniques (e.g., normothermic perfusion), current financial realities limit the possibility of
significant monetary investment into staffing and/or resources. Wide heterogeneity between
centers can be explained by these confounders and is well documented. However, within center
heterogeneity exists but is poorly described. Disparate practice by individuals is influenced by
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risk psychology, but estimating its true prevalence is difficult
without internal audit and governance measures.

While this issue has not been completely overlooked in the
transplant literature (3), targeted research pales in comparison to
other areas. However, even with better tools like real-time risk
calculators, biomarkers, artificial intelligence algorithms, etc.,
decision-making for some transplant professionals will still
favor risk aversion over risk tolerance due to individualized
cognitive biases. After summarizing the problem, I hope to
argue for a proactive way forward to tackle the risk
psychology component in organ offer decision-making.

Organ Utilization Data
Many viable organs are discarded. Using kidneys as an example,
Mohan et al. observed 17.3% of procured kidneys in the
United States between 2000 and 2015 were discarded, with
considerable geographical variation (4). Donor kidneys with
multiple unfavorable characteristics were more likely to be
discarded. However, some unilaterally discarded kidneys had
favorable donor characteristics, evidenced by recipients of the
non-discarded partner kidneys experiencing 1-year death-
censored graft survival rates >90%. Exploring the last
2 decades in the United States, Stewart et al. observed >80% of
kidney discard rates between 1987 and 2015 could be explained
by the broadening donor pool, but the presence of unexplained
residual factors suggested behavioral factors at play (5).

Organ discard rates in European countries are lower than the
United States (6). If deceased donor kidney acceptance in the
United States mirrored the French model (discard rate 17.9%
versus 9.1%, respectively, p < 0.001), then Aubert et al.
hypothesize 62% of discarded kidneys (n = 17,435) could
generate 132,445 allograft life-years (7). Efforts to address this
imbalance have been initiated. In the United States, new metrics
for performance monitoring of transplant programs were
approved in December 2021 (8). Compared to only post-
transplant factors previously monitored (1-year patient/graft
survival alone), new metrics include two additional post-
transplant measures (90-day graft survival and 1-year graft
survival conditional on 90-day graft survival) and importantly
two new pre-transplant measures for each transplant program: 1)
the rate of pre-transplant deaths, and; 2) the ratio of organ offers
made to and accepted for candidates. These metrics are important
as, while death or removal from the waiting-list is an unfortunate
outcome for anyone awaiting a solid organ offer, for such a
waiting list outcome to occur after refusal of a viable organ offer
(i.e., accepted by another center on behalf of another wait-list
candidate) is a travesty.

Outcomes for Candidates of Declined
Offers
Declined organ offers is not a benign event for wait-listed
candidates. Husain et al. studied a United States cohort of
280,041 wait-listed kidney transplant candidates (9). They
observed approximately 30% of candidates who received at
least one deceased-donor offer that was declined on their
behalf eventually died or were removed from the waiting list.

Odds for death on the waiting-list varied significantly across the
country. Choi et al. studied a United States cohort of 9,628 wait-
listed heart transplant candidates between 2007 and 2017 (10).
They observed every 10% increase in center-adjusted acceptance
rate for organ offers made to the highest-priority candidates was
associated with a 27% reduction in the mortality rate among
patients on the waitlist, with no detriment in 5-year adjusted
post-transplant patient or graft failure. Center variability was
dramatic, with acceptance rates to first-rank candidates varying
nationally between 12.3% and 61.5% after adjustment for donor,
candidate and geographical variables. Among 19,703 unique
organ offers, only 6,302 hearts (32.0%) were accepted for first-
rank candidates. Similar acceptance rates are observed after liver
transplantation. Goldberg et al., in another cohort study
undertaken in the United States, observed 8,882 out of 23,740
unique organ offers (37.4%) were accepted for first-ranked liver
transplant candidates (11). After adjustment for organ quality
and burden of illness in wait-listed candidates, the adjusted
center-specific organ acceptance rates varied nationally
between 15.7% and 58.1% (p < 0.001). In multivariable
models, there was 27% increased odds of waitlist mortality for
every 5% absolute decrease in center-adjusted organ offer
acceptance rate (adjusted Odds Ratio 1.27, 95% Confidence
Interval 1.20–1.32). While there may be genuinely valid
clinical reasons for declining organs for first-ranked
candidates, the influence of non-clinical factors for some
declines cannot be ignored.

Lessons From Behavioral Economics
Perhaps the most difficult challenge in organ transplantation is
deciding to accept or decline an offered organ. Risks associated
with the donor or organ must be balanced against the survival
prospects of the wait-listed candidate. Translating national
statistics and population-level data to the individual for
personalized decision-making is fraught with challenges.
Transplant professionals will complement objective evidence
with their subjective perception and experience, which can
result in markedly variable assessment of risk versus benefit. If
we translate classic economic theory to transplantation, we can
speculate that transplant professionals will make choices that

FIGURE 1 | Schematic outlining prospect theory and loss aversion in
relation to organ acceptance/utilization and transplantation.
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facilitates the greatest expected value (12). If an organ offer is
declined, it is implied that the perceived costs (adverse outcomes)
outweigh the benefits and we believe the recipient would be better
off without accepting that particular organ offer.

However, it is not that simple or straightforward. Prospect
theory, popularized by the Nobel Laureates Daniel Kahneman
and Amos Tversky, would suggest individuals give more weight
to factors framed as potential losses (risk) than to potential gains
(benefits) (13). A transplant professional may overweigh the
losses associated with accepting an organ and reject it even if
the benefits outweigh the costs. This behavior is termed loss
aversion and, when translated to transplantation, will manifest as
usable organs being discarded (see Figure 1). A related behavioral
factor that influences decision-making is risk aversion, where
individuals choose a certain outcome over an outcome with less
certainty. For transplant professionals, risk aversion will be the
fear of larger loss (adverse outcome) resulting in settling for an
unfavorable settlement (declining the kidney). Subjectively this
attitude seems common, and we lack objective data about its true
prevalence, but disparities in organ utilization data (either
between (2, 4) or within centers) would support this assumption.

Decision-Making Under Risk
The implanting surgeon is considered to be ultimately
accountable for the use of a donated organ. However, while
surgeons taking primary organ offers is the most common
system, some centers and/or countries have physicians (14) or
other transplant professionals as first contact. Many decisions are
made outside working hours, often with limited information
about the donor, working under significant stress and scrutiny.
Time-pressured decision-making could introduce a perception
that the penalty of accepting an organ may outweigh the penalty
of declining the offer. Experiments undertaken in the setting of
financial transactions show time-pressured decision-making has
no effect on risk attitude for gains, but increased risk aversion for
losses (15).

While shared decision-making with wait-listed candidates can
attenuate some of this burden, this is challenging after hours or
with time pressures to genuinely obtain informed consent. Shared
decision-making with other members of the transplant

professional team, either another surgeon or multi-disciplinary
colleagues such as physicians or anesthetists, may absorb clinical
responsibility across a wider team than the operating surgeon
alone. However, the success or failure of this approach will be
influenced by the overall risk appetite of the unit. Wider
consultation may paradoxically lead to higher decline rates
due to a dilution of clinical responsibility and a form of
“regression towards the mean” (16).

Clinical Decision-Making and Perception of
Risk
Transplant professionals are willing to take risk to varying
degrees, which is dependent upon their internal attitudes and
perceptions (see Table 1) and external factors. While opinions
will differ, and depend on personal bias, I suggest both extreme
attitudes (risk avoidance and risk seeking) are undesirable for
accepting organ offers, with risk tolerance the optimal “middle
ground” with external factors all being equal.

Risk perception varies among surgeons, and other transplant
professionals, but has never been empirically studied. In the
surgical literature, Dilaver et al. undertook a systematic review
of surgeons’ perception of post-operative outcomes and risk (17).
Twenty-seven studies comprising 20,898 patients undergoing a
range of surgical procedures (but not solid organ transplantation)
were included. Surgeons consistently overpredicted 30-day
mortality rates and were outperformed by risk scoring tools in
6/7 studies comparing area under receiver operating
characteristic curves (AUC). While surgeons’ prediction of
general morbidity was good, being equivalent or better than
risk prediction models, long-term outcomes were poorly
predictive with AUC values ranging from 0.51 to 0.75.

There are limited data with regards to how surgical decision-
making is linked to risk taking behavior (18). Sacks et al.
conducted a randomized controlled trial exploring surgeons’
judgement and clinical decision-making to recommend surgery
based upon four clinical vignettes (19). They were asked to assess
risks (probability of serious complications or death) and benefits
(recovery) of operative versus non-operative management and to
rate their likelihood of recommending surgery. A national sample

TABLE 1 | Spectrum of risk attitudes applied to transplantation.

Attribute Risk avoiding Risk averse Risk neutral Risk tolerant Risk seeking

Focus Focus mainly on
negative risk and
avoiding loss at all costs

Focus on managing or
avoiding negative risk
drives most decisions

Focus onmanaging risk balance
between negative and positive

Focus is on positive risk, but
negative risk is also considered

Focus on positive risk and
maximising gain—all-or-
nothing philosophy

Attitude Risk is very bad and to
be avoided at all costs

Risk is bad but acceptable
in some circumstances

Risk is seen as both bad and
good to be managed equally

Risk is good but unacceptable in
some circumstances

Risk is very good and to
be embraced at all costs

Transplant
example

Declining all organ
offers as ‘no organ is
ever risk-free’

Declining most organ offers
as ‘no organ is risk-free’

Accepting some organ offers
but declining some as ‘not every
organ offer is better than no
offer’

Accepting most organ offers as
‘any organ is better than no
organ’ in majority of cases

Accepting all organ offers
as ‘any organ is better
than no organ’

Risk versus
benefit scale

Risk >>> Benefit Risk > Benefit Risk = Benefit Risk < Benefit Risk <<< Benefit

Optimal
attitudea

Problematic Questionable Good Ideal Problematic

aAuthor opinion.
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of surgeons were randomized into usage of clinical vignettes alone
(control group; n = 384) versus supplementation by data from a
risk calculator (risk calculator group; n = 395). The results
demonstrated exposure to risk calculator data led to more
homogenous and accurate judgments of operative risk among
surgeons. However, while risk calculators may facilitate more
informed discussions of various treatment options, they did not
alter the likelihood of the surgeon recommending an operation
on a 5-point scale (3.7 versus 3.7 per randomized arm, p = 0.76).

Given the same clinical scenarios in a different study with 767
participants, surgeons’ perceptions of treatment risks and benefits
varied significantly and was highly predictive of their decision to
operate (20). Analyzing hypothetical clinical vignettes, surgeons
varied markedly in their assessment of the risks and benefits of
operative and nonoperative management (range 4%–100%) and
in their decision to operate (range 49%–85%). Surgeons were less
likely to operate as their perception of operative risk increased
and their perception of nonoperative benefit increased. By
contrast, they were more likely to operate as their perception
of operative benefit increased and their perception of
nonoperative risk increased. Difference in risk/benefit
perceptions explained 39% of the observed variation in
decision to operate.

Some of this heterogeneity may be due to underlying
personality traits of the operating surgeon. For example,
Contessa et al. analyzed the association between personality
factors (measured by the Myers-Briggs Type Indicator
personality inventory), risk tolerance (measured by the Revised
Physicians’ Reactions to Uncertainty) and Physician Risk
Attitude scales in 27 surgeons at a single campus (21). From
their analysis, surgeons with personality factors E (Extravert), T
(Thinking), and P (Perception) demonstrated higher tolerance
for risk, while surgeons with personality factors I (Introvert), F
(Feeling), and J (Judgment) demonstrated risk aversion on the
same measures. Factors such as gender, seniority and age may
also play a role, with an increase in rationality and decrease in
risk-readiness examples of profession-specific personality trait
shifts (22).

External Influences on Decision-Making
Under Risk
Risk attitude will be influenced by external factors. Organ
utilization will be sub-optimal if professionals accepting organ
offers do not feel confident in the environment to perform
surgery. Unfavorable environments lead to defensive medicine
being practiced, even if contrary to evidence-based findings (23).
In a cross-sectional survey of 220 physicians working in surgical
specialities, defensive medicine was widely encountered with no
correlation to age or experience (24). Transplantation occurs
under regulatory oversight to ensure transplant centers achieve
benchmark outcomes. However, pressure to achieve normative
outcomes creates bias against accepting transplant risk (25).
Center-specific factors weight heavily in decisions to accept
organs. Their attenuation may alter risk perception, and
improve organ acceptance/utilization in some cases, but will
not totally overcome individual cognitive biases.

Explaining Risk to the Wait-Listed
Candidate
Wait-listed candidates also make decisions under stress, reliant
upon good communication from the transplant professional for
informed choice (26). Risk communication to patients about
organ offers should incorporate discussion of risk, benefit and
uncertainty that acknowledges the health literacy of the
transplant candidate. However, risk communication to patients
can be flawed. Objective evidence can be subjectively framed
using different tricks to influence consent, with different
examples of framing bias influencing decision-making (27).
Therefore, even if organs are accepted, they may not be
utilized after refusal by the wait-listed candidate during
consent. While this may be appropriate in some cases, there
will be scenarios where decision-making has been skewed
towards risk aversion rather than risk tolerance by the
inappropriate framing of risk by transplant professionals.

Solutions: Targeting Behaviour Change for
Improved Decision-Making
Before interventions can be developed, we must first define what
optimal decision-making means. This can be subjective or
heterogenous dependent upon individualized clinical scenarios.
As described by Milkman et al., normative models provided by
economic theorists offer a reasonable benchmark for how optimal
decision-making is defined (28). According to these models,
decision-making should be transitive, insensitive to minor
changes in context, revealed preferences should be consistent
with stated preferences, no systematic mathematical errors in
judgment should arise, and a decision maker should remain
satisfied after making a choice that their decision was correct
after reflection. Most importantly, an optimal decision is one that
a decision maker regards as the right choice regardless of whether
they were evaluating their own decision or someone else’s.

To change decision-making behavior for organ offers, wemust
follow evidence-based methodology to firstly understand the
underlying behavior and then utilize the correct
intervention(s) for application. Systematic methods to
understand behavior change exist, with a hierarchically-
structured, taxonomy of 93 techniques used in behavior
change therapy (BCT) clustered into 16 groups (29).
Combining adequate assessment of the behavior to be changed
(i.e., risk aversion), and application of the relevant theoretical
constructs, a toolkit to design behavior change interventions to
convert risk aversion to tolerance among transplant professionals
is possible but requires investigation.

Other changes are required to reduce risk aversion.
Transplant-specific guidelines that review decision-making
barriers are required. These must provide evidence-based
toolkits to support transplant professionals accepting organs
and facilitation of risk communication. However, patient/
public involvement is necessary to ensure communication is
appropriately framed to aid understanding. Surgery must
occur in adequately resourced and supported environments,
with exact requirements varying between centers. This
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includes optimizing numbers of surgeons, physicians, allied
health professionals, operating theatres, intensive care facilities,
inpatient and outpatient follow-up facilities (16). This is unlikely
to be achieved without significant monetary investment so other
strategies (e.g., collaborative networks, shared decision-making,
etc.) must be investigated for efficacy with quality improvement
studies, audit and governance. Recognition that early post-
transplant complications are not necessarily attributable to
poor decision-making at the time of organ offer is important,
for medico-legal purposes and regulatory oversight. This includes
financial reimbursement, which may be insufficient with less-
than-ideal organs that can lead to more complications and/or
hospitalizations but are still in the best interest for patients.

Shared decision-making is important. This can be between
patients and their healthcare providers, ensuring patients are at
the centre of the transplantation decision (30). However, it is also
desirable among the clinical transplant team, transforming
individual professional risk to collective departmental risk.
Responsibility must be shared with all multi-disciplinary
professionals involved in the full spectrum from procurement
to implantation. With adequate counselling, all parties must fully
embrace the possibility of risk to gain the opportunity of benefit.
This requires multi-stakeholder consensus, including patients
and professionals, on optimized decision-making under risk
for wait-listed candidates.

Fundamentally, we must learn to become risk tolerant. For
example, early deaths after transplantation are usually rigorously
investigated at a local level, with national involvement if centers
deviate from the median. However, early post-transplant deaths
are far outweighed by deaths for wait-listed candidates while
awaiting a graft which have been hitherto ignored. As recently
stated, “we perceive greater risk in acts of commission than in acts
of omission: if a patient dies during or after transplantation, it’s the
doctor’s responsibility; if the patient dies from organ failure while
awaiting a transplant, we can blame the indifference of the
Universe.” (31) Plus patient survival is not the only milestone
to measure the success of transplantation. Quality of life benefits
should also be considered in the decision-making of organ offers.

An adverse outcome is not necessarily an indicator that the
decision to accept and/or transplant the organ was wrong.
Indeed, I suggest any unit that has none is too risk averse and
not transplanting enough. Paradoxically, higher surgical
activity may lead to attenuation of adverse outcomes.
Birkmeyer et al., in a study linking surgical skill and
complication rates after bariatric surgery, observed technical
skill was strongly correlated to procedural volume (32).

Compared with the top quartile of skill, surgeons ranked in
the bottom quartile experienced higher rates of reoperation,
readmission within 30 days and return visits to the emergency
department. Therefore, surgeons with low transplant activity
will enter a Catch-22 situation; greater inclination for
risk averse behavior that further reduces their procedural
volume.

CONCLUSION

Risk aversion by transplant professionals is an understandable
but unwelcome barrier for optimized organ acceptance and/or
utilization. Despite significant advancements in behavioral
economics studying decision-making with risk, little reciprocal
work has been undertaken in transplantation. National efforts to
increase organ acceptance/utilization are important, with
scientific and technological breakthroughs potentially ushering
in exciting future possibilities (33, 34). However, we cannot
overlook the human component to organ acceptance and/or
utilization. While external factors are important, some center-
specific and others regulatory or medico-legal, individual
cognitive biases remain important. A concerted effort to study
decision-making under risk for transplant professionals, and
targeted behavioral measures to shift risk aversion to risk
tolerance when accepting organ offers, should be strongly
encouraged.
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A Forum discussing:

Development of Ex Situ Normothermic Reperfusion as an Innovative Method to Assess
Pancreases After Preservation
by Ogbemudia AE, Hakim G, Dengu F, El-Gilani F, Dumbill R, Mulvey J, et al. (2021) Transpl Int
34(9):1630–42. doi:10.1111/tri.13990

Dear Editors,

We read with great interest the paper entitled “Development of Ex Situ Normothermic Reperfusion as an
Innovative Method to Assess Pancreases After Preservation” (1). After analyzing the ex situ assessment of
pancreases by normothermic reperfusion (NR), the authors suggested that HMPO2 may be better than
SCS; they a further compared two different HMPO2 perfusates: Belzer-MPS and IGL-2.

We would like to point out some considerations concerning this perfusate comparison.
Specifically, when the water content in pancreas grafts (as a surrogate for edema assessment)
was measured in hypothermic conditions. Under those conditions, IGL2HMP pancreases showed
a lower water content than the UWHMP group. These results are concomitant with the lower
amylase and lipase levels, well known as injury markers for pancreas in static preservation, which
has been validated recently as well in dynamic condition by Branchereau et al. (2). This higher
injury prevention exerted by IGL2 would be associated with the water content gain, which in turn
is regulated by the presence of oncotic agents such as PEG35 (in IGL2HMP) and HES (in
UWHMP). One of the concerns related to pancreas preservation is the development of edema,
which is generally regarded as undesirable. Thus, the lower water content in INGL2HMP indicates
a better oncotic efficiency of PEG as compared to HES. Moreover, it is widely reported that HES
acts as a red blood cell pro-aggregating agent (3), which is a major factor when considering a
solution containing PEG to be more suitable for pancreas washout (4).

Recently, we have reported the benefits of that using PEG35 can be beneficial for preventing IRI
damage (5) and can have an anti-inflammatory role in acute pancreatitis (6). This is especially relevant for
pancreas IR pathophysiology, as a tendency to develop pancreatitis and vascular thrombosis after ischemia
has been widely reported (2); notably, these are main causes of early patient morbidity and mortality after
pancreas transplantation (7, 8). In addition, IGL2 (PEG35) is very suitable to better preserving luminal
glycocalyx deterioration against the mechano-transduction events in hypothermic oxygenated perfusion
(HOPE) due to inherent fluid dynamics, whereby the lower viscosity of IGL2 (9) as well as the vasodilatory
action derived from NO generation by PEG35 may be relevant factors to be considered (4).
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We agree that future investigations are needed to confirm and
expand relevant study, especially considering the number of
animals used. We highlight the use of a PEG-based solution
(IGL2) and its improvement of HOPE strategies, given that the
favorable results reported in other solid organs could be extended
to pancreas. This would be, for instance, the case of the protection
of the mitochondria, as previously reported by us for liver
measured as glutamate dehydrogenase (GLDH) (mitochondrial
damage) (9, 10).

Especially given the lack of consensus regarding the optimal
perfusion solutions and methods for pancreas preservation prior
to transplantation, we are grateful for this important paper, as it
opens up the dialogue about developing a new paradigm for
pancreas preservation.
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Background and Aims: Morphometric features such as the Milan criteria serve as
standard criteria for liver transplantation (LT) in patients with hepatocellular carcinoma
(HCC). Since it has been recognized that these criteria are too restrictive and do not
adequately display the tumor biology, additional selection parameters are emerging.

Methods:Concise review of the current literature on patient selection for downstaging and
LT for HCC outside the Milan criteria.

Results: Themajor task in patients outside theMilan criteria is the need for higher granularity
with patient selection, since the benefit through LT is not uniform. The recent literature clearly
shows that beneath tumor size and number, additional selection parameters are useful in the
process of patient selection for and during downstaging. For initial patient selection, the
alpha fetoprotein (AFP) level adds additional information to the size and number of HCC
nodules concerning the chance of successful downstaging and LT. This effect is quantifiable
using newer selection tools like the WE (West-Eastern) downstaging criteria or the
Metroticket 2.0 criteria. Also an initial PET-scan and/or tumor biopsy can be helpful,
especially in the high risk group of patients outside the University of California San
Francisco (UCSF) criteria. After this entry selection, the clinical course during
downstaging procedures concerning the tumor and the AFP response is of paramount
importance and serves as an additional final selection tool.
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Conclusion: Selection criteria for liver transplantation in HCC patients are becoming more
and more sophisticated, but are still imperfect. The implementation of molecular
knowledge will hopefully support a more specific risk prediction for HCC patients in
the future, but do not provide a profound basis for clinical decision-making at present.

Keywords: review, liver transplantation, hepatocellular carcinoma, downstaging, transarterial chemoembolization
(TACE), drop-out, intention-to-treat

INTRODUCTION

Liver transplantation (LT) has become the mainstay of
curative treatment for hepatocellular carcinoma (HCC) in
cirrhosis, as it can provide the best long-term results
(>5 years) in selected patients (1). The size and number of
HCC nodules are suggestive for the risk of early tumor
recurrence after LT according to the “Milan criteria” (MC)
(Table 1) or the “Metroticket 2.0” criteria (2) assessments.
Morphometric features have served as the main criteria for LT
for many years, although from a tumor-biology viewpoint,
they do not display the tumor biology. Thus, more specific
selection parameters are warranted. With advances in the
understanding of HCC biology, the MC appear too
restrictive since a significant proportion of patients with
HCC outside the MC (MC-out) are curable with LT.
Recently, a prospective randomized trial confirmed that LT
in selected MC-out patients markedly improved the 5-year
survival from 31.2% to 77.5% (3). The major task in MC-
out patients is the need for higher granularity
with patient selection, since the benefit through LT is not
uniform.

To overcome this issue, modifications or expansion of the
MC should include parameters for estimating tumor biology
and thus aid in patient selection for LT (Table 1). These
parameters mainly include four categories: 1) serum
biomarkers, 2) histological parameters, 3) tumor imaging,
and 4) dynamic parameters during neoadjuvant measures.
The following review focuses on LT candidate selection in
patients initially presenting outside the MC. This includes a
concise review of recently published clinical series in this field.
Since many published studies are of a retrospective nature and
of low quality according to the GRADE criteria (4), they do not
include intention to treat (ITT) analysis and
different pathways of patient selection. Hence, direct
comparison of the reported results is difficult and a “meta-
analysis” in the narrow sense was not considered useful for this
review.

SETTING THE
STAGE–PATHO-MOLECULAR
CLASSIFICATION OF HEPATOCELLULAR
CARCINOMA
Although direct investigation of tumor tissue is potentially the gold
standard for HCC characterization, the investigation of biopsy
material pre-LT has limitations. From the molecular and
pathological characteristics, HCC is a heterogeneous tumor,
both regarding the intra- and inter-tumor variability, and a
major reason for the complexity of classifications; no hat fits all.
Tumor development is a multistep process with malignant
transformation of precursor lesions into early HCC, as
described elsewhere in detail (5). During carcinogenesis and
tumor progression various signaling pathways are frequently
affected by recurrent somatic mutations. Despite the presence of
around 50 proteins altering somatic mutations per tumor across all
stages, only a few of these mutations are considered to be relevant
drivers of carcinogenesis (two to six per tumor) (6). These mainly
include genetic alterations in the following signaling pathways: 1)
telomere maintenance, 2) Wnt/b-catenin, 3) P53/cell cycle
regulation, 4) AKT/mTOR, 5) MAP kinase, 6) epigenetic
modification, and 7) oxidative stress (5). Based on
transcriptomic profiling, HCC subclassification interlinks
dysregulation of signaling pathways with genetic alterations,
histological subtypes, and prognosis underlying the molecular
heterogeneity of HCC. This classification includes two major
types, a proliferation and a non-proliferation type, with each
encompassing different biological subclasses (Table 2). Despite
these tremendous advances, biopsy-derived parameters are still
underused in clinical pathways of LT and the use of genetic
screening could hold important prognostic value.

One reason for the ongoing lack of specific histopathological
parameters prior to LT might be the intratumor heterogeneity
with trunk mutations present in all cells and other private
mutations present in only parts of the tumor. This results in
different grades of differentiation, even within the same lesion and
leads to primary or secondary resistance to systemic treatments.

TABLE 1 | Morphometric and combined (Toronto) selection criteria for LT.

Solitary HCC Multifocal HCC

Milan criteria (MC) ≤5 cm Maximal 3 nodules ≤3 cm
Up-to-seven criteria (UT7) ≤7 cm Sum of maximum tumor diameter (cm) and number of tumors ≤7
UCSF criteria ≤6.5 cm HCC: largest nodule ≤4.5 cm and sum of the diameter of all nodules ≤8 cm
Extended Toronto criteria (eTC) No limit in size No limits in size and number

Only G1 und G2 tumors (obligatory biopsy) Only G1 und G2 tumors (obligatory biopsy)
No tumor-associated symptoms No tumor-associated symptoms
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However, it has been repeatedly shown that even basic tumor
characteristics, like poor tumor grading (G3 = poorly differentiated
HCC) (7) or aneuploidy (8) are important predictors of tumor
recurrence. To note, HCC analyzed from liver explants gave a
good prognostic tumor score according to the molecular
prognosticator five-gene score and in HCC from G4 molecular
subgroups, which included small well-differentiated HCC without
microvascular invasion (mVI) developed on cirrhosis and expressing
a transcriptomic program close to mature hepatocytes (9). However,
these results should be read with caution since some of the most

aggressive tumors may not be included due to drop out from the
waiting list. Using whole-genome sequencing, a recent analysis has
shown that in multifocal tumors, only 20%–40% are intrahepatic
metastases arising from the same clone, whereas the remaining are
based on de novo independent carcinogenesis of the diseased liver
parenchyma at different sites (10). Therefore, the predictive potential
of confined biopsy material, e.g., prior to LT, has natural limits where
multifocal disease is frequently observed. In patients of
(known) tumor heterogeneity, the worst grade determines the
prognosis (11).

TABLE 2 | Molecular subclassification of HCC.

“Proliferation class”
(50%of HCC)

“Non-proliferation class”
(50%of HCC)

G1-G6 classification G1-G3 G4-G6
Histological/clinical
characteristics

Poor differentiation Well/moderate differentiation
High frequency of vascular invasion Low frequency of vascular invasion
High AFP levels Low AFP levels
Frequent HBV etiology (G1-G2) Mainly HCV and alcohol
G3: Macrotrabecular-massive histological subtypes (poor
prognosis)

G4: Contain the steatohepatitic subtypes of HCC, inflammatory infiltrates,
and CRP expression

Molecular features Chromosomal instability and TP53 mutations Chromosomal stability
G1: Stem cell features, RPS6KA3 mutations G4: Retain hepatocyte-like features, IL-6/JAK/STAT activation, and rare

CTNNB1 and TP53 mutations
G1-G2: AXIN1 mutations G5 and G6: Wnt/b-catenin pathway activation due to CTNNB1 mutations
G3: Dysregulation of cell cycle genes, FGF19 amplification, and
TSC1/2 mutations

FIGURE 1 | Rough estimation of the risk of microvascular invasion (mVI) by using pre-LT available parameters (data derived from different Western series, see
Supplementary Table S1). * especially G2 HCC represents an inhomogeneous group with significantly increasing risk of mVI in larger tumors but also concerning other
tumor characteristics (e.g., PET positivity, tumor heterogeneity [Pawlik]), and potentially also due to inter-observer heterogeneity in the pathological classification.
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mVI, as one of the most relevant risk factors for HCC recurrence
after LT, has been shown to be more predictive of tumor recurrence
than, for example, standard staging criteria (12). While
macrovascular invasion as a contraindication for LT can
nowadays be diagnosed more precisely due to better imaging
modalities (13), mVI can only be detected in surgical specimens
and not by imaging or in biopsy material. Surrogate parameters like
tumor size and number or serum alpha fetoprotein (AFP) levels are
still in use for predicting the risk of mVI (Figure 1). Moreover, some
new markers, such as serum and tissue PIVKA-II expression (14),
combination of microRNA expression in HCC (15), or a 35-gene
molecular tumor signature (16) have been proposed to predict mVI
more precisely but these results still require external prospective
validation. Overall, there is clearly a critical unmet need for reliable
invasive or non-invasive preoperative detection of mVI and/or
tumor biology taking into account biological diversity and intra-
and inter-tumor heterogeneity.

STILL NOT OUTDATED: MORPHOMETRIC
PARAMETERS—SHOULD THERE BE AN
UPPER LIMIT OF SIZE AND NUMBER FOR
DOWNSTAGING?

Since HCC size and number are easily accessible information by
imaging, these parameters are traditionally used as a basis for

further discussion and decision-making in many HCC-LT
patient selection algorithms. As the risk for mVI and/or a G3
tumor corresponds with tumor size and number in unselected
cohorts, these parameters ensure a relatively low drop-out rate
during listing (17). While the morphometric selection criteria
fulfill the idea of a great outcome per an ITT perspective, they
are too unspecific as a (sole) surrogate for tumor biology. This
shows the risk of withholding a life-saving procedure from a
group of patients with large/multilocular but biologically
favorable HCCs.

In patients outside the MC, a majority of Western transplant
centers use some form of downstaging technique before LT. Center
policies for including patients in downstaging protocols vary widely
(Figure 2), resulting in diverse drop-out rates. In this context, it is
important to emphasize that an “acceptable drop-out rate” remains
ill-defined and may be difficult to specify from an ethical perspective.
The justification for downstaging and an acceptable drop-out rate
needs to be seen and determined in light of the efficacy of alternative
treatment methods, organ availability, and a patient’s attitude toward
a concept that holds a limited chance of success. Patients outside the
University of California San Francisco criteria (UCSF-out) have a
significantly lower rate of successful downstaging, as described by
Sinha et al. who reported that the success of downstaging decreases
with increasing tumor burden. The proportion of successful
downstaging after 12months was 68% in patients with a sum of
maximum diameter and tumor number ≤8 compared to 47% in

FIGURE 2 | Potential criteria for downstaging-approaches prior to LT. and the AFP value is not taken into account in these criteria. $ the extended Toronto criteria
include only patients with G1 and G2 tumors after percutaneous biopsy but without limits in size and number (eTC = AC minus G3 tumors). § the UT7 and UCSF criteria
cannot be properly displayed in this matrix due to differences in the sum of number in solitary and multiple tumors (see Table 1), moreover a total tumor diameter of all
lesions ≤8 cm is also included in the UCSF criteria.
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patients with a sum of 12, and 38% in patients with a sum of 14
tumors (18). However, no patient selection was performed in any of
these trials at the entry of downstaging (i.e., true all-comers
population).

The rationale for considering the tumor burden also relates to
the reported drop-out rates of 54% and 77% after 1 and 2 years,
respectively for UCSF-out patients compared to 25% and 35% in
UCSF-in patients (18). The overall drop-out risk in completely
unselected all-comers was 84% (62 out of 74 UCSF-out patients),
which can be considered unreasonably high (Figure 3). Others
have described a drop-out rate of 50% or more in unselected (no
biopsy, no PET, no AFP limit) patients after entering a
downstaging protocol (19). The drop-out risk clearly correlates
with the tumor burden on presentation.

The UCSF criteria might be considered a reasonable upper
limit for applying downstaging protocols on a solely
morphometric basis. However, in the all-comers cohort, a
proportion of patients can be cured by LT, although the
likelihood is clearly lower (20,21). Considering this, it might
be ‘too restrictive’ or more precisely ‘too unspecific’, if patient
selection for downstaging is only based on tumor size and
number. Moreover, the dichotomous nature of such criteria,
which might also be subject to indistinctness in measurement
technique, does not reflect the complex tumor biology of HCC.
Other andmore specific parameters to modulate the entry risk are

therefore required, but relevant clinical data are only available for
tumor grading, AFP levels, and PET-CT (see below).

IMPLICATIONS FOR TUMOR BIOPSY
BEFORE INITIATION OF DOWNSTAGING

Considering the available data, the only biopsy-generated
parameter with sufficient evidence for patient selection in LT
is (poor) tumor differentiation. However, despite the progress in
the patho-molecular classification of HCC, the exclusion of
macrotrabecular-massive subtypes as a well-defined
histological entity (22), which can be assessed on biopsy,
should be deliberated. This subtype is associated with a poor
prognosis after resection and ablation (23), but until now this has
not been tested in a pre-transplantation setting. Since HCC is one
of the rare tumors, where the final diagnosis can be made on the
basis of non-invasive imaging, many centers do not perform a
tumor biopsy prior to LT. This is, among others, based on the
potential hazard of tumor cell dissemination. The risk of tumor
seeding is undeniable, and cases of needle tract metastases have
been described. However, the risk of (isolated) needle tract
seeding and HCC recurrence after LT in two large cohorts was
only 1.3% (24) and 1.9% (7) when using an adequate biopsy
technique. Patients within the MC might not need a tumor

FIGURE 3 | (A) Drop-out rate of patients outside the Milan criteria (MC) in the literature (only ITT analyses included): Percentage of patients not transplanted mainly
because downstaging failed to reach the Milan criteria; (B) statistical summary of the different studies (box plot). & dashed lines represent drop-out rate in Western
centers in UT7+ and UT7-patients (no data on UCSF criteria in the Western subgroup given). Solid lines represent the drop-out rate in the whole cohort for UCSF criteria
with a high number of living donor transplantations in the Eastern subgroup. § pre-selection of AC patients prior to downstaging using tumor biopsy (Bx) and
exclusion of G3 tumors. # no separate data for UCSF+ and UCSF- patients. $ the low drop-out rate of 27% in UT7-patients was observed only in onemulticenter analysis
(Lai, 2020) with a very short median waiting time of approximately 4 months * detailed data are given in Supplementary Table S2.
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biopsy, due to the relatively low risk of G3 tumors, and the
acceptable risk of mVI in those with small G3 tumors. In some
studies, these patients have also shown that with relevant waiting
time, the test of time or the dynamic response to bridging therapy
ensures adequate patient selection, proven by the excellent long-
term outcome without pre-LT biopsy (Figures 4, 5). However, in
patients within the MC, the very low risk has to be weighed
against the potential benefit of tumor biopsy, with the seeding risk
being negligible in MC-out patients.

Two single center experiences showed that upfront exclusion
of G3 tumors in MC-out patients as an entry criterion for
downstaging protocols might be a key factor to improve the
survival results. Indeed, using this approach, Cillo et al. reported a
75% 5-year survival after LT irrespective of size and number (25).
More recently, the updated Toronto experience confirmed these
data, with 5- and 10-year actuarial patient survival rates of 68%
and 50%, respectively in the MC-out group, which was slightly
but not significantly different from the MC-in group (76% and
60%) (7) (Figure 4). However, pretransplant biopsy results might
also be misleading due to tumor heterogeneity (26) and thereby
produce a relevant number of false-positive or false-negative
results. In the experience of Court et al., only 29% of G3
tumors were diagnosed correctly by pre-LT needle biopsy,
while 17 out of 155 (11%) tumors with G1 or G2
differentiation in the final explant histology were classified as
G3 by needle biopsy (27). In addition, the recurrence rate in this
analysis did not correlate with the pre-LT biopsy, but with the
grading in the final explant pathology.

Nevertheless, two prospective analyses have shown that a
biopsy and eventually repeated biopsies are able to exclude a
substantial proportion but not all G3 tumors. In the Toronto [7]
and Padua cohorts (25), only 8% and 16% of MC-out patients
were finally found to have a G3 tumor, respectively, even though
the initial pre-LT biopsy did not show a G3 tumor. Not
surprisingly, the few patients with G3 tumors had a 5-year
disease-free survival of 47% compared to 82% in non-G3
patients (p = 0.008) (7). In comparison, the multicentric
analysis by Mazzaferro et al. revealed a 27% incidence of G3
tumors in the MC-out subgroup (28). None of the available
biopsy-driven series capture the “true ITT-population” including
those patients with G3 tumors on biopsy, which were excluded
from further downstaging. Therefore, this quota remains elusive.

But, conversely, a preoperative biopsy was 84%–92% effective
in excluding G3 lesions. In addition, the incidence of mVI was
only 26% in the MC-out patients and not statistically different
from the MC-in group (25). Besides the excellent long-term
results, the drop-out rate on an ITT basis was relatively low in
both series with 21.4% and 12.5% in MC-out patients, indicating
an effective reduction of the entry risk prior to downstaging
(Figure 3). In contrast, series without any selection prior to
downstaging revealed drop-out rates of more than 50% in the
UCSF-out subgroup (Figure 3), relating to a drop-out reduction
risk of approximately 50%–60% from the initial risk. The Padua
cohort also showed that the risk of drop out increases with
waiting time, leading to a 12.5% drop-out rate at 18 months
and a 40% drop-out rate at 24 months (25). However, the 3- and

FIGURE 4 | (A) Actuarial 5-year survival after LT in recently published series of patients with subgroups outside the MC; (B) statistical summary of the different
studies (box plot). & publications within the last 5 years with indication of the 5-year recurrence rate are included. * detailed data are given in Supplementary Table S2.
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5-year survival rates on an ITT basis were not significantly
different between the UCSF-out (85% and 76%) and the
UCSF-in (85 and 85%) groups, suggesting that in pre-selected
cohorts, e.g., by exclusion of G3 tumors, the UCSF criteria do not
seem to be an ideal discriminator.

In summary, excluding G3 tumors using tumor biopsies
means the entry risk in all-comers populations can be reduced
to a risk comparable to UCSF-in patients in terms of drop out. In
addition, the percentage of mVI and (overlooked) G3 tumors
might be reduced to a level comparable to MC-in patients. From
the present data, exclusion of G3 tumors might be beneficial in
UCSF-in patients, and particularly useful in UCSF-out patients
prior to downstaging. However, controversy remains as to
whether tumor biopsy is the ideal method, or if non-invasive
parameters might be comparably adequate.

CAN THE ROLE OF THE INITIAL AFP LEVEL
ACT AS A GATEKEEPER?

High AFP levels are known to be associated with tumor
aggressiveness, poorly differentiated tumors, and mVI.
Accordingly, it has been clearly shown that AFP provides
prognostic information beyond tumor size and number (29).
The prognostic value of an increasing AFP during waitlisting but
also the AFP level at the time of LT has been shown in several
analyses (see below). The establishment of the Hazard Associated
with Liver Transplantation for HCC (HALT-HCC) score suggests

that the addition of AFP levels facilitates the identification of
patients with a poor prognosis within the MC and also of patients
with a favorable prognosis outside the MC, using a cut-off HALT
score of 17 (30). Consequently, AFP levels at LT have gained
relevance for organ allocation. However, data on the initial AFP
level and its relevance on patient selection for downstaging are
less clear. Analyses of patients with the majority of patients
undergoing living donor liver transplantation mainly without
bridging or downstaging therapy also move towards inclusion of
biological parameters, mainly the AFP value, e.g., in the Japanese
“5-5-500 rule” (31). The impact of waiting time (i.e., living vs.
deceased donor LT) on tumor recurrence outside the MC is also
an interesting issue, but clearly beyond the scope of the present
review.

On the one hand, AFP might help to identify patients with a
high drop-out risk during downstaging, and on the other hand, an
initial AFP <20 ng/ml might be predictive of a good response to
downstaging therapies and a low recurrence rate after LT. About
one-third of HCC patients inside or outside the MC present with
normal AFP levels (<20 ng/ml) (32). It has been shown that in
AFP-negative tumors the proportion of G3 tumors is significantly
lower than in AFP-positive tumors (15% vs. 28%, p < 0.001).
Accordingly, the rate of vascular invasion was significantly lower
(20% vs. 31%, p < 0.001) and the percentage of pathological
complete tumor necrosis was significantly higher (25 % vs. 16%,
p = 0.01) in AFP-negative patients [32]. In a French cohort, when
AFP levels were <100 ng/ml, only 2% of patients had a G3 tumor
and only 20% of patients had mVI (plus 5% macroinvasion) (33).

FIGURE 5 | (A) Actuarial 5-year HCC recurrence rate after LT in recently published series of patients with subgroups outside the MC; (B) statistical summary of the
different studies (box plot). & publications within the last 5 years with indication of the 5-year recurrence rate are included. * detailed data are given in Supplementary
Table S2.
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Despite this, there still seems to be a subgroup of AFP-negative
patients with impaired prognosis after LT. Additional initial
selection criteria like AFP-DCP/PIVKA-II (34), PET-CT, or
tumor biopsy might be of help with this specific subgroup but
has yet to be fully investigated. In contrast, the response to
downstaging as a predictive factor was also confirmed in AFP-
negative tumors, as a tumor burden outside the MC at LT is a
major risk factor for HCC recurrence (HR 10, 0.0; 3.7–33.3; p <
0.001). In the whole AFP-negative group, no recurrence was
observed in the subgroup of patients with negative AFP and
successful downstaging (32). Data generated from a US
multicenter analysis unraveled that an AFP <20 ng/ml was a
predictor of complete pathologic response (cPR) [63]. The rate of
cPR was 26.6% in AFP-negative tumors, but only 19.5% in tumors
with AFP >20 ng/ml at any time, but the majority of patients were
MC-in. However, the percentage of AFP-negative tumors seems
to be around 30% in MC-out and MC-in patients (32).

In AFP-producing tumors, it is increasingly clear that the
predictive value of morphometrical parameters can be refined
by simultaneous consideration of the AFP level. Likewise, an
AFP level of >1,000 ng/ml at the time of LT has been validated
as a poor prognostic factor in MC-out patients (33), as well as
in MC-in patients, even though the incidence of AFP
>1,000 ng/ml in MC-in patients was below 5% (29). This
cut-off of 1,000 ng/ml or an increasing AFP prior to LT is
generally accepted as a poor prognostic factor. In MC-out
patients, the risk of tumor recurrence gradually increases with
AFP values between 20 and 1,000 ng/ml at LT, thereby
providing a risk stratification within defined criteria of
tumor size and number. The additional value of the AFP
level to improve patient selection in this context was first
shown in the French AFP model, in which the upper limit of
size and number could be increased from the MC criteria to
≤6 cm in cases of ≤3 nodules and to ≤3 cm in cases of ≥4 tumor
nodules in patients with pre-LT AFP levels ≤100 ng/ml
without a significantly increased risk of HCC recurrence
(33). However, validating studies revealed a poor predictive
value of this model, also pointing out the importance of the
underlying liver disease (e.g., HCV vs. non-HCV) in different
cohorts (35). In view of the fact that HCV is also displaced by
NASH in the LT population (36), this might become extremely
relevant, since many of the models are derived from cohorts
with high numbers of patients with viral hepatitis. Other series
have focused on an AFP limit of <400 ng/ml and found a low 5-
year recurrence rate of 4.9% in patients with a total tumor
diameter of <8 cm (37), or a 4-year recurrence rate of 9.4% in
patients with a total tumor volume (TTV) of <115 cm3 and
AFP <400 ng/ml (38).

Lai et al. (39) raised the point that size and number alone are
insufficient selection parameters and the AFP levels at first
referral might overcome or at least reduce this problem. In a
multicentric analysis of 3091 HCC patients at 12 centers, an ITT
model was used for an upper limit of tumor burden for
downstaging. A successful LT was defined as a 30% 5-year
survival after LT and recalibrated to >13% 5-year survival rate
after the time of first referral, otherwise LT was estimated to
become an unrealistic goal. In this model, the upper limit of

tumor burden at presentation revealed an inverse relation with
the initial AFP level. Whereas in patients with an AFP level
≤20 ng/ml, an up to 12 sum of HCC number and diameter was
acceptable, which decreased with increasing AFP to 10 (AFP
21–200 ng/ml), 7 (AFP 201–500 ng/ml), and 5 (AFP
501–1,000 ng/ml) (Figure 6). Using this West-Eastern
downstaging criteria (WE-DS) the drop-out rate in Western
patients (i.e., with low frequency of living donor liver
transplantation [LDLT]) was below 15% and therefore not
significantly different from the UCSF-in group. In contrast,
30.4% of patients outside the WE-DS criteria experienced drop
out. When comparing theWE-DS criteria with the UCSF criteria,
the WE-DS group included more patients than the UCSF-in
group, and only 54% of the MC-out patients would have been
considered for LT according to the UCSF criteria, but 79%
according to the WE-DS criteria. Nevertheless, the WE-DS
group revealed the same 5-year post-LT HCC-related death
rate (14.4% vs. 15%). These data confirm that the
(morphometric) UCSF criteria can be easily adjusted by
including biological parameters. However, even in the WE-DS-
out patients, only 38% of HCC-related deaths were observed
within 5 years and 42% within 10 years after LT. In other words,
based on these data, 3 out of 10 WE-DS-out patients will
experience drop out prior to LT and a further 3 will develop
HCC recurrence after LT, but 4 out of 10 WS-DS-out patients
(ITT) are theoretically good candidates for LT, but the overall
number would be relatively small (i.e., 2.5% in this series) [Error!
Bookmark not defined.].

On the other end of the AFP scale, it could be shown that an
AFP >1,000 ng/ml is a poor prognostic factor. A large
multicenter analysis has even shown that cases with pre-LT
AFP >1,000 ng/ml had no survival benefit after LT (40).
However, this analysis did not consider the AFP at initial
referral or the treatment response. Therefore, the situation of
an initial AFP >1,000 ng/ml is still unclear. It was shown in low
numbers that successful downstaging is possible in patients
with AFP >1,000 ng/ml, but probably achievable only in less
than 20% of patients (12.5% successful downstaging in (41)
and 18.8% in (19)).

In summary, the AFP level may be used as a gatekeeper
prior to downstaging, as well as prior to LT. Since all proposed
models are based on adjustment of probabilities, decreasing
upper limits of AFP levels should be considered with
increasing tumor burden to maintain the rate of futile
downstaging and/or LT approaches within accepted limits
(42). However, at least for patients with a tumor burden
outside the WE-DS criteria, additional parameters are
advisable, especially since the selection of patients with a
favorable prognosis on the basis of AFP levels means the
percentage of patients with predicted poor prognosis is
disproportionately increasing (Figure 7). Moreover, since
the WE-DS model is based solely on parameters prior to
downstaging, the dynamic response to downstaging is not
captured. Therefore, this model might be a useful
gatekeeper. However, in patients with high tumor burden,
additional parameters might be useful together with
dynamic re-evaluation during downstaging protocols.
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BEYOND AFP–PET, HEPATOBILIARY MRI,
AND OTHER BIOMARKERS

Whereas differentiated HCCs share a similar enzymatic activity
with normal liver tissue, poorly differentiated tumors reveal a low
glucose-6 phosphatase activity and high uptake of 18F-FDG.
Therefore, it has been postulated that poorly differentiated
tumors can be identified by means of PET positivity (PET+)
(43). Therefore, PET holds the potential of being a non-invasive
alternative to pre-LT tumor biopsy. Kornberg et al. showed that
PET+ was the only independent predictor of tumor recurrence in
patients outside the up-to-seven criteria (HR of 19.25).
Independently of tumor size and number, the 5-year survival
in PET-patients was 88.7% compared to 46.3% in PET+ patients
(p < 0.001). Moreover, in the PET-patients, the percentage of mVI
and G3 tumor was 12% and 9.3%, respectively, compared to
82.9% mVI and 34.1% G3 tumors in PET+ patients (p < 0.001).
Thus, 14 of 21 poorly differentiated HCCs were PET positive (44).
PET+ correlates with tumor burden, as 26% of MC-in patients
were found to be PET+ compared to 47% in MC-out patients and
inside the up-to-seven criteria and 48% in patients outside the up-
to-seven criteria. Overall, these data confirm that morphometric
criteria alone might not be ideal discriminators in MC-out

patients. In a recent review, the accuracy of 18F-FDG-PET/CT
for predicting mVI was 68%–88% and 55%–71% for poor tumor
differentiation (43).

Data on the predictive potential of the combination of PET
with AFP values are mainly derived from Asian cohorts, mainly
using LDLT and often no consequent downstaging protocols. A
multicentric experience from 16 Japanese LT centers showed that
in multivariate analysis, exceeding MC, AFP ≥115 ng/ml, and
PET+ status were independent risk factors for HCC recurrence
(45). Of the 49 MC-out patients, 47% had PET+ scans and the 2-
year recurrence rate in PET+ was significantly higher than in
PET-patients (80.0% vs. 29.4%). A Korean analysis confirmed
that PET in combination with the AFP value might be a better
predictor of survival than each parameter alone. By using an AFP
cut-off of 200 ng/ml they were able to define groups with a low
(AFP <200 ng/ml and PET-), intermediate (PET+ or AFP
>200 ng/ml), and high risk (PET+ and AFP >200 ng/ml) for
tumor recurrence, leading to 5-year disease-free survival rates of
86.1%, 79.0%, and 18.5%, respectively (46).

Preliminary data on MRI criteria in transplanted patients
show that the presence of satellite nodules and peri-tumoral
hypo-intensity is associated with a 3-year tumor recurrence rate
of 75.5% compared to 28.6% in cases of their absence (p < 0.001)

FIGURE 6 | Combination of published downstaging and LT criteria (DS: downstaging, PD: progressive disease, PR: partial response, CR: complete response). &
AFP categories prior to DS according to theWE-DS criteria. § AFP categories before LT according to the Metroticket 2.0 criteria, which are slightly different from the AFP
categories in the WE-DS criteria. $ eventually eligible after further reduction of the drop-out risk by using PET criteria or exclusion of G3 using tumor biopsy (see text).
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in 32 MC-out patients (13). Imaging features of HBI MRI
predicting mVI have been investigated extensively, i.e., peri-
tumoral arterial enhancement, irregular tumor margin, and
peri-tumoral hypo-intensity on hepatobiliary phase. All
parameters correlate well with the presence of mVI and
therefore warrant further investigation for transplant
candidate selection (47,48). Moreover, MRI might also be
helpful in identifying macrotrabecular-massive HCC with
high specificity (49). Hepatobiliary MRI adding criteria
beyond wash-in and wash-out has proven higher sensitivity
with comparable specificity for HCC depiction in cirrhotic
patients (50). Diffusion weighted imaging is another
promising MRI feature to predict HCC treatment outcome.
A single center trial reported lower apparent diffusion
coefficient values, which predicted early recurrence after LT
(51). However, the heterogenous nature of HCC, especially in
larger lesions, could potentially limit the value of the diffusion
technique in more advanced patients outside MC. Other
biomarkers like C-reactive protein, PIVKA-II (=DCP), and
the neutrophil-lymphocyte ratio have been studied in LT
candidates either alone or in combination with
morphometric parameters. Relevant data are only available
for DCP, which has been systemically evaluated prior to
LDLT in Asian centers. In this context, a DCP cut-off
between 300 and 450 mAU/ml was shown to indicate a five-
fold increased risk for HCC recurrence after LT (52). Its value
exceeding the use of AFP and the validation in Western series is
currently lacking.

Besides the AFP value, PET+ seems to be at present the only
non-invasive parameter with enough clinical evidence for

inclusion in clinical pathways. In contrast to MC-in patients,
where even PET+ patients seem to have a good prognosis, in MC-
out patients the recurrence rate is considerably increased.
Therefore, a PET scan might be an additional tool for patient
selection in MC-out patients, potentially in combination with
other markers, like the AFP value (for dynamic AFP response
during downstaging see below).

BIOLOGY IS KING: VALUE OF DYNAMIC
PARAMETERS DURING DOWNSTAGING

Prediction models, which are based on parameters available at
first referral, allow only a gross a priori estimation of the HCC
recurrence risk after LT. Additional dynamic parameters, such as
the response to downstaging or a test of time without
downstaging measures are not captured in such models.
However, the response to therapy represents essential
information for appropriate patient selection to further
improve the predictive power, especially in MC-out patients.

Therefore, one possible approach to improve prediction could
be that all potential LT candidates with HCC undergo upfront
downstaging therapy irrespective of size and number. The final
decision for or against LT would then be based on the treatment
response (53). However, the chance of successful downstaging in
(unselected) patients with a TTV >200 cm3 is below 5% (1 out of
22) according to data by Murali et al. (19). Whether the reported
low likelihood is acceptable remains to be defined by each center,
otherwise some entry criteria for the downstaging approach
should be considered as discussed above. Using the TTV

FIGURE 7 | Exemplary modification of the theoretical entry risk: in AFP-positive (i.e., > 20 ng/ml) tumors the risk of microvascular invasion (mVI+) is markedly
increasing in UCSF- tumors compared to UCSF+ tumors, since the remaining patients represent a “negative selection” in a group with an already increased risk of mVI+.
This increasing risk by increasing AFP levels is the theoretical basis for the limitation of morphometric selection criteria with increasing AFP levels in the WE-DS criteria as
well as in the adopted Metroticket 2.0 criteria as shown in Figure 6. * the assumed values for mVI+ tumors and AFP levels >20 ng/ml are based on the average data
from Figure 1, but are of a theoretical nature to expertly clarify the increasing risk by patient selection criteria, which are used in addition to morphometric criteria.
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threshold of 200 cm3, the study showed that downstaging was
successful in 76% (52 out of 68) of patients outside the MC. But
the maximum TTV of the UCSF criteria of 144 cm3 indicates that
the UCSF criteria are too unspecific (19). However, the TTV at
initial presentation is ultimately only a random snapshot of
tumor biology, reflecting a certain risk of aggressiveness, but
not the individual risk. While poorly differentiated tumors (G3)
outside MCmight be excluded a priori by means of biopsy and/or
PET scan, dynamic parameters (54) might add additional
information in the remaining population, which still includes
a mixture of low, intermediate, and high-risk patients. The
combination of dynamic morphological and biological
parameters represents not only the most concise approach of
prognostic prediction prior to downstaging but is also important
for patient selection during downstaging. Besides the dynamic
radiological criteria (e.g., mRECIST), dynamic changes of AFP
levels during the waiting time and/or downstaging procedures
need be considered as dynamic changes of AFP levels are shown
to be more relevant than static AFP values at initial referral [33].
Unquestionably, the progressive increase in AFP values (e.g., AFP
slope >15 ng/ml (33,40)) during waiting time is associated with
poor survival benefit after LT. On the other hand, a large SRTR
study demonstrated that patients with AFP levels >400 ng/ml at
time of listing who experienced an AFP decrease to <400 ng/ml
during downstaging had a significantly improved 3-year ITT
survival (81% vs. 48%) compared to those without AFP reduction
(55). A simplified score has been calculated from three US centers
based on tumor size and number plus AFP response on a gradual
basis (200, 400, and 1,000 ng/ml). This NYCA score has been
shown to provide an appropriate risk stratification [(56)].

Overall, radiological tumor progression and/or AFP progression
during downstaging are associated with a significantly higher
recurrence rate after LT in patients inside (57), as well as outside
MC. According to available data, AFP level progression or radiologic
progressive disease should therefore be considered as
contraindication for LT, particularly in MC-out patients. The
same applies to AFP levels >1,000 ng/ml. For AFP levels below
1,000 ng/ml, the overall risk is determined by the tumor burden.
It is essential to restrict the maximum eligible tumor burden in
increasing AFP categories to keep the risk of HCC recurrence within
acceptable limits. This has been proven for the clinical scenarios of
first patient referral, as well as for patients after downstaging and prior
to LT (39) (Figure 6).

Along with AFP response, direct histological tumor
response is also a known predictive factor, especially cPR
after downstaging therapy as it is associated with a very low
recurrence rate of 5.8% at 5 years irrespective of the initial
tumor size (63). In these patients finally undergoing
transplantation (i.e., in pre-selected patients), the
percentage of cPR might be irrespective of the tumor
burden. Mehta et al. reported cPR in 19% of patients inside
MC, in 12% of UCSF-in patients, and in 19% of UCSF-out
patients (58). Although these data were not collected on an
ITT basis, the study underlines that tumor biology is only
partially reflected by the MC. Because cPR is only definitively
known after LT, it represents a difficult parameter for
decision-making prior to LT. This is especially true since

the radiological finding of “no vital tumor” was confirmed
as cPR only in 46.5% of patients on explant pathology in a
recent (2) and previous analyses (59–62).

However, advances in MRI technology might help to increase
the prediction of cPR in the future [63]. Nevertheless, the
radiological response to downstaging, defined by the
mRECIST criteria, is a good predictor of the risk of recurrence
after LT. This is underlined by the fact that radiological response
to downstaging therapy was an essential parameter in order to
refine the Metroticket 2.0 criteria (2). The combination of
dynamic changes of tumor response to downstaging by
radiological mRECIST classification and AFP levels might be
able to better refine patient selection before and during
downstaging procedures, especially since progressive disease
during downstaging is a worse prognostic factor in patients
outside MC. Furthermore, a recent analysis using a competing
risk approach confirmed that non-response to neo-adjuvant
therapies assessed by mRECIST increases the HCC recurrence
rate after LT from <10% to >25% (64). Accordingly, the
Metroticket 2.0 criteria have been modified for patients with
progressive disease during downstaging, where tumor criteria
have been reduced by 1–2 cm in all AFP categories (Figure 6) (2).
Looking at patients who are still outside MC after downstaging
(i.e., outside the “up to 6” criteria: 5 + 1 or 3 + 3), no patient with
progressive disease should undergo LT according to this
calculation. MC-out patients with partial response or stable
disease can undergo LT when tumor burden is within the up-
to-seven criteria and serum AFP is <100 ng/ml (2).

In summary, an available single marker of measuring the risk of
tumor recurrence is still far away. Tumor biology has to be assessed
by tumor burden, AFP levels, and response to therapy, including
the use of PET and/or tumor biopsy in selected cases. However, the
selection process might be refined in the future due to expanding
knowledge of available prediction parameters. An overview of
potential selection parameters for and during downstaging, as
discussed above, is illustrated in Figure 8. These criteria might
represent only rough approximations due to differences in
underlying populations and available data, as well as differences
in acceptable 5-year outcome parameters in various publications.
Therefore, the refined Metroticket 2.0 criteria might currently
reflect the most sophisticated endpoint of downstaging, whereas
the entry criteria might be applied, as depicted in Figures 6, 8.

FUTURE DIRECTIONS

Although selection criteria for LT in HCC patients are becoming
more and more sophisticated, all established parameters are still
“imperfect.” In any group with a negative prognosis determined by
the available criteria, there remains a small proportion of patients
who will achieve long-term survival “against all odds.” This has been
shown for G3 tumors, PET-positive tumors, an AFP >1,000 ng/ml,
and even for patients with macrovascular invasion (65). Until more
specific biomarkers are available, in subgroups with predicted poor
prognosis, only exceptional cases will achieve long-term survival.
Therefore, LT might be considered later on after good response to
initial locoregional therapy. However, inmost centers, LT will not be
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considered ab initio in the high-risk groups, due to the very low rate
of successful downstaging and LT.

Further approaches should explore personalized prediction
and therapy approaches and implement molecular knowledge in
clinical practice for patients with HCC listed for LT. For this,
prospective evaluation is required and intra- and inter-tumor
heterogeneity and the reproducibility of molecular analysis from
tumor biopsy material must be taken into account. Newer
selection parameters, which are currently under investigation
include newer imaging methods, like fluorocholine PET (66),
molecular markers derived from biopsy material, and increasing
use of liquid biopsies (67). Future data on these parameters will
hopefully support a more specific risk prediction in candidates for
LT outside the conventional selection criteria.
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Introduction: The adoptive transfer of regulatory T cells (Tregs) has emerged as a method
to promote graft tolerance. Clinical trials have demonstrated the safety of adoptive transfer
and are now assessing their therapeutic efficacy. Strategies that generate large numbers of
antigen specific Tregs are even more efficacious. However, the combinations of factors
that influence the outcome of adoptive transfer are too numerous to be tested
experimentally. Here, mathematical modeling is used to predict the most impactful
treatment scenarios.

Methods: We adapted our mathematical model of murine heart transplant rejection to
simulate Treg adoptive transfer and to correlate therapeutic efficacy with Treg dose and
timing, frequency of administration, and distribution of injected cells.

Results: The model predicts that Tregs directly accumulating to the graft are more
protective than Tregs localizing to draining lymph nodes. Inhibiting antigen-presenting cell
maturation and effector functions at the graft site was more effective at modulating
rejection than inhibition of T cell activation in lymphoid tissues. These complex
dynamics define non-intuitive relationships between graft survival and timing and
frequency of adoptive transfer.

Conclusion: This work provides the framework for better understanding the impact of
Treg adoptive transfer and will guide experimental design to improve interventions.
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INTRODUCTION

Following transplantation, lifelong immunosuppression is
required to prevent allograft rejection (1). Unfortunately,
because of drug-associated complications (1–3) and the
unfeasibility of complete immunosuppression, 5 years survival
rates for patients undergoing solid organ transplantation range
anywhere from 40–70%, depending on the organ transplant type
(4–6). Thus, there is an urgent need to develop alternative
treatment strategies to promote graft tolerance and improve
the quality of life for transplant recipients.

One such promising strategy is the adoptive transfer of
regulatory T cells (Tregs). Tregs are lymphocytes that suppress
the activity of other immune cells and are critical for maintaining
peripheral tolerance and preventing autoimmune pathologies (7).
The idea is that adoptive transfer of large numbers of Tregs can
suppress transplant rejection and promote establishment of
tolerance to the transplanted organ. Studies in pre-clinical
animal models have shown feasibility and efficacy of
polyclonal Treg infusion (8–13). Results from the completed
clinical trials provide evidence that delivery of expanded
polyclonal Treg is safe (14–16) and possibly effective (17).
Excitingly, preclinical studies suggest that the therapeutic effect
can be improved by using alloantigen-specific Tregs (18–20). To
achieve this, Tregs can be modified to express Chimeric Antigen
Receptors (CAR) or transgenic T cell receptors, which endow
large-scale production of Tregs with the desired antigen
specificity (10, 21, 22). In animal transplant models, CAR-
Tregs have been shown to reach the grafts (19, 23, 24) and to
control skin graft rejection to a greater extent than polyclonal
Tregs (19, 24). CAR-Treg application and safety is currently being
investigated in the first clinical trial in Europe (STEADFAST
study, Sangamo Therapeutics, Inc.).

Despite these promising outcomes, much remains unknown
about the consequences and efficacy of Treg adoptive transfer and
what conditions maximize their therapeutic effect. It is difficult to
compare experimental outcomes between studies due to
differences in model organisms, transplanted organs, dose
magnitude, dose timing, and Treg population quality (affected
by in vitro expansion). Moreover, disparities in the results of
some Phase I clinical trials highlight this lack of understanding of
their optimal use (13, 25, 26). Further clinical trials will continue
to improve our comprehension of adoptive transfer efficacy.
However, it takes years to evaluate the long-term effects of
this treatment, and development of methods to facilitate a
more rapid understanding of the impact and optimization of
treatment regimen would be invaluable.

Mathematical and computational models have been widely
used in conjunction with experimental methods in cancer and
virology to understand immune system dynamics and aid in the
design of effective immunotherapies (27–29), but their
application in transplantation is lacking. Some theoretical
models for solid organ transplant rejection have been
proposed (30–35), several of which focused on the impact of
immunosuppression only (31, 33–35) and used simplified
representations of immune components. We established one of
the first theoretical models to describe the immune system
and transplant dynamics that give rise to transplant rejection,
and ours is currently the only transplantation model using
differential equations to track Tregs independently from
other T cell populations (30). Both our work and that of
De Gaetano et al. incorporated experimental methods in
developing transplant rejection models (30, 31). However,
no mathematical model to date provides a robust mechanism
for analysis of Treg adoptive transfer on the immune
response to transplantation.
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In the present study, we adapted our model (30) to include
new equations and terms to simulate the impact of alloantigen-
specific Treg adoptive transfer on graft survival (Supplementary
Figure S1). We updated the model equations for antigen-
presenting cells (APCs) to match their behavior observed in
vivo (36). We also performed parameter estimation on the
updated model using a non-dominated sorting-based multi-
objective evolutionary algorithm (37), called NSGA-II (Non-
dominated Sorting Genetic Algorithm II). Although adoptive
transfer is not sufficient to prevent graft rejection independently of
immunosuppression (10), in this study we focus exclusively on
adoptive transfer treatments to elucidate their direct effect on
transplant rejection without the complicating and possibly
confounding effects of concomitant immunosuppression. Thus,
using the updated model, this study aimed at: 1) identifying
optimal conditions for Treg delivery, specifically the activation
status and tissue distribution, magnitude of dose, timing of
delivery, and frequency of dosing, 2) analyzing immune dynamics
to explain the effects of adoptive transfer on graft survival, and 3)
suggesting future avenues for experimental studies into adoptive
transfer treatment.

Our model simulations and analysis identified that timely
inhibition of dendritic cell (DC) maturation in the graft and
prolongedmodulation of cytotoxic CD8 T cells and inflammatory
macrophage activity in the graft by Treg were significantly more
impactful than inhibiting the activation of alloreactive T cells in
draining lymphoid tissues. Use of the model allowed us to identify
a non-intuitive correlation between Treg dosing and administration
frequency that delineates more effective interventions. Overall, our
model enables the rapid simulation of a vast number of conditions that
would be prohibitive to cover experimentally. It also provides the
framework for future modeling efforts that will assess combinatorial
treatments involving both Treg adoptive transfer and
immunoregulatory agents.

MATERIALS AND METHODS

This study does not involve any new animal or human studies,
and thus it was exempt from IRB approval.

Model Description
We expanded our previously developed model describing the
dynamics of murine heart transplant rejection (30) to examine
the impact of adoptive transfer of Tregs on graft survival. The
original model consists of 13 nonlinear first order ordinary
differential equations (ODEs) tracking the following
populations in a representative lymph node compartment
(LN) and graft compartment (G): CD4 T cells (TLN

H and TG
H),

CD8 T cells (TLN
E and TG

E ), regulatory T cells (TLN
R and TG

R),
immature DCs (Aimm), mature DCs (ALN

mat and AG
mat),

inflammatory macrophages (Ainf), pro- and anti-inflammatory
cytokines (Cp and Ca), and graft cells (G). An additional ODE is
introduced to track naïve Tregs (TLN

RN). All model equations and
parameters appear in the Supplemental Digital Content, and all
model variables and their initial values are provided in
Supplementary Table S1. A complete list of model
assumptions is provided in (30). While this model is
parametrized for mouse heart transplantation, the predicted
interactions between the immune response and transplanted
organ would be similar for other transplants.

In this study, the model equations tracking the immature and
mature DCs are adapted to include more realistic representations
of experimental observations (36). Specifically, the decay rate of
immature DCs is assumed to depend on the remaining graft mass
(Supplementary Eq. S10, second term). In addition, DC
maturation is assumed to occur in the presence of pro-
inflammatory cytokines or CD4 T cells (Supplementary Eq.
S10, third term; Supplementary Eq. S11, first term). For
verification of the modified model and updated predictions for
host immune dynamics without adoptive transfer treatment, see
the Supplemental Digital Content (Supplementary Figures
S2, S3).

A dosing function, D(t), for the adoptive transfer of Tregs is
defined in Eq. 1 (also in Supplementary Eq. S12). ParametersfG,
fLN, and fN correspond to the fraction of the Treg dose that
enters the graft as activated Tregs (Eq. 2), the lymph node as
activated Tregs (Eq. 3), and the lymph node as naïve Tregs (Eq.
4), respectively. For simulations involving adoptive transfer,
fG + fLN + fN � 1. These three parameters are set to zero
when adoptive transfer is not simulated. The dosing function

FIGURE 1 | Visual representations of Dosing function, D(t), delivering a total of C � 5 × 105 Tregs. (A) A single dose with dosing rate D0 � 106 cells/day. (B) Five
doses delivered on POD0-4 with dosing rate D0 � 106

5 cells/day.
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is composed of one or multiple exponentially decaying functions
of time, where D0 indicates the dosing rate, n indicates the total
number of doses delivered, ti indicates the post-operative day
(POD) of delivery of the ith Treg injection, and β indicates the
decay rate. A decay rate of β � 2 day−1 is used to simulate the
relatively fast absorption of Tregs during adoptive transfer. We
assume around 50% of injected cells are lost or distribute in non-
draining lymphoid tissues (which are excluded from the model),
and we define the dose magnitude C to be the total number of
injected cells that localize to the modeled lymph node and graft
compartments. Thus, for the majority of this study, we simulate
adoptive transfer with C � 5 × 105 Tregs. The dose magnitude is
the area under the curve of our dosing function, which is given by
C � ∫∞

0
(D0∑n

i�1di(t)) dt � nD0
β cells. A single dose with D0 �

106 cells/day or n doses with D0 � 106
n cells/day both administer

a total of C � 5 × 105 Tregs. Figure 1 shows the dosing rate over
time for a single dose administered on POD0withD0 � 106 cells/
day (Figure 1A) and 5 doses administered on POD0, 1, 2, 3, and 4
with D0 � 106

5 cells/day (Figure 1B). The dose magnitude C is
varied during model analysis.

D(t) � D0Σ
n
i�1d(t) , where di(t) � { 0 , t< ti

e−β(t−ti) , t≥ ti
(1)

dTG
R

dt
� keRT

LN
R − μRT

G
R + rRGTG
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Model Simulations
The activation state, accumulation site, magnitude, timing, and
frequency of adoptive transfer are varied in the model to simulate
the impact of each of these factors on the immune response to the
graft. Parameters fG, fLN, and fN are varied to determine the

impact of activation state (i.e., naïve or activated) and
accumulation site of Tregs. The effects of dose magnitude are
assessed by varyingC. The timing and frequency of Treg doses are
evaluated by varying the start day of the dose (t0) and the number
of doses, n. If multiple doses are administered, it is assumed that
the doses are given at 1-day intervals. Following our previous
work, graft rejection is defined as a 75% reduction in the original
number of graft cells (30). The time at which the model predicts
graft rejection is used in this study to identify optimal dosing
strategies for the adoptive transfer of Tregs.

Parameter Estimation
To calibrate the model parameters in the updated model (see
parameters shaded in Supplementary Table S2), we employed a
non-dominated sorting-based multi-objective evolutionary
algorithm (37), called NSGA-II (Non-dominated Sorting
Genetic Algorithm II), which can greatly improve the
efficiency in constrained multi-objective optimization tasks.
NSGA-II is a popular non-domination based genetic algorithm
for multi-objective optimization and parameter estimation.
NSGA-II improves elitism and there is no need to choose
sharing parameters a priori.

RESULTS

Impact of Treg Accumulation Site
To analyze the effect of Treg adoptive transfer using our model,
we first evaluated the impact of the activation status of the
injected cells on graft survival. It is well recognized that pre-
activated Treg (even after resting) are an order of magnitude
more suppressive than naïve Tregs (38, 39). For this analysis, we
simulated the equivalent of delivering C � 5 × 105 Tregs on
POD0. As expected, accumulation of naïve Tregs into the
lymph node was not as effective as the adoptive transfer of
pre-activated Tregs (Supplemental Digital Content,
Supplementary Figure S4). This confirmed the benefit of
using ex-vivo expanded Tregs, which is a necessary step in

FIGURE 2 | Impact of distribution of adoptively transferred Tregs. (A) Number of graft cells shown over time for three different cases: activated Tregs administered
to the graft (blue), activated Tregs administered to the lymph node (red), and no Tregs administered (black). Tregs are administered on POD0 with dose magnitude
C � 5 × 105 cells. The horizontal dashed line indicates a 75% reduction in initial graft size. The intersections of the curves with this dashed line give the model predicted
values of graft rejection time. (B) Model predicted rejection time as Treg dose magnitude (C) is varied. The different curves depict predictions for the delivery of
activated Tregs to the graft (blue) and activated Tregs to the lymph node (red). The black line marks POD11, which is when rejection occurs without adoptive transfer. (C)
Circled region in panel B is magnified to examine the effect of small dose magnitudes on graft rejection.
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most clinical preparations of antigen-specific cells that renders
homogeneous populations of pre-activated Treg. For the
remainder of the study, we simulated the use of pre-activated
Tregs.

Next, we focused on the question: does the tissue distribution
of Tregs between the lymphoid compartment and the graft post-
adoptive transfer impact transplant survival? Figure 2A depicts
the change in the graft mass over time for the scenarios where the
transferred Tregs exclusively accumulate in the lymphoid versus
graft compartments, as well as for the case of no adoptive transfer
(black curve). There is a substantial benefit with the accumulation
of Tregs in the graft in comparison to lymphoid tissues, with
estimated rejection on POD74 vs. POD25, respectively. The
model can simulate a wide range of Tregs dose magnitudes;
for almost all ranges, accumulation of Tregs directly to the graft
(Figure 2B, blue curve) is more effective at extending survival
than localization to the lymph node compartment (Figure 2B,

red curve). For very small doses (C< 2.9 × 104 cells), delivering
activated Tregs to the lymph node is predicted to be more
effective than delivering to the graft (Figure 2C); though, it
improves graft survival by no more than 2.4 days.

Impact of Single Dose Timing
Having shown the benefit of graft localization, we studied the
impact of the timing of a single injection of varying amounts of
Tregs. Figure 3 shows a non-monotonic relationship between
rejection time and day of Treg administration, observed for some
Treg dose magnitudes (Figure 3A). Specifically, when using C �
5 × 105 cells (blue curve), we observed that delaying Treg
administration to POD1.5 yields optimal graft survival time.
The non-monotonic behavior between dose timing and graft
survival is highlighted for physiological dose magnitudes (C< 106
cells) in Figure 3B. Once the dose magnitude is increased above
C � 7.5 × 105 cells, a monotonic relationship is re-established in
which graft survival time decreases with the delay of Treg
administration.

Although a theoretical model can assume that all Tregs
administered to an individual accumulate exclusively in the
graft or lymphoid tissues, physiological in vivo constraints and
Treg properties dictate a variable partitioning between the two
compartments. Thus, in Figure 4, we show the simulated impact
of varying the fraction of Tregs that enter the graft (fg) between 0
and 1; the remaining fraction (1–fg) is assumed to enter the
draining lymphoid tissue compartment. As indicated by the red
curve, the model predicts that if more than 10% of the injected
Tregs locate to the graft, delaying injection until POD1.5 is the
most beneficial strategy to prolong the time to graft rejection.

Impact of Multiple Doses
The model allows us to compare the protective effect of a single
injection of C � 5 × 105 Tregs versus splitting that total number
of cells amongmultiple daily injections (an approach that can also
represent sustaining the presence of a smaller amount of Treg
over time). As depicted in Figure 5, distributing a fixed dose
prolongs graft survival. The relationship between the number of
consecutive doses and graft survival was not monotonic, with

FIGURE 3 | Impact of the timing of Treg administration on graft rejection. (A) Predicted graft rejection time as the day of dose administration (ti) is varied given four
different dose magnitudes: C � 5 × 104 (black), C � 5 × 105 (blue), C � 2.5 × 106 (red), and C � 5 × 106 (green) cells. (B) Predicted graft rejection time as dose
magnitude (C) is varied for Tregs administered on POD0 (blue), POD1.5 (red), and POD3 (green).

FIGURE 4 | Impact on rejection time of the fraction of activated Tregs
that enters the graft. A dose of C � 5 × 105 cells is administered on POD0
(blue), POD1.5 (red), and POD3 (green) and the impact on graft survival is
projected in relation to the distribution of the injected Treg between graft
and lymphoid compartments.
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graft survival peaking around 10–15 equivalent doses, depending
on the first day of injection (Figure 5A). Significantly, when
enough doses are administered, delaying the start of adoptive
transfer treatment is no longer beneficial. The model predicts that
administering C � 5 × 105 cells divided evenly among 14 daily
doses beginning on POD0 is the most effective treatment,
extending graft survival until POD115. As shown in
Figure 5B (graft mass over time), it is noteworthy that in
addition to extending transplant survival, multiple doses of
Treg provide better protection of the graft (i.e., slower rate of
mass decline). Figure 5C shows that the impact of multiple doses
compared with a single dose is apparent even if only a small
fraction of Tregs (>5%) enters the graft.

Impact of Treg Adoptive Transfer on Host
Immune Dynamics
Differently from bioinformatic approaches (e.g., machine
learning), mathematical modeling enables the analysis of the
dynamics of host immune cells that determine the simulated
outcome. This valuable property can be used to gain insight into
why certain adoptive transfer treatments are more effective than
others. We investigated in detail the difference in effects between
using a single injection of graft-infiltrating Tregs versus splitting
the total number over multiple injections. Figure 6 depicts the
predicted dynamics of host immune cells in the graft with single
dose adoptive transfer (blue) and 14 dose adoptive transfer (red).
For a similar investigation into the impact of site of accumulation
and timing of single injections, please see the Supplemental
Digital Content (Supplementary Figures S5, S6).

Delivering a large single dose of Tregs minimizes the
maturation of graft infiltrating DCs (Figure 6B) and therefore
limits the activation and graft accumulation of cytotoxic CD8
T cells (Figure 6C) and delays the activation of macrophages
(Figure 6D). Therefore, delivering a substantial portion of Tregs
soon after transplantation is effective at limiting the early
inflammatory response. Nevertheless, the regulation of the
destructive capacity of those cells is not sustained with a single
administration.

When the injected cells are split among 14 doses, elevated Treg
levels are maintained during the surge of cytotoxic T cells and
inflammatory macrophages (Figures 6A,C,D, red). In contrast,
for single dose adoptive transfer, Tregs in the graft decay before
the surge of these graft destructive subsets (Figures 6A,C,D,
blue). The lack of Treg-mediated control in the last scenario
allows each cytotoxic T cell and inflammatory macrophage to
cause greater graft damage despite a lower accumulation level.
This phenomenon is highlighted in the boxed regions in Figures
6C–F. We note that Figures 6E,F show the value of each term on
the right-hand side of the differential equation for graft cells that
contributes to graft destruction (Supplementary Eq. S9).
Therefore, higher values of the curve in panel E or F indicate
a greater contribution to graft destruction. For example, from
POD7.2 to POD11.9, although more cytotoxic T cells are
predicted to be present with the 14-dose regimen (Figure 6C;
the 14-dose curve is above the 1-dose curve in the dotted boxed
region), their effector functions are regulated and less graft

FIGURE 5 | Impact on graft rejection of splitting the same total number of Treg
intomultipledoses. (A)Plotof thesimulated rejection timeasa functionof the indicated
number of doses administered starting on POD0 (blue), POD1 (red), POD2 (black),
and POD3 (green). The total dose magnitude for each simulation is C �
5 × 105 cells. (B) Number of graft cells as a function of time for a single dose (blue
curve) and for theoptimal caseofmultiple doses (14daily dosesof Tregsbeginningon
POD0, red curve). (C)Comparison of rejection time for single (blue curve) andmultiple
(red curve) dose administration if the fraction of Tregs that reach the graft is varied.
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destruction occurs (Figure 6E; the 1-dose curve is above the 14-
dose curve). Similarly, from POD5.3 to POD7.7, although more
inflammatory macrophages are predicted with the 14-dose
regimen (Figure 6D), less graft destruction is mediated by this
subset (Figure 6F).

Overall, analyzing the population dynamics for various Treg dose
frequencies indicates that, to optimize adoptive transfer, cell delivery
must 1) maintain elevated Treg levels during the surge of cytotoxic
T cells and inflammatory macrophages in the graft and 2) deliver
enough Tregs early after transplantation to inhibit DC maturation
and therefore limit T cell activation. These same principles hold true
when examining dose timing and can explain why administering a

single dose on POD1.5 is more effective than delivering a single dose
on POD0 (see Supplemental Digital Content, Supplementary Figure
S6). When examining site of Treg accumulation, minimizing DC
maturation is again critical to understand the benefit of delivering
Tregs to the graft rather than the lymph node (see Supplemental
Digital Content, Supplementary Figure S5).

DISCUSSION

In this study, we expanded our previous mathematical model
of murine heart transplant rejection to incorporate the impact

FIGURE 6 |Model predicted alterations of immune dynamics induced by C � 5 × 105 Tregs delivered as a single dose (blue) or distributed across 14 doses (red).
(A) Number of Tregs in the graft, TG

R . (B) Number of mature DCs in the graft, AG
mat. (C) Number of cytotoxic CD8 T cells in the graft, TG

E . (D) Number of inflammatory
macrophages in the graft, AG

inf . (E) Rate of graft destruction caused by cytotoxic CD8 T cells. (F) Rate of destruction caused by inflammatory macrophages. Dashed
boxes [in (C–F)] highlight timeframes when indicated destructive cell quantity is higher for the 14 dose treatment but the resulting rate of destruction is lower than for
the single dose treatment.
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of Treg adoptive transfer. Importantly, and complementary to
bioinformatic approaches (40–43), we took advantage of the
power of mathematical modeling to enable analysis of the
immune dynamics underlying the results of simulations and
thereby offer rationales for the therapeutic optimizations
proposed. With the advent of feasible and reliable
approaches of genetic engineering to generate high numbers
of antigen-specific Treg for adoptive transfer (10), our data
suggest important optimizations that would maximize the
therapeutic efficacy of these cells.

Impact of Treg Accumulation Site
Our model predicts that Tregs accumulating to the transplant
are more therapeutically effective than Tregs distributing to
the lymph node (Figure 2). Importantly, analysis of immune
dynamics provides the rationale behind such a different
outcome: inhibition of DC maturation in the graft is more
effective than direct inhibition of T cell activation in the
draining lymphoid tissue at minimizing the number of CD8
and CD4 T cells that reach the graft (Supplemental Digital
Content, Supplementary Figure S5). Interestingly,
experimental reports in rodent models have suggested that
an immediate accumulation of Treg in the graft promotes
longer survival (44, 45). Overall, our analysis suggests that
identifying methods to increase the fraction of Tregs that
translocate early on to the graft will maximize the impact of
adoptive transfer. It is noteworthy that the conditions of ex-
vivo Treg expansion impart specific migratory capacity to the
cells and these differences impact the therapeutic result
obtained (45–49). Moreover, the breadth of genetic
engineering that has become possible for clinical products
(e.g., CRISPR/Cas9 based modifications) could provide
useful tools to impart the ideal behavior in adoptively
transferred Tregs.

Impact of Single Dose Timing
When administering a single dose of Tregs, our simulations
suggest that delaying cell delivery is more effective than
administering cells on the day of transplantation (Figure 3B).
The justification for this unexpected result is similar to that given
for splitting Treg into multiple doses. Slightly delaying
administration allows Tregs to directly inhibit the destructive
functions of cytotoxic T cells and inflammatory macrophages
while ensuring a timely reduction of DC activation and, therefore,
T cell activation (Supplemental Digital Content, Supplementary
Figure S5). Obviously, this scenario is specific to the unique
conditions of administering Tregs without any additional
manipulation of the recipient (like immunosuppression, see
below), but it highlights the impact of examining cellular
interactions at the system level.

Impact of Multiple Doses
The model predicts that maintaining a prolonged influx of Tregs
is the most effective method of lengthening graft survival.
Delivering multiple, smaller doses of Tregs preserves the graft
longer than delivering the same total number of Tregs in a
single bolus. This regimen allows for elevated levels of Tregs

to remain in the graft during the surge of graft-destructive
cells (and control them), while also compromising on an
“early enough” limitation of DC maturation. Although the
clinical implementation of multiple daily dosing of Treg is
unrealistic, this result highlights the important point of
sustaining the survival and function of transferred Tregs.
This is a contentious issue with the reported negative effect
that many immunosuppressive drugs have on the
homeostasis and function of Treg (50, 51). There is
growing interest in devising approaches to sustain the
persistence and function of Tregs. The use of IL-2/anti-IL2
complexes, IL-2 muteins, as well as the genetic engineering of
Tregs to respond to “orthogonal” IL-2 are all examples of
active investigations to promote Tregs persistence (10, 20,
52). In parallel, the utilization of biomaterials to promote the
sustained accumulation of Tregs in proximity to the
transplant represent a very promising strategy (53). Our
model results provide the rationale to strongly support
these ongoing efforts.

Limitations, Parallelisms, and Future Work
While the processes of sensitivity analysis and parameter
estimation performed in this study (based on experimental
data) have improved the accuracy of several model
parameters, some parameters remain uncertain. For example,
the persistence and proliferation of Tregs in the graft are
unquantified variables that have a profound impact on the
dynamics of graft infiltrating immune cells. Similarly, the
relationship between number of Tregs injected and the
number of cells that reach the graft is not quantified; the
factors that influence such a relationship are poorly defined,
and thus, further experimentation is needed (54).

While ours is the only ODE transplantation model to date that
tracks Tregs independently of other T cells, several
immunological mathematical models have recently been
developed to elucidate the role of Tregs on self-tolerance and
to identify key Treg interactions with other immune populations
(55–58). The assumptions from these models may be used to
improve our existing model to better replicate Treg behavior. In
particular, given the importance of IL-2 to Treg survival,
proliferation, and function, explicitly tracking IL-2
concentrations as in (57) would strengthen our current model
and allow further investigation into IL-2 therapies as a method of
extending Treg survival.

Although there is very limited quantitative information,
other pre-clinical transplant models show important
concordance with some of our model simulations. In a
mouse model of pancreatic islet transplantation (45),
Zhang et al. compared the i.v. infusion of Treg with the
co-transplantation at the site of grafting. The significantly
longer survival obtained in the latter case agrees with our
model-suggested principle of a higher therapeutic impact
when Treg can rapidly and directly modulate graft
immune populations. Unfortunately, their report did not
present different doses or timing of Treg administration. A
similar scenario emerges from reports using Treg in mouse
skin transplant models. The use of CAR-Treg (59), cell lines
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of Treg (60), or polyclonal Treg (61) injected on the day of the
transplant promotes only a modest increase in transplant
survival, a result that correlates with simulation of a fixed
number of Treg that probably mostly home to the lymphoid
compartment. In all cases, the combination with so called
“adjunct therapies” (ranging from thymectomy and T cell
depletion to irradiation and bone marrow co-
transplantation) is demonstrated as necessary to achieve
lasting therapeutic effects. Currently, we can only draw
qualitative comparisons to these experimental models since
theoretical model parameters would need to be adapted to
each different transplant model.

Overall, our modified model is beneficial in identifying
methods to maximize the benefits of Treg adoptive transfer
and in generating hypotheses on the key immune dynamics
that govern its outcome and that can be tested experimentally.
However, as demonstrated in this study and by experimental
evidence to date, Treg adoptive transfer alone is insufficient to
prevent transplant rejection. These results highlight the need
to understand what additional perturbations to the system
would better support or enhance the protective function of
Tregs. Our mathematical model provides the framework into
which treatments like immunosuppression (existing or
hypothetical) can be included and used to dissect their
very complex effects. Combined with the promising
technological advances in both the investigation and
manipulation of cells, there is tangible optimism toward
the ultimate goal of optimizing therapeutic strategies for
transplantation.
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Micro-RNA-126-3p in a Murine
Heterotopic Heart Transplant Model
Anne-Kristin Schaefer1,2, Attila Kiss1, André Oszwald3,4, Felix Nagel1, Eylem Acar1,
Arezu Aliabadi-Zuckermann2, Matthias Hackl 5, Andreas Zuckermann2, Renate Kain3,4,
Andrzej Jakubowski6,7, Peter Ferdinandy8, Seth Hallström9* and Bruno K. Podesser1*

1Ludwig Boltzmann Institute for Cardiovascular Research, Center for Biomedical Research, Medical University of Vienna, Vienna,
Austria, 2Department of Cardiac Surgery, Medical University of Vienna, Vienna, Austria, 3Department of Pathology, Medical
University of Vienna, Vienna, Austria, 4Comprehensive Cancer Center, Medical University of Vienna, Vienna, Austria, 5TamiRNA
GmbH, Vienna, Austria, 6Department of Pharmacology, Jagiellonian University Medical College, Kraków, Poland, 7Department of
Anesthesiology and Intensive Care, Małopolska Orthopedic and Rehabilitation Hospital, Kraków, Poland, 8Department of
Pharmacology and Pharmacotherapy, Faculty of Medicine, Semmelweis University, Budapest, Hungary, 9Division of
Physiological Chemistry, Otto Loewi Research Center, Medical University of Graz, Graz, Austria

Objectives: Cold ischemia and subsequent reperfusion injury are non-immunologic
cornerstones in the development of graft injury after heart transplantation. The nitric
oxide donor S-nitroso-human-serum-albumin (S-NO-HSA) is known to attenuate
myocardial ischemia-reperfusion (I/R)-injury. We assessed whether donor preservation
with S-NO-HSA affects isograft injury andmyocardial expression of GATA2 as well as miR-
126-3p, which are considered protective against vascular and endothelial injury.

Methods: Donor C57BL/6 mice received intravenous (0.1 μmol/kg/h) S-NO-HSA (n = 12),
or 0.9% saline (control, n = 11) for 20 min. Donor hearts were stored in cold histidine-
tryptophan-α-ketoglutarate-N solution for 12 h and underwent heterotopic, isogenic
transplantation, except 5 hearts of each group, which were analysed immediately after
preservation. Fibrosis was quantified and expression of GATA2 andmiR-126-3p assessed
by RT-qPCR after 60 days or immediately after preservation.

Results: Fibrosis was significantly reduced in the S-NO-HSA group (6.47% ± 1.76 vs.
11.52% ± 2.16; p = 0.0023; 12 h-S-NO-HSA-hHTX vs. 12 h-control-hHTX). Expression of
miR-126-3p was downregulated in all hearts after ischemia compared to native
myocardium, but the effect was significantly attenuated when donors received S-NO-

*Correspondence:
Bruno K. Podesser

bruno.podesser@meduniwien.ac.at
Seth Hallström

seth.hallstroem@medunigraz.at

Received: 24 September 2021
Accepted: 17 March 2022
Published: 13 April 2022

Citation:
Schaefer A-K Kiss A, Oszwald A,

Nagel F, Acar E,
Aliabadi-Zuckermann A, Hackl M,

Zuckermann A, Kain R, Jakubowski A,
Ferdinandy P, Hallström S and

Podesser BK (2022) Single Donor
Infusion of S-Nitroso-Human-Serum-
Albumin Attenuates Cardiac Isograft
Fibrosis and Preserves Myocardial

Micro-RNA-126-3p in a Murine
Heterotopic Heart Transplant Model.

Transpl Int 35:10057.
doi: 10.3389/ti.2022.10057

Abbreviations: CAI, Chronic allograft injury; CAV, cardiac allograft vasculopathy; eNOS, endothelial nitric oxide synthase;
HTK-N, histidine-tryptophan-α-ketoglutarate-N; hHTX, heterotopic heart transplantation; HTX, heart transplantation; I/R,
ischemia/reperfusion; IVC, inferior vena cava; miR, microRNA; NO, nitric oxide; RT-qPCR, real time quantitative polymerase
chain reaction; S-NO-HSA, S-nitroso-human-serum-albumin.

Transplant International | Published by Frontiers April 2022 | Volume 35 | Article 100571

ORIGINAL RESEARCH
published: 13 April 2022

doi: 10.3389/ti.2022.10057

52

http://crossmark.crossref.org/dialog/?doi=10.3389/ti.2022.10057&domain=pdf&date_stamp=2022-04-13
http://creativecommons.org/licenses/by/4.0/
mailto:bruno.podesser@meduniwien.ac.at
mailto:seth.hallstroem@medunigraz.at
https://doi.org/10.3389/ti.2022.10057
https://doi.org/10.3389/ti.2022.10057


HSA (1 ± 0.27 vs. 0.33 ± 0.31; p = 0.0187; 12 h-S-NO-HSA-hHTX vs. 12 h-control-hHTX;
normalized expression to U6 snRNA).

Conclusion: Donor pre-treatment with S-NO-HSA lead to reduced fibrosis and
preservation of myocardial miR-126-3p and GATA2 levels in murine cardiac isografts
60 days after transplantation.

Keywords: heart transplantation, graft preservation, cardiac isograft injury, cardiac graft fibrosis, experimental
transplantation

INTRODUCTION

Chronic allograft injury (CAI), consisting of vasculopathy and
interstitial fibrosis, affects approximately 50% of patients after
10 years and limits long-term survival following heart
transplantation (1). There is substantial evidence that
endothelial injury during organ procurement and preservation,
caused by ischemia and subsequent reperfusion, results in
endothelial dysfunction. The latter is a non-immunologic
contributor to pathogenesis and progression of CAI (2–4).
Besides endothelial dysfunction, the progression of interstitial
and perivascular fibrosis consecutively leads to impaired diastolic
and systolic graft function, thus preservation of endothelial and
vascular function is certainly a clinically desirable goal.

Recent studies have demonstrated that supplementation of
nitric oxide (NO), or increased expression of endothelial NO-
synthase (eNOS) protects against both IR-injury and fibrosis (5,
6). We have proposed the concept of donor- and recipient
management using the NO-donor S-nitroso-human-serum-

albumin (S-NO-HSA) (7), a high-molecular-weight
S-nitrosothiol with a high S-nitrosograde and exact equimolar
nitrosation (8).

NO release by S-NO-HSA can downregulate eNOS activity by
feedback inhibition (9), and thereby prevent eNOS
uncoupling and subsequent superoxide and peroxynitrite
formation caused by eNOS uncoupling during I/R.
Supporting evidence for this concept comes from previous
small-and large animal preclinical studies, where addition of
S-NO-HSA to the preservation solution has shown to
enhance hemodynamic and metabolic recovery after
cardioplegic arrest in the isolated rabbit heart after 6 h of
hypothermic, cardioplegic arrest (5), and intravenous
infusion of S-NO-HSA at a dose of 0.1 μmol/kg/h reduced
ischemia/reperfusion injury in the pig heart after unprotected
warm ischemia (7, 10). Whether S-NO-HSA provides similar
protective effects beyond acute functional and metabolic
improvements in the setting of heart transplantation
(HTX) has not yet been investigated.
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Endothelial cell function and eNOS expression in different
organs, including the heart, is highly regulated on epigenetic
levels, particularly by the GATA2 transcription factor (11). In
general, GATA2 also activates the expression of miR-126, the
most abundant microRNA in endothelial cells (12). Recent
clinical studies demonstrated the diagnostic relevance of miR-
126 in association with the presence of CAI in HTX recipients
(13, 14). Nevertheless, little is known about 1) the spatial-
temporal expression of both GATA2 and miR-126 in
transplanted hearts; 2) the effect of S-NO-HSA on their
expression levels.

The aim of the present study was to investigate whether donor
pretreatment with S-NO-HSA attenuates long-term development
of graft fibrosis, and to characterize the expression of GATA2 and
miR-126-3p with and without S-NO-HSA pretreatment in a

mouse model of isogenic, heterotopic HTX after prolonged
cold ischemia and reperfusion.

MATERIALS AND METHODS

Experimental Animals
Male C57BL/6 mice aged 8–9 weeks (Department for Laboratory
Animal Science and Genetics, Himberg, Austria) were used in this
study. The experimental protocol was approved by the regional
Ethics Committee for Laboratory Animal Experiments at the
Medical University of Vienna and the Federal Ministry Republic
of Austria, Education, Science and Research (authorization
protocol number GZ 66.009/0158-WF/V/3b/2015) and
conforms with the “Principles of Laboratory Animal Care”
formulated by the National Society for Medical Research and
the Guide for the Care and Use of Laboratory Animals published
by the US National Institutes of Health (NIH Publication No. 85-
23, revised 1996).

S-NO-HSA Preparation
HSA was processed as previously described (10, 15). S-NO-HSA
preparation is depicted in detail in Supplementary Appendix S1.
S-NO-HSA was dissolved in 0.9% saline solution and
continuously infused via a catheter in the femoral vein for
20 min (0.1 µmol S-NO-HSA/kg/h) prior to donor heart
procurement.

FIGURE 1 | Experimental setup. Palpation score, myocardial fibrosis, GATA2 andmiR-126-3p were assessed in 3 groups 60 days after heterotopic transplantation
(hHTX). HHTX took place either after 12 h of cold ischemia with donor preparation using SNO-HSA (12 h-SNO-HSA-hHTX), donor preparation with normal saline (12 h-
control-hHTX), or after 1 h of cold ischemia (1 h-control-hHTX). Additionally, GATA2 and miR-126-3p expression was assessed in 3 non-transplanted groups directly
after the cold ischemia period after 12 h with donor preparation using SNO-HSA (12 h-SNO-HSA-no-hHTX) or normal saline (12 h-control-no-hHTX). GATA2 and
miR-126-3p expression was analyzed in some grafts without cold ischemia (no ischemia) as an additional control group. An overview of experimental groups is depicted
in Table 1.

TABLE 1 | Overview of experimental groups.

Experimental group Total (n) Histology (n) miRNA analysis (n)

Transplanted groups
12 h-SNO-HSA-hHTX 7 7 5
12 h-control-hHTX 6 6 6
1 h-control-hHTX 5 5 5

Non-transplanted groups
12 h-SNO-HSA-no-hHTX 5 — 5
12 h-control-no-hHTX 5 — 5
no-ischemia 19 — 19
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Experimental Groups
In order to clarify the impact of S-NO-HSA on graft preservation
and miR-126-3p and GATA2 expression, the experimental setup
depicted in Figure 1 was used.

Hearts without ischemia (n = 19; no ischemia) served as
additional controls for the expression analysis of GATA2 and
miR-126-3p assessed by RT-qPCR. The experimental groups are
summarized in Table 1.

Donor Heart Procurement
Donor mice were anesthetized by intraperitoneal injection of the
mixture of xylazine (5 mg/kg) and ketamine (100 mg/kg),
followed by catheterization of the femoral vein and
intravenous infusion of S-NO-HSA (0.1 μmol/kg/h) dissolved
in 0.9% saline solution, or 0.9% saline solution only (control
groups) for 20 min, followed by thoracotomy and administration
of 1 ml of HTK-N solution (4°C, Dr. Franz Köhler Chemie
GmbH, Bensheim, Germany) supplemented with 100 units of
heparin via the inferior vena cava to arrest the heart. The
ascending aorta and pulmonary trunk were divided. After
ligation of the superior venae cavae, and en block ligation of
the pulmonary veins, the graft was excised, flushed with
heparinized HTK-N solution, and stored in HTK-N solution
at 4°C for either 1 h or 12 h.

Heterotopic Abdominal Heart
Transplantation
Recipient surgeries were conducted as described previously (16,
17). Analgesia was provided by subcutaneous injection of
buprenorphine (0.1 mg/kg bodyweight) and anaesthesia
maintained with inhaled isoflurane. Briefly, after laparotomy
and dissection of the infrarenal aorta and IVC, the abdominal
aorta and IVC were cross-clamped infrarenally and directly
proximal to the iliac bifurcation. After longitudinal aortotomy
and venotomy, the donor’s acending aorta was anastomosed to
the recipient’s abdominal aorta and the donor’s pulmonary trunk
to the recipient’s IVC using running 10-0 nylon sutures. The
duration of warm ischemia during the implantation process was
standardized to 30 min.

Assessment of Functional Graft Status
Graft viability was assessed and rated by transabdominal
palpation using a score from 0 (no palpable contraction) to 5
(strong beat and adequate heart rate) before sample collection
60 days after transplantation as described previously (16).

Myocardial Tissue Sample Collection
Sixty days after transplantation, recipient mice were
anaesthetized with the mixture of ketamine and xylazine
(0.1 ml/10 g bodyweight), and anaesthesia was confirmed by
hind foot and tail pinch. The transplanted heart was excised
and transversally cut at mid-papillary level. The base of the hearts
was frozen in liquid nitrogen and stored at −80°C, and the apex
fixed in 7.5% formaldehyde for histopathology analysis.

Assessment of miR-126-3p and GATA2
Expression
Assessment of miR-126-3p and GATA2 expression are described
in Supplementary Appendix S1.

Histological Analysis
Histological analysis is described in detail in Supplementary
Appendix S1. For quantification of interstitial fibrosis, sections
of 4 µm were cut and stained with Sirius red. The areas of total
and positively stained tissue within a region were quantified using
CellProfiler (18).

Human Cardiac Fibroblast Experiments
Human ventricular cardiac fibroblasts (Lonza, Basel, Switzerland)
were cultured in fibroblast basal medium supplemented with
0.1% insulin, 0.1% fibroblast growth factor, 0.1% GA-1000, and
10% FBS (all Lonza, Basel, Switzerland) as described previously
(19). Cultures were washed once with DPBS (Thermo Fisher
Scientific, CA, United States) when indicated, and split at a
confluency level of 70%. Cells were treated for 24 h follows: 1)
No treatment—control; 2) 20 ng/ml TGF-β (Abcam, Cambridge,
United Kingdom); 3) 25 μmol/L HSA; 4) 25 μmol/L S-NO-HSA;
5) 20 ng/ml TGF-β + 25 μmol/L HSA and 6) 20 ng/ml TGF-β +
25 μmol/L S-NO-HSA. Total RNA was extracted, and expression
of target genes (Supplementary Table S5) were assessed by RT-
qPCR (Supplementary Appendix S1).

FIGURE 2 | Palpation score of control and S-NO-HSA pretreatment
groups. Graft viability was assessed and rated by transabdominal palpation
using a score from 0 (no palpable contraction) to 5 (strong beat and adequate
heart rate) prior sample collection at day 60 after transplantation (hHTX)
in the 3 transplanted groups. *p < 0.05; n.s. = non-significant.
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Statistical Analysis
Data are presented as mean ± standard deviation. Testing for
normality was performed using the Kolmogorov-Smirnov-test.
One-way ANOVA with Tukey HSD post-hoc test was used for
multiple comparisons between the groups. Two-tailed p < 0.05
was considered statistically significant. Spearman correlation was
used to assess correlation of miR-126-3p and GATA2 expression.
Analysis was performed using Prism 8 software for macOS
(GraphPad Inc., San Diego, CA, United States).

RESULTS

Baseline Characteristics and Functional
Graft Assessment
Baseline characteristics of experimental animals are shown in
Supplementary Table S1.

Palpation score 60 days after transplantation was significantly
higher in grafts transplanted after 1 h ischemia and 12 h ischemia
when donors received S-NO-HSA compared to the 12 h control-
group. (4.2 ± 0.45 vs. 3.42 ± 0.49; p = 0.041; 1 h-control-hHTX vs.
12 h-control-hHTX and 4.21 ± 0.49 vs. 3.42 ± 0.49; p = 0.023
12 h-S-NO-HSA-hHTX vs. 12 h-control-hHTX). Palpation score
is depicted in Figure 2.

Myocardial Interstitial Fibrosis
In hearts transplanted after prolonged cold ischemia (12 h),
fibrosis was significantly reduced 60 days after transplantation
when donors were pretreated with S-NO-HSA (6.47% ± 1.76 vs.

FIGURE 3 | Panel (A): Extent of myocardial interstitial fibrosis 60 days after hHTX. Control (1 h-control-hHTX, 12 h-control-hHTX) and S-NO-HSA pretreated (12 h-
SNO-HSA-hHTX) groups. Extent of fibrosis in isografts 60 days after hHTX At least two regions of myocardium each of the interventricular septum (IVS) and the right
ventricle (RV) were selected for quantification. The areas of total and positively stained tissue within a region were quantified using CellProfiler (18). *p < 0.05; n.s. = non-
significant Panel (B): Representative images of sirius red stain of transplanted myocardium 60 days after hHTX. Sections of 4 µm were cut and stained with Sirius
red for quantification of interstitial fibrosis at day 60 after transplantation (hHTX). Images were acquired using an upright microscope using a ×40 objective and a CCD-
camera with a ×0.63 adapter (Axio Imager. M2 and Axiocam 512 color, Carl Zeiss, Aalen, Germany). Scale bar = 100 μm.

FIGURE 4 | Myocardial miR-126-3p expression levels in control (1 h-
control-hHTX, 12 h-control-hHTX, 12 h-control-no-hHTX) and S-NO-HSA
pretreated (12 h-SNO-HSA-hHTX, 12 h-SNO-HSA-no-hHTX) groups. Box
plots from myocardium not subjected to ischemia (no ischemia), from
non-transplanted reference hearts with 12 h ischemia (12 h-control-no-hHTX)
and S-NO-HSA pretreated non-transplanted hearts (12 h-SNO-HSA-no-
hHTX). ***p < 0.001; *p < 0.05; n.s = .non-significant.
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11.52% ± 2.16; p = 0.0023; 12 h-S-NO-HSA-hHTX vs. 12 h-
control-hHTX). The extent of myocardial interstitial fibrosis is
depicted in Figure 3A, and representative images of each group
are shown in Figure 3B. Regarding duration of ischemia, the
extent of fibrosis in hearts transplanted after prolonged (12 h)
ischemia was significantly higher than the extent of fibrosis in the
second control group transplanted after 1 h of ischemia
(11.52% ± 2.16 vs. 6.66% ± 2.72; p = 0.006; 12 h-control-
hHTX vs. 1 h-control-hHTX) at 60 days after transplantation.
Fibrosis in donors pretreated with S-NO-HSA and prolonged
(12 h) ischemia was not significantly different to the reference
group transplanted after 1 h of ischemia at 60 days after
transplantation (6.47% ± 1.76 vs. 6.66% ± 2.72; p = 0.99; 12 h-
S-NO-HSA-hHTX vs. 1 h-control-hHTX).

MiR-126-3p Expression in the Myocardium
Figure 4 depicts the expression of miR-126-3p in myocardial
tissue. When compared to myocardium not subjected to ischemia
(no ischemia), miR-126-3p was significantly reduced in all grafts
(transplanted and non-transplanted) subjected to ischemia.
However, transplanted grafts from donors pretreated with
S-NO-HSA showed a significantly increased miR-126-3p
expression compared to control groups without S-NO-HSA-
pretreatment (transplanted groups: 1 ± 0.27 vs. 0.33 ± 0.31;
p = 0.0187; 12 h-SNOHSA-hHTX vs. 12 h-control-hHTX;
normalized expression to U6 snRNA).

In the groups analyzed directly after the ischemic period (12 h)
without subsequent transplantation, expression of miR-126-3p
was significantly higher in the group with S-NO-HSA pretreated
donors when compared to grafts procured without prior S-NO-
HSA-administration. (0.82 ± 0.46 vs. 0.16 ± 0.17; p = 0.029; 12 h-
SNOHSA-no-hHTX vs. 12 h-control-no-hHTX; normalized
expression to U6 snRNA).

There was no significant difference in miR-126-3p expression
levels between the control groups transplanted after 12 h vs. only
1 h of ischemia (0.33 ± 0.31 vs. 0.38 ± 0.22; p = 0.99; 12 h-control-
hHTX vs. 1 h-control-hHTX; normalized expression to U6
snRNA).

Myocardial GATA2 Expression
Myocardial GATA2 expression is depicted in Figure 5. Sixty days
after hHTX, GATA2 expression was significantly downregulated
in grafts subjected to 12 h of ischemia, but this effect was reversed
when donors had received S-NO-HSA (−6.00 ± 0.45 vs. −7.188 ±
0.5; 12 h-S-NO-HSA-hHTX vs. 12 h-control-hHTX: p = 0.0008;
normalized expression to ACTB).

Grafts that were subjected to ischemia but not transplanted
showed no significant difference in GATA2 expression levels
compared to control hearts without ischemia. In the non-
transplanted groups, there was also no significant difference in
GATA2-expression depending on whether donors received
S-NO-HSA (−5.1 ± 0.33 vs. −5.74 ± 0.22; p = 0.134; 12 h-
SNO-HSA-no-hHTX vs. 12 h-control-no-hHTX; normalized
expression to ACTB).

A positive correlation was found between GATA2 and miR-
126-3p expression levels of all samples [r = 0.496, p = 0.0006;
Supplemental Figure S1 (Supplementary Appendix S1)].

Role of Nitric Oxide on the Expression of
Markers for Fibrosis in Human Cardiac
Fibroblasts
To further evaluate the role of an intact eNOS (endothelium) and
its effect on fibrosis we utilized S-NO-HSA as a tool. S-NO-HSA
at a concentration of 25 μmol/L releases NO in a physiological
range of approximately 150 nmol/L in cell culture medium or
physiological saline (20). The potential anti-fibrotic effect of
intact eNOS (intact endothelium) was studied in human
cardiac fibroblasts, which were cultivated and treated with
TGF-β in order to stimulate fibroblast to myofibroblast
transition. As appropriate control to 25 μmol/L S-NO-HSA
25 μmol/L HSA was used. In direct comparison NO released
via S-NO-HSA significantly decreased α-SMA mRNA levels
(Figure 6A, panel a; p = 0.0006) and transforming growth
factor-β (TGF-β) type II receptors (TGFBR2) expression levels
(Figure 6B; p = 0.0139) in TGF-β stimulated fibroblasts. In
addition, perostin levels (another marker of activated
fibroblast) was reduced with S-NO- HSA but did not reach
significance compared to HSA (Figure 6C). Both HSA and
S-NO-HSA reduced collagen I expression levels in TGF-β
stimulated fibroblasts (revealing no specific NO effect;
Figure 6D).

FIGURE 5 | Myocardial GATA2 expression levels in control and S-NO-
HSA pretreatment groups. Box plots from myocardium not subjected to
ischemia (no ischemia), from non-transplanted reference hearts with 12 h
ischemia (12 h-Control-no-hHTX) and S-NO-HSA pretreated non-
transplanted hearts (12 h-SNO-HSA-no-hHTX). Assessment of GATA2
expression levels from the myocardial biopsies are described in detail in
Supplementary Appendix S1. ***p < 0.001; *p < 0.05; n.s. = non-significant.
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However, it has to be mentioned that in TGF-β stimulated
fibroblasts both HSA and S-NO-HSA further increased α SMA
levels (HSA: 18-fold) and perostin expression levels (HSA: 4.9-
fold) in TGF-β stimulated fibroblasts. It is known that HSA can
enhance mRNA expression levels as we observed in these two
cases (21).

DISCUSSION

Optimizing preservation methods is crucial, as improving cold
storage enables increasing the donor pool by long-distance

procurements and acceptance of marginal donors. Previous
studies have demonstrated the superior cardioprotective effect
of HTK-N (22), an effect that can even be augmented by the
addition of the nitric oxide donor S-NO-HSA (8). However, these
studies have focused on acute functional parameters, and little is
known about long-term effects on the myocardium after
transplantation.

In the present study, donor pre-treatment with intravenous
S-NO-HSA prior to graft procurement significantly reduced the
long-term development of interstitial fibrosis in heterotopically
transplanted murine cardiac isografts. This effect was
accompanied by preservation of myocardial GATA2 and miR-

FIGURE 6 | Expression levels of α-smooth muscle actin [αSMA, panel (A)], transforming growth factor-β type II receptors [TGFBR2, panel (B)], perostin (C) and
collagen I (D) in transforming growth factor (TGF-β) stimulated human ventricular cardiac fibroblasts. Cells were treated for 24 h as follows: No treatment—control; TGFβ
(20 ng/ml); HSA (25 μmol/L); S-NO-HSA (25 μmol/L); TGF-β (20 ng/ml) + HSA (25 μmol/L) and TGFβ (20 ng/ml) + S-NO-HSA (25 μmol/L). Total RNAwas extracted, and
expression of target genes (Supplementary Table S5) were assessed by RT-qPCR. mean ± SD (n = 6 per treatment); ***p < 0.001; *p < 0.05; n.s. = non-
significant.
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126-3p expression. Whilst depletion of miR-126-3p was present
in all grafts subjected to cold ischemia, this effect was significantly
attenuated by donor pre-treatment with S-NO-HSA.

Our data suggests that miR-126-3p downregulation seems to
be related to the ischemic period per se, since downregulation was
also observed in non-transplanted grafts after the ischemic
period. MiR-126-3p downregulation seems also to be less
dependent on the duration of ischemic period, since no
significant difference in miR-126-3p expression between
transplanted grafts after 1 h and 12 h of ischemia was observed.

In contrast to miR-126-3p levels, GATA2 expression was
markedly reduced only in transplanted grafts, and this effect
was reversed in the S-NO-HSA group, suggesting preserved
endothelial cell function. Preservation of myocardial miR-126-
3p levels by S-NO-HSA administration is an important novel
finding and suggests that dysregualation of miR-126-3p in the
myocardium is primarily caused by ischemia. In further
consequence, depletion of miR-126-3p may play a causative
role in the development of cardiac fibrosis.

Mechanistically, there is evidence that miR-126-3p has pro-
angiogenic properties by degradation of negative regulators in the
vascular endothelial growth factor pathway, phosphoinositol-3
kinase regulatory subunit 2 (PI3KR2) and sprouty related protein
1 (SPRED1), thereby maintaining the integrity of blood vessels
(23). In line with our results, previous studies demonstrated that
depletion of miR-126-3p is associated with impaired cardiac and
vascular function (14). Yang et al. found that overexpression of
miR-126-3p protected human cardiac microvascular endothelial
cells against hypoxia/reoxygenation injury via a mechanism
activating the PI3K/Akt/eNOS signaling pathway (24).
Accordingly, we found that cold ischemia is accompanied by a
marked decline of miR-126-3p in transplanted hearts.
Furthermore, it has been shown that miR-126-3p does not
only affect endothelial cells, but also initiates cardioprotection
against ischemia-reperfusion-injury in cardiomyocytes (25).

Dysregulated circulating miRs are potential biomarkers for
cardiovascular diseases: (13, 26). A recent clinical study has
shown that circulating miR-126-3p was upregulated in patients
with CAV compared to transplanted patients without CAV (13).
In contrast, downregulation of tissue miR-126-3p has been
described in a very recent study in myocardial biopsies of
transplant recipients with allograft vasculopathy, which is in
line with our findings (14). Nevertheless, further preclinical
and clinical studies are warranted to clarify the role and
spatial-temporal expression pattern of miR-126-3p in HTX.

A recent pioneering study by Hartmann et al. demonstrated
that GATA2 regulates miR-126-3p in endothelial cells (12). In
line with this finding, we found a correlation between mir-126-3p
expression and GATA2 levels. In addition, we observed a decline
of GATA2 expression in transplanted grafts. These effects were
partially counteracted by donor pretreatment with S-NO-HSA. In
our study, we did not investigate the mode of action how S-NO-
HSA modifies GATA2, however it is tempting to speculate that
preserved endothelial cell viability may lead to maintainance of
GATA2 levels and subsequent functional improvement.

An ischemia duration-dependent increase in myocardial
fibrosis in transplanted cardiac isografts 60 days after

transplantation was detected. The extent of fibrosis was
significantly attenuated when donors were pretreated with
S-NO-HSA before procurement.

NO deficiency due to its consumption by superoxide (O2
−),

produced in high concentrations during ischemia and
reperfusion are known to play an important role in the
pathophysiology of I/R injury (15). The mechanism by which
S-NO-HSA as an exogenous NO-donor can protect the
dysfunction of the endothelium and prevent excessive O2

−

formation is based on prevention of eNOS uncoupling (10,
15). The uncoupled eNOS can intermittently produce both
NO and superoxide (27, 28). It is of note that the slow and
long-lasting release of NO by S-NO-HSA compared to small
molecular weight S-nitroso thiols is a special feature of the applied
drug. Mean arterial blood pressure is not affected at a dose of
0.1 μmol/kg/h of S-NO-HSA (29). Recently, this difference in
kinetics of NO release by S-NO-HSA has also been demonstrated
intracellularly by live-cell imaging of nitric oxide dynamics with
novel FP-based probes (20).

In the present study, administration of S-NO-HSA as
pretreatment to the donor may increase/preserve NO
bioavailibility due to prevention of eNOS uncoupling during
the cold ischemia and reperfusion period, leading to a
decrease in oxidative/nitroxidative stress induced by O2

− and
peroxynitrite (ONOO−) formation, and maintainance of
endothalial cell integrity and function during the period of I/R
(10). In the pretreatment phase, NO provided by S-NO-HSAmay
downregulate eNOS activity through feedback inhibition and
thereby preserve its function (prevent eNOS uncoupling) (30).
Therefore, in this setting, beneficial effects can be explained by
twomechanisms: on the one hand, pretreatment with S-NO-HSA
downregulates eNOS prior to ischemia and reperfusion by
supplementing NO and thereby preserving and stabilizing its
function during the prolonged ischemic phase, leading to
sufficient NO production after transplantation (reperfusion),
on the other hand, the improved NO production has further
an indirect/direct positive inotropic and lusitropic effect on the
myocardial cell and thereby preserves cardiac function (10).
S-NO-HSA administration for only 20 min prior to donor
heart procurement seems to minimize/prevent eNOS
uncoupling during the 12 h storage in HTK-N solution at 4°C
and subsequent transplantation. Interestingly, this pretreatment
with the NO-donor is sufficient to reduce fibrosis after 60 days of
transplantation. NO has also been reported to act as an
antifibrotic effector in animal models of experimental fibrosis
and a loss of NO bioavailability in eNOS knock-out mice resulted
in increased fibrosis (6, 31, 32). These data are in line with our
observed results and emphasize the importance of NO
bioavailability in the prevention of fibrosis (32).

As S-NO-HSA prevents eNOS uncoupling in our transplant
model and in further consequence reduces fibrosis, we utilized
S-NO-HSA as NO donor to simulate a preserved endothelium in
experiments with human fibroblasts and TGF-ß stimulation. NO
provided by S-NO-HSA at physiologically relevant concentration
significantly decreased α-smooth muscle actin (α-SMA) levels as
well as TGFRII expression levels in TGF-β stimulated fibroblasts
when compared to HSA (Figures 6A,B). Park et al. have recently
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demonstrated that NO (via nitrite) significantly decreased α-
SMA expression in TGF-ß stimulated fibroblasts thereby
attenuating myofibroblast differentiation of human keratocytes
(33). In addition, inhibiting the production of NO causes endothelial
cells to produce factors that promote the expression in fibroblasts of α-
SMA and collagen type I (34). In ourmodel we could not attribute the
reduction of expression of collagen type I to NO as both HSA and
S-NO-HSA showed a reduction (Figure 6D). It has also been shown
that increased levels of TGFRII frommatrix-producing interstitial cells
such as fibroblast are sufficient to increase the severity of fibrosis (35).
The expression levels of periostin (a marker of activated fibroblasts)
(36) was also reduced with S-NO-HSA compared to HSA but did not
reach a level of significance (Figure 6C). Taking together the data
reveals the importance of NO (and intact eNOS) in the prevention of
fibrosis. The data with the NO donor S-NO-HSA on expression of
markers for fibrosis in TGF-β stimulated human cardiac fibroblasts
are in line with our finding that hearts transplanted after prolonged
cold ischemia showed significantly reduced fibrosis 60 days after
transplantation when donors were pretreated with S-NO-HSA.

Limitations
The animal model used in the present study is not able to fully
mimic the clinical scenario of cardiac transplantation. After
heterotopic transplantation, the graft is perfused and beating,
but the left ventricle is unloaded, leading to graft atrophy and
thrombus formation in the left ventricular cavity over time.
However, quantification of fibrosis is possible in the right
ventricular myocardium and the interventricular septum.

Our study did not aim to investigate the influence of
immunologic responses and we therefore did not choose an
allograft model. In the isogenic transplantation model applied,
we did not expect nor observe graft vasculopathy.

However, the control role of miR-126-3p on the progression of
neointima formation and vascular smooth muscle cell
proliferation has been demonstrated in previous studies (37),
suggesting that the depletion of miR-126-3p in transplanted
hearts demonstrated in our study may be an indicator for
CAI. This let us hypothesize that preservation of miR-126-
expression may also inhibit CAV pathogenesis. Further studies
are also required to assess other variables with, e.g., PET-MRI
which will enable to establish correlations with graft viability and
functional analysis of the transplanted hearts.

CONCLUSION

Intravenous administration of S-NO-HSA to the donor prior to organ
procurement significantly attenuated myocardial interstitial fibrosis,
and lead to preservation of both GATA2 and miR-126-3p expression
in cardiac isografts. These results indicate that the signaling pathways
involving GATA2 and miR-126-3p participate in the pathogenesis of
CAI, and targeting miR-126-3p might represent a potential novel
therapeutic approach to limit ischaemia-mediated cardiac and
vascular dysfunction in heart transplant recipients. S-NO-HSA
may represent a useful therapeutic adjunct to pre-transplant graft
preservation, which is clinically easily applicable without requiring a
direct intervention on the organ recipient.
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Immune response to two SARS-CoV-2 mRNA vaccine doses among kidney transplant
recipients (KTRs) is limited. We aimed to evaluate humoral and cellular response to a third
BNT162b2 dose. In this prospective study, 190 KTRs were evaluated before and
~3 weeks after the third vaccine dose. The primary outcomes were anti-spike antibody
level >4160 AU/ml (neutralization-associated cutoff) and any seropositivity. Univariate and
multivariate analyses were conducted to identify variables associated with antibody
response. T-cell response was evaluated in a subset of participants. Results were
compared to a control group of 56 healthcare workers. Among KTRs, we found a
seropositivity rate of 70% (133/190) after the third dose (37%, 70/190, after the
second vaccine dose); and 27% (52/190) achieved levels above 4160 AU/ml after the
third dose, compared to 93% of controls. Variables associated with antibody response
included higher antibody levels after the second dose (odds ratio [OR] 30.8 per log AU/ml,
95% confidence interval [CI]11–86.4, p < 0.001); and discontinuation of antimetabolite
prior to vaccination (OR 9.1,95% CI 1.8–46.5, p = 0.008). T-cell response was
demonstrated in 13% (7/53). In conclusion, third dose BNT162b2 improved immune
response among KTRs, however 30% still remained seronegative. Pre-vaccination
temporary immunosuppression reduction improved antibody response.
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INTRODUCTION

Kidney transplant recipients (KTRs) are at increased risk for
severe disease and death from COVID-19, and hence are
prioritized for vaccination (1). Several studies evaluating
the immune response following a two-dose mRNA vaccine
schedule among KTRs demonstrated diminished humoral and
cellular response (2–4). Seroconversion rates among KTRs
receiving two doses of mRNA vaccine in these studies ranged
from 36–54% compared to 100% in healthy controls (2–4).
Similarly, T-cell response rates of 30–54% were demonstrated
among KTRs, compared to over 95% among healthy controls
(4,5). In addition, clinical cases of severe COVID-19,
including fatal cases, were reported among fully (two-dose)
vaccinated KTRs (6,7). The third mRNA vaccine dose has
been recommended for severely immunocompromised
patients since April 2021 in France, as well as by the
European Medicines Agency (EMA) since October 2021
(1,8). Several previous studies evaluated the effectiveness
and safety of a third mRNA vaccine dose among solid
organ transplant (SOT) recipients (9–14), with three
studies including solely KTRs (9,13,14). Humoral response
among SOT recipients was demonstrated in 32–55% of those
seronegative after two vaccine doses, without serious adverse
events. Cellular response and predictors of negative immune
response were partially evaluated (9–14). Immune response to
two-dose mRNA vaccines varied between SOT types in
previous studies, with KTRs being more responsive than
lung transplant recipients, but less responsive than heart
and liver transplant recipients (15–17).

In the current study, we aimed to evaluate humoral and
cellular response specifically among KTRs ~3 weeks after a
third dose of BNT162b2 vaccine dose in Israel. We also aimed

to identify variables associated with positive antibody
response.

Patients and Methods
This is a prospective comparative study conducted in
continuation with our previous study, evaluating the
effectiveness and safety of a two-dose schedule of BNT162b2
vaccine among KTRs (2). Participants (N = 190) in the current
study were consenting KTRs, who participated in the previous
study, received a third BNT162b2 vaccine dose (according to the
Israeli Ministry of Health recommendation for the entire
population, at least 5 months after the second dose), and had
antibody levels collected before and after the third dose. These
were compared with 56 healthy controls. Vaccines were
administered between July 12, 2021 and August 29, 2021 and
patients were followed for up to 9 weeks. Participants were
scheduled for a study visit ~3 weeks after the third vaccine
dose to collect blood for anti-spike antibody levels and cellular
response (See below). Follow up for acute kidney rejection
episodes was performed by collecting creatinine levels at the
time of antibody levels collection, and requesting that participants
report any unusual symptoms. The study was approved by the
local ethics committee of the Rabin Medical Center. We collected
demographics and data concerning the immunosuppressive
medication regimen. Blood samples for anti-spike SARS-CoV-
2 antibodies were tested using the SARS-CoV-2 IgG II Quant
(Abbott©) assay. A test was considered positive when IgG was
≥50 AU/ml (18). Calcineurin inhibitor (CNI) blood levels
(tacrolimus or cyclosporine) and creatinine values were also
obtained on study visit. Renal function was calculated using
the chronic kidney disease epidemiology collaboration (CKD-
EPI) equation. T-cell response was measured for 55 randomly
selected participants using the SARS-CoV-2 interferon-gamma
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(IFNg) release assay (EUROIMMUN, Lübeck, Germany) with
strict adherence to the manufacturer’s instructions. In this
quantitative assay, whole blood was stimulated for 24 h with
spike antigen and a control with no antigen. Secreted IFNg in
response to stimulation was measured by ELISA (DuoSet, R&D
Systems, Minneapolis, MN) and results were presented as the
difference between IFNg levels in response to spike versus
background response to no antigen control. The results were
measured in pg/ml, and a test was considered positive when the
difference was >10 pg/ml (weak positive 10–50, positive >50 pg/
ml) (19,20).

The primary outcomes were 1) proportion of antibody
response above 4160 AU/ml, a threshold that was previously
shown to correspond with a 95% probability of viral
neutralization (21,22); and 2) any seropositivity (>50 AU/ml)
among previously seronegative participants. Secondary outcomes
included log transformed antibody levels as a continuous variable,
T-cell response, and acute rejection.

Statistical Analysis
Categorical variables were presented as numbers (percentages),
and continuous variables as median (interquartile range, IQR) or
mean (SD), according to their distribution. The former was
compared using the Chi-square test or Fisher’s exact test and
the latter using t-test or Mann Whitney test, as appropriate.

Univariate and multivariate logistic regression models were used
for the evaluation of variables associated with response (of both
>4160 AU/ml, and >50 AU/ml). All variables were considered for
inclusion into the multivariate analysis after testing for collinearity
using a forward stepwise regression model with a p value below 0.05
used for inclusion. Linear regression analyses were performed to
explore factors associated with higher log transformed antibody titer
among KTRs.

Results were compared with a control group of 56
healthcare workers aged 60–75 years that were immunized
with a third BNT162b2 dose during the same period. A
General linear model (GLM) was used for comparison of
log transformed Ab level between the KTR and control
groups with age, gender, creatinine value, body mass index
(BMI), and diabetes as covariates using a fixed effect model.
Estimated marginal mean (EMM) adjusted for the above
variables was calculated to evaluate the adjusted difference
of log Ab level with 95% confidence interval. Analyses were
performed using IBM SPSS statistics, version 27.

RESULTS

Of the 308 KTRs in the original cohort (2), 190 (61%) had a
baseline anti-spike antibody test collected before the third vaccine
dose, and were included in the current study. (See flow chart of
patients’ selection in Supplementary Figure S1). Mean age was
59 years (SD 12), and 32% were females (61/190). Median time
from third vaccination to antibody test collection was 29 days
(IQR 20–33).

Antibody Response Among KTRs Group
Overall, 133 (70.0%) KTRs had a positive antibody response
(>50 AU/ml) after the third vaccine dose, compared with 70
(36.8%) after the second dose (p < 0.001). Sixty three of 120 KTRs
(52.5%) were seronegative after second dose but turned
seropositive after the third dose (Figure 1). Using a cutoff of
4160 AU/ml, 52 (27.4%) KTRs achieved this antibody level after
third dose compared with 52 (92.9%) of the control group (p <
0.001). None of the study participants (KTRs or controls)
achieved antibody levels >4160 AU/ml after the second
vaccine dose (Figure 2).

Characteristics of the study population are presented in
Table 1, stratified by antibody response >4160 AU/ml.
Twenty-seven KTRs (14.2%) had their immunosuppression
reduced permanently or temporarily prior to the third vaccine
dose. Among 70% (19/27) of them, antimetabolites were
discontinued, usually temporarily; for the other eight KTRs,
dose was reduced (reasons for discontinuation and regimens,
see Supplementary Table S1).

Variables Associated With Antibody
Response
Univariate analysis for variables associated with antibody
response over 4160 AU/ml demonstrated that lower antibody
level after the second vaccine dose, older age, lower estimated

FIGURE 1 | Antibody response rates following second and third dose
among kidney transplant recipients and controls–cut-off at 50 AU/ml.

FIGURE 2 | Antibody response rates following second and third dose
among kidney transplant recipients and controls–cut-off at 4160 AU/ml.
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glomerular filtration rate (eGFR), presence of diabetes mellitus,
and transplant from none-living donor were associated with no
response (Table 1). Multivariate analysis, introducing
immunosuppression reduction into the model, only
demonstrated antibody levels after the second vaccine dose
and immunosuppression reduction was significantly
associated with antibody response (odds ratio [OR] 30.78,
95% confidence interval [CI] 10.97–86.36, p < 0.001; and OR
9.06, 95% CI 1.76–46.48, p = 0.008, respectively) (Table 2).
Performing the same analysis to predict any antibody response
(>50 AU/ml) for the 120 nonresponding patients, only baseline
antibody level and treatment with cyclosporine (instead of

tacrolimus) were demonstrated as significant. (See
Supplementary Table S2).

Antibody Response in KTRs Versus
Controls
Comparison of the KTR cohort’s baseline characteristics and
outcomes versus the healthcare workers control group is detailed
in Table 3. Among the control group, 100% were seropositive
(>50 AU/ml) after the third dose, while 98% were positive after
the second dose. In this group, none of the participants had
antibody level >4160 AU/ml prior to the third dose, while this

TABLE 1 | Characteristics of 190 KTRs, stratified by antibody response >4160 AU/ml.

Variable All (N = 190) Response (N = 52,
27%)a

No Response (N = 138,
72%)a

p-value

Age (years) (mean, SD) 59.03 (12.35%) 54.58 (11.86) 60.71 (12.16) 0.002
Female gender (No., percentage) 61 (32.11%) 21 (40.38%) 40 (28.99%) 0.133
Time from transplantation (years) (mean, SD) 7.48 (7.98) 6.62 (6.41) 7.80 (8.49) 0.363
Living donor (No., percentage) 147 (77.37%) 47 (90.38%) 100 (72.46%) 0.008
eGFR (per ml/min/1.73m2) (mean, SD) 61.13 (21.48) 70.01 (20.93) 57.78 (20.78) 0.001
Diabetes mellitus (No., percentage) 37 (19.47%) 5 (9.62%) 32 (23.19%) 0.035
Baseline log antibody level (mean, SD) 1.31326 (0.905) 2.34099 (0.515) 0.925999 (0.692) <0.001
Time from second vaccine dose (days) (mean, SD) 163.38 (1841.01%) 160.96 (2,354.15%) 164.3178 (1,600.00%) 0.275
Immunosuppression reduction (yes) (No., percentage) 27 (14.21%) 9 (17.31%) 18 (13.04%) 0.425
BMI (per kg/m2) (mean, SD) 27.22 (4.43) 27.30 (4.12) 27.19 (4.56) 0.877
High antimetabolite doseb (No., percentage) 120 (63.16%) 32 (61.54%) 88 (63.77%) 0.776
High tacrolimus levelc (No., percentage) 110 (57.89%) 25 (48.08%) 85 (61.59%) 0.092
mTOR inhibitor (No., percentage) 17 (8.95%) 5 (9.62%) 12 (8.70%) 0.843
Treatment with ATG (No., percentage) 8 (4.21%) 1 (1.92%) 7 (5.07%) 0.335
Cyclosporine use (No., percentage) 30 (15.79%) 10 (19.23%) 20 (14.49%) 0.425

eGFR, estimated glomerular filtration; mTOR, mammalian target of rapamycin; ATG, anti thymocyte globulin.
aResponse for this analysis was considered if antibody level increased beyond 4160 AU/ml.
bHigh antimetabolite dose ≥720 mg per day.
cHigh tacrolimus level >7 mg/ml.

TABLE 2 | Univariate and multivariate analyses for variables associated with antibody response >4160 AU/ml among 190 KTRs

Variable Univariate Multivariate

OR 95% CI
for OR

p OR 95% CI
for OR

p

Age (per year) 0.961 0.936–0.987 0.003 — — —

Female gender 1.660 0.854–3.227 0.135 — — —

Time from transplantation (years) 0.980 0.939–1.023 0.362 — — —

Living donor 3.572 1.321–9.659 0.012 — — —

eGFR (per ml/min/1.73m2) 1.029 1.012–1.046 0.001 — — —

Diabetes mellitus 0.352 0.129–0.961 0.042 — — —

Baseline log antibody level 22.976 9.018–58.540 <0.001 30.78 10.97–86.36 <0.001
Time from second vaccine dose (days) 0.990 0.972–1.008 0.274 — — —

Immunosuppression reduction 1.405 0.608–3.244 0.426 9.06 1.76–46.48 0.008
BMI (per kg/m2) 1.006 0.936–1.081 0.876 — — —

High antimetabolite dosea 0.909 0.471–1.755 0.776 — — —

High tacrolimus levelb 0.577 0.303–1.098 0.094 — — —

mTOR inhibitor 1.117 0.373–3.341 0.843 — — —

Treatment with ATG 0.367 0.044–3.057 0.354 — — —

Cyclosporine use 0.542 0.149–1.970 0.352 — — —

OR, odds ratio; eGFR, estimated glomerular filtration rate; BMI, body mass index; mTOR, mammalian target of rapamycin; ATG, anti thymocyte globulin.
aHigh antimetabolite dose ≥720 mg per day.
bHigh tacrolimus level >7 mg/ml.

Transplant International | Published by Frontiers April 2022 | Volume 35 | Article 102044

Yahav et al. Third Vaccine - Kidney Transplant Recipients

66



level was achieved in 93% (52/56) after the third dose. Regarding
antibody levels achieved, among 190 KTRs, median anti-spike
antibody level was significantly increased from 13.8 (IQR
2.6–111.55) AU/ml before, to 514.35 (IQR 19.35–5,474.4) AU/
ml after the third dose (p < 0.001). Similarly, log transformed
antibody level was increased from 1.3 ± 0.9 AU/ml to 2.51 ±
1.37 AU/ml (p < 0.001). In comparison, among 56 control group
participants, antibody level was increased from 514 (IQR
259.68–857.8) AU/ml before, to 23,800.15 (IQR 259.68–857.8)
AU/ml after the third dose. Log antibody level increased from
2.65 ± 0.4 to 4.31 ± 0.42. After adjustment for age, gender, BMI,
diabetes mellitus status and creatinine level, the adjusted mean
difference of the log transformed antibody level between the
control and KTR groups was 1.98 (95% CI 1.57–2.39) AU/ml,
reflecting significantly increased antibody levels among the
control group. Antibody levels before and after the third
vaccine dose are presented in Figure 3.

Variables Associated With Higher Titer
Antibody Response
When the log transformed antibody level was evaluated as it
continued to be variable, the factors that were significantly
associated with higher log antibody level were baseline
antibody levels before the third vaccine dose,
immunosuppression reduction, non-diabetic status, treatment
with cyclosporine, and treatment with TOR inhibitors (instead
of antimetabolites) (See Supplementary Table S3).

T-Cell Response
T-cell response, tested in 55 randomly selected KTRs, of whom
two were excluded from the analysis because of very high negative
control response; of the remaining 53 participants, seven (13.2%)
patients had a positive response. This randomly selected
subgroup of patients did not differ in baseline characteristics
compared to the study population. (Supplementary Table S4 for
comparison). Forty patients (75.5%) of the 53 were seropositive
after the third vaccine dose.

During the follow up of median 61 days (IQR 56–63), none of
the KTRs developed acute graft rejection.

DISCUSSION

In this study including 190 KTRs, we found 70% seropositivity
rates in response to a three dose BNT162b2 regimen, increasing
from 37% after two doses. Twenty seven percent (52/190)
achieved antibody response over 4160 AU/ml, associated with
neutralization. T-cell response rate among KTRs was low, with 7/
53 (13%) presenting adequate anti spike T-cell response.
Variables associated with antibody response among KTRs
included antibody levels after the second vaccine dose and
immunosuppression reduction. The antibody response rate
documented in our study is in accordance with recent studies
reporting improved humoral response 28 days following a third
mRNA dose in SOT recipients (9–14). Three of them including

TABLE 3 | comparison of the 190 KTRs and 56 controls included in the study.

Variable Name All KTR (190) Control (56) p

Age (years) (Mean, SD) 61.36 11.940 59.03 12.355 69.27 5.303 <0.001
Female gender (No., percentage) 88 35.77% 61 32.11% 27 48.21% 0.027
Diabetes mellitus (No., percentage) 44 17.89% 37 19.47% 7 12.50% 0.231
BMI (kg/m2) (mean, SD) 27.0828 4.229 27.22 4.431 26.60 3.400 0.35
Serum creatinine (mg/dl) (mean, SD) 1.25 0.733 1.36 0.790 0.86 0.207 <0.001
Time to booster dosea (mean, SD) 172.17 23.222 163.38 18.410 201.85 8.468 <0.001
Bassline antibody level (AU/ml) (median, IQR) 52.75 3.68–343 13.80 2.6–111.55 514.35 259.68–857.8 <0.001
Antibody levels after third dose (AU/ml) (median, IQR) 1881.45 59.48–13,299.2 622.40 19.35–5,474.4 23,800.15 13,343–41,511.75 <0.001
Baseline log antibody level (AU/ml) (mean, SD) 1.62 0.99 1.31 0.90 2.65 0.40 <0.001
Log antibody level after third dose (mean, SD) 2.92 1.432 2.51 1.365 4.31 0.417 <0.001
Adjusted log antibody level after third doseb (median, IQR) — — 2.32 3.7–4.63 4.17 2.07–2.56 <0.001
Antibody level above 50 AU/ml (No., percentage) 189 76.8% 133 70.0% 56 100.0% <0.001
Antibody level above 4160 AU/ml (No., percentage) 104 42.3% 52 27.4% 52 92.9% <0.001

IQR, interquartile range.
aTime between the second and third vaccine dose in days.
bEstimated marginal mean with 95% CI, adjusted for age, gender; BMI, serum creatinine and diabetes mellitus.

FIGURE 3 | Log transformed antibody levels before and after third
vaccine dose among KTR and control. KTR, kidney transplant recipient;
“Baseline”—levels as tested after second vaccine dose. “After booster”—after
third vaccine dose.
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solely KTRs: Massa et al. reported antibody response in 32% of 61
seronegative KTRs, improving seropositivity rates from 44% to
62% after three BNT162b2 doses (13). Benotmane et al. reported
49% response among 159 previously seronegative KTRs after
three doses of the mRNA-1273 vaccine (9). The relatively
increased response rates in the latter study may represent a
higher humoral immunogenicity with mRNA-1273 vaccine
compared to BNT162b2, previously demonstrated in healthy
people (23). Schrezenmeier et al. reported a 36% response rate
among 25 previously seronegative KTRs, following either the
third homologous BNT162b2 dose or heterologous ChAdOx1
(14). In SOT recipients in general, Kamar et al. reported a 44%
response rate among 59 seronegative SOTs, most of them KTRs,
with seropositivity rates increasing from 40% to 66% of 101 SOT
recipients vaccinated with BNT162b2 (10). Finally, Hall et al.
randomized 120 SOT recipients (29 KTRs, 25 kidney-pancreas),
10% seropositive at baseline, to either mRNA-1273 or placebo.
Fifty five percent of 60 patients in the vaccine arm were
seropositive after the third dose, compared with 18% in the
placebo group (11). Magnitude of response was also
demonstrated to increase after third dose, similar to our
study (9,24).

Surprisingly, using the cutoff of 4160 AU/ml, the control
group in our study was seronegative prior to the third dose.
The mean age of participants in the control group was 69 years,
and they were on average 200 days after the second vaccine.
Waning of vaccine response has been demonstrated, mainly in
older adults, which may explain the relatively low antibody titer
(25). In addition, the cutoff used as surrogate for neutralization in
our study was taken from previous studies. Additional studies
may be needed to validate this cutoff as a surrogate for
neutralization.

We found in our cohort 13% (7/53) of patients with adequate
T-cell response, evaluated by SARS-CoV-2 spike-specific IFNg
secretion. These rates are lower than the 30–60% cellular response
rates reported after second vaccine dose among KTRs, measured
by IFNg secreting cells frequency, which is of higher sensitivity
than IFNg secretion assay (4). A significant increase in IFNg
secreting cells was demonstrated in studies evaluating SOT
recipients before and after the third vaccine dose (11,13,14).
Percentage of responders was not reported in these studies,
and assays differed, limiting our ability to compare them to
our results. In a small study in cancer patients, no
improvement in T-cell response was observed after the
BNT162b2 third dose (26). Schrezenmeier et al. reported that
KTRs with a humoral response to the third vaccine dose had
significantly higher portions of antigen-reactive T cells than those
without a humoral response (14).

Various predictors of antibody response to the third mRNA
dose were reported from previous studies in SOT recipients.
Among KTRs, use of antimetabolite, low lymphocyte count, and
previous negative antibody response to the second vaccine dose
predicted negative response (9). In SOT recipients in general,
older age, higher degree of immunosuppression, and a lower
estimated glomerular filtration rate were associated with no
antibody response (10). Previous studies assessing immune
response to second mRNA vaccine dose in KTRs

demonstrated mycophenolate including regimen as strongly
associated with low seroconversion rates (2,3). In the study by
Schrezenmeier et al. only three individuals achieved high positive
antibodies, one of them was the only person in the study without
mycophenolate mofetil at the time of vaccination (14).

These findings may explain our results, showing
immunosuppression reduction prior to vaccination to be
associated with positive antibody response.

Following the third vaccine dose and although
immunosuppression was discontinued for 14.2% of the cohort,
no acute rejection episodes were found in our cohort. Previous
studies demonstrated no serious adverse events and no acute
rejection episodes among SOT recipients who received a third
mRNA vaccine dose (9–11,24). In addition, previous studies have
demonstrated no graft or patient survival impairment following
temporary discontinuation of mycophenolate mofetil in KTRs
treated with triple immunosuppression, as in our study (27,28).

Our study has several limitations. The sample size was limited
with a small number of events included in the multivariable
analysis. Cellular response was tested only after the third vaccine
dose, with no previous testing after second dose for comparison.
It was also assessed only in a limited subset of patients due to
technical limitations. In addition, neutralizing antibodies were
not directly assessed. Nevertheless, we used a cut-off of 4160 AU/
ml of anti-spike antibodies as a surrogate, as previously described
(21,22). Hall et al. demonstrated significant median percent virus
neutralization (71%) with a third dose versus placebo (13%); and
Massa et al. also demonstrated a significant increase in serum
neutralizing activity between the second and third doses (11,13).
The significance of higher antibody response as reflecting
protection against infection and severe disease is still debated,
though data are accumulating to support an association. A recent
study from Israel demonstrated among healthcare workers both
higher antibody levels and recused risk for infection after third
versus second BNT162b2 dose. Greater incidence of infection was
demonstrated among those with lower antibody levels (29).
Immunosuppression reduction was not planned for the study
and was initiated by either patients or treating physicians, due to
reasons related or unrelated to the vaccine. This strategy should
be tested in clinical trials, designated for this question (30).

Though our results and others present improved humoral
immunity following three vaccine doses, still, at least 30% of
KTRs remain seronegative, potentially susceptible to SARS-CoV-
2 infection. These results support the administration of a third
vaccine dose to KTRs; however, additional strategies should be
discussed. These may include immunosuppression reduction
prior to vaccination (30). Considering that anti-metabolites are
consistently reported as associated with seronegative response,
transient discontinuation of anti-metabolites prior to and shortly
after the vaccine dose may be considered, monitoring
meticulously for acute rejection (14). An alternative approach
could be heterologous vaccination, i.e., using a non-mRNA
vaccine for the third dose. Such a “mix and match” approach
was recently supported by the EMA for the general population,
stating that there are currently no data to support heterologous
boosting among immunocompromised individuals (31). Two
studies in KTRs used heterologous third dose boosting, with
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approximately a third to half of the recipients developing
humoral response (12,14). This approach should be further
tested in this population. An additional approach could be a
fourth mRNA vaccine dose. Three studies evaluating a fourth
vaccine dose among KTRs have been published so far,
demonstrating improved immunogenicity, though with lower
response rates among those still seronegative after the third
dose (32–34). Otherwise, consideration of post-exposure or
even pre-exposure prophylaxis could be an alternative to
vaccination, using monoclonal antibodies or antiviral drugs
(35–38). In addition, safety results should be verified in larger,
longer term follow-up studies, including follow-up on rejection
risk (39).

In summary, third dose BNT162b2 improves immune
response over two doses in KTRs; however a significant
percentage of these patients still remain seronegative and at
risk for SARS-CoV-2 infection. Temporary withdrawal of the
antimetabolite should be considered before the administration of
the vaccine dose, taking into account individual risk for rejection.
This strategy and others for improved immunization should be
tested in clinical studies.
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Post-transplant diabetes mellitus (PTDM) is associated with a higher risk of adverse
outcomes. We aimed to describe the proportion of patients with diabetes prior to solid
organ transplantation (SOT) and post-transplant diabetes mellitus (PTDM) in three time
periods (early-likely PTDM: 0–45 days; 46–365 days and >365 days) post-transplant and
to estimate possible risk factors associated with PTDM in each time-period. Additionally,
we compared the risk of death and causes of death in patients with diabetes prior to
transplant, PTDM, and non-diabetes patients. A total of 959 SOT recipients (heart, lung,
liver, and kidney) transplanted at University Hospital of Copenhagen between 2010 and
2015 were included. The highest PTDM incidence was observed at 46–365 days after
transplant in all SOT recipients. Age and the Charlson Comorbidity Index (CCI Score) in all
time periods were the two most important risk factors for PTDM. Compared to non-
diabetes patients, SOT recipients with pre-transplant diabetes and PTDM patients had a
higher risk of all-cause mortality death (aHR: 1.77, 95%CI: 1.16–2.69 and aHR: 1.89, 95%
CI: 1.17–3.06 respectively). Pre-transplant diabetes and PTDM patients had a higher risk
of death due to cardiovascular diseases and cancer, respectively, when compared to non-
diabetes patients.
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INTRODUCTION

In 2014, the term post-transplantation diabetes mellitus (PTDM)
was adopted to refer to newly diagnosed diabetes mellitus in the
post transplantation period, irrespective of diagnostic timing or
whether diabetes was present but undetected prior to
transplantation or not (1). PTDM has been associated with
greater mortality and a higher prevalence of infections in Solid
Organ Transplant (SOT) recipients (2, 3). PTDM has also been
associated with premature or more frequent cardiovascular
events among kidney and lung recipients (4, 5) and an
increased risk of adverse outcomes in heart recipients, such as
cardiovascular morbidity and increased mortality (6–8).

The prevalence of PTDM in the first year after SOT varies by
transplanted organ, with previous studies reporting PTDM in
10–20% of patients who have undergone a kidney
transplantation (3) and in 20–40% of patients who received
other solid organs (9). In addition to transplant type, factors
thought to affect the incidence of PTDM include age, body mass
index (BMI), race/ethnicity, and the immunosuppression
regimen (9). The use of calcineurin inhibitors, especially
tacrolimus (10), has been reported to increase the risk of
developing PTDM because it can lead to insulin
hyposecretion (11–13). Corticosteroids are used as
maintenance immunosuppression as well as treatment of
rejection and the relationship between this medication and
hyperglycemia is well established (2). Therefore, awareness of
PTDM risk factors and PTDM management are of importance
for post-transplantation care (14).

The International Consensus Meeting on Post Transplant
Diabetes Mellitus identified two critical time periods for
assessing PTDM (46–365 days and >365 days after
transplantation) (1). The consensus meeting also highlighted
that due to transient post transplantation hyperglycemia a
formal diagnosis of PTDM should not be made in the early
time period of 0–45 days post-transplant.

Thus, the aim of this study was to estimate the percentage of
SOT recipients with diabetes prior to transplantation and to
determine the incidence of and risk factors associated with
both early-likely PTDM (EL-PTDM) diagnosed in the
0–45 days post-transplant and PTDM in diagnosed in the two
time-periods, 46–365 days and >365 days after transplantation.
The inclusion of the EL-PTDM category, was to provide
additional information on the transient nature of this period
and to determine whether increased monitoring of potential
early-likely PTDM patients could be beneficial. In addition,
the risk of all cause and cause-specific mortality post-
transplant was also assessed and compared in pre-transplant
diabetes, those developing PTDM and non-diabetes patients.

MATERIALS AND METHODS

Study Design and Participants
The study cohort included all patients aged ≥18 years who
underwent a SOT (heart, liver, lung and kidney) at
Rigshospitalet, University Hospital of Copenhagen, a large
tertiary transplant center, between January 2010 and
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December 2015. All SOT patients were prospectively enrolled in
the Management of post-Transplant infections in Collaborating
Hospitals (MATCH) cohort (15).

For patients with more than one transplantation, only data
related to the first transplant after 2010 was assessed. Since
pancreas transplantation has been demonstrated to accomplish
restoration of long-term glucose homeostasis (16, 17), pancreas
recipients were excluded.

Data Sources
Clinical characteristics, sociodemographic and biochemical data
were extracted from the MATCH database stored at the Centre of
Excellence for Personalized Medicine for Infectious
Complications in Immune Deficiency (PERSIMUNE) data
warehouse. The data warehouse includes both regional and
nationwide data collected prospectively as part of routine care.

Data on prescribed medications including insulin and oral
anti-diabetic medication were extracted from the Electronic
Prescription Medication (EPM), a database with hospital
prescriptions from 2006 to 2016, and the Danish Prescription
Database Data (DPDD), a database with outpatient prescriptions
from 2004 onwards. Due to a change in systems there was a gap in
data from EPM from May 2011 to December 2011. Individual
patient data on specific immunosuppressive therapies was not
available however, detailed information on the
immunosuppressive schemes per transplant type can be found
in a previous published article (18) and as a Supplementary
Material S1.

Data on admissions and diagnosis were retrieved from the
National Patient Registry (LPR) (19) and Sundhedsdatabanken
(SDB). LPR was established in 1977 and has national data up to
2016 while SDB has data for patients in the capital region of
Denmark from 2008 to 2019. For death, we used data from the
Danish Civil Registration System on mortality (20).

In this study we used data on underlying cause of death.
Underlying cause of death was defined as the disease or
comorbidity leading to the death or directly causing the event
classified as the immediate cause of death.

The specific underlying cause of death was obtained in
accordance with a modified version of the validated
Classification of Death Causes after Transplantation (CLASS)
method (21) which includes completion of a Case Record Form
for deceased patients and a review and adjudication process
involving experts within the field of transplantation (21). The
underlying cause of death was selected from 15 pre-defined
transplant specific and non-specific categories of death causes,
including 267 specific conditions (22). Specific recorded
underlying causes of death were further grouped in seven
wider categories in order to perform statistical analyses,
including deaths due to cardiac or vascular disease, graft
failure, graft rejection, infections, cancer, unknown causes and
other organ specific diseases (aside from those specified above)
and non-organ specific causes. Non-organ specific causes include
hemorrhage, alcohol abuse, suicide and other causes.

Definition of Diabetes
Diabetes was assessed at four time periods, 1) Pre-transplant
diabetes, which was defined as a diagnosis of diabetes at any
timepoint prior to transplantation. 2) “Early-likely PTDM”
(EL-PTDM) assessed in the period 0–45 days post-transplant
to help estimate the transient nature of this period and
understand whether similar risk factors were identified for
EL-PTDM and PTDM. PTDM was then assessed at two time
periods post-transplantation according to the periods defined
by the International Consensus Meeting on Post Transplant
Diabetes Mellitus: 3) 46–365 days, and 4) >365 days post-
transplant (1).

Patients were defined as having developed diabetes if they
fulfilled at least one of the following criteria during the time
period of interest (for all time periods, except before transplant):

• A Hemoglobin A1C test ≥6.5 mmol/L or (1);
• A prescription of antidiabetic medication from either EPM
or DPDD (Use of insulin-ATC code A10A, or use of oral
antidiabetic medication-ATC code A10B) (23);

• A diagnosis of diabetes (ICD-10 codes: E10, E11, E13) (24).

TABLE 1 | Characteristics of non-diabetes and diabetes patients at baseline.

Characteristics at baseline Non-diabetes baseline (n = 625) Pre-transplant diabetes (n = 334) p-Value

Type of Transplant-N (%)

Kidney 288 (60.1) 191 (39.9) 0.001
Liver 185 (80.1) 46 (19.9)
Lung 120 (68.2) 56 (31.8)
Heart 32 (43.8) 41 (56.2)

Sex-N (%)
Male 366 (63.2) 213 (36.8) 0.11
Female 259 (68.2) 121 (31.8)

BMI categories-N (%)
BMI < 25.0 244 (64.9) 132 (35.1) 0.006
BMI ≥ 25.0 191 (58.6) 135 (41.4)
Missing 190 (72.0) 67 (28.0)

Age in years (Median & IQR) 48.9 (39.6–55.0) 52.8 (44.7–60.2) 0.002
CCI in points (Median & IQR) 2.0 (2.0–3.0) 2.0 (2.0–3.0) 0.99
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Patients were classified as having pre-transplant diabetes if
they met the above criteria prior to transplantation with the
exception of insulin treatment used during hospitalization (from
EPM database). Due to high incidence of corticoid-induced
hyperglycemia in patients listed for transplantation, patients
meeting the definition based only on a record of insulin
treatment during hospital admission were not classed as
having pre-transplant diabetes.

Patients classified with pre-transplant diabetes remained
classified as having diabetes in the entire post-transplantation
period. Patients who were not classified as having pre-transplant

diabetes could be classified as developing EL-PTDM or PTDM if
they met the diabetes definition in the time-period of interest
post-transplant. Patients diagnosed with EL-PTDM or PTDM in
one period could subsequently return to non-diabetes status in
the following time-period if they did not meet the diabetic
definition in the new time-period.

During the first 15 days post-transplantation prescription for
antidiabetic medication were not included in the definition. A
large number of transplant recipients have glucose intolerance
and hyperglycemia in the first few weeks post-transplant,
detectable in approximately 90% of kidney allograft recipients

FIGURE 1 | Incidence rate per 100 person-days follow up and 95%Confidence interval of EL-PTDM and PTDM overall and per transplant type at each time period.
(A) Kidney; (B) Liver, (C) Lung; (D) Heart; (E) Overall.

TABLE 2 | Univariable risk factors for the development of EL-PTDM and PTDM in each time period.

EL-PTDM 46–365 days after transplant >365 days after transplant

n = 625 n = 611 n = 579

Variables OR with 95% CI p-Value OR with 95% CI p-Value OR with 95% CI p-Value
Sex
Male 1 (ref) 1 (ref) 1 (ref)
Female 0.82 (0.51–1.31) 0.41 0.89 (0.62–1.28) 0.55 1.01 (0.69–1.49) 0.92

Transplant type
Kidney 1 (ref) 1 (ref) 1 (ref)
Liver 2.43 (1.46–4.04) 0.006 1.76 (1.18–2.64) 0.005 1.37 (0.88–2.11) 0.15
Lung 0.67 (0.31–1.45) 0.31 0.66 (0.39–1.13) 0.13 0.91 (0.52–1.57) 0.73
Heart 1.91 (0.73–5.01) 0.18 1.01 (0.42–2.33) 0.99 0.81 (0.32–2.08) 0.67

BMI categories
BMI < 25 1 (ref) 1 (ref) 1 (ref)
BMI ≥ 25 2.42 (1.42–4.19) 0.001 1.59 (1.05–2.43) 0.02 2.16 (1.38–3.37) 0.007
BMI-missing 1.32 (0.72–2.41) 0.35 0.99 (0.64–1.55) 0.98 1.06 (0.64–1.74) 0.81

Age (each 10 years) 1.43 (1.18–1.74) 0.002 1.39 (1.20–1.62) 0.001 1.44 (1.22–1.69) 0.001
CCI score (per point higher) 1.37 (1.15–1.63) 0.003 1.22 (1.06–1.42) 0.006 1.23 (1.05–1.44) 0.009
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in the early few weeks after transplant (25, 26). Thus prescription
of insulin or oral antidiabetics immediately following transplant
and while the patient is hospitalized is high (2), but not an
indication of EL-PTDM.

Approvals
All procedures performed in this study were in accordance with
the ethical standards of the 1975 Helsinki Declaration. All
relevant approvals were obtained from the Danish National
Data Protection Agency (2012-58-0004, RH-2015-67, with
I-Suite number: 03787) according to national legislations on
retrospective studies. The study was approved by the MATCH
steering committee. This work was supported by Danish National
Research Foundation (Grant number 126).

Statistical Analyses
Patient characteristics at transplant were described and compared
for those with and without pre-transplant diabetes. Continuous
variables, were analyzed using the Wilcoxon test (nonparametric
data) and categorical variables, using the χ2 test.

The prevalence of diabetes before transplant and incidence of
EL-PTDM (0–45 days) and PTDM (46–365 days after transplant
and >365 days after transplant) in each of the time periods was
calculated among patients alive at the beginning of the time.

Univariable logistic regression analysis was used to evaluate
risk factors for developing EL-PTDM and PTDM. Factors that

were significant in the univariable analyses (p-value < 0.1) were
included in the multivariable model. Models were developed
separately for each of the three post-transplant time periods.
Potential risk factors were selected according to the literature and
availability in our dataset (27–30). They included sex; age at
transplant; type of transplant; BMI ≥ 25 kg/m2 at transplant and
the Charlson Comorbidity Index (CCI) (31).

For the CCI (31), two dimensions related to diabetes (presence
of diabetes mellitus with and without chronic complications)
were excluded from calculation of the index to avoid collinearity
issues with our outcome. Therefore 15 dimensions of this index
were used.

Survival analysis was used to compare the risk of death in non-
diabetes patients to those with pre-transplant diabetes, and those
who developed PTDM (>45 days post-transplant). All patients
were included in the analysis from day 46 post-transplant (thus
individuals who only met the diabetes definition in the EL-PTDM
period (0–45 days) were included in the non-diabetes group).
Patients were followed until the date of death, a new transplant
date, or the end of follow-up, whichever occurred first. For this
analysis, the end of the follow-up was set to 31.12.2019 (the last
date that cause of death information was available). Diabetes was
treated as a time-updated variable, with all patients initially
classified as either non-diabetes or pre-transplant diabetes.
Patients in the non-diabetes category contributed person-time
to that group until such a time as they met our definition for

TABLE 3 | Number of deaths and incidence rate (95% CI) of death per 100 PYFU and univariable and multivariable Cox models for death per diabetes group.

N of
deaths

Incidence Rate
(95% CI)

Univariablea Multivariableb Multivariablec

HR
(95%CI)

p-Value HR
(95%CI)

p-Value HR
(95%CI)

p-Value

Non-diabetes 71 3.14 (2.41–3.87) 1 - 1 - 1 -
Pre-transplant diabetics 64 4.09 (3.09–5.09) 1.32 (0.93–1.88) 0.11 1.35 (0.93–1.98) 0.11 1.77 (1.16–2.69) 0.007
PTDM 39 4.84 (3.32–6.36) 1.46 (1.03–2.07) 0.03 1.53 (0.99–2.39) 0.05 1.89 (1.17–3.06) 0.008

aUnivariable model: adjusted by diabetes groups.
bMultivariable model: adjusted for sex, age (per 10 years), BMI, diabetes groups and CCI.
cMultivariable model: adjusted for sex, age (per 10 years), BMI, diabetes groups; CCI, and transplant type.

TABLE 4 | Number of deaths per cause of death and incidence rate (95% CI) of deaths per 100 PYFU and univariable and multivariable Cox models for death causes per
diabetes group.

Causes of death Diabetes group N of deaths Incidence
rate (95% CI)

Univariablea Multivariableb HR (95% CI) p-Value

HR (95% CI) p-Value

Graft rejection Non-diabetes 19.0 0.84 (0.46; 1.22) 1 - 1 -
Pre-transplant diabetes 10.0 0.64 (0.24; 1.03) 0.77 (0.35; 1.65) 0.50 1.53 (0.55; 4.21) 0.40
PTDM 9.0 1.12 (0.39; 1.85) 1.33 (0.59; 2.99) 2.72 1.50 (0.89; 8.24) 0.08

Infections Non-diabetes 12.0 0.53 (0.23; 0.83) 1 - 1 -
Pre-transplant diabetes 9.0 0.57 (0.20; 0.95) 1.08 (0.45; 2.60) 0.85 1.85 (0.74; 4.63) 0.18
PTDM 6.0 0.74 (0.15; 1.34) 1.40 (0.51; 3.78) 0.50 2.06 (0.67; 6.33) 0.20

Cardiovascular diseases Non-diabetes 5.0 0.22 (0.03; 0.41) 1 - 1 -
Pre-transplant diabetes 13.0 0.83 (0.38; 1.28) 3.89 (1.38; 10.95) 0.01 3.55 (1.06; 11.74) 0.03
PTDM 3.0 0.37 (0.21; 0.79) 1.73 (0.41; 7.28) 0.44 1.57 (0.34; 7.11) 0.55

Cancer Non-diabetes 14.0 0.62 (0.29; 0.94) 1 - 1 -
Pre-transplant diabetes 17.0 1.09 (0.57; 1.60) 1.78 (0.87; 3.63) 0.11 1.83 (0.86; 3.93) 0.11
PTDM 13.0 1.61 (0.74; 2.49) 2.62 (1.22; 5.62) 0.01 2.29 (1.09; 4.81) 0.02

aUnivariable model: adjusted by diabetes groups.
bMultivariable model: adjusted for sex, age (per 10 years), BMI, diabetes groups; CCI, and transplant type.
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PTDM. They then contributed person-time to the PTDM group
from the first date theymet our definition for the remainder of the
follow-up. Cox proportional hazard models were used to
compare the risk of all-cause and cause specific death in the
three groups after adjusting for other factors.

As a sensitivity analysis the analysis was re-run using Fine and
Grey methodology with deaths not related to the specific cause of
interest treated as a competing risk. Categories of causes of death
were only assessed if there were more than 20 deaths with
that cause.

All data analyses were performed using SAS Studio.

RESULTS

A total of 959 SOT recipients were included in this study. Two
patients with a kidney-pancreas transplant were excluded. The
most common transplant type was kidney (479, 50.0%), followed
by liver (231, 24.0%), lung (176, 18.0%) and heart (73, 8.0%). Pre-
transplant diabetes was observed in 334 (34.8%–95% CI:
31.8–37.9) SOT recipients, with 78.0% meeting our definition
in the year prior to transplantation. Of those 334 patients with
pre-transplant diabetes, 33.5% (112 patients) met all three
diabetes criteria; 7 (2.0%) had a medication prescription and a
hemoglobin A1C ≥ 6.5 mmol/L only; 25 (7.5%) had a hemoglobin
A1C ≥ 6.5 mmol/L and a diagnosis code only; 30 (9.0%) had a
diagnosis code and a medication prescription only; 133 patients
(39.9%) with one hemoglobin A1C ≥ 6.5 mmol/L, 23 (6.9%) with
a diagnosis code, 4 (1.2%) with a medication prescription.

Table 1 shows the patient characteristics by pre-transplant
diabetes status. There was a higher percentage of patients with
BMI < 25 among non-diabetes compared to pre-transplant
diabetes (64.9%, 95% CI: 59.8–69.7 vs. 35.1%, 95% CI:
30.2–40.1). A higher percentage of pre-transplant diabetes was
observed among heart (56.2–95% CI: 44.0–67.7) and kidney
transplants (39.9–95% CI: 35.4–44.4) compared to lung
(31.8–95% CI: 25.0–39.2) and liver (19.9–95% CI: 14.9–25.6)
(p = 0.001). The median age at transplant was also higher in those
with pre-transplant diabetes compared to non-diabetes:
52.8 years (95% CI: 44.7–60.2) vs. 48.9 years (95% CI: 39.6–55.0).

The number and percentage of non-diabetes, pre-transplant
diabetes and PTDM overall and per transplant type at each time
period is found in Supplementary Material S2. The highest
incidence of PTDM was observed at 46–365 days after transplant
(IR of 3.80, 95% CI: 3.07–4.53) per 100 PYFU vs. IR of 2.56, 95% CI:
2.01–3.11 for EL-PTDM and IR of 1.76, 95% CI: 1.25–2.26 at
>365 days after transplant (Figure 1). Among the 625 SOT
recipients with no pre-transplant diabetes, 83 (13.3%) fulfilled the
diagnosis criteria for EL- PTDM in the first 45 days post-transplant.
Between day 46 and day 365 post-transplant, 171 patients (28.0%),
out of 611 patients under follow-up at day 46, met our criteria for
PTDM; 104 were new PTDM and 67 had also been diagnosed in the
previous time period and 16 PTDM detected in the previous period
reverted to non-diabetes. In the late period (>365 days) 143 patients
out of 579 still under follow-up after 1 year had PTDM (24.7%) of
whom 47 met the criteria for the first time and 96 were already
diagnosed as PTDM in one of the previous periods and 62 patients

diagnosed with PTDM in the previous period reverted to non-
diabetes. The number of patients and the distribution of EL-PTDM
and PTDM diagnostic criteria can be found in the Supplementary
Material S3.

Risk factors associated with the development of EL-PTDM
and PTDM in univariable analysis are shown in Table 2. For the
multivariable analyses, older age and a higher CCI score in all
time periods remained significantly associated with an increased
likelihood of EL-PTDM and PTDM. For the EL-PTDM patients,
the adjusted odds ratio (aOR) for age and CCI were (aOR: 1.44
per 10 years older, 95% CI: 1.18–1.75, p = 0.0003 and aOR: 1.39,
95% CI: 1.17–1.65, p = 0.0002 respectively). At 46–365 days, the
estimates for age and CCI score were (aOR: 1.40 per 10 years
older, 95% CI: 1.20–1.62, p = 0.0001 and aOR: 1.23, 95% CI:
1.06–1.42, p = 0.005) and in the later period (aOR: 1.44, 95% CI:
1.22–1.69, p = 0.0001 and aOR: 1.23, 95% CI: 1.04–1.44, p = 0.01
respectively).

A total of 174 patients died during 4,636 person years follow-up
(PYFU) (Table 3) (IR 3.75, 95% CI: 3.20–4.31) per 100 PYFU.
PTDM patients were found to have a higher risk of death when
compared to non-diabetes patients in the univariable analysis (HR:
1.46, 95% CI: 1.03–2.07). This increased risk remained for PTDM
and became significant for pre-transplant diabetes patients after
adjusting for sex, age (per 10 years), BMI, diabetes groups, CCI and
transplant type (aHR of 1.89, 95% CI: 1.17–3.06 and aHR of 1.77,
95% CI: 1.16–2.69 respectively, Table 3).

Table 4 shows the distribution of cause of deaths per diabetes
group. In the univariable analysis, when compared to nondiabetes
patients, a higher risk of death due to cardiovascular diseases was
found and remained after adjustment for other risk factors (aHR
3.55, 95% CI 1.06–11.74). A higher rate of deaths due to cancer
was observed in PTDM patients in both univariable and
multivariable models (HR of 2.62, 95% CI: 1.22–5.62, p = 0.01
and aHR of 2.29, 95% CI: 1.09–4.81, p = 0.02, respectively). No
other significant differences were found for the remaining causes
of death among non-diabetes, pre-transplant diabetes
and PTDM.

DISCUSSION

In this study of 959 SOT recipients, over one third fulfilled our
diagnosis criteria for diabetes prior to transplantation. The
highest proportion was among heart recipients where slightly
over half of the patients met our criteria for pre-transplant
diabetes. The proportion of non-diabetes patients at
transplantation diagnosed with PTDM was also high, with the
highest incidence rates observed at 46–365 days post-
transplantation (IR of 3.80, 95% CI: 3.07–4.53). Older age and
a higher CCI score (at all time periods) were associated with an
increased risk of PTDM and similar risk factors were identified
for EL-PTDM. A higher incidence rate of all-cause mortality was
observed among individuals with diabetes prior to
transplantation and PTDM patients. Pre-transplant diabetes
and PTDM patients were found to have a higher risk of death
due to cardiovascular disease and cancer in both univariable and
multivariable analysis.
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The characteristics of our patients with pre-transplant diabetes
(Table 1) were consistent with previous studies (4, 32–34). We
also observed a similar proportion with pre-transplant diabetes
(34.8–95% CI: 31.8–37.9), where previous studies have estimated
the prevalence to range from 17.5 to 38.0% (4, 32–34). These
studies used a variety of different criteria to assess diabetes. Some
included oral glucose tolerance test or fasting plasma glucose (35,
36), variables not available in this study or only the combinations
of two components (such as two or more positive random glucose
or a hemoglobin A1C ≥6.5 prior to transplant) (32), while other
studies have relied on self-report diabetes status (34, 37).
However, a recent study, using a criteria similar to ours, found
high sensitivity (93%) and specificity (98%) when comparing
their criteria against patient self-report diabetes status (37), and
found the combined criteria better than using diagnosis or
medication alone.

The formal diagnosis of PTDM is recommended when the
patients are stable on their likely maintenance
immunosuppression and in the absence of acute infections (1).
In addition, most studies report the percentage of SOT recipients
with PTDM at time periods equal or greater than 1 year after
transplant. It is well known that an excess in blood glycemia can
occur for myriad reasons post-transplantation
(immunosuppressive therapy, infections, and other critical
conditions), and thus it is important to exclude transient post
transplantation hyperglycemia from PTDM diagnosis. Previous
studies have reported hyperglycemia in approximately 90% of
kidney allograft recipients during the first weeks post-transplant
(25, 26). Consequently, in the immediate post-transplant setting,
insulin therapy or prescription of a medication for diabetes is
generally required to manage postoperative hyperglycemia,
especially given the requirement for high-dose
immunosuppressants in this setting (2). We split the present
analysis into two PTDM time periods (46–365 days and
>365 days), but we also reported patients that fulfilled the
diabetes criteria in the first 45 days after transplant (EL-
PTDM) to increase awareness of the number of transplant
recipients that can potentially develop PTDM in the future.
Furthermore, it is important to emphasize that the first weeks
after transplant are critical periods and efforts should be made in
a tentative effort to stabilize the patient. Of a total of 83 patients
diagnosed with EL-PTDM in the first 45 days after transplant, 67
(80.7%) remained PTDM in the subsequent period.

The highest incidence of overall PTDM and overall diabetes
was detected at 46–365 days. This is in line with the literature,
that recommends that a diagnosis of PTDM is generally reserved
for the outpatient setting, when the recipient had been discharged
from the hospital, is stable, and in the absence of acute
infections (1, 2).

The percentage of PTDM at 1 year post-transplant found in
the literature ranged from 12 to 45% in liver recipients (32);
4–25% in kidney transplant recipients (34); 4–40% in heart
transplant recipients (29, 38); and 5–45% in lung transplant
recipients (39-41). This again is in line with our results
reported for days 46–365 (liver recipients: 38.1%, heart
recipients: 25.8% kidney: 25.7% and lung: 18.8%)
(Supplementary Material S2).

The most important risk factors for the development of EL-
PTDM and PTDM in this study were age and CCI score (in all
time periods), which have been identified previously (27–30, 42).
Some immunosuppressive regimens have also been associated
with an increased risk of PTDM. This could not be investigated by
our study due to limitations in our medication data and the lack
of reliable information on the medication dosages.

Pre-transplant diabetes and PTDM patients were found to
have a higher all-cause mortality rate and in cause-specific
analysis patients with pre-transplant diabetes had a higher risk
of death due to cardiovascular diseases when compared to non-
diabetes. This is in line with previous studies (2, 3, 27, 30, 43, 44),
that also used similar covariates in their analyses (age, gender,
BMI, among others). An important study (2) found that PTDM
may only reduce short-term survival after liver transplant, while
the impact of PTDM on survival after lung transplant is unclear
and PTDM after heart transplantation does not affect survival. In
our study, PTDM patients, had a higher risk of death due to cancer
in the univariable analysis and in themultivariable analysis. This was
also observed in a previous study (44) while some other studies did
not support this finding (4, 45). It is well known that diabetes
mellitus has been widely associated with the increase the risk of
malignancy due to the postulatedmechanisms including stimulation
of insulin-like growth factor-axis and increased cytokines production
(46), but it is still uncertain whether the same association can be
extrapolated to PTDM patients (44). For the remaining causes of
death, no differences were found when comparing pre-transplant
diabetes and PTDM to non-diabetes patients.

The limitations of this study should be highlighted. As
mentioned previously (25, 26), increases in the glycemia levels
are expected in the period right after transplant (25, 26), and it is
not common for a patient to receive a diagnostic code for diabetes
at 0–45 days after transplant. Additionally, our criteria to define
PTDM does not include blood glucose levels as the available data
did not discriminate between fasting and non-fasting glucose
tests. Thus, it is possible, that the incidence of EL-PTDM could be
underestimated particularly in the 0–45 days period. Further,
patients with chronic kidney disease may have a lower
hemoglobin because of erythropoietin deficit, especially right
after transplant. However, the number of EL-PTDM patients
diagnosed only based on HbA1C in this time period is low
(27.8%) (Supplementary Material S3). One additional
limitation is the lack of information about the
immunosuppressive medication as previously mentioned.
Furthermore, for some cause of deaths the number of events
was very low, therefore their results must be interpreted
cautiously. Lastly, as data on medication was available only
until the December 31, 2016, incidence of PTDM could be
underestimated from 2017 until 2019, since for this period it
relied on hemoglobin A1c and diabetes diagnosis codes only.

The strengths of this study are to present the PTDM frequency
in different time periods and to include different types of solid
organs recipients (kidney, liver, lung and heart) as well as to
report the number of EL-PTDM patients. An additional strength
is that this is the first study that assess post-transplant death
between non-diabetes, pre-transplant diabetics and PTDM since
most of the published studies combine PTDM and pre-transplant
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diabetes together or exclude pre-transplant diabetes and present
the outcomes only for non-diabetes and PTDM.

In conclusion, this study found that a high proportion of SOT
recipients have diabetes prior to transplantation, and that PTDM
incidence was highest at 46–365 days after transplant in all
transplant recipients. Compared to non-diabetes, pre-
transplant diabetics and PTDM patients had a higher
mortality rate after transplant. In relation to causes of death,
pre-transplant diabetes and PTDM patients had a higher risk of
death due to cardiovascular diseases and cancer, respectively,
when compared to non-diabetes patients. Pre-transplant diabetes
and PTDM remain a significant burden in the SOT population
and an early detection of PTDM and an adequate management
and treatment of both pre-transplant diabetes and PTDM should
take place. For those patients, it is advisable to follow current
general practice guidelines for blood glucose goals for both
inpatients (47) and outpatients (48). Closer monitoring and
frequent (49) follow-up are of the utmost importance to
prevent or minimize adverse outcomes in those patients.
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Post-transplant diabetes mellitus (PTDM) is a frequent complication post-heart
transplantation (HT), however long-term prevalence studies are missing. The aim of
this study was to determine the prevalence and determinants of PTDM as well as
prediabetes long-term post-HT using oral glucose tolerance tests (OGTT). Also, the
additional value of OGTT compared to fasting glucose and glycated hemoglobin
(HbA1c) was investigated. All patients > 1 year post-HT seen at the outpatient clinic
between August 2018 and April 2021 were screened with an OGTT. Patients with
known diabetes, an active infection/rejection/malignancy or patients unwilling or
unable to undergo OGTT were excluded. In total, 263 patients were screened, 108
were excluded. The included 155 patients had a median age of 54.3 [42.2–64.3] years,
and 63 (41%) were female. Median time since HT was 8.5 [4.8–14.5] years. Overall, 51
(33%) had a normal range, 85 (55%) had a prediabetes range and 19 (12%) had a
PTDM range test. OGTT identified prediabetes and PTDM in more patients (18% and
50%, respectively), than fasting glucose levels and HbA1c. Age at HT (OR 1.03
(1.00–1.06), p = 0.044) was a significant determinant of an abnormal OGTT.
Prediabetes as well as PTDM are frequently seen long-term post-HT. OGTT is the
preferred screening method.
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INTRODUCTION

Type 2 diabetes mellitus is an increasing problem worldwide,
leading to reduced life expectancy and increased risk for
cardiovascular complications (1–3). Prediabetes is an
intermediate metabolic state between normal glucose tolerance
and diabetes mellitus, with a growing prevalence worldwide as
well (over 45% when aged 65 years or more) (4, 5). Patients with
prediabetes have an increased risk (of up to 70%) of developing
type 2 diabetes mellitus; both leading to an increased risk of
cardiovascular morbidity and mortality, in the general population
as well as in patients with manifest atherosclerotic disease (6–9).

In solid-organ transplant recipients, the incidences of post-
transplant diabetes mellitus (PTDM) are high, varying between
10 and 40% depending on the transplanted organ and definitions
used (10–15, 17). Risk factors for the development of PTDM
include general cardiovascular risk factors (such as body mass
index, age and family history) as well as transplant-related causes
(such as immunosuppressive regimen, viral infections) (10). The
incidence of PTDM 5 years post-heart transplantation (HT)
reported by the registry of the International Society for Heart
and Lung Transplantation (ISHLT) is 34% (16). Unfortunately,
information after 5 years is lacking in this registry. Currently, no
other studies have been performed determining the prevalence of
PTDM after 5 years in HT recipients.

Recently, data from the ISHLT registry showed that PTDM
was associated with an increased risk for severe renal

dysfunction, retransplantation and death (17). This
warrants an early recognition of the disease in order to
modify risk factors to decrease the risk for these worse
outcomes. Moreover, in HT recipients, only one small study
has been published that demonstrated no difference in
outcomes between patients with prediabetes and diabetes in
the year pre-HT (18). Studies on prevalence and outcomes of
prediabetes post-HT are missing.

Previous studies in the general population have shown the
added value of the oral glucose tolerance test (OGTT) to
fasting glucose levels and glycated hemoglobin (HbA1c) for
identifying patients with (pre)diabetes, with a significant
number of patients being missed without the OGTT (19,
20). Therefore, in transplant patients, adding an OGTT is
preferred in patients who are stable on immunosuppressive
regimen to make a diagnosis of (pre)diabetes according to the
American Diabetes Association (ADA) guidelines (4). In the
guidelines of the ISHLT it is advised to periodically screen for
PTDM after HT by fasting glucose levels or OGTT and HbA1c
levels (21). However, studies on the added value of an OGTT
compared to fasting glucose and HbA1c in HT recipients are
missing.

In the current study, we investigated the prevalence of
prediabetes and diabetes mellitus long-term post-HT and
determinants for an abnormal OGTT long-term post-HT.
Additionally, the added value of an OGTT compared to a
fasting glucose and HbA1c is investigated.
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PATIENTS AND METHODS

Study Population
In this cross-sectional study, all adult HT patients who were more
than 1 year post-HT that were seen at our outpatient clinic
between August 2018 and April 2021 were screened to
undergo an OGTT. Patients with known diabetes, an active
infection/rejection treatment, patients who were treated for a
malignancy and patients unwilling or unable to undergo OGTT
were excluded. Information on immunosuppressive regimen has
been published before (22). This study was conducted according
to the Declaration of Helsinki and was approved by the Erasmus
MC Ethics committee (MEC-2017-421).

Oral Glucose Tolerance Test
The OGTT was performed according to the guidelines of de
American Diabetes Association (ADA) (4). A fasting glucose level
and HbA1c were measured at the outpatient clinic after which
75 g of glucose in a 200 ml solution was administered. After

2 hours a second glucose measurement was performed. Glucose
measurements were performed using a finger prick (Accu-Check
® Inform II, Roche) while HbA1c was measured in normal blood
draws. In case a patient was unable to undergo an OGTT at the
outpatient clinic due to the travel distance to the hospital, the
OGTT was performed by the patient’s general practitioner with
strict instructions.

Definitions
Transient hyperglycemia was defined as a patient needing insulin
because of hyperglycemia in the first days post-operatively up
until 45 days, based on the consensus document published by
Sharif et al. (23). Patients still needing glucose-lowering drugs
(oral or subcutaneous) after 45 days post-HT or developing
PTDM during follow-up but who became normoglycemic
without any glucose-lowering drugs during follow-up were
labeled as recovered PTDM, as described in earlier studies
(11). Cytomegalovirus (CMV) infection was defined as a
patient with symptoms that were related to CMV replication.

TABLE 1 | Baseline characteristics all screened patients and divided into groups (patient who underwent oral glucose tolerance test versus those who did not).

Parameters Whole Cohort Patient
Not Undergoing OGTT

Patients Undergoing OGTT p-value

Number of patients 263 108 155
Female 96 (37) 33 (31) 63 (41) 0.10
Ethnicity 0.25
Caucasian 227 (86) 89 (82) 138 (89)
Black 8 (3) 5 (5) 3 (2)
Other 28 (11) 14 (13) 14 (9)

Age at HT (years) 47.1 [32.5–55.0] 48.7 [38.1–56.8] 46.2 [26.1–53.6] 0.047
Age at OGTT (years) 54.3 [42.2–64.3]
Time HT—OGTT (years) 8.5 [4.8–14.5]
Etiology heart failure 0.001
Ischemic CMP 70 (27) 40 (37) 30 (19)
Non-ischemic CMP 193 (73) 68 (63) 125 (81)

LVAD pre-HT 45 (17) 11 (10) 34 (22) 0.01
BMI at HT 23.1 ± 4.5 24.0 ± 4.9 22.4 ± 4.1 0.006
BMI at OGTT 25.8 [23.7–27.7]
Prednisolone use 1 year post-HT 236 (90) 102 (94) 134 (87) 0.03
Medication at OGTT
Tacrolimus 140 (90)
Ciclosporin 15 (10)
Mycophenolate mofetil 65 (42)
Everolimus 27 (17)
Prednisolone 93 (60)
Prednisolone dosage (mg) 5.0 [5.0–7.5]

Glycemic status
Transient hyperglycemia post-HT 115 (44) 31 (29) 84 (54) <0.001
Reversed PTDM post-HT 37 (14) 7 (6) 30 (19) 0.003
Known DM at OGTT 71 (27) 71 (66) 0 (0) <0.001
DM pre-HT 22 (8) 22 (20) 0 (0)
DM post-HT 49 (19) 49 (45) 0 (0)
Rejectionsa 1 [0–2] 1 [0–2] 1 [0–2] 0.007
CMV infection 53 (20) 19 (18) 34 (22) 0.39

aNumber of rejections treated with methylprednisolone.
Baseline characteristics of all patients and those who underwent oral glucose tolerance test (including patients in whom the diagnosis was determined based on fasting glucose and
HbA1c). Continuous variables are demonstrated with mean ± standard deviation when normally distributed and median with [25th—75th percentile] when not normally distributed.
Categorical variables are demonstrated with numbers and (%).
Abbreviations: BMI, body mass index; CMP, cardiomyopathy; CMV, cytomegalovirus; DM, diabetes mellitus; HT, heart transplantation; LVAD, left ventricular assist device; OGTT, oral
glucose tolerance test.
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FIGURE 1 | Results screening and oral glucose tolerance test. Results of screening and oral glucose tolerance test for all patients (n = 263). Of the 35 patients
unwilling/unable to undergo oral glucose tolerance test, six (17%) died before a test could be performed. Abbreviations: DM, diabetes mellitus; HbA1c, glycated
hemoglobin; OGTT, oral glucose tolerance test.

TABLE 2 | Baseline characteristics based on oral glucose tolerance test result.

Results OGTT

Parameters Normal Range Prediabetes PTDM p-value

Number of patients 51 85 19
Female 26 (51) 30 (35) 7 (37) 0.18
Ethnicity 0.28
Caucasian 47 (92) 73 (86) 18 (95)
Black 2 (4) 1 (1) 0 (0)
Other 2 (4) 11 (13) 1 (5)

Age at HT (years) 38.7 [22.2–52.1] 49.3 [33.9–55.1] 45.6 [25.4–50.8] 0.08
Age at OGTT (years) 49.7 [30.4–56.7] 57.7 [46.9–66.1] 54.8 [42.0–65.4] 0.019
Time HT—OGTT (years) 8.4 [3.5–11.8] 8.5 [5.1–15.0] 11.5 [5.2–19.1] 0.13
Etiology heart failure 0.23
Ischemic CMP 6 (12) 19 (22) 5 (26)
Non-ischemic CMP 45 (88) 66 (78) 14 (74)

LVAD pre-HT 12 (24) 18 (21) 3 (16) 0.78
BMI at HT 22.3 ± 4.7 22.4 ± 3.6 22.9 ± 4.4 0.85
BMI at OGTT 25.1 [23.3–27.1] 25.9 [24.1–27.6] 26.7 [23.0–30.6] 0.56
Prednisolone use 1 year post-HT 42 (82) 75 (88) 17 (89) 0.74
Medication at OGTT
Tacrolimus 49 (96) 75 (88) 16 (84) 0.21
Ciclosporin 2 (4) 10 (12) 3 (16) 0.21
Mycophenolate mofetil 23 (45) 35 (41) 7 (37) 0.81
Everolimus 6 (12) 19 (22) 2 (11) 0.20
Prednisolone 27 (53) 50 (59) 16 (84) 0.056
Prednisolone dosage (mg) 5 [5–7.5] 5 [5–7.5] 7.5 [5–10] 0.20

Glycemic status
Transient hyperglycemia post-HT 32 (63) 46 (54) 6 (32) 0.054
Reversed PTDM 6 (12) 17 (20) 7 (37) 0.07
Rejectionsa 1 [0–1] 1 [0–2] 1 [0–2] 0.18
CMV infection 10 (20) 20 (24) 4 (21) 0.86

aNumber of rejections treated with methylprednisolone.
Baseline characteristics of all patients and those who underwent oral glucose tolerance test (including patients in whom the diagnosis was determined based on fasting glucose and
HbA1c). Continuous variables are demonstrated with mean ± standard deviation when normally distributed and median with [25th–75th percentile] when not normally distributed.
Categorical variables are demonstrated with numbers and (%).
Abbreviations: BMI, body mass index; CMP, cardiomyopathy; CMV, cytomegalovirus; DM, diabetes mellitus; HT, heart transplantation; LVAD, left ventricular assist device; OGTT, oral
glucose tolerance test; PTDM, post-transplant diabetes mellitus.
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The definitions for the results of the OGTTs were according to
the ADA guidelines (4), which are demonstrated in
Supplementary Table S1. When a patient had a test result in
the diabetic range, a confirmation test was repeated after 6 weeks.
When a patient had both an increased HbA1c level within the
diabetes range as well as an increased fasting glucose within the
diabetes range at the outpatient clinic, diabetes was diagnosed.

Statistical Analysis
Normality of distribution was tested using the Shapiro-Wilks test.
Continuous variables were expressed with a mean ± standard
deviation (SD) when normally distributed and compared with a
student t-test or one-way ANOVA depending on the number of
groups. If the data were not normally distributed a median was
presented with the 25th—75th percentile (Interquartile range,
IQR) and compared using a Mann-Whitney or Kruskal Wallis
test. Categorical variables were demonstrated as numbers with
percentages (%) and compared with a Chi square or Fisher’s exact
test where appropriate. To determine risk factors for an abnormal
test result from OGTT (PTDM and prediabetes range tests) a
binary logistic regression analysis was performed. First, an
univariable analysis was performed including the sex of the
recipient and the recipient age at the time of the HT. In order
to not overfit the analysis, a propensity score was created which
included variables that have been linked to PTDM in the
literature. These variables included: ethnicity, time between
heart transplantation and OGTT, heart failure etiology,
transient hyperglycemia, resolved PTDM, number of rejections
(patients with more than 3 rejections included into one group),
cytomegalovirus disease, body mass index at time of OGTT,
tacrolimus use at time of OGTT, and prednisolone use at time of
OGTT. In a multivariable analysis, age, recipient sex and the
propensity score were included. Additionally, an ordinal
regression analysis was performed. In this analysis, age and a
propensity score including all previously mentioned variables and
recipient gender were included. A p-value < 0.05 was considered
as statistically significant. The data were analyzed with IBM SPSS

statistics 25 (IBM Corp., New Orchard Road, Amonk, NY10504,
United States).

RESULTS

Study Population
In total, 263 patients were screened at the outpatient clinic of whom
96 (37%) were female. The median age at HT was 47.1 [32.5–55.0]
years old. The etiology of heart failure pre-HT was ischemic
cardiomyopathy in 27% of patients; 17% had a left ventricular
assist device pre-HT. During the admission directly after HT, 115
(44%) developed transient hyperglycemia. Reversed PTDMwas seen
in 37 (14%) patients, while 71 (27%) patients had known diabetes
mellitus. Other baseline characteristics are demonstrated in Table 1.
Of the 263 patients, 108 were excluded for OGTT after screening
(Figure 1) based on the following exclusion criteria: known
diabetes mellitus in 71 (66%) patients (of whom 20% developed

FIGURE 2 | Results of oral glucose tolerance test specified by detection
method, combination of all the results and with confirmation test after
6 weeks. Abbreviations: HbA1c, glycated hemoglobin; OGTT, oral glucose
tolerance test; PLG, postload glucose.

TABLE 3 | Logistic regression analysis investigating determinants of an abnormal
oral glucose tolerance test result (prediabetes or diabetes range test).

Abnormal OGTT Result

OR (95% CI)

Univariable Model 1 Model 2

Age recipient at HT 1.02 (1.00–1.04) 1.02 (1.00–1.04) 1.03 (1.00–1.06)
P-value 0.036 0.07 0.044
Female recipient 0.53 (0.27–1.05) 0.59 (0.29–1.18) 0.60 (0.28–1.31)
P-value 0.07 0.14 0.20

Univariable analysis of recipient sex and recipient age at heart transplantation individually
in the model.
Model 1: Model including sex and age at the time of the heart transplantation of the
recipient.
Model 2: Model including sex and age adjusted for the propensity score which included
the following parameters: ethnicity, time between heart transplantation and CT scan,
heart failure etiology, transient hyperglycemia, resolved PTDM, number of rejections*,
cytomegalovirus disease, body mass index at time of OGTT, tacrolimus use at time of
OGTT, and prednisolone use at time of OGTT. *Patients with 3 or more rejections were
combined into one group due to the small number of patients.
Abbreviations: CI, confidence interval; HT, heart transplantation; OGTT, oral glucose
tolerance test; OR, odds ratio.

TABLE 4 | Ordinal regression analysis investigating determinants of the oral
glucose tolerance test results.

Abnormal OGTT result

OR (95% CI)

Model 1 Model 2

Age recipient at HT 1.02 (1.00–1.04) 1.03 (1.00–1.05)
P-value 0.023 0.044

Model 1: unadjusted
Model 2: Model including age adjusted for the propensity score which included the
following parameters: recipient sex, ethnicity, time between heart transplantation and CT
scan, heart failure etiology, transient hyperglycemia, resolved PTDM, number of
rejections*, cytomegalovirus disease, body mass index at time of OGTT, tacrolimus use
at time of OGTT, and prednisolone use at time of OGTT.
*Patients with 3 or more rejections were combined into one group due to the small
number of patients. Abbreviations: CI, confidence interval; HT, heart transplantation;
OGTT, oral glucose tolerance test; OR, odds ratio.
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diabetes pre-HT and 45% post-HT), 35 (32%) patients who were
unable or unwilling to undergo OGTT (of whom six died before
an OGTT was performed), and two (2%) patients underwent
treatment for an active malignancy.

Oral Glucose Tolerance Test
In 148 out of 155 patients an OGTT was performed since in seven
patients PTDM could be diagnosed based on solely the fasting
glucose level in combination with the HbA1c (Figure 1). Baseline
characteristics are demonstrated in Table 1. Forty-one percent were
female and the most common ethnicity was Caucasian (89%). The
median age at the time of the OGTT was 54.3 [42.2–64.3] years old
and patients were 8.5 [4.8–14.5] years post-HT. Median BMI was
25.8 [23.7–27.7] kg/m2 and transient hyperglycemia and reversed
PTDM were seen in 54% and 19%, respectively.

When including the results after 6 weeks to confirm (when
needed) the diagnosis of PTDM, based on OGTT 51 (34%) of
patients had a normal glucose tolerance, 85 (57%) had a
prediabetes range test and 12 (8%) had a PTDM range test.
Together with the 7 patients in whom the diagnosis was
confirmed using fasting glucose and HbA1c, 51/155 (33%) had
a normal range test, 85/155 (55%) had a prediabetes range test
and 19/155 (12%) of patients had a diabetes range test during the
study period. The baseline characteristics of the patients
undergoing OGTT (n = 155) stratified by OGTT result are
demonstrated in Table 2.

In total, 40 patients (27%) were within 5 years post-HT and
108 (73%) were more than 5 years post-HT. When the results of
the OGTTs were stratified according to the time post-transplant,
no significant differences were seen in the results (p = 0.33) as is
demonstrated in Supplementary Table S2.

Additional Value of Oral Glucose Tolerance
Test
For the patients who underwent an OGTT, the results of each
component of the OGTT (fasting glucose, 2 h postload glucose,
and HbA1c) are demonstrated in Figure 2. Based on the
OGTT data, 123 (83%) of the patients with (a combination of)
only a fasting serum glucose test and an HbA1c measurement
would have been be correctly classified. Of the remaining 25
(17%) patients who were not correctly classified, 14 (56%)
had prediabetes and 11 (44%) diabetes. When including the
results of the repeated OGTT after 6 weeks (confirming the
PTDM diagnosis), 127 (86%) would have been classified
correctly, while 21 (14%) would not. Of the patients who
were not correctly classified, 15 (71%) had prediabetes and 6
(29%) PTDM. When looking at all patients with prediabetes
range results, 15 (18%) of patients would have been missed
without an OGTT. In diabetes range patients this would have
been the case in 6 (50%) of the cases.

Determinants of Abnormal Oral Glucose
Tolerance Test
In order to define determinants for an abnormal OGTT,
patients with a prediabetes and PTDM range test were

combined. Univariable analysis demonstrated that age at
HT (OR 1.02 (1.00–1.04), p = 0.036) was a significant
determinant of an abnormal test, while recipient gender
was not (OR 0.53 (0.27–1.05), p = 0.07) (Table 3). When
both recipient age, recipient gender and the propensity score
were included in one model, age at HT was still a significant
determinant (OR 1.03 (1.00–1.06), p = 0.044). In ordinal
regression analysis, this association between recipient age at
HT and OGTT outcome was confirmed (OR 1.03 (1.00–1.05),
p = 0.044) (Table 4).

DISCUSSION

This study shows that impaired glucose metabolism is highly
prevalent in patients long term post-HT. Based on OGTT, 104 of
155 patients without known PTDM (67%) had an abnormal test
of whom 85 (55%) had a prediabetes range test, while 19 (12%)
had a PTDM range test. When stratified by time since HT (≤ or >
5 years), there was no difference in the test results (p = 0.33). An
OGTT demonstrated 18% more prediabetes and 50% more
PTDM compared to a fasting glucose level and HbA1c only.
Age at HT was significantly associated with the result of
the OGTT.

This is the first study investigating the long-term prevalence of
prediabetes and diabetes in HT recipients. In the registry from the
ISHLT, diabetes mellitus is monitored up until 5 years post-HT,
where diabetes status is reported in accordance with the clinical
diagnostic guidance in place at the reporting transplant center (16).
The incidence of diabetes mellitus at 5 years in the registry between
1995 and 2017 was 33.8%, which is higher than what was seen in our
population before we performed theOGTT (27%) (16). Even though
our patients were regularly seen at the outpatient clinic, 12% of
patients had a PTDM range test when using the OGTT. Overall, this
increased the total number of patients with PTDM from27% to 34%,
a relative increase of 26%. This demonstrates that a high percentage
of patients have unnoticed PTDM despite regular blood test for
abnormal glucose metabolism (mostly by assessment of non-fasting
glucose levels). This is emphasized by our analysis on the added
value of the OGTT compared to a fasting glucose and HbA1c. By
performing an OGTT, prediabetes and PTDM were diagnosed in
18% and 50% more patients, respectively. To our knowledge, this is
the first study demonstrating this significant advantage in heart
transplantation recipients. Ussif et al. investigated kidney transplant
recipients who underwent OGTT 1 year post-transplant (24). In this
study, an OGTT only identified two patients who would have been
missed compared to a combination of fasting glucose and HbA1c
(24). This could be due to the difference in the timing of the OGTT,
or a significant change in metabolism (given the other comorbidities
that patients develop over time) in heart transplant recipients (16).
However, our study illustrates that regular testing of the glycemic
status throughOGTT is warranted in (heart) transplant patients as is
recommended by the American Diabetes Association (4).

In our study, a total of 55% of patients had a prediabetes range
test. It is essential to monitor the glucose metabolism closely in
this patient population because of their high cardiovascular risk
profile and highly prevalent risk factors such as hypertension,
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dyslipidemia, renal dysfunction but also the chronic use of
steroids (25). When these patients also have PTDM, the
cardiovascular risk significantly further increases (17).
Whether this is also applicable in HT patients with
prediabetes needs to be further investigated. Studies in non-
transplant patients have demonstrated that individuals with
prediabetes have a significantly increased risk to develop
diabetes mellitus as well as cardiovascular morbidity and
mortality (6, 7). Moreover, in a recent study in kidney
transplant recipients, patients with prediabetes had similar
risks for cardiovascular mortality as patients with PTDM (26).
This demonstrates that patients with prediabetes should be
monitored carefully and diagnosed early. As impaired glucose
metabolism is a modifiable risk factor, the question remains
whether an intervention will result in the reduction of
cardiovascular events. Unfortunately, currently, no studies
have been performed in HT recipients. Only one study
showed that patients with prediabetes pre-HT had no
increased risk of mortality after a median of 50 months post-
HT (18). This study only used HbA1c levels to determine whether
a patient had prediabetes, which could underestimate the true
number of patients with prediabetes. Overall, the question
remains whether patients who develop prediabetes post-HT
have an accelerated progression of cardiac allograft
vasculopathy (CAV) and/or an increased risk of micro- or
macrovascular complications and mortality.

Age at HT was a significant determinant for an abnormal
OGTT. Unfortunately, we were not able to include other
determinants of PTDM in the analysis due to the relatively
small study population, such as immunosuppressive regimen
(prednisolone, tacrolimus), rejections, and CMV infection
(10, 17). However, in univariable analysis, these factors were
not associated with worse outcomes. There are several
reasons for this. First of all, in patients who are more than
1 year post-HT, the significance of risk factors such as
rejections probably become less important in the
development of PTDM, especially since most rejections
occur in the first year post-HT (16) and steroid use is
tapered after the first year as is seen in our study. In
univariable analysis, prednisolone use during OGTT was
not associated with the OGTT outcome. Even though
prednisolone is a risk factor for PTDM (10), one study in
kidney transplant recipients demonstrated that patients who
use prednisolone in a daily dosage of 5 mg or lower had no
improvement in insulin sensitivity (assessed with glucose
clamp technique) (27). This was confirmed by a Cochrane
review including kidney transplant recipients which
demonstrated that withdrawal of steroids did not decrease
the risk on PTDM (28). Moreover, withdrawal of
prednisolone increased the risk for acute rejection (28). In
our opinion, prednisolone withdrawal should only be
performed in patients who have a low risk for the
development of an acute rejection episode and for other
reasons than PTDM prevention. In other patients, steroids
could be used with a daily dosage of 5 mg in order to reduce
PTDM risk as much as possible. When patients do develop
diabetes, the newer drugs to treat diabetes are of special

interest since these drugs have cardio-renal-metabolic
effects (i.e., sodium-glucose cotransporter-2 (SGLT2)
inhibitors or glucagon-like peptide 1 (GLP1) analogues)
(29,30).

Our study has several limitations. First of all, this is a
single-center study which comes with all its limitations such
as generalizability. In our study population, around 10% of
patients were unable or unwilling to undergo OGTT which
could increase the risk for selection bias. Ultimately,
this could mean that the numbers in our study
underestimate the frequency of prediabetes and PTDM
long-term post-HT. Furthermore, most patients in our
population were Caucasian which makes it difficult to
extrapolate our study results to populations consisting of
other ethnicities.

In conclusion, our study demonstrated that both
prediabetes and PTDM are frequently observed in patients
not known with PTDM long-term post-HT. Age at HT was a
determinant for an abnormal OGTT. OGTT is the preferred
test to screen for prediabetes and PTDM since it identifies
significantly more patients than (fasting) glucose and HbA1c
levels alone. Future studies are needed to investigate the
impact of prediabetes and PTDM diagnosed long-term
post-HT on transplant-related outcomes as well as future
cardiovascular complications in this high-risk population.
Furthermore, studies are needed to investigate the effects of
glucose-lowering interventions (with lifestyle and/or
medication) on progression of prediabetes to PTDM and
prevention of (cardiovascular) complications.

DATA AVAILABILITY STATEMENT

The datasets presented in this article are not readily available due
to privacy reasons. Reasonable requests to access the datasets
should be directed to o.manintveld@erasmusmc.nl.

ETHICS STATEMENT

This study involving human participants were reviewed and
approved by Erasmus MC Ethics committee. The patients/
participants provided their written informed consent to
participate in this study.

AUTHOR CONTRIBUTIONS

SR participated in conception and design of the research, in
the acquisition of the data, the statistical analysis, drafting the
manuscript and critical revision of the final version of the
manuscript. MG-S participated in conception and design of
the research, in the acquisition of the data, drafting the
manuscript and critical revision of the final version of the
manuscript. JK participated in conception and design of the
research, drafting the manuscript and critical revision of the
final version of the manuscript. AC participated in the

Transplant International | Published by Frontiers April 2022 | Volume 35 | Article 101137

Roest et al. OGTT Long Term Post-HT

86

mailto:o.manintveld@erasmusmc.nl


acquisition of the data, drafting the manuscript and critical
revision of the final version of the manuscript. YT
participated in drafting the manuscript and critical
revision of the final version of the manuscript. FZ
supervision, drafting the manuscript and critical revision
of the final version of the manuscript AZ participated in
conception and design of the research, supervision, drafting
the manuscript and critical revision of the final version of the
manuscript. OM participated in conception and design of the
research, in the acquisition of the data, supervision, drafting
the manuscript and critical revision of the final version of the
manuscript.

CONFLICT OF INTEREST

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontierspartnerships.org/articles/10.3389/ti.2022.
10113/full#supplementary-material

REFERENCES

1. Zheng Y, Ley SH, Hu FB. Global Aetiology and Epidemiology of Type 2
Diabetes Mellitus and its Complications. Nat Rev Endocrinol (2018) 14:88–98.
doi:10.1038/nrendo.2017.151

2. Collaboration NCDRF. Worldwide Trends in Diabetes since 1980: a Pooled
Analysis of 751 Population-Based Studies with 4.4 Million Participants. Lancet
(2016) 387:1513–30. doi:10.1016/S0140-6736(16)00618-8

3. Global Burden of Metabolic Risk Factors for Chronic Diseases C.
Cardiovascular Disease, Chronic Kidney Disease, and Diabetes Mortality
burden of Cardiometabolic Risk Factors from 1980 to 2010: a Comparative
Risk Assessment. Lancet Diabetes Endocrinol (2014) 2:634–47. doi:10.1016/
S2213-8587(14)70102-0

4. American Diabetes A. 2. Classification and Diagnosis of Diabetes: Standards of
Medical Care in Diabetes-2019.Diabetes Care (2019) 42:S13–S28. doi:10.2337/
dc19-S002

5. Menke A, Casagrande S, Geiss L, Cowie CC. Prevalence of and Trends in
Diabetes Among Adults in the United States, 1988-2012. Jama (2015) 314:
1021–9. doi:10.1001/jama.2015.10029

6. Cai X, Zhang Y, Li M, Wu JH, Mai L, Li J, et al. Association between
Prediabetes and Risk of All Cause Mortality and Cardiovascular Disease:
Updated Meta-Analysis. Bmj (2020) 370:m2297. doi:10.1136/bmj.
m2297

7. Ford ES, Zhao G, Li C. Pre-Diabetes and the Risk for Cardiovascular Disease.
J Am Coll Cardiol (2010) 55:1310–7. doi:10.1016/j.jacc.2009.10.060

8. Buysschaert M, Bergman M. Definition of Prediabetes. Med Clin North
America (2011) 95:289–97. doi:10.1016/j.mcna.2010.11.002

9. Milman S, Crandall JP, Mechanisms of Vascular Complications in Prediabetes.
Med Clin North America (2011) 95:309–25. doi:10.1016/j.mcna.2010.11.004

10. Jenssen T, Hartmann A. Post-transplant Diabetes Mellitus in Patients with
Solid Organ Transplants. Nat Rev Endocrinol (2019) 15:172–88. doi:10.1038/
s41574-018-0137-7

11. Cho MS, Choi H-I, Kim I-O, Jung S-H, Yun T-J, Lee J-W, et al. The Clinical
Course and Outcomes of post-transplantation Diabetes Mellitus after Heart
Transplantation. J Korean Med Sci (2012) 27:1460–7. doi:10.3346/jkms.2012.
27.12.1460

12. Kim HJ, Jung S-H, Kim J-J, Yun T-J, Kim JB, Choo SJ, et al. New-Onset
Diabetes Mellitus after Heart Transplantation ― Incidence, Risk Factors and
Impact on Clinical Outcome ―. Circ J (2017) 81:806–14. doi:10.1253/circj.cj-
16-0963

13. Nieuwenhuis MG, Kirkels JH. Predictability and Other Aspects of post-
transplant Diabetes Mellitus in Heart Transplant Recipients. J Heart
Lung Transplant (2001) 20:703–8. doi:10.1016/s1053-2498(01)00257-1

14. Hackman KL, Snell GI, Bach LA. Prevalence and Predictors of Diabetes after
Lung Transplantation: a Prospective, Longitudinal Study.Diabetes Care (2014)
37:2919–25. doi:10.2337/dc14-0663

15. Stepanova M, Henry L, Garg R, Kalwaney S, Saab S, Younossi Z. Risk of De
Novo post-transplant Type 2 Diabetes in Patients Undergoing Liver
Transplant for Non-alcoholic Steatohepatitis. BMC Gastroenterol (2015) 15:
175. doi:10.1186/s12876-015-0407-y

16. Khush KK, Cherikh WS, Chambers DC, Harhay MO, Hayes D, Hsich E, et al.
The International Thoracic Organ Transplant Registry of the International
Society for Heart and Lung Transplantation: Thirty-Sixth Adult Heart
Transplantation Report - 2019; Focus Theme: Donor and Recipient Size
Match. J Heart Lung Transplant (2019) 38:1056–66. doi:10.1016/j.healun.
2019.08.004

17. Vest AR, Cherikh WS, Noreen SM, Stehlik J, Khush KK. New-onset Diabetes
Mellitus after Adult Heart Transplantation and the Risk of Renal Dysfunction
or Mortality. Transplantation (2022) 106:178–87. doi:10.1097/tp.
0000000000003647

18. Chamarthi B, Zafrir B, Plutzky J, Givertz MM. Impact of Pre-diabetes on
Heart Transplant Outcomes in Patients with Advanced Heart Failure.
J Heart Lung Transplant (2014) 33:215–7. doi:10.1016/j.healun.2013.
10.018

19. Fonville S, Zandbergen AAM, Vermeer SE, Dippel DWJ, Koudstaal PJ, den
Hertog HM. Prevalence of Prediabetes and Newly Diagnosed Diabetes in
Patients with a Transient Ischemic Attack or Stroke. Cerebrovasc Dis (2013) 36:
283–9. doi:10.1159/000353677

20. Ferrannini G, De Bacquer D, De Backer G, Kotseva K, Mellbin L, Wood D,
et al. Screening for Glucose Perturbations and Risk Factor Management in
Dysglycemic Patients with Coronary Artery Disease-A Persistent
Challenge in Need of Substantial Improvement: A Report from ESC
EORP EUROASPIRE V. Diabetes Care (2020) 43:726–33. doi:10.2337/
dc19-2165

21. Costanzo MR, Dipchand A, Starling R, Anderson A, Chan M, Desai S, et al.
The International Society of Heart and Lung Transplantation Guidelines for
the Care of Heart Transplant Recipients. J Heart Lung Transpl (2010) 29:
914–56. doi:10.1016/j.healun.2010.05.034

22. Zijlstra LE, Constantinescu AA, Manintveld O, Birim O, Hesselink DA, van
Thiel R, et al. Improved Long-Term Survival in Dutch Heart Transplant
Patients Despite Increasing Donor Age: the Rotterdam Experience. Transpl Int
(2015) 28:962–71. doi:10.1111/tri.12503

23. Sharif A, Hecking M, de Vries APJ, Porrini E, Hornum M, Rasoul-
Rockenschaub S, et al. Proceedings from an International Consensus
Meeting on Posttransplantation Diabetes Mellitus: Recommendations
and Future Directions. Am J Transpl (2014) 14:1992–2000. doi:10.1111/
ajt.12850

24. Ussif AM, Åsberg A, Halden TAS, Nordheim E, Hartmann A, Jenssen T.
Validation of Diagnostic Utility of Fasting Plasma Glucose and HbA1c in
Stable Renal Transplant Recipients One Year after Transplantation. BMC
Nephrol (2019) 20:12. doi:10.1186/s12882-018-1171-3

25. Lund LH, Edwards LB, Dipchand AI, Goldfarb S, Kucheryavaya AY,
Levvey BJ, et al. The Registry of the International Society for Heart
and Lung Transplantation: Thirty-Third Adult Heart Transplantation
Report-2016; Focus Theme: Primary Diagnostic Indications for
Transplant. J Heart Lung Transplant (2016) 35:1158–69. doi:10.1016/j.
healun.2016.08.017

26. Porrini E, Díaz JM, Moreso F, Lauzurrica R, Ibernon M, Torres IS, et al.
Prediabetes Is a Risk Factor for Cardiovascular Disease Following Renal
Transplantation. Kidney Int (2019) 96:1374–80. doi:10.1016/j.kint.2019.
06.026

Transplant International | Published by Frontiers April 2022 | Volume 35 | Article 101138

Roest et al. OGTT Long Term Post-HT

87

https://www.frontierspartnerships.org/articles/10.3389/ti.2022.10113/full#supplementary-material
https://www.frontierspartnerships.org/articles/10.3389/ti.2022.10113/full#supplementary-material
https://doi.org/10.1038/nrendo.2017.151
https://doi.org/10.1016/S0140-6736(16)00618-8
https://doi.org/10.1016/S2213-8587(14)70102-0
https://doi.org/10.1016/S2213-8587(14)70102-0
https://doi.org/10.2337/dc19-S002
https://doi.org/10.2337/dc19-S002
https://doi.org/10.1001/jama.2015.10029
https://doi.org/10.1136/bmj.m2297
https://doi.org/10.1136/bmj.m2297
https://doi.org/10.1016/j.jacc.2009.10.060
https://doi.org/10.1016/j.mcna.2010.11.002
https://doi.org/10.1016/j.mcna.2010.11.004
https://doi.org/10.1038/s41574-018-0137-7
https://doi.org/10.1038/s41574-018-0137-7
https://doi.org/10.3346/jkms.2012.27.12.1460
https://doi.org/10.3346/jkms.2012.27.12.1460
https://doi.org/10.1253/circj.cj-16-0963
https://doi.org/10.1253/circj.cj-16-0963
https://doi.org/10.1016/s1053-2498(01)00257-1
https://doi.org/10.2337/dc14-0663
https://doi.org/10.1186/s12876-015-0407-y
https://doi.org/10.1016/j.healun.2019.08.004
https://doi.org/10.1016/j.healun.2019.08.004
https://doi.org/10.1097/tp.0000000000003647
https://doi.org/10.1097/tp.0000000000003647
https://doi.org/10.1016/j.healun.2013.10.018
https://doi.org/10.1016/j.healun.2013.10.018
https://doi.org/10.1159/000353677
https://doi.org/10.2337/dc19-2165
https://doi.org/10.2337/dc19-2165
https://doi.org/10.1016/j.healun.2010.05.034
https://doi.org/10.1111/tri.12503
https://doi.org/10.1111/ajt.12850
https://doi.org/10.1111/ajt.12850
https://doi.org/10.1186/s12882-018-1171-3
https://doi.org/10.1016/j.healun.2016.08.017
https://doi.org/10.1016/j.healun.2016.08.017
https://doi.org/10.1016/j.kint.2019.06.026
https://doi.org/10.1016/j.kint.2019.06.026


27. Midtvedt K, Hjelmesaeth J, Hartmann A. Insulin Resistance after Renal
Transplantation: the Effect of Steroid Dose Reduction and Withdrawal.
J Am Soc Nephrol (2004) 15:3233–9. doi:10.1097/01.asn.0000145435.
80005.1e

28. Haller MC, Royuela A, Nagler EV, Pascual J, Webster AC. Steroid
Avoidance or Withdrawal for Kidney Transplant Recipients. Cochrane
Database Syst Rev (2016) CD005632. doi:10.1002/14651858.CD005632.
pub3

29. Zelniker TA, Braunwald E. Mechanisms of Cardiorenal Effects of Sodium-
Glucose Cotransporter 2 Inhibitors. J Am Coll Cardiol (2020) 75:422–34.
doi:10.1016/j.jacc.2019.11.031

30. Cornell S. A Review of GLP-1 Receptor Agonists in Type 2 Diabetes: A Focus
on the Mechanism of Action of Once-Weekly Agents. J Clin Pharm Ther
(2020) 45(Suppl. 1):17–27. doi:10.1111/jcpt.13230

Copyright © 2022 Roest, Goedendorp-Sluimer, Köbben, Constantinescu, Taverne,
Zijlstra, Zandbergen and Manintveld. 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 April 2022 | Volume 35 | Article 101139

Roest et al. OGTT Long Term Post-HT

88

https://doi.org/10.1097/01.asn.0000145435.80005.1e
https://doi.org/10.1097/01.asn.0000145435.80005.1e
https://doi.org/10.1002/14651858.CD005632.pub3
https://doi.org/10.1002/14651858.CD005632.pub3
https://doi.org/10.1016/j.jacc.2019.11.031
https://doi.org/10.1111/jcpt.13230
https://creativecommons.org/licenses/by/4.0/


Trends in Donation After Circulatory
Death in Lung Transplantation in the
United States: Impact Of Era
Christopher M. Bobba1,2, Bryan A. Whitson2, Matthew C. Henn2, Nahush A. Mokadam2,
Brian C. Keller3, Justin Rosenheck3 and Asvin M. Ganapathi 2*

1Division of Thoracic and Cardiovascular Surgery, University of Florida Health, Gainesville, FL, United States, 2Division of Cardiac
Surgery, Department of Surgery, The Ohio State University Wexner Medical Center, Columbus, OH, United States, 3Division of
Pulmonary, Critical Care and Sleep Medicine, Department of Internal Medicine, The Ohio State University Wexner Medical Center,
Columbus, OH, United States

Background: Use of lungs donated after circulatory death (DCD) has expanded, but
changes in donor/recipient characteristics and comparison to brain dead donors (DBD)
has not been studied. We examined the evolution of the use of DCD lungs for
transplantation and compare outcomes to DBD lungs.

Methods: The SRTR database was used to construct three 5-year intervals. Perioperative
variables and survival were compared by era and for DCD vs. DBD. Geographic variation
was estimated using recipient permanent address.

Results: 728 DCD and 27,205 DBD lung transplants were identified. DCD volume
increased from Era 1 (n = 73) to Era 3 (n = 528), representing 1.1% and 4.2% of lung
transplants. Proportionally more DCD recipients were in ICU or on ECMO pre-transplant,
and had shorter waitlist times. DCD donors were older, had lower PaO2/FiO2 ratios
compared to DBD, more likely to be bilateral, had longer ischemic time, length of stay,
post-op dialysis, and increased use of lung perfusion. There was no difference in overall
survival. Geographically, use was heterogeneous.

Conclusion: DCD utilization is low but increasing. Despite increasing ischemic time and
transplantation into sicker patients, survival is similar, which supports further DCD use in
lung transplantation. DCD lung transplantation presents an opportunity to continue to
expand the donor pool.
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INTRODUCTION

Lung transplantation remains the gold standard therapy for end
stage lung disease, however a shortage of viable organs remains (1,
2). Use of lungs from donors after circulatory death (DCD) has
been instrumental in increasing organ supply. DCD use has
increased to 4.8% of all lung transplants in 2018, and expansion
in their use is an avenue for continued growth in available organs
(3). Evidence demonstrating equivalent outcomes to donation after
brain death (DBD) organs has led to increased utilization with
similar mortality, primary graft dysfunction (PGD) and acute
rejection rates at 1 and 5 years (4–7). These results are
encouraging, however, studies have not performed an analysis
of the DCD cohort compared to DBD over time including a profile
of DCD lung donors and recipients in the United States.

Given the importance of DCD lungs in expanding the donor
pool and some evidence of their equivalence to traditional DBD
organs, a more thorough analysis is warranted. We hypothesized
that geographic and individual center variation in the usage of
DCD lungs still exists and that differences exist between DBD and
DCD donors. Further, we anticipate that the profile of the
recipients of DCD organs has changed over time and
represents a more heterogeneous cohort than early experiences
with DCD lung transplantation. In this study, we sought to
characterize the evolving nature of the use of DCD organs for
lung transplant, and compare donor, recipient, and operative
characteristics with traditional DBD organs.

METHODS

Data Source and Patient Population
This retrospective cohort study utilized data from the United
Network for Organ Sharing/Organ Procurement and Transplant
Network (UNOS/OPTN) STAR file. The UNOS/OPTN STAR file
is a well validated dataset of patients undergoing transplantation
in the United States (1, 8). The study was submitted for Ohio State
IRB approval (protocol: 2018H0079) and deemed exempt. The
STAR file was queried from 5/1/2005 to 4/30/2020 to include all
DCD and DBD lung transplants after implementation of the lung
allocation score (LAS) in 2005. DCD and DBD recipient
outcomes were collected using the identifier of
NON_HRT_DON in the STAR file. Pediatric patients (age
<18), those with a previous lung transplant, and multi-organ
transplants were excluded from analysis. Three “eras” were
constructed based on date of transplantation in 5-year
increments: 5/1/2005-4/30/2010 (era 1), 5/1/2010-4/30/2015
(era 2), and 5/1/2015-4/30/2020 (era 3). We included all
instances of DCD lung donation, including controlled and
uncontrolled DCD. For purposes of geographic variations, the
state of recipient permanent address was utilized to identify
where usage of a DCD organ occurred.

Statistical Analysis
Data was analyzed for normality using the Kolmogorov-Smirnov
test and missingness for each variable was calculated
(Supplementary Table S1). Continuous data was compared

with an analysis of variance (ANOVA) or the Kruskal-Wallis
test for parametric and non-parametric data respectively.
Categorical variables were compared using the Chi-Square test.
Survival rates were calculated simultaneously across all 3 eras
using the Kaplan-Meier method and the log-rank test. An
additional Kaplan-Meier survival analysis examined each era
of recipients of DCD lungs as compared to recipients of DBD
lungs. A Cox proportional hazard model was created to examine
the independent effect of era and DCD donors on survival. This
model utilized the following covariates which were selected a
priori: DCD status, era, LAS, age, body mass index (BMI), sex,
waitlist time, diabetes, smoking history, pre-operative
hospitalization status, yearly center volume, organ ischemic
time, organ distance traveled, donor BMI, and donor age. De-
identified recipient center ID numbers were used to determine
center DCD lung transplantation volume. DCD utilization by
state was determined according to recipient permanent address.

Missing data was excluded from analysis and no imputation
was performed. In all cases p < 0.05 was considered significant.
All statistical analysis was performed using R version 3.6.2
(Vienna, Austria).

RESULTS

Recipient, Donor and Operative
Characteristics of DCD and DBD Organs
A total of 27,205 DBD organ, and 728 DCD organ lung transplants
were identified from 5/1/2005 to 4/30/2020. Recipients of DCD
organs were slightly older (61 vs. 60 years old, p < 0.01), more likely
to be in the ICU prior to transplant (13.9% vs. 10.7%, p < 0.01) and
more likely to require pre-operative ECMO (6.9% vs. 3.7%, p <
0.01) (Table 1). DCD organ donors were older (39 vs. 33 years, p <
0.01), more commonly Caucasian (81.7% vs. 61.2%, p < 0.01), had
higher BMI (26.3 vs. 25.3, p < 0.01), and lower mean PaO2:FiO2
(PF) ratio (423 vs. 436, p < 0.01) than their DBD counterparts. In
the DCD cohort, the inciting event leading to becoming a donor
was more likely to be anoxia (39.3% vs. 21.6%, p < 0.01) and less
likely trauma (31.2% vs. 43.6%, p < 0.01) than in the DBD organ
cohort (Table 2).

Transplants utilizing DCD organs were more commonly
bilateral lung transplants (76.9% vs. 69.8%, p < 0.01), had
longer total ischemic time (6.3 vs. 5.1 h, p < 0.01), longer
post-operative length of stay (21 vs. 16 days, p < 0.01), more
commonly required dialysis (11.1% vs. 6.5%, p < 0.01), and were
more likely to use Ex-vivo lung perfusion (EVLP) (27.2% vs. 3.7%,
p < 0.01). DCD organ transplants also more commonly occurred
at centers with higher annual total lung transplant volume (55.6
vs. 39.2 average yearly center volume for centers utilizing DCD
lungs vs. centers only performing DBD lung transplantation, p <
0.01) (Table 3).

Recipient, Donor and Operative
Characteristics of DCD Organs by Era
A total of 728 transplants using DCD lungs were identified across
3 eras with 73 transplants in era 1, 127 in era 2, and 528 in era 3. 2
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donors (0.3%) were identified as uncontrolled DCD, and the
remaining were controlled DCD. Median recipient age increased
from 56 years (era 1) to 62 years (era 3) (p < 0.01) and there was
an increase in disabled/hospitalized pre-operative functional
status after the first era (era 1–15.5%, era 2–36.0%, era
3–39.4%; p < 0.01). Eras 2 and 3 had increased LAS (p < 0.01)
and reduced waitlist time (p < 0.01). Additionally, later eras were
associated with increases in transplant for restrictive lung disease
(p < 0.01) (Table 4).

Regarding DCD donors, median age did not differ by era (p =
0.90), however in era 3, donors were less likely to have a significant
smoking history (p < 0.01) and more likely to have a clinically
diagnosed infection (p< 0.01).Median donor PF ratio also decreased
after era 1 (p = 0.03). Other donor characteristics were similar
amongst all eras (Table 4, Supplementary Table S2). The fraction of
all lung transplants using a DCD donor increased from 1.1% of
donors in era 1, to 1.5% in era 2 and 4.2% in era 3 (p = 0.04). The
fraction of all organ donors that are DCD, including those in whom
the lungs were not used, has significantly increased from 9.8% in era
1, to 13.9% in era 2, and 19.8% in era 3 (p = 0.04). DCD lung donor
utilization calculated as the fraction of all DCD donors where a lung

was procured and transplanted also significantly increased from
1.3% in era 1, to 2.2% in era 2, and 5% in era 3 (p < 0.05). Regarding
transplant characteristics, there was an increase in the total ischemic
time from5.6 h in Era 1 to 6.5 h in Era 3 (p< 0.01). There was also an
increase in post-transplant length of stay from 17 days in Era 1 to
22 days in Era 3 (p = 0.03).

Survival Analysis
With regard to survival there was no significant difference on
unadjusted analysis between DCD and DBD organ recipients
(Figure 1). Actuarial survival of DCD lung recipients at 3 years
was 69.0% (95% CI: 65.1–73.3%) across all eras, 68.5% (CI: 95%
58.6–80.0%) in era 1, 66.8% (95% CI: 59.0–75.5%) in era 2 and
69.8% (95% CI: 65.6–75.4%) in era 3 (p = 0.85) (Figure 1A).
There was no significant difference in survival between donor
organs procured following brain death or circulatory death in all
eras (Figures 1B–D). Cox proportional hazard model
demonstrated usage of a DCD organ in lung transplantation
was not associated with increased mortality (Hazard Ratio [HR]
1.04, 95% CI 0.91–1.19, p = 0.55), and transplant in more recent
eras was associated with improved survival (era 2 HR 0.91, p <

TABLE 1 | Recipient demographics and baseline characteristics.

Variable Overall DBD DCD P-value

Cohort Size 27,933 27,205 728
Age (y) 60 (51, 65) 60 (51, 65) 61 (53, 66) 0.01*
Male Sex 16,645 (59.6%) 16,194 (59.5%) 451 (62%) 0.20
Ethnicity 0.02*
Caucasian 22,779 (81.5%) 22,163 (81.5%) 616 (84.6%)
African-American 2,524 (9%) 2,459 (9%) 65 (8.9%)
Other 2,630 (9.4%) 2,583 (9.5%) 47 (6.5%)

BMI (kg/m2) 25.7 (22, 29) 25.7 (22, 29) 25.4 (22, 28.7) 0.28
Former Smoker 16,551 (60.3%) 16,119 (60.3%) 432 (59.8%) 0.81
Diabetes 5,229 (18.8%) 5,088 (18.8%) 141 (19.4%) 0.74
GFR (mL/min/1.73m2) 92.8 (73.4, 120.4) 92.8 (73.4, 120.3) 96.1 (72.8, 122.1) 0.33
Diagnosis 0.70
Cystic Fibrosis/Immunodeficiency 3,028 (10.8%) 2,952 (10.9%) 76 (10.4%)
Obstructive Lung disease 8,360 (29.9%) 8,128 (29.9%) 232 (31.9%)
Pulmonary Vascular disease 1,076 (3.9%) 1,050 (3.9%) 26 (3.6%)
Restrictive Lung disease 15,469 (55.4%) 15,075 (55.4%) 394 (54.1%)

Blood Group 0.11
A 11,164 (40%) 10,861 (39.9%) 303 (41.6%)
B 3,107 (11.1%) 3,039 (11.2%) 68 (9.3%)
AB 1,082 (3.9%) 1,063 (3.9%) 19 (2.6%)
O 12,580 (45%) 12,242 (45%) 338 (46.4%)

Medical Condition 0.03*
Not Hospitalized 22,140 (80.1%) 21,578 (80.2%) 562 (77.2%)
Hospitalized 2,508 (9.1%) 2,443 (9.1%) 65 (8.9%)
In ICU 2,985 (10.8%) 2,884 (10.7%) 101 (13.9%)

Functional Status 0.08
ADL With No Assistance 6,140 (22.5%) 5,986 (22.6%) 154 (21.5%)
ADL With Assistance 10,379 (38.1%) 10,078 (38%) 301 (42%)
Disabled/Hospitalized 10,741 (39.4%) 10,480 (39.5%) 261 (36.5%)

On Ventilator 1,567 (5.6%) 1,523 (5.6%) 44 (6%) 0.66
LAS 40.2 (34.8, 51.8) 40.2 (34.8, 51.8) 39.1 (34.2, 51.7) 0.10
PRA 0 (0, 1) 0 (0, 1) 0 (0, 0) 0.02*
Days on Waitlist 59 (17, 184) 60 (17, 184) 49 (14, 175) 0.05*
Previous ECMO/on ECMO 1,051 (3.8%) 1,001 (3.7%) 50 (6.9%) 0.01*

Data displayed as mean ± standard deviation (SD) median (interquartile range) for parametric or non-parametric continuous variables respectively and number (percent of total) for
categorical variables. BMI, body mass index; DBD, donation after brain death; DCD, donation after circulatory death; GFR, glomerular filtration rate; ICU, intensive care unit; ADL, activities
of daily living; LAS, lung allocation score; PRA, percent reactive antibodies; ECMO, extracorporeal membrane oxygenation. * indicates p < 0.05.
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0.01, and era 3 HR 0.85, p < 0.01) compared to era 1. Diabetes,
poorer pre-operative health status, and donor smoking were all
also associated with reduced survival in this model (Figure 2).

Center Volume Trends and Geographic
Variation in DCD Organ Use
41 different centers transplanted a lung from a DCD donor since
2005. The total number of centers utilizing DCD lungs for
transplantation increased from 14 in era 1 to 24 in era 2 to 38 in

era 3 (Table 4). Of all U.S. centers performing lung transplantation,
21.2% performed aDCD lung transplant in era 1, 33.8% in era 2, and
54.3% in era 3. Within centers that used DCD lungs, the total DCD
lung volumewas stable between era 1 and 2 before increasing in era 3
(Figure 3). Of all centers participating in DCD lung usage, in era
1 64.3% transplanted 1-5 DCD lungs, in era 2 this grew to 79.2%, and
shrank to 39.5% in era 3. However, in era 3, 28.9% of centers
transplanted >15 DCD lungs, compared to 7.1% in era 1. There was
also geographic variation observed in DCD use over time (Figure 4;
Supplementary Table S3). When weighted by population, Ohio

TABLE 2 | Donor characteristics.

Variable Overall DBD DCD P-Value

Cohort Size 27,933 27,205 728
Age 33 (23, 46) 33 (22, 46) 39 (28, 48) < 0.01*
Male Sex 16,888 (60.5%) 16,455 (60.5%) 433 (59.5%) 0.61
Ethnicity < 0.01*
Caucasian 17,243 (61.7%) 16,648 (61.2%) 595 (81.7%)
African-American 5,177 (18.5%) 5,128 (18.8%) 49 (6.7%)
Other 5,513 (19.8%) 5,429 (20.0%) 84 (11.6%)

BMI (kg/m2) 25.3 (22.4, 28.9) 25.3 (22.4, 28.9) 26.3 (23, 31) < 0.01*
Coronary artery disease 1,487 (5.4%) 1,479 (5.5%) 8 (1.1%) < 0.01*
Smoking History 2,595 (9.4%) 2,542 (9.5%) 53 (7.4%) 0.07
Recent cocaine Use 4,168 (15.2%) 4,022 (15.1%) 146 (20.2%) 0.01*
Diabetes 2,041 (7.3%) 1,990 (7.4%) 51 (7%) 0.80
Hypertension 6,540 (23.6%) 6,355 (23.5%) 185 (25.6%) 0.21
Inciting Event Leading to Donation < 0.01*
Anoxia 6,154 (22%) 5,868 (21.6%) 286 (39.3%)
CVA 8,856 (31.7%) 8,657 (31.8%) 199 (27.3%)
Head Trauma 12,099 (43.3%) 11,872 (43.6%) 227 (31.2%)
CNS Tumor 174 (0.6%) 173 (0.6%) 1 (0.1%)
Other 649 (2.3%) 634 (2.3%) 15 (2.1%)

Donor Bloodstream Infection 2,076 (7.4%) 2,019 (7.4%) 57 (7.8%) 0.73
Donor Clinical Infection 18,278 (66.4%) 17,785 (66.3%) 493 (68.1%) 0.34
Donor Pulmonary Infection 16,214 (58%) 15,778 (58%) 436 (59.9%) 0.33
PaO2/FiO2 Ratio 435.9 (373, 492) 436 (374, 492) 423 (360, 481) < 0.01*

Data displayed as mean ± standard deviation (SD) median (interquartile range) for parametric or non-parametric continuous variables respectively and number (percent of total) for
categorical variables. BMI, body mass index; CVA, cerebrovascular accident; CNS, central nervous system. * indicates p < 0.05.

TABLE 3 | Operative characteristics and postoperative outcomes.

Variable Overall DBD DCD P-Value

Cohort Size 27933 27205 728
Type of Transplant < 0.01
Bilateral 19,544 (70%) 18,984 (69.8%) 560 (76.9%)
Single 8,389 (30%) 8,221 (30.2%) 168 (23.1%)

Distance Traveled (nautical miles) 140 (26, 313) 142 (26, 313) 113.5 (16, 325.2) 0.284
Ischemia Time (hours) 5.1 (4.1, 6.2) 5.1 (4.1, 6.2) 6.3 (5.1, 8.2) < 0.01
Length of Stay (days) 16 (11, 27) 16 (11, 27) 21 (14, 37) < 0.01
Postop Dialysis 1,821 (6.6%) 1,740 (6.5%) 81 (11.1%) <0.01
Postop Stroke 618 (2.3%) 603 (2.3%) 15 (2.1%) 0.83
Postop Airway Dehiscence 414 (1.5%) 398 (1.5%) 16 (2.2%) 0.16
In-Hospital Mortality 1,255 (4.6%) 1,213 (4.6%) 42 (5.9%) 0.12
Acute Rejection Before Discharge 0.01
Yes & Treated with Immunosuppressant 1,999 (7.3%) 1,926 (7.2%) 73 (10%)
Yes & Not Treated with Immunosuppressant 303 (1.1%) 293 (1.1%) 10 (1.4%)
No 25,270 (91.7%) 24,625 (91.7%) 645 (88.6%)

Rejection Treatment Within One Year 5,657 (26.5%) 5,514 (26.4%) 143 (28.6%) 0.30
Lung Perfusion Used 330 (4.8%) 241 (3.7%) 89 (27.2%) <0.01

Data displayed as mean ± standard deviation (SD) median (interquartile range) for parametric or no-parametric continuous variables respectively and number (percent of total) for
categorical variables. Lung perfusion data available from 2/28/2018-4/30/2020. * indicates p < 0.05.
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increased the most from 1.2 DCD donors per million population
(PMP) in era 1 to 6.8 DCD donors pmp in era 3, followed by
Vermont andMinnesota. The largest absolute increase was observed
in Ohio, which increased its use of DCD from 14 in era 1 to 80 in era
3. Other states with large increases were New York and Texas.

DISCUSSION

In this analysis we demonstrated that lung transplant recipients of
DCD organs were older, more likely to be in the ICU or on ECMO
pre-operatively and had shorter waitlist time compared to
recipients of DBD lungs. However, DCD organs also had

greater ischemic time, and recipients had a greater post-
operative length of stay and use of dialysis. Despite these
differences, DCD recipients continue to have similar survival to
recipients of DBD lungs, on both unadjusted and adjusted survival
analyses. There has been expansion in DCD use, but the overall
number of DCD lungs used for lung transplantation remains low.
Together these data characterize DCD lung characteristics and
outcomes in the LAS era in the United States.

Recipient outcomes from DCD donors were equivalent to
DBD donors and remained so throughout each era. Since era 1,
the DCD recipient population became older and sicker, mirroring
similar changes that have occurred in the lung transplant
population as a whole (1). Waitlist time also decreased across

TABLE 4 | Selected DCD characteristics by era.

Variable Overall Era 1 Era 2 Era 3 P-value

Date Range 5/1/05 to 4/30/20 5/1/05 to 4/30/10 5/1/10 to 4/30/15 5/1/15 to 4/30/20
Cohort Size 728 73 127 528
Recipient Characteristics
Age (y) 61 (53, 66) 56 (46, 62) 60 (49.5, 64) 62 (55, 67) <0.01*
Male sex (%) 451 (62%) 48 (65.8%) 81 (63.8%) 322 (61%) 0.66
Diagnosis <0.01*
Cystic Fibrosis/Immunodeficiency 76 (10.4%) 12 (16.4%) 17 (13.4%) 47 (8.9%)
Obstructive Lung disease 232 (31.9%) 35 (47.9%) 33 (26%) 164 (31.1%)
Pulmonary Vascular disease 26 (3.6%) 3 (4.1%) 3 (2.4%) 20 (3.8%)
Restrictive Lung disease 394 (54.1%) 23 (31.5%) 74 (58.3%) 297 (56.2%)

Medical Condition 0.13
Not Hospitalized 562 (77.2%) 61 (83.6%) 89 (70.1%) 412 (78%)
Hospitalized 65 (8.9%) 6 (8.2%) 17 (13.4%) 42 (8%)
In ICU 101 (13.9%) 6 (8.2%) 21 (16.5%) 74 (14%)

Functional Status <0.01*
ADL With No Assistance 154 (21.5%) 36 (50.7%) 18 (14.4%) 100 (19.2%)
ADL With Assistance 301 (42%) 24 (33.8%) 62 (49.6%) 215 (41.3%)
Disabled/Hospitalized 261 (36.5%) 11 (15.5%) 45 (36%) 205 (39.4%)

On Ventilator 44 (6%) 5 (6.8%) 13 (10.2%) 26 (4.9%) 0.08
LAS 39.1 (34.2, 51.7) 36 (33.2, 41.8) 42.8 (35, 59.5) 39.1 (34.3, 51.7) <0.01*
PRA 0 (0, 0) 0 (0, 3) 0 (0, 2.5) 0 (0, 0) <0.01*
Days on Waitlist 49 (14, 175) 138 (47, 368) 54 (12.5, 198) 44 (14, 138.5) <0.01*
Previous ECMO/on ECMO 50 (6.9%) 4 (5.5%) 11 (8.7%) 35 (6.6%) 0.64

Donor Characteristics
Age 39 (28, 48) 41 (29, 47) 39 (26.5, 49) 38 (28, 48) 0.90
Male sex (%) 433 (59.5%) 40 (54.8%) 90 (70.9%) 303 (57.4%) 0.02*
Smoking History 53 (7.4%) 12 (16.4%) 9 (7.1%) 32 (6.1%) <0.01*
Anoxia Cause of Brain Injury 286 (39.3%) 24 (32.9%) 44 (34.6%) 218 (41.3%) <0.01*
Donor Pulmonary Infection 436 (59.9%) 23 (31.5%) 70 (55.1%) 343 (65%) < 0.01*
PaO2/FiO2 Ratio 416.1 ± 88.3 443.1 ± 84.2 416.5 ± 87.7 412.4 ± 88.6 0.03*
DCD Donor Lung Utilization (%)A 3.3% 1.3% 2.2% 5.0% 0.05*
Percentage of organ donors that are DCDB 15.1% (20,396/

135,521)
9.8% (3,883/

39,755)
13.9% (5,745/

41,450)
19.8% (10,768/

54,316)
0.04*

DCD Fraction of all Lung Transplants (%) 2.6% 1.1% 1.5% 4.2% 0.04*
Operative Characteristics and Outcomes
Single Lung Transplant 168 (23.1%) 18 (24.7%) 46 (36.2%) 104 (19.7%) <0.01*
Centers with DCD Lung transplant (% of all Lung Transplant
Centers)

41 (51.3%) 14 (21.2%) 24 (33.8%) 38 (54.3%)

Center DCD Volume 4 (2, 12) 3 (1, 6.75) 3 (1.75, 4.25) 10 (3.25, 18) <0.01*
Ischemia Time (hours) 6.3 (5.1, 8.2) 5.6 (4.6, 6.6) 5.8 (4.7, 7.6) 6.5 (5.3, 8.7) <0.01*
Length of Stay (days) 21 (14, 37) 17 (12, 29) 21 (14, 37) 22 (14, 38) 0.03*
Postop Dialysis 81 (11.1%) 8 (11%) 14 (11%) 59 (11.2%) 0.99

Data displayed as mean ± standard deviation (SD) median (interquartile range) for parametric or non-parametric continuous variables respectively and number (percent of total) for
categorical variables. BMI, body mass index; GFR, glomerular filtration rate; ICU, intensive care unit; ADL, activities of daily living; LAS, lung allocation score; PRA, percent reactive
antibodies; ECMO, extracorporeal membrane oxygenation. * indicates p < 0.05. A “DCD Donor Lung Utilization (%)” calculated as fraction of DCD donors where a lung was procured and
transplanted divided by all DCD donors regardless of which organ was donated. B “Percentage of all Organ Donors that are DCD” calculated as all DCD donors regardless of which organ
was donated divided by all organ donors (DBD and DCD).

Transplant International | Published by Frontiers April 2022 | Volume 35 | Article 101725

Bobba et al. Lung DCD Use by Era

93



FIGURE 1 | Kaplan-Meier survival curve for recipients of lungs from circulatory death donors (DCD) and brain dead donors (DBD). P-value for log-rank test
comparing all three eras. (A) Kaplan-Meier survival curves for all eras from date of lung transplantation. (B) Kaplan-Meier survival curves for Era 1 (2005–2010). (C)
Kaplan-Meier survival curves for Era 2 (2010–2015). (D) Kaplan-Meier survival curves for Era 3 (2015–2020).

FIGURE 2 | Forest plot for hazard ratio of death for covariates of interest following lung transplantation. DCD, donation after circulatory death; DBD, donation after
brain death; LAS, lung allocation score; BMI, body mass index. ICU, intensive care unit.
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each era and was lower in recipients of DCD lungs compared to
DBD lungs. These are promising changes as they may represent an
increasing acceptance of DCD lungs as a robust means to expand
the donor pool and may demonstrate a greater overall sense of
comfort in the use of DCD organs by transplant teams.(6, 9)
Though DCD use has increased >7-fold since era 1, it still only
comprises 4.2% of all lung transplants in the United States.
Additionally, our data shows that donation after circulatory
death comprises ~20% of all organ donation (across all types of
organ donation) in the United States. This suggests that DCD use
for lung transplant has room for further growth. In the most recent
era DCD organ use comprised only 4.2% of all lung transplants.
This small percentage of usage relative to the number of DCD
organs available represents an opportunity for lung transplant
centers, particularly for those with longer waitlist times or
increased waitlist mortality rates. Globally, the experience with
DCD usage is different than in the United States (10). In a
European survey of DCD use in lung transplantation, 1,381
DCD lung transplants were identified from 2008 to 2016 (11).
This exceeds the 728DCD lung transplants that we identified in the
United States from 2005 to 2020. Moreover, in 2016 the same
European state consortium reported 218 controlled DCD lung
transplants, and 15 uncontrolled DCD lung transplants, out of
2,549 total lung transplants. DCD lungs composed 9.3% of all lung
transplants that year, compared to 4.2% in the US in the most

recent era. In certain countries such as Australia, United Kingdom,
and Netherlands, the use of DCD for lung transplantation is
30–50% (11, 12). This could be due to greater standardization
and more explicit regulations around what is and is not allowed
during procurement (some European states allow pre-mortem
interventions such as administration of heparin or cannulation).
Or it could be due to differences in consenting processes (i.e., opt-
in or out-out consent for organ donation after death) (13).

Several barriers exist that may slow the growth of DCD use in
the United States. Utilization of DCD lungs requires transplant
programs to view the organs as viable and equivalent to
traditional DBD organs. This study adds to the growing
foundation of literature supporting this concept. Our data
indicate that over the past 15 years, the proportion of lung
transplant centers using DCD lungs has increased from 21.2%
to 54.3%. Retrospective studies and meta-analyses have
previously shown inconsistent results regarding long-term
survival and operative complications using DCD lungs,
possibly slowing the rate of DCD adoption by new centers. A
2020 systematic review and meta-analysis found no difference in
1-year survival or PGD between DCD and DBD organs, but
observed an increase in airway complications and a reduction in
5-year survival in DCD organs (14). However, due to the
relatively small overall DCD cohort size and single-center
nature of most of the included studies, the study mentions a
high likelihood of allocation bias. Two additional meta-analyses
found no difference in 1-year survival between DBD and DCD
lungs.(4, 15) In a database analysis of the International Society for
Heart and Lung Transplantation (ISHLT) registry using
unadjusted and multivariable analyses, there was no difference
in 5-year survival between DBD and DCD organs, though a
survival benefit was associated with era of transplant (2003–2009
vs. 2010–2016) (16). Similarly our analysis using 15 years of data
and over 27,000 lung transplant cases in the United States, did not
demonstrate a survival difference between DBD and DCD lungs,
but found a survival benefit associated with more recent era of
transplant. In addition to uncertainty about graft viability and
survival (17), transplantation teams prefer to have intraoperative
organ assessment prior to transplantation. Prior to a DCD
procurement there is no opportunity for determination of
intraoperative PF ratio, something commonly performed in
DBD donors following lung recruitment where the chest has
already been opened. Additionally, as the patient is not deceased,
the workup (i.e., scans, bronchoscopy, etc.) of the donor may be
less comprehensive than DBD donors. Our data suggests teams
used a more conservative donor PF ratio in earlier eras, as DCD
donor PF ratio decreased from era 1 (443) to era 3 (412). EVLP,
however, provides a technique allowing for pre-implantation
assessment of donor lung allografts that may help alleviate
concerns of organ functional assessment prior to
transplantation (18). SRTR began collecting data on organ
perfusion prior to transplantation on 2/28/2018. Our data
indicate that EVLP use in era 3 was 27.3% in DCD lungs
compared to 3.8% of DBD lungs. This suggests practitioners
are preferentially utilizing EVLP for assessment of DCD lungs. As
availability of EVLP continues to increase (including third party
services that can be contracted for EVLP use), this may help to

FIGURE 3 |Center volume of donation after circulatory death (DCD) lung
transplantation by era. Data for center volumes from any center performing >1
DCD lung transplant within that era.
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alleviate further center barriers to DCD organ adoption. As
additional evidence accumulates around the efficacy of DCD
lungs, the volume of DCD lungs should continue to expand in
the pursuit of reducing waitlist time and mortality.

DCD lung transplantation has expanded in its utilization,
however, not uniformly across all centers. Over time, an
increasing number of centers have elected to use DCD lungs
and the DCD volume within those centers has increased. Despite
this increase, only about 50% of all centers have used a DCD
organ for lung transplantation. From era 1 to era 2, the number of
centers utilizing a DCD lung increased, but the median DCD
volume at those centers remained unchanged. However, as DCD
expansion continued into era 3, there was an increase in both the
number of centers using DCD and median DCD volume. This
may reflect a transition in DCD lung transplantation from an
experimental novelty to a real avenue for growth in transplant
volume. We also identified geographic variation in DCD use. We
observed that DCD use constitutes a larger percentage (~15%) of
all lung recipients from certain states and reliance on DCD organs
for lung transplant is generally concentrated in the northern
portion of the United States (Supplementary Figures S1, S2). A
recent analysis of DCD usage by OPO confirms a similar
geographic pattern of use (19). Our analysis helps to provide
more granularity to these previously published findings as well as
add context through an analysis of donor and recipient profiles.
Several potential elements may determine why certain states and
centers increasingly rely on DCD lungs. During procurement for
a DCD organ, the patient is extubated and a pre-determined time
is allotted for declaration of death. This process of how death is
declared and the time frame for progression to death varies by
center and jurisdiction (20). There is no universal protocol for
sedation or allotted post-extubation time, and variations in these
factors (within an OPO or hospital) has the potential to impact

whether a donor organ can be procured (21). Other differences in
logistical management by centers and OPOs create variability
(22). For example, rules regulating when surgical teams are
allowed in the OR, when heparin is administered, how long
procuring teams wait for declaration of death, and protocols
governing comfort care surrounding withdrawal commonly differ
amongst hospitals and OPOs. Additional factors include an OPO
or donor hospital’s willingness to perform recruitment
maneuvers, bronchoscopies, and CT scans on potential DCD
donors. Lastly, resource and labor availability also affect a center’s
likelihood of sending a team for a DCD lung procurement, as it
has a potentially lower chance of conversion to transplant than a
DBD procurement. The use of local procurement teams (as is
commonly done for kidney procurement) could help address this
issue, though the importance of intraoperative assessment of
lungs such as compliance, unlike kidneys, may limit centers
enthusiasm. In comparison to protocols and consensus
statements for organ procurement following DBD, DCD organ
procurement is less standardized (23). Given the variability
observed in the United States we propose working towards
more-refined consensus statements and idealized protocols for
DCD lung procurement, which may impact increased utilization.

Limitations
There are some limitations to our findings. Our large dataset is
multi-center and retrospective and is therefore subject to
information and selection bias. Longer survival data are
necessary to compare to DBD and DCD lungs (17),
especially for the most recent era where a larger number of
DCD transplants were performed. Furthermore, we did not
analyze the association of DCD or DBD organs with chronic
lung allograft dysfunction, nor we did not investigate the cause
of DCD organs rejected for transplantation (24). Additionally,

FIGURE 4 | Change in Absolute Number of DCD Lung Transplantation from Era 1 to Era 3 by Recipient State per 1 million inhabitants.
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geographic analysis was conducted at the recipient level, not
where donor procurement took place or by implanting
institution. Our data is also subject to selection bias as we
are only analyzing DCD organs that were transplanted and
not assessing organs that were deemed unsuitable for
transplantation following attempted procurement. In
analyzing the PaO2/FiO2 ratio, UNOS does not specify the
timing of sample collection. It is possible samples are taken from
the ICU before procurement or even in the operating room after
full lung recruitment. Finally, we do not have EVLP use data
prior to 2018, due to lack of data in the STAR file, which limits
better characterization of DCD organs prior to transplantation.

CONCLUSION

In summary, use of DCD lungs has increased over time, with similar
long-term survival compared to DBD lungs despite higher ischemic
time. Continued increases in DCD volume will help expand the lung
donor pool, particularly for recipients with limitations on size and
antibody profile. Given the heterogeneous geographic distribution in
DCD utilization further investigation into limiting factors for
utilization is warranted and may justify protocol standardization
for these donors.
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Objective: The impact of previous lung volume reduction surgery (LVRS) or endoscopic
lung volume reduction (ELVR) on lung transplantation (LuTX) remains unclear. This study
assesses the risk of previous lung volume reduction on the outcome of a later LuTX.

Methods: Patients suffering from emphysema who underwent bilateral LuTX were
included in this multicenter analysis. Study groups were defined as: previous LVRS,
previous ELVR, controls. Imbalances were corrected by coarsened exact matching for
center, gender, age, diagnosis, and BMI. A comparative analysis of intraoperative
characteristics, perioperative outcome and long-term survival was performed.

Results: 615 patients were included (LVRS = 26; ELVR = 60). Compared to controls,
LVRS patients had a higher rate of postoperative ECMO (15.4 vs. 3.9%; p = 0.006),
whereas ELVR patients suffered more often from wound infections (8.9% vs. 2.5%; p =
0.018). Perioperative outcome, duration of ventilation, ICU stay, and hospital stay were
comparable between groups. Bacterial colonization of the airway differed significantly
between both LVR groups and controls in pre- and post-LuTX cultures. Survival was not
impacted (1-/3-/5-year survival for LVRS: 92.3%/85.7%/77.1%; controls: 91.3%/82.4%/
76.3%; p = 0.58 | ELVR: 93.1%/91%/91%; controls 91.2%/81.7%/75.3%; p = 0.17).

Conclusion: Lung volume reduction does not impact short and long-time survival after
bilateral LuTX. Due to differences in airway colonization after LVR, caution to prevent
infectious complications is warranted.
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INTRODUCTION

Patients with end-stage pulmonary emphysema have limited
therapeutic options. Lung volume reduction (LVR) and lung
transplantation (LuTX) have been shown to improve lung
function, quality of life (QOL) and survival, despite an
associated perioperative risk (1, 2). Lung volume reduction
surgery (LVRS) has gained popularity in the nineties, however,
remained undervalued and underused after the large NETT trial
(3–5). In more recent years, endoscopic lung volume reduction
(ELVR) techniques by implantation of valves or coils, thermal
ablation, or instillation of chemical sealants emerged (6).
However, the effect of all LVR procedures is counteracted by
the progression of disease usually leading to a decay in lung
function after several months to years following treatment,
leaving LuTX as the last option (7). Due to the protracted
clinical course of COPD in comparison to other end-stage
lung diseases, the best timing for LuTX referral remains
debated. Guidelines for LuTX selection recommend the use of
the BODE score, which is a good predictor for pre-LuTX
mortality and post-LuTX survival benefit (8).

With increased use of LVR in highly impaired “low FEV1”
patients (9, 10), and the more apparent overlap of patients eligible
for both LVR and LuTX, the use of LVR procedures as a “bridge
to transplant” has gained acceptance (7).

Simultaneous referral of patients for both LVR and LuTX is
always recommended, and the decision should be taken in an
interdisciplinary emphysema board with access to all treatment
options (8). Those therapies are not mutually exclusive, and most
combinations have been reported, of which, inmost cases, LuTXwas
considered the last resort when all other previous therapies failed.

In a previous review, twelve published reports on LVRS and one
on ELVR preceding LuTX were identified (11). North American
papers showed that LVRS before LuTX can negatively affect survival
(12, 13). Other publications demonstrated only an increased
perioperative risk with no impact on survival (14–16).
Nevertheless, these conclusions were not supported by the most
recent and largest single institution report, in which no adverse effect
of a previous LVRS was observed (17).

The increased surgical risk after LVRS can potentially be
attributed to a higher occurrence of adhesions and thereby a
longer operation time, more bleeding complications, and a higher
need for blood transfusions. Also, a higher risk of injury to the
phrenic nerve during adhesiolysis has been hypothesized but was
never confirmed in the available reports (11).

For ELVR prior to LuTX, available data is even more scarce,
with only a single institutional analysis available (18). In 20 ELVR
patients, outcome was comparable to a matched control group,
although ELVR was associated with a higher occurrence of
bacterial airway colonization. This observation has been recently
confirmed in a larger cohort outside the scope of LuTX (19).

Given the rarity and controversy of available evidence on the
impact of LVRS and ELVR on a later lung LuTX, this study aimed
to further determine the short- and long-term outcomes in these
patients.

METHODS

We conducted a multicenter retrospective analysis of post-LuTX
outcomes in patients suffering from emphysema. Data was
collected and anonymized before transmission between
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participating centers. This study was approved by the ethics
committee of the Medical Faculty of the University of
Duisburg-Essen (21-9856-BO).

Study Population
Data was collected from three European high volume LVR and
LuTX centers (Essen, Leuven, Vienna). All patients who underwent a
bilateral LuTX for COPD or α-1 antitrypsin deficiency were
included. The timespan for inclusion was defined individually for
each center ranging from their first patient undergoing LuTX after
previous LVR according to recent treatment algorithms (Essen: 2/
2015; Vienna: 1/2015, Leuven: 1/2010) until August 2020. Patients
with re-LuTX, unilateral LuTX or preoperative ECMO support were
excluded from the analysis.

Recipient Characteristics
Variables routinely used for listing, lung allocation score (=LAS)
calculation, and organ allocation (dependent on center-specific
approaches) were collected and used for analysis: age, waiting
time, pack years, functional parameters, supplemental oxygen
need, and pulmonary arterial pressure. LAS-data was only
available for two centers. Intra-operative data included the need
for size reduction (wedge or lobar LuTX), intraoperative
cardiopulmonary support (ECMO, no support, CPB), duration of
surgery, and cold ischemic time of both lungs independently.

Endpoints
The primary endpoint was 1-year survival after LuTX. Secondary
endpoints included duration of mechanical ventilation, time to
discharge from ICU and from hospital. Surgical and medical
complications were categorized and the need for postoperative
ECMO was assessed. Data collection allowed for the entry of two
causes of death and survival was compared to unmatched
unweighted data.

Bacterial Samples
An additional secondary endpoint of the study was to assess potential
differences in airway and bronchial colonization. All positive cultures
of the respiratory tract obtained while waiting for LuTX were
recorded. Sputum cultures, bronchoalveolar lavage samples and
swabs of the explanted recipient lung were considered. In one
center, the information for every sample taken after transplantation
could also be included and was used for a subgroup analysis.

Matching
A matching algorithm was applied to reduce imbalance between
groups of treated patients and controls, and to thereby improve
the estimation of causal effects by statistical testing. For this
purpose, “coarsened exact matching” (=CEM) was used (20).
CEM has the capacity to approximate a fully blocked randomized
trial unlike propensity score matching (PSM), being a less data
efficient and more biased completely randomized approach (21).
Coarsening was achieved by considering 5 covariates: center,
gender, diagnosis, age, and BMI, the latter two with defined cut
points (24, 45, 55, 65 years and 18.5, 25, 30 BMI). LAS was not
used for CEM stratification as it is dependent on three of the five
included variables (age, diagnosis and BMI).

Statistics
Preprocessing of data to generate matched groups was caried out
by means of R (R-Foundation for Statistical Computing, Vienna,
Austria), SPSS (IBM Corp., Armonk, NY) and CEM-Extension
bundle (Matthew Blackwell). All statistical analyses were
conducted with SPSS v.25. Variables were assumed to be non-
parametric and are reported asmedian and range and compared by
Mann-Whitney-U tests. Nominal data were compared bymeans of
chi-squared test. Cases in the control groups were weighted by the
CEM algorithm and frequency weight data values were rounded to
the nearest integers if needed by analysis or in tables. Patient
survival between the groups was compared by log-rank (Mantel-
cox) tests on unmatched groups and unweighted matched data.
Two-sided P values <0.05 were considered statistically significant.
No adjustment for multiple testing was used.

RESULTS

615 patients [320 (52%) female and 295 (48%) male] were
included in this study. Of those, 26 (4.2%) underwent LVRS
before LuTX and 60 (9.8%) had ELVR prior to transplantation.
Mean age was 58 ± 5.9 years. Indications for LuTX were COPD in
572 (93%) cases and alpha-1 antitrypsin deficiency emphysema in
43 (7%) cases. In 24 (92.3%) LVRS patients, surgery took place
before listing (x̃: 3.8 years; range: 0.6–32.7) whereas in two cases
(7.7%), LVRS was performed while patients were on the waitlist
for LuTX (2.2 and 4.4 years after listing). Median time from LVRS
to LuTX was 4.0 (1.1-32.7) years. LVRS was either unilateral (15;
58%) or bilateral (11; 42%). Surgical access for LVRS was VATS in
11 (44%) cases and open surgery via thoracotomy or sternotomy
in 14 (56%) cases. In one patient this information was missing.
Most LVRS were performed by parenchymal stapling (n = 22;
85%). The remaining 4 patients underwent lobectomy (15%).

Out of 60 patients with previous ELVR, 54 (90%) had the
intervention before being listed for LuTX (x̃: 2.2 years range:
0.5–6.0) and 6 (10%) on the waiting list (x̃: 2.5 years; range 0.4–6.8
after listing). Time from ELVR to LuTX was 2.7 (0.02–7.4) years.
50 (83.3%) patients had unilateral interventions and 10 (16.7%)
bilateral. The procedures were: valves: 50 (83.3%), coils: 9 (15%)
and a combination of both in 1 (1.7%) case. One of the patients
treated with valves had hydrogel foam instilled in the
contralateral apical lobe. In 20 out of 51 (39%) patients with
valves, later re-intervention became necessary to either reposition
or remove the valves because of unsuccessful treatment.

All 26 patients with a history of LVRS (TLVRS) were matched to
328 weighted controls (CLVRS). In patients with ELVR, 56 patents
(TELVR) remained in the analysis (n = 4 unmatched by lack of
partners) and 270 weighted controls (CELVR). Metrics on
matching are presented in the supplementary file (Table 1).

Pre-LuTX characteristics of treatment groups and matched
controls are presented in Table 1. After coarsened exact
matching, groups were balanced throughout demographic
variables. Patients undergoing LuTX after previous LVRS had
a lower median LAS at time of LuTX (32.4 vs. 33.4; p = 0.038) and
lesser need for oxygen (2 vs. 3 L/min; p = 0.033); however, this
was not considered of clinical relevance.
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14.5% of all allocated grafts were size reduced during LuTX to
match the recipient chest. Size reduction was performed either by
wedge resection (n = 83; 13.5%) or by lobar transplantation (n = 6;
1.0%). 44.3% of patients had intraoperative extra corporeal support
(ECS), either by ECMO (42.7%) or to a lesser extent by means of
cardiopulmonary bypass (1.6%). The use of size reduction or ECS was
comparable between groups.More detailed intraoperative data of both
treatment groups and their weighted controls are presented inTable 2.

Verify that all the equations and special characters are
displayed correctly.In patients with previous LVRS (TLVRS)

duration of LuTX (348 vs. 323 min; p = 0.296), as well as total
ischemic time (TIT) of both donor lungs (465 vs. 403 min; p = 0.101)
was statistically comparable to controls. Patients with previous
ELVR did not exhibit significant differences in transplant
duration and ischemic times, compared to their matched controls
(283 vs. 288min; p = 0.703 and 360 vs. 380min; p = 0.180).

Short-term perioperative results (reoperation rates, intubation
time, time on ICU and time in hospital) were excellent
throughout treatment groups (TLVRS and TELVR). When
compared to controls no clinically relevant differences were

TABLE 1 | Demographics and patient characteristics ahead of LuTX.

TLVRS (n = 26) CLVRS (n = 328) p = TELVR (n = 56) CELVR (n = 270) p =

Gender Female 13 (50.0%) 50.0% 1.000 29 (51.8%) 51.8% 0.988
Male 13 (50.0%) 50.0% 27 (48.2%) 48.2%

Diagnosis α1-AT def. 2 (7.7%) 7.7% 0.990 3 (5.4%) 5.4% 0.963
COPD 24 (92.3%) 92.3% 53 (94.6%) 94.6%

Age at LuTX (y) 59 (42–70) 57 (45–74) 0.649 60 (45–72) 58 (42–74) 0.946
Waiting time (d) 180 (6–2161) 203 (2–4326) 0.506 156 (1–2932) 176 (2–3962) 0.590
BMI 21.1 (18.5–27.6) 22.5 (16.2–29.7) 0.101 22.5 (16.0–30.9) 21.6 (12.6–31.7) 0.184
Pack years 30 (0–56) 30 (0–100) 0.145 39 (0–120) 37 (0–110) 0.634
6MWT (m) 310 (20–492) 250 (0–611) 0.066 235 (0–480) 231 (0–530) 0.339
rTLC (L) 7.25 (4.03–11.1) 8 (2.89–12.1) 0.191 7.91 (4.1–12.1) 7.99 (3.26–12.6) 0.922
pTLC (L) 6.25 (4.38–7.9) 5.83 (3.65–8.2) 0.948 5.63 (3.63–7.86) 5.71 (3.98–8.67) 0.782
FEV1 (%) 21 (9.9–66) 19.6 (10–94) 0.088 19.1 (10–41) 19 (9.9–85) 0.338
PAP mmHg 32 (21–59) 32 (8–94) 0.612 34 (18–70) 31 (8–94) 0.368
LAS at listing 31.8 (29.9–35.1) 32.9 (27.8–69.7) 0.076 32.0 (29.6–38.5) 32.8 (27.8–69.7) 0.185
LAS at LuTX 32.4 (29.9–40.9) 33.4 (27.8–87.2) 0.038 32.6 (29.6–90.2) 33.0 (27.8–87.2) 0.223
O2 Therapy (L/min) 2 (0–6) 3 (0–15) 0.033 2 (0–8) 2 (0–15) 0.696
pre-LuTX hospitalization No 25 (96.2%) 89.9% 0.306 50 (89.3%) 92.5% 0.435

Yes 1 (3.8%) 10.1% 6 (10.7%) 7.5%
pre-LuTX MV No 19 (73.1%) 69.2% 0.680 41 (73.2%) 62.7% 0.297

Noninvasive 7 (26.9%) 30.8% 15 (26.8%) 36.4%
ET intubation 0.9%

Numbers are median (range) or counts (%); control columns include weighted data; significant p-values are bold; TLVRS, patients with previous LVRS; CLVRS, matched controls; TELVR,
patients with previous ELVR; CELVR, matched controls; α1-AT def., alpha-1 antitrypsin deficiency emphysema; BMI, bodymass index 6MWT, 6-minwalking test; rTLC,measured total lung
capacity; pTLC, predicted total lung capacity; FEV1, forced expiratory volume; PAP, pulmonary arterial pressure; LAS, lung allocation score; MV, mechanical ventilation; ET, endotracheal.

TABLE 2 | Intra-operative characteristics of LuTX.

TLVRS (n = 26) CLVRS (n = 328) p = TELVR (n = 56) CELVR (n = 270) p =

Size reduction of the graft No 19 (73.1%) 78.4% 0.532 41 (73.2%) 74.9% 0.802
Yes 7 (26.9%) 21.6% 15 (26.8%) 25.1%

Which size reduction Wedge unilat. 2 (7.7%) 7.3% 0.785 2 (3.6%) 7.4% 0.512
Wedge. bilat. 5 (19.2%) 14.2% 13 (23.2%) 15.9%
Lobe unilat. 0.1% 0.5%
Lobe bilat. 1.2%

Intra-OP ECS None 9 (36.0%) 33.5% 0.069 12 (21.4%) 18.1% 0.747
CPB 5.7% 1 (1.8%) 2.4%
vaECMO 15 (60.0%) 60.4% 43 (76.8%) 77.9%
vvECMO 1 (4.0%) 0.3% 1.5%

LuTX duration (min) 348 (137–705) 323 (150–743) 0.296 283 (150–660) 288 (137–705) 0.703
TIT 1st implanted side (min) 295 (173–577) 293 (158–812) 0.816 285 (175–542) 299 (158–698) 0.051
TIT 2nd implanted side (min) 465 (218–639) 403 (235–960) 0.101 360 (235–692) 380 (218–769) 0.180

Data expressed as median (range) or counts (%); control columns consist of weighted data; TLVRS, patients with previous LVRS; CLVRS, matched controls; TELVR, patients with previous
ELVR; CELVR, matched controls; ECS, extra corporeal support; CPB, cardio-pulmonary bypass; vaECMO, veno-arterial extracorporeal membrane oxygenation; vvECMO, veno-venous
ECMO; TIT, total ischemic time of the graft. Significant p values are highlited in bold italic.
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observed (Table 3). Nevertheless, in patients with previous LVRS
a significantly higher rate of post-LuTX ECMO use was recorded
(15.4% vs. 3.8%; p = 0.006).

In TLVRS complications occurred in 8 (30.8%) and in TELVR in
13 (23.2%) patients. Slight differences in the spectrum of
complications were identified as LVRS patients had a higher

TABLE 3 | post-LuTX outcomes.

TLVRS (n = 26) CLVRS (n = 328) p = TELVR (n = 56) CELVR (n = 270) p =

Surgical revision 5 (19.2%) 17.7% 0.843 8 (14.3%) 16.2% 0.708
Successful weaning 24 (96.0%) 95.5% 0.894 55 (98.2%) 98.3% 0.973
Days ventilated 2 (0.5–23) 2 (0.5–79) 0.159 2 (0.5–19) 2 (0.5–79) 0.563
Post-OP ECMO 4 (15.4%) 3.8% 0.006 1 (1.8%) 6.4% 0.179
Post-OP ECMO (days) 7 (3–9) 4 (2–10) 0.078 2 (2–2) 5 (2–10) 0.250
Days on ICU 7 (3–213) 6 (2–152) 0.149 6 (2–107) 7 (2–152) 0.127
Days to transfer to normal ward 11 (5–213) 10 (3–118) 0.154 9 (2–107) 9 (2–118) 0.382
Days to dismissal from hospital 35 (15–105) 37 (9–152) 0.717 42 (18–109) 35 (8–152) 0.158
Death before dismissal 2 (7.7%) 8.0% 0.963 1 (1.8%) 5.8% 0.203

Control columns consist of weighted data; TLVRS, patients with previous LVRS; CLVRS, matched controls; TELVR, patients with previous ELVR; CELVR, matched controls; surgical revisions
include all later surgical interventions on the chest and the lungs; ICU, intensive care unit. Significant p values are highlited in bold italic.

TABLE 4 | post-LuTX complications and causes of death.

TLVRS (n = 26;
✝: n = 6)

CLVRS (n = 328;
✝: n = 70*)

p = TELVR (n = 56;
✝: n = 6)

CELVR (n = 270;
✝: n = 62*)

p =

Complications 0.754 0.444
Pleural effusion 1 (3.8%) 10.1% 1 (1.8%) 6.8%
Empyema/lung abscess 2 (7.7%) 1.2% 0.014 3 (5.4%) 3.1%
Hemothorax 3 (11.5%) 6.7% 4 (7.1%) 6.5%
Pneumothorax/air leak 2.7% 2.1%
Pneumonia 2.3% 1 (1.8%) 3.0%
Phrenic nerve injury/diaph. palsy 1.2% 2.5%
Wound 1 (3.8%) 2.7% 5 (8.9%) 2.5% 0.018
Abdominal 2 (7.7%) 4.8% 3 (5.4%) 4.6%
Arrhythmia 1 (3.8%) 2.5% 1 (1.8%) 1.1%
ECMO related 1.1% 1 (1.8%) 1.8%
Chest wall 1.2% 1.6%
Sepsis 0.8% 1.8%
PGD 3 3 (11.5%) 8.3% 2.9%
Thrombosis. embolism 0.8% 1 (1.8%) 1.3%
Renal failure 1 (3.8) 3.6% 1.6%

Causes of death 0.881 0.031
Unknown 1 (16.7%) 26.9% 1 (16.7%) 14.1%
Sepsis 1 (16.7%) 13.0% 25.0%
Pneumonia 2 (33.3%) 18.2% 2 (33.3%) 11.1%
MOF 1 (16.7%) 7.3% 24.1%
GI bleeding/ischemia 1 (16.7%) 3.3% 10.6%
Resp. insufficiency 1 (16.7%) 10.2% 25.9%
Bleeding 2.4% 6.4%
Graft failure 1 (16.7%) 1.9% 0.044 1 (16.7%) 1.5% 0.034
Kidney failure 1.9% 3.9%
Malignancy 1.9% 2.2%
Cardiac arrest/failure 3.9% 1 (16.7%) 6.9%
CLAD 14.5% 1 (16.7%) 5.0%
Acute/humoral rejection 6.0% 3.6%
Pulmonary embolism 1.9%
Euthanasia 1.1% 0.3%
ECMO-failure 1.5% 1 (16.7%)
Ischemic CVA 2.1% 0.2%
Myelopathy 0.3%

Multiple answerswere allowed; complications are expressed as percentage of whole group, causes of death in relation of total deaths; TLVRS, patients with previous LVRS; CLVRS, matched
controls; TELVR, patients with previous ELVR; CELVR, matched controls; TLVRS: n = 8 patients with complications (vs. n = 92*) and n = 6 patients died (vs. n = 70*); TELVR: n = 13 with
complications (vs. n = 56*) and n = 6 died (vs. n = 62*); PGD, primary graft dysfunction; MOF, multi organ failure; GI, gastro-intestinal; CLAD, chronic lung allograft dysfunction; CVA,
cerebrovascular accident; *control columns are calculated on weighted data; in Wilcoxon–Mann–Whitney comparison of a single factor between two groups, p values >0.05 are not
reported for improved readability. Significant p values are highlited in bold italic.
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occurrence of post-operative empyema (n = 2; 7.7% vs. 1.2%;
p = 0.014). On the other hand, ELVR patients had a higher rate
of wound infections (n = 5; 8.9% vs. 2.5%; p = 0.018). In
deceased patients, graft failure was reported more often as
cause of death in both treatment groups compared to controls
(LVRS: 16.7% vs. 1.9; p = 0.044 | ELVR: 16.7 vs. 1.5%; p =
0.034). All recorded complications and causes of death are
presented in Table 4.

In patients with previous LVR treatment, microbiologic
colonization or infection was more often detected and the
spectrum of positive cultures differed significantly (LVRS:
42.3% vs. 31.1%; p = 0.009 | ELVR: 39.3% vs. 32.4%; p = 0.01)
as shown in Table 5. After LuTX and immunosuppression,
the rate of positive cultures increased (LVRS: 54.5% vs.
72.8%; p = 0.005 | ELVR: 76.9% vs. 76.8%; p = 0.021) and as
expected certain species became more prevalent as the

microbiome changed (enterococcus spp., yeasts, mycobacteria,
aspergillus; Table 6).

Short and long-term survival after LuTX was excellent across
groups and controls and consistently comparable with the control
groups (1-/5-year: LVRS: 92.3%/77.1%/p = 0.583|ELVR: 98.3%/
91.0%/p = 0.174). Median survival after LuTX was: LVRS:
9.95 years and ELVR: 7.56 years. Median survival for controls
was not calculated as more than 50% of those patients were still
alive at time of analysis (Figure 1).

DISCUSSION

This multi-center matched retrospective cohort study, assessed post-
operative outcomes of emphysema patients, who underwent surgical
or endoscopic LVR prior to LuTX. After matching, baseline indicators

TABLE 5 | Microbiological colonization before LuTX.

TLVRS (n = 26) CLVRS (n = 328) p (%) = TELVR (n = 56) CELVR (n = 270) p (%)
=

Colonization pre-LuTX 0.009 0.010
None 15 (57.7%) 68.9 34 (60.7%) 67.6
Candida sp. or YLF 8 (30.8%) 13.7 14 (25.0%) 16.8
Aspergillus spp. 1 (3.8%) 7.5 4 (7.1%) 1.7 0.022
Pseudomonas spp. 6.8 1 (1.8%) 5.2
Staphylococcus aureus 1 (3.8%) 5.7 4 (7.1%) 3.2
Klebsiella spp. 1 (3.8%) 4.0 3 (5.4%) 2.1
Escherichia coli 1 (3.8%) 1.8 2 (3.6%) 5.1
Serratia marcescens 1 (3.8%) 3.1 2 (3.6%) 3.9
Stenotrophomonas maltophilia 1 (3.8%) 1.4 1 (1.8%) 4.9
Pasteurella multocida 1 (3.8%) 1 (1.8%)
Achromobacter spp. 1 (3.8%) 0.7 0.9
Enterobacter cloacae complex 1 (3.8%) 0.4 0.037 3.0
Streptococcus spp. 1 (3.8%) 0.3 0.027 4.3
Slow growing NTM 2.6 1 (1.8%) 1.9

Species with occurrence <3% in all groups were omitted from table; control columns consist of weighted data; TLVRS, patients with previous LVRS; CLVRS, matched controls; TELVR,
patients with previous ELVR; CELVR, matched controls; YLF, yeast like fungi; NTM, nontuberculous mycobacteria. Significant p values are highlited in bold italic.

TABLE 6 | Microbiological cultures after LuTX in one center.

TLVRS (n = 11) CLVRS (n = 138) p (%) = TELVR (n = 26) CELVR (n = 126) p (%) =

Colonization post-LuTX 0.005 0.021
None 5 (45.5%) 27.2 6 (23.1%) 32.2
Enterococcus spp. 5 (45.5%) 51.5 13 (50.0%) 32.3
Slow growing NTM 3 (27.3%) 2.5 0.000 3 (11.5%) 5.1
Candida spp. or YLF 3 (27.3%) 43.0 14 (53.8%) 41.3
Aspergillus species 2 (18.2%) 14.5 7 (26.9%) 28.5
Staphylococcus epidermidis 1 (9.1%) 2 (7.7%)
Enterobacter cloacae complex 2.5 3 (11.5%) 3.3
Stenotrophomonas maltophilia 9.3 2 (7.7%) 11.1
Escherichia coli 4.2 1 (3.8%) 2.6
Klebsiella spp. 2.5 1 (3.8%) 9.8
Achromobacter spp. 3.4 2.6
Staphylococcus aureus 3.2 7.8
Citrobacter freundii 0.8 3.3
Rapid growing NTM 0.8 3.3
Pseudomonas spp. 10.3 18.2

Percentages <3% in all groups were omitted; control columns consist of weighted data; TLVRS, patients with previous LVRS; CLVRS, matched controls; TELVR, patients with previous ELVR;
CELVR, matched controls; NTM, nontuberculous mycobacteria; YLF, yeast like fungi. Significant p values are highlited in bold italic.
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and intraoperative modalities were comparable between groups and
controls. The analysis showed that both previous LVRS and ELVR
were associated with a different spectrum of bacterial colonization
prior to LuTX which must be considered to prevent infectious
complications. LVR did not impact short- and long-term survival,
which was equally good in all groups.

Interestingly we observed that patients with previous LVRS
had a higher rate of post-operative ECMO need after LuTX. This
might be explained by a longer and more difficult preparation due
to pleural adhesions. Hence, potentially leading to longer surgery
durations/ischemic times and an increased need for blood
transfusions, all known risk factors for early mortality and
PGD (22–24). Three cases of PGD 3 within 72 h occurred in
the LVRS group. In previous publications, an association of
previous LVRS with a higher pulmonary arterial pressure and
an increased risk of phrenic nerve palsy was postulated (13, 15).
These assumptions are not corroborated by our data as median
PAP was 32 mmHg and not a single case of phrenic nerve injury
was observed in the LVRS group. Additionally, it is noteworthy
that in this cohort, the outcome in LVRS patients was statistically
comparable to the outcome in patients with previous non-LVRS
intrathoracic surgery.

To the best of our knowledge, this study is the largest
published series about ELVR prior to LuTX. Those patients
had equally good perioperative outcomes as controls although
a higher occurrence of wound infections (8.9% vs. 2.5%; p =
0.018) was observed. Out of those five patients, four had positive
sputum cultures (Candida/Aspergillus/Klebsiella) before LuTX.
After LuTX, these patients suffered also from empyema n = 3 and
pneumonia n = 1. Although the association between ELVR and
post-LuTX wound infection is not fully understood, we
hypothesize that a different spectrum of pre-transplant
colonization and an increased exposure to antibiotics might
make them more susceptible to hospital acquired infections
and multi-drug resistant bacteria.

This study is the first to assess extensively airway colonization of
LuTX recipients who underwent previous LVRS or ELVR. It
showed that LVR was associated with a distinct airway
microbiome both before and after LuTX. In comparison to
other LuTX-indications COPD has a lower risk of bacterial
infections (25). It was unexpected that the number of colonized
patients were as high even before LuTX (LVRS: 42.3%; ELVR:
39.3%). Unfortunately, data on colonization after LuTX was only
available for one of the three participating centers. In this subgroup,
colonization rates of 54% in LVRS patients and 76.9% in ELVR
patients were seen after LuTX.

In LVRS patients a higher rate of slow growing mycobacteria was
observed after LuTX in comparison to the control group (27.3% vs.
2.5%; p< 0.001), an observationwhich cannot be readily explained. On
the other hand, ELVR has been previously associated with pathological
colonization as implanted valves and coils impede mucus clearance
(26). Although a predominance of stenotrophomonas maltophilia
(40%) after ELVR and LuTX has been described (18), this
relationship could not be confirmed by our data in which only
7.7% patients presented with s.maltophilia after LuTX.

The strength of this study and its conclusion is given by its design.
Three high volume centers experienced in both LVR and LuTX
provided data on all patients recently transplanted for emphysema at
their institution. To correct for selection bias and differences in
patient characteristics, LVRS and ELVR patients were matched to
weighted control groups. This led to highly balanced groups.

The observations of this study are mostly in line with a recent
single-center analysis comparing 52 LVRS+LuTX patients to 65
unmatched controls (17). However, our findings differed
markedly from those of a recent UNOS-database analysis (12)
which included 106 LVRS+LuTX patients (from 37 LuTX
centers), propensity matched to 106 controls without previous
intrathoracic surgery (from 67 LuTX centers). This UNOS
analysis identified a significantly increased risk of death (HR:
1.72; CI: 1.13-2.6; p = 0.01) after LVRS+LuTX, which was

FIGURE 1 |Kaplan Meier survival between treatment groups and controls. Data is unmatched and unweighted; TLVRS: patients with previous LVRS;CLVRS: matched
controls; TELVR: patients with previous ELVR. CELVR: matched controls; no significant differences in Log-Rank tests.
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surprisingly not associated with the total number of LuTX (HR:
0.99) or the total number of LVRS+LuTX (HR: 0.99) of individual
centers. Furthermore, the observed median survival was
significantly worse in LVRS patients in comparison to
matched controls (3.4 vs. 6.5; p = 0.038).

The present study has several limitations. First, no donor
specific characteristics apart from ischemic times of the donor
lungs were taken into consideration. Secondly, there is
substantial heterogeneity in how LVRS was performed. LVRS
nowadays is routinely performed by a bilateral video-
thoracoscopic approach and we can hypothesize that such a
minimally invasive approach would have a lesser associated risk
in a latter LuTX. In this cohort, sternotomy, thoracotomy,
VATS, pleurectomy, pleurodesis and pleural tenting were in
use and inevitably lead to pleural adhesions, albeit to different
extent. By the sample size of 26 LVRS patients, this cannot be
sufficiently considered. A similar limitation applies to different
ELVR approaches (valves, coils, foam, vapor) having a different
risk profile (pneumonia, exacerbation and pneumothorax) (27)
and suggesting that their impact on a later LuTX may differ. A
possible observer bias must be addressed with regards to the
microbiological cultures. Although recipient bronchi were all
sampled during LuTX, patients who underwent previous ELVR
had supposedly more bronchoscopies and therefore more
samples taken before transplant.

Most patients had LVR before being listed for transplantation
(n = 78). “Bridging to LuTX” only took place in 8 patients who
were already on the waiting list. Waiting time for LuTX was
comparable throughout groups as presented in Table 1 (LVRS
180 days vs. 203 days in controls; ELVR 156 vs. 176 days in
controls).

Additionally, critically ill patients who underwent LVR
and were not later referred to LuTX (because of
improvement, complications, or clinical misjudgment)
were not considered. Hence, this study cannot predict the
impact of LVR as an alternative to LuTX. It did not account
for functional improvements while waiting, nor for changes
in LAS scores and impact on waiting times. The crucial
question about QOL, functional/survival benefits, and
timing of LVR before LuTX cannot be answered and the
authors recommend further prospective investigation to
answer it.

CONCLUSION

This study clearly demonstrates that patients who underwent
previous surgical or endoscopic LVR can safely be considered for
later LuTX. Although a marginally increased risk of specific
complications and differences in airway colonization after
LuTX were observed, short- and long-term survival was
very good.
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Background: The long-term benefits of conversion from calcineurin inhibitors (CNIs) to
belatacept in kidney transplant recipients (KTr) are poorly documented.

Methods: A single-center retrospective work to study first-time CNI to belatacept
conversion as a rescue therapy [eGFR <30ml/min/1.73 m2, chronic histological
lesions, or CNI-induced thrombotic microangiopathy (TMA)]. Patient and kidney
allograft survivals, eGFR, severe adverse events, donor-specific antibodies (DSA), and
histological data were recorded over 36months after conversion.

Results:We included N = 115 KTr. The leading cause for switching was chronic histological
lesions with non-optimal eGFR (56.5%). Three years after conversion, patient, and death-
censored kidney allograft survivals were 88% and 92%, respectively, eGFR increased
significantly from 31.5 ± 17.5 to 36.7 ± 15.7ml/min/1.73m2 (p < 0.01), the rejection rate
was 10.4%, OI incidence was 5.2 (2.9–7.6) per 100 person-years. Older age was associated
with death, eGFR was not associated with death nor allograft loss. No patient developed
dnDSA at M36 after conversion. CNI-induced TMA disappeared in all cases without
eculizumab use. Microvascular inflammation and chronic lesions remained stable.

Conclusion: Post-KT conversion from CNIs to belatacept, as rescue therapy, is safe and
beneficial irrespective of the switch timing and could represent a good compromise facing organ
shortage. Age and eGFR at conversion should be considered in the decision whether to switch.
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INTRODUCTION

Despite the improvement of kidney allograft short-term
survival with conventional immunosuppressive agents,
allograft long-term survival has not increased as expected
(1). One of the main reasons is the growing proportion of
expanded criteria donors (ECD) in kidney transplantation
(KT) (2). Calcineurin inhibitors (CNIs) are the standard
long-term immunosuppression therapy in kidney transplant
recipients (KTr), albeit they could contribute to acute and
chronic impairment of kidney allograft function, especially in
patients with chronic histological damage (2–5,6,8). Therefore,
new immunosuppressive strategies are needed to preserve
kidney allograft function and improve the graft long-term
survival (6).

Belatacept is a CD80/CD86—CD28 T-cell selective
costimulation blocker developed to counteract CNI-induced
nephrotoxicity. Two prospective randomized trials (BENEFIT
and BENEFIT-EXT study) reported long-term safety and efficacy
of de novo belatacept treatment coupled with the improvement of
estimated glomerular filtration rate (eGFR), and similar patient or
kidney allograft survival in comparison with cyclosporine (8–11).

Since, growing evidence has suggested shifting KTr from
CNIs-based regimen to belatacept, especially in those with low
graft function or chronic histological lesions where belatacept
is used as a rescue therapy (12–15). Additionally, it might be
effective in sensitized kidney allograft recipients with
preformed DSA (13–16). There is very little knowledge on
the outcome of patients switched to belatacept after 1 year of
follow-up, and what data there is often come from small

sample cohorts, without DSA nor histological evolution
analysis after the switch (8, 16).

In this study, we assessed the safety and tolerability of
belatacept treatment as a rescue therapy up to 3 years after
switching from CNIs. Additionally, we analyzed kidney
allograft function, patient and kidney allograft survival, and
major outcomes after switching to belatacept and its effects on
both DSA and kidney allograft histology changes.

METHODS

Patients and Study Design
In this retrospective monocentric study, we included all adults
KTr converted for the first time from CNI-based
immunosuppressive regimen to belatacept from January 2012
to January 2019. Patients who tested negative for EBV before
transplantation, pregnant women, or women not on any
contraceptive methods were not included since they were not
eligible to receive belatacept treatment.

The KTr Cohort Was Approved by IRB #00003835.

Interventions
Early and late conversion groups were defined according to the
time of conversion from KT to first belatacept infusion: <
3 months or >3 months, respectively. In early-stage conversion,
CNIs were stopped at day 1, and KTr were given 10 mg/kg
belatacept infusions at days 1, 5, 14, and 28, and weeks 8 and
12, and then 5 mg/kg from week 16 onwards, every 4 weeks. In
late-stage conversion, CNIs were stepped down to 50% at day 14
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and stopped at day 28 after conversion, and belatacept infusions
were given at 5 mg/kg at day 1, 14, 28, and then every 4 weeks
thereafter (8).

Study Endpoints
The primary endpoint was the safety and tolerability of belatacept
treatment. Major adverse events were defined as patient death and
kidney allograft loss. Follow-up continued till August 30, 2021 or
the date when a major adverse event occurred. Other severe
adverse events (SAE) included community-acquired infections
requiring hospitalization, OIs, acute rejections, and neoplasia.

Secondary endpoints were: 1) eGFR and urine protein/
creatinine ratio (UPCR) evolution up to 3 years after
conversion, 2) identification of different clusters of eGFR
trajectory after conversion, 3) metabolic parameters (LDL,
HDL-cholesterol, triglycerides concentration, HbA1C) and
blood pressure profile evolution, 4) CMV or BK viremia, 5)
pre-existing and dnDSA evolution, and 6) histological lesions
evolution.

Community-Acquired Infection,
Opportunistic Infection Definitions, and
Anti-microbial Prophylaxis
Community-acquired infections were considered only in case of
hospitalization. Opportunistic Infection (OIs) were defined
according to the current literature and international guidelines
(18). OIs caused by the following pathogens were considered:

- Bacteria: Mycobacterium sp., Listeria monocytogenes, and
Nocardia sp.

- Viruses: Cytomegalovirus (CMV), Varicella-Zoster virus
(VZV), Human Herpes Virus-8 (HHV8), Norovirus, BK
virus nephropathy, and JC virus.

- Fungi: Candida spp., Cryptococcus spp., invasive molds, and
Pneumocystis jirovecii.

- Parasites: Toxoplasma gondii, Microsporidium sp.,
Cryptosporidium sp., Leishmania sp.

Patients were screened for BK viremia once a month during
the first 3 months after KT, then every 3 months till the end of the
first year, and every year till the end of year 5. After switching to
belatacept, BKV was monitored every 3 months during the first
year then once a year up to 5 years after KT. CMV prophylaxis
followed the international guidelines: valganciclovir for 6 months
in high-risk patients CMV D+/R− and 3 months in intermediate-
risk patients CMV D+/R+ or CMV D−/R+ (19). Pneumocystis
prophylaxis (Trimethoprim + Sulfamethoxazole) was
administered during the first post-KT year.

Variables
Demographic characteristics, medical data, and laboratory
samples, in particular eGFR, UPCR, and DSA, were collected
at the time of transplantation, at the time of conversion, and
during belatacept treatment (3, 12, 24, 36, 48, and 60 months).

GFR was estimated using the Modification of diet in renal
disease (MDRD) formula (20). Indications for switching to

belatacept were recorded. Chronic histological lesions
associated with suboptimal allograft function was defined as
eGFR <30 ml/min/1.73 m2 and histological lesions associating
ci + ct ≥ 3 and/or cv + ah ≥ 2.

Delayed graft function (DGF) was defined as the need for dialysis
within 7 days after transplantation (21). Allograft loss was defined
as the need for long-term dialysis and/or retransplantation.

Anti-HLA Antibody Screening
High-resolution DNA typing was performed in donors and
recipients (HLA-A, HLA-B, Cw, HLA-DR, HLA-DQ, or HLA-
DP) at the time of KT. All serum samples were assessed for the
presence of circulating preformed DSA and de novo DSA
(dnDSA) on all HLA loci (HLA-A, HLA-B, Cw, HLA-DR,
HLA-DQ, or HLA-DP) at the time of KT, at conversion, at 3,
12, 24, 36, 48, and 60 months using high-resolution Luminex
SAB assay technology (One Lambda, Inc., Canoga Park, CA,
United States) on Luminex platform. All beads with MFI
>1,000 were considered positive (22). DnDSA were
considered positive if MFI was higher than 1,000 at two
time points.

Naturally existing DSA antibodies (i.e., presence of DSA in
patients with no past immunizing events such as transfusion or
pregnancy or having a previous transplant at the time of KT), as
well as IgM DSA, were not considered in our study (23).

Histological Analysis
Patients underwent for-cause or protocol kidney allograft
biopsies. Acute and chronic histological lesions were described
according to the updated Banff classification (24).

Statistical Analysis
Continuous variables were presented in mean (standard deviation,
SD) or median (Interquartile range, IQR) as appropriate, and
categorical variables in number and percentage. We used t-test or
Wilcoxon test for continuous variables, and Chi-2 or Fisher exact
tests for categorical variables. Paired t-test was used to compare
quantitative variables at two different time points. In patients who
had at least two kidney biopsies (before and after conversion), paired
comparisons of histological lesions were performed usingMcNemar
test or binomial test.

Time to death and to allograft loss, and survival without
rejection after conversion (censored for death, kidney allograft
loss, and belatacept withdrawal) were displayed with Kaplan
Meier curves. Hazard ratios were estimated by the Cox
regression model. Incident rates of SAEs were estimated per
100 person-years (PY) with their confidence interval and the
inter-group ratio of such incidence rate.

Sensitivity analyses of eGFR and proteinuria evolution after
conversion to belatacept were performed with imputations of
missing data regarding allograft loss (as 6 ml/min/1.73 m2) alone
then death and allograft loss together. However, data missed
because of belatacept treatment interruption over the 3-year
period were not imputed since the causes of interruption were
multiple.

To identify clusters of eGFR trajectories, we used the k-means
method relying on expectation-maximization algorithms.
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Sensitivity analyses were performed for mean eGFR at different
time points and eGFR trajectories. Missing data due to graft loss
and/or death were imputed as 6 ml/min/1.73 m2.

A p-value <0.05 was considered significant. Tests were two-
tailed. Statistical analyses were carried out using R 3.6.2.

RESULTS

From January 2012 to 01/2019, 115 patients underwent first-time
switch from CNI to belatacept, of whom 38 (33%) had an early-
stage switch, and 76 patients (66.1%) were men.

At the time of transplantation (Table 1), the mean age was
55.8 ± 15 years old. Almost all donors were deceased [N = 108

(93.9%)], mainly ECD [N = 69 (60%)], and 61.5 ± 15 years old. All
recipients who received induction immunosuppressive therapy,
such as anti-interleukin-2 receptor [N = 61/115 (53%)], and N =
11/115 (9.8%) had pretransplant DSA. Maintenance
immunosuppressive therapy included CNIs (100%),
mycophenolic acid (MPA) (82.6%), and steroids (100%). Of
more, N = 22/115 (19.1%) patients were at high risk for CMV
transmission (D+/R−).

At the time of conversion (Table 2), 10 (2–27.5) months
after KT, class I and II DSA were detected in 8/115 (7%) and
12/115 (10.4%) patients, respectively. In the late-switch group,
the main cause of conversion was chronic vascular histological
lesions associated with non-optimal kidney allograft function
(71.4%), whereas it was prolonged DGF (55.3%) in the early-

TABLE 1 | Clinical and biological characteristics at the time of transplantation.

Variables Whole Cohort,
N = 115

Late Switch, N = 77 Early Switch, N = 38

Recipient characteristics
Age, mean ± SD 55.8 (15.0) 53.9 (15.0) 60.0 (14.3)
Gender (Male), N (%) 76 (66.1) 51 (66.2) 25 (65.8)
Hemodialysis, N (%) 106 (92.2) 74 (96.1) 32 (84.2)
Previous KT, N (%) 15 (13.0) 13 (16.9) 2 (5.3)

Initial nephropathy
Glomerulopathy, N (%) 24 (20.9) 15 (19.5) 9 (23.7)
Diabetes mellitus, N (%) 18 (15.7) 9 (11.7) 9 (23.7)
Nephroangiosclerosis, N (%) 11 (9.6) 8 (10.4) 3 (7.9)
Genetic, N (%) 10 (8.7) 8 (10.4) 2 (5.3)
Autoimmune disease, N (%) 4 (3.5) 3 (3.9) 1 (2.6)
Other, N (%) 22 (19.1) 15 (19.5) 7 (18.4)
Undetermined, N (%) 26 (22.6) 19 (24.7) 7 (18.4)

Donor
Age, mean ± SD 61.5 (15) 60.6 (14.29) 63.4 (16.39)
Living donor, N (%) 7 (6.1) 5 (6.5) 2 (5.3)
Extended criteria donor, N (%) 69 (60) 46 (59.7) 23 (60.5)

Donor/recipient CMV status
D+/R+, N (%) 51 (44.3) 36 (48.8) 15 (39.5)
D+/R-, N (%) 22 (19.1) 16 (20.8) 6 (15.8)
D-/R+, N (%) 34 (29.6) 21 (27.3) 13 (34.2)
D-/R-, N (%) 8 (7) 4 (5.2) 4 (10.5)

Kidney transplant characteristics
Anti HLA donor specific antibodies, N (%) 11 (9.8) 6 (7.9) 5 (13.9)
Cold ischemia time, hours N = 112, N (%) 18.1 (5.7) 18.2 (5.5) 17.7 (6)
Delayed graft function, N (%) 51 (44.3) 31 (40.3) 20 (52.6)

Induction immunosuppressive therapy
Anti-interleukin 2 receptor, N (%) 61 (53) 42 (54.5) 19 (50)
Antithymocyte globulin, N (%) 54 (47) 35 (45.5) 19 (50)

Maintenance immunosuppressive therapy
Calcineurin inhibitors, N (%)
Cyclosporine 20 (17.4) 16 (20.8) 4 (10.5)
Tacrolimus 95 (82.6) 61 (79.2) 34 (89.5)
Mycophenolic acid (MPA), N (%) 95 (82.6) 66 (85.7) 29 (76.3)
mTOR inhibitors, N (%) 19 (16.5) 11 (14.3) 8 (21.1)
Steroids 115 (100) 77 (100) 38 (100)

KT, Kidney transplantation; mTOR, Mammalian target of rapamycin.
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TABLE 2 | Clinical and biological characteristics at the time of conversion.

Variables Whole Cohort,
N = 115

Late Switch, N = 77 Early Switch, N = 38

Conversion time from KT, months, median (IQR) 10 (2–27.5) 17 (10–67) 1 (1–2)
Age, mean ± SD 58.6 (14.4) 57.5 (14.5) 60.8 (14.2)

Reasons for switching
Prolonged delayed graft function, N (%) 23 (20) 2 (2.6) 21 (55.3)
Chronic histological lesions associated with suboptimal allograft function

(ci + ct ≥ 3 and/or cv + ah ≥ 2), N (%)
65 (56.5) 55 (71.4) 10 (26.3)

Thrombotic microangiopathy, N (%) 21 (18.3) 17 (22.1) 4 (10.5)
Other renal causes, N (%) 4 (3.5) 1 (1.3) 3 (7.9)
Undetermined issues, N (%) 2 (1.7) 2 (2.6) 0 (0)

Kidney allograft function
eGFR (mL/min/1.73 m2), mean ± SD 31.7 (17.8) 33.9 (16.9) 27.3 (19)
Urine protein/creatinine ratio >100 mg/mmol, N (%) 29 (25.9) 15 (19.7) 14 (38.9)

Drugs
Antihypertensive drugs, median (IQR) 2 (1–2) 2 (1–2) 2 (1–2)
MPA, N (%) 104 (90.4) 69 (89.6) 35 (92.1)
500 mg per day, N (%) 12 (11.5) 11 (15.9) 1 (2.9)
1,000 mg per day, N (%) 40 (38.5) 38 (55.1) 2 (5.7)
2,000 mg per day, N (%) 40 (38.5) 9 (13.0) 31 (88.6)
Other dose, N (%) 12 (11.5) 11 (15.9) 1 (2.9)
mTOR inhibitors, N (%) 10 (8.7) 7 (9.1) 3 (7.9)
T0 level (ng/ml), median (IQR) 5.2 (4.3–6.1) 4.5 (4.2–5.3) 6.3 (5.8–6.9)
Corticosteroids, N (%) 115 (100) 77 (100) 38 (100)
5 mg per day, N (%) 84 (73.0) 75 (97.4) 9 (23.7)
10 mg per day, N (%) 31 (27.0) 2 (2.6) 29 (76.3)

Anti HLA donor specific antibodies
Class I, N (%) 8 (7) 6 (7.8) 2 (5.3)
Class II, N (%) 12 (10.4) 12 (15.6) 0 (0)
Both class I and class II, N (%) 2 (1.7) 2 (2.6) 0 (0)
None, N (%) 97 (84.3) 61 (79.2) 36 (94.7)

Kidney biopsy (Banff lesions score) N = 102 N = 77 N = 25

Biopsy to conversion time, days, median (IQR) 35 (92–12) 48 (118–26) 8.5 (19.8–6.2)

Acute tissue injury
Banff lesions score ≥1 in at least one compartment, N (%) 50 (48.5) 37 (48.1) 13 (50)
Acute tubular necrosis, N (%) 20 (19.2) 11 (14.3) 9 (33.3)
Glomerulitis (g), N (%) 7 (6.7) 7 (9.1) 0 (0)
Interstitial inflammation (i), N (%) 3 (2.9) 3 (3.9) 0 (0)
Tubulitis (t), N (%) 10 (9.6) 9 (11.7) 1 (3.7)
Peri-tubular capillaritis (cpt), N (%) 3 (2.9) 2 (2.6) 1 (3.7)
Vascular inflammation (v), N (%) 0 (0) 0 (0) 0 (0)
Thrombotic microangiopathy, N (%) 21 (19.6) 17 (22.1) 4 (13.3)
g + cpt (≥2), N (%) 9 (8.7) 8 (10.4) 1 (3.7)

Chronic tissue injury
Banff lesions score ≥1 in at least one compartment, N (%) 97 (97) 74 (98.7) 23 (92)
Transplant glomerulopathy (cg), N (%) 8 (7.8) 8 (10.4) 0 (0)
Interstitial fibrosis (ci), N (%) 89 (87.3) 68 (89.5) 21 (80.8)

Total inflammation (ti), N (%)
Tubular atrophy (ct), N (%) 84 (82.4) 66 (86.8) 18 (69.2)
Chronic vasculopathy (cv), N (%) 67 (65.7) 48 (63.2) 19 (73.1)
Arteriolar hyalinization (ah), N (%) 80 (79.2) 61 (81.3) 19 (73.1)
IFTA (ci + ct), N (%) 93 (92.1) 71 (93.4) 22 (88.0)
ci + ct + cg + cv, median (IQR) 4 (2–5) 4 (3–6) 4 (2–4)

KT, Kidney transplantation; eGFR, Estimated glomerular filtration rate; MPA, Mycophenolic acid; mTOR, Mammalian target of rapamycin; IFTA, Interstitial fibrosis and tubular atrophy.
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switch group. Concomitant immunosuppression is provided in
Table 2. A median number of anti-hypertensive drugs was 2
(1–2), levels of HbA1c, LDL, and HDL-cholesterol were 5.9 ±
0.5%, 2.1 ± 0.5 g/L, and 1 ± 0.3 g/L, respectively,
(Supplementary Table S3)).

Analysis at Month 36
The last follow-up checking was on August 30, 2021.
Recipients were followed over 40.2 ± 30.1 months after
conversion and N = 58/115 (51%) completed 36 months of
follow-up. Of the remaining 57 patients who did not reach the
third year time point, N = 26/57 discontinued belatacept (alive
with functional kidney allograft), N = 13/57 died, N = 9/57 lost
their KT, N = 8/57 did not complete 36 months, and N = 1/57
was lost to follow-up. Three of the study patients (N = 115;
2.6%) aged more than 70 years old were treated for less than
3 months. The first developed BK virus nephropathy a month

after conversion (blood BK virus replication >6 log at the time
of switch), hence the interruption of belatacept. The other two
patients were switched to belatacept for arterial thrombosis
and primary non-function. Both developed rapid kidney
allograft failure requiring renal replacement therapy and
interruption of belatacept.

Three years after conversion, patient’s and death-censored
kidney allograft survival rates were respectively 88% and 92%,
which dropped down to 81% and 89% at year 5 (Figures
1A,B). Overall graft survival was similar between groups
(Figure 1C). Age was the only significant risk factor for
death after conversion in the univariate analysis [HR: 1.05
(1.01–1.1)]. None of the other factors (conversion time from
KT, gender, or eGFR) was significantly associated with
death or allograft loss (Supplementary Table S1).
Estimated GFR significantly increased during the
36 months after conversion, from 31.5 ± 17.5 to 36.7 ±

FIGURE 1 | (A): Patient survival—(B): Death-censored kidney allograft survival—(C): Global survival (using a composite outcome of the patient and death-
censored kidney allograft survivals)—(D): Survival without acute rejection (censored for death, kidney allograft loss, and belatacept withdrawal). Kaplan-Meier method
was used to assess patient survival from time of belatacept conversion (time 0). p-values were measured from the log-rank test. X-axis: Post-conversion months. The
blue curve represents the late switch group, whereas the red curve represents the early switch group. There was no statistical difference of patient, kidney allograft,
global survival or survival probability without rejection between early and late conversion groups using Cox analysis (p = 0.54, p = 0.84, p = 0.73, and p = 0.14,
respectively).
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15.7 ml/min/1.73 m2 (p < 0.01). This significant increase was
confirmed in the sensitivity analysis (p = 0.05; Supplementary
Table S2). UPCR remained stable after conversion without

and with sensitivity analysis (Supplementary Table S2).
HbA1c, HDL, and LDL-c serum levels significantly
decreased over the 36 months after conversion (p < 0.01 in
all parameters; Supplementary Table S3). The number of
anti-hypertensive drugs and the triglycerides level remained
stable (p = 0.87 and p = 0.39, respectively) (Supplementary
Table S3).

Major Adverse Events at the End of
Follow-Up
At the end of follow-up, 18/115 (16%) patients died, 12/115
(14%) had allograft failure, and 31/115 (26.9%) discontinued
their treatment. The main causes of death were infection (N =
11/115, 9.5%), including three cases of COVID-19, followed by
cardiovascular diseases (N = 6/115, 5.2%), and neoplasia (N =
1/115, 0.9%). Allograft loss was mainly due to chronic allograft
dysfunction (N = 7/115, 6.1%); other causes implied primary
non-function (N = 3/115, 2.6%), chronic antibody-mediated
rejection (ABMR) (N = 1/115, 0.9%), and BK virus nephritis
(N = 1/115, 0.9%).

The leading cause of belatacept discontinuation was OIs
episodes (n = 10/31, 32.3%), albeit no patient discontinued
because of allograft loss or death. None of the 31 patients who
had their treatment interrupted died and N = 6/31 (19.3%) lost
their kidney allograft within 1 year after belatacept
interruption. Reasons for kidney allograft loss in those were
as follows: N = 4/6 chronic dysfunction, N = 1/6 acute ABMR,
and N = 1/6 severe focal and segmental glomerulosclerosis
(FSGS).

TABLE 3 | Serious adverse events after conversion, incidence rates per 100 person-years (PY) of treatment exposure.

Events Whole Cohort
N = 115 N (%)

Whole Cohort N = 115 incidence
per 100 PY [95% CI]

Late
Switch N = 77

Early
Switch N = 38

Incidence Rate Ratio
[95% CI]

Rejections 12 (10.4) 3.5 [1.6–5.5] 2.6 [1.0–5.3] 6.1 [2.2–13.3] 2.36 [0.66–8.21]
Borderline 1 (0.9)
Mixed 2 (1.8)
Acute TCMR 5 (4.3)
Acute ABMR 1 (0.9)
Chronic ABMR 3 (2.6)

Infections
Community acquired

infections
47 (40.9) 15.6 [11.1–20.0] 12.3 [8.2–17.8] 25.7 [15.5–40.1] 2.08 [1.1–2.62]

Opportunistic infections 19 (16.5) 5.2 [2.9–7.6] 5.4 [3.1–8.8] 4.8 [1.8–10.5] 0.89 [0.25–2.62]
CMV disease 7 (6.1)
Pneumocystosis 5 (4.3)
VZV 4 (3.5)
Other OI 3 (2.6)

Neoplasia 14 (12.2) 3.9 [1.9–6.0] 3.8 [1.8–7.0] 4.3 [1.2–10.9] 1.12 [0.26–3.88]
Solid malignancy 8 (7.0)
Non-melanoma skin cancer 5 (4.3)
Post-transplant

lymphoproliferative disorder
1 (1.0)

TCMR, T cell-mediated rejection; ABMR, Antibody-mediated rejection; CMV, Cytomegalovirus; VZV, Varicella-Zoster-Virus; OI, Opportunistic infection; PY, Person-year; CI, Confidence
interval.

FIGURE 2 | Clusters of estimated glomerular filtration rate trajectories
(A,B) in a subgroup of N = 114 patients with at least 1 year of follow-up. Missing
data were imputed at 6 ml/min for patients who died or lost their allograft.
Trajectory A is represented by the red curve and trajectory B by the cyan
curve. eGFR rapidly improved at three months and remained stable overtime in
trajectory (B). In trajectory (A), eGFR progressively decreased after conversion.
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SAE at the End of Follow-Up
At the end of the follow-up, the incidence of acute rejection
was 10.4% (N = 12/115). Two patients developed another
rejection episode. The most common rejection mechanism
was acute T-cell mediated (TCMR) (N = 5/115, 4.3%),
occurring within the first 3 months after conversion.
Incidence was similar in early and late switch groups
(20.0% and 9.8% respectively; p = 0.14) (Figure 1D).
Evolution after rejection was as follows: 1) no patient died,
2) all discontinued belatacept infusion except one case with
borderline lesions, and 3) one kidney allograft loss within
1 year after conversion (refractory acute ABMR).

Incidences rates of OI and community-acquired infections
were 5.2 (2.9–7.6) and 15.6 (11.1–20) per 100 PY, respectively.
The 19 OIs happened 10 (2–17) months after conversion and
were mainly CMV disease (N = 7/115, 6.1%) and pneumocystis
pneumonia (N = 5/115, 4.3%) (Table 3). BK viremia was reported

in N = 11/115 (10.8%) patients and CMV reactivation in N = 27/
115 (26.5%), especially in early conversion group (38.9% vs.
17.1% in late conversion group, p = 0.012). Among the N =
19 OI patients, the infection caused the death of N = 4/19 (21%),
but no allograft loss was reported.

Malignancies were reported in 14/115 (12.2%) recipients, the
incidence rate was 3.9 (1.9–6.0) per 100 PY. Most of them had
solid malignancy (N = 8/115, 7%) and non-melanoma skin
cancers (N = 5/115, 4.3%). We documented one case of post-
transplant lymphoproliferative disorder. Of the 14 cancer
patients, none stopped belatacept treatment, one died of
esophagus neoplasia within 6 months of diagnosis, and two
lost their kidney allograft after chronic progressive kidney
allograft dysfunction.

The incidence rate ratio between late and early switch groups
was similar for all of the studied SAE (e.g., acute rejection,
infections, and malignancies) (Table 3).

TABLE 4 | Preformed and de novo DSA evolution after conversion.

Switch N (%)
or Median (Q1-Q3)

M3 M12 M24 M36 M48 M60

Available data DSA 115 107 86 77 56 40 34
Pre-existing DSA 18 (15.7) 17/107 (17.2) 18/86 (20.9) 14/77 (18.2) 10/56 (17.9) 8/40 (20) 8/34 (23.5)
Class I 8 (7) 7/107 (6.5) 4/86 (4.6) 5/77 (6.5) 2/56 (3.6) 2/40 (5) 3/34 (8.8)
Class I MFI max 2,188 (1,601–2,844) 1903 (1,288–2,569) 3,302 (2,876–3,728)
Class I MFI sum 2,388 (1807–3,841) 2,453 (2090–2,569) 3,302 (2,876–3,728)
Class II 12 (10.4) 12/107 (11.2) 16/86 (18.6) 12/77 (15.6) 9/56 (16.2) 7/40 (1.8) 7/34 (20.6)
Class II MFI max 1769 (1,433–2,951) 1,472 (1,201–3,314) 3,273 (1957–5,092)
Class II MFI sum 2,920 (1,642–3,178) 2027 (1,292–4,457) 3,674 (1857–5,277)
dnDSA appearance 0 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)

dnDSA, De novo Donor Specific Antibodies; MFI, Mean fluorescence intensity.

TABLE 5 | Comparison of histological lesions before and after conversion.

Variables Before Switch,
n = 48

After Switch, n = 48 p-value

Time in days (median, IQR) 28 (9–71) 378 (182–802) —

Acute tissue injury
Banff lesions score ≥1 in at least one compartment, N (%) 23 (47.9) 30 (62.5) —

Acute tubular necrosis, N (%) 8 (16.7) 8 (16.7) 1
Glomerulitis (g), N (%) 4 (8.3) 5 (10.4) 1
Interstitial inflammation (i), N (%) 3 (6.2) 7 (14.6) 0.34
Tubulitis (t), N (%) 3 (6.2) 10 (20.8) 0.07
Peri-tubular capillaritis (cpt), N (%) 3 (6.2) 8 (16.7) 0.13
MVI (g + cpt ≥2), N (%) 0 (0) 1 (2.1) 1
Thrombotic microangiopathy, N (%) 11 (22.9) 0 (0) <0.001

Chronic lesions
Banff lesions score ≥1 in at least one compartment, N (%) 47 (97.9) 48 (100) —

Transplant glomerulopathy (cg), N (%) 4 (8.3) 6 (12.5) 0.5
Interstitial fibrosis (ci), N (%) 43 (89.6) 48 (100) 0.06
Total inflammation (ti), N (%) 7 (14.6) 6 (12.5) 1
Tubular atrophy (ct), N (%) 40 (83.3) 47 (97.9) 0.04
Chronic vasculopathy (cv), N (%) 33 (68.8) 39 (81.2) 0.18
Arteriolar hyalinization (ah), N (%) 33 (68.8) 40 (83.3) 0.07
IFTA (ci + ct), median (IQR) 3 (2–3) 3 (2–3.25) 0.17

MVI, Micro-vascular inflammation.
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eGFR Trajectories After Conversion
Two distinct eGFR trajectories were identified in the N = 114
recipients after conversion (Figure 2): trajectory A in N = 64/
114 (56.1%) KTr and trajectory B in N = 50/114 (43.9%). eGFR
rapidly improved at 3 months and remained stable over time in
trajectory B. In trajectory A, eGFR progressively decreased
after conversion. Cluster A recipients were more likely to have
renal replacement therapy before KT (p < 0.01), previous KT
(p = 0.01), eGFR <30 ml/min/1.73 m2 at the time of conversion
(<0.01) (Supplementary Table S4). Other characteristics
(i.e., early or late switch, recipients’ age, and histological
characteristics before conversion) did not differ significantly
between trajectory clusters.

Pre-Existing and de novo DSA Analysis
Before the switch, DSA was detected in N = 18/115 (15.7%)
patients whose number remained stable over time after
conversion (Table 4), though one developed chronic ABMR
[N = 1/18 (5.6%)]. No patient developed dnDSA at the end of
the follow-up.

Histological Analysis
Among the 48 patients who underwent paired kidney allograft
biopsies (Table 5), the second biopsy was performed 378
(182–802) days after conversion and 60.1% were for-cause
biopsies. Regarding acute tissue injuries, all CNI-associated
acute thrombotic microangiopathy (TMA) lesions disappeared
after conversion (p < 0.001). Microvascular inflammation (MVI)
remained stable. As for the chronic lesions, all remained stable
over time apart from the significant increase in tubular atrophy
(p = 0.04).

DISCUSSION

We herein report a large monocentric cohort in a real-life
situation where KT recipients were switched from CNI-based
regimen to belatacept and followed for 3 years. In this cohort,
belatacept safety was confirmed. At year 3, the recipient and
death-censored kidney allograft survivals reached almost 90%.
Estimated GFR improved significantly over the 36-month
period after conversion, regardless of the switch early or
late timing. To our knowledge, our study is the second-
largest cohort studying CNIs-to-belatacept conversion as a
rescue therapy with at least 3-years outcomes assessment, the
longest follow-up currently available in this indication.

We observed a long-term benefit of CNIs-to-belatacept switch
with significant improvement of kidney allograft function up to
3 years after the switch. Like other studies, eGFR significantly
improved over the first 3 months, probably after suspending the
hemodynamic effect of CNIs (8, 13, 14, 25), and remained stable
up to year 5 after conversion in our study. Long-term benefits of
belatacept in kidney allograft recipients treated with de novo
belatacept and no CNIs are well known (9, 10). Recently, a similar
benefit has been demonstrated at 24 months after the switch in
kidney allograft recipients, regardless of time after transplant and
cause of switch (9–11, 26, 27). However, our KTr were older,

sourced their grafts mainly from ECD, and had lower eGFR
(<35 ml/min/1.73 m2) (26). UPCR remained stable after
conversion without worsening as already described in short-
term follow-up studies (13). We also observed a long-term
improvement of metabolic parameters such as the reduction in
LDL cholesterol and HbA1C with stabilization of triglycerides
concentration. Blood pressure remained stable after belatacept
conversion. Other studies have already described such metabolic
benefits (11, 28) and their short-term stability after CNI-to-
belatacept conversion, our results confirmed the long-term
stability (13). The clinical outcome of these metabolic changes
needs to be further investigated in much longer-term studies.

In the whole cohort and in the late switch group, the leading
cause of conversion was histological chronic vascular lesions
associated with non-optimal kidney allograft function, whereas
in the early switch group it was prolonged DGF. This real-life
study design is different from that used in other studies which
relied only on patients with stable eGFR (35–75 ml/min/1.73 m2)
(16). Here we confirmed that belatacept is a useful
immunosuppressive agent at any time after transplantation
and for any cause, even in patients with poor prognostic
clinical features.

Recipient and kidney allograft survivals were up to 90% at
year 3 after conversion and belatacept safety remained
acceptable. Early and late switch groups had similar
survivals, suggesting that belatacept could increase kidney
allograft survival at any time after transplantation as in KTr
with severe vascular lesions (15). Survival results reported in
other studies varied according to KT recipients’ characteristics
(14, 16). In ours, age was the sole significant post-switch risk
factor for death. eGFR level at switch was not a risk factor for
neither death nor for graft loss, suggesting that conversion
could be beneficial in all patients irrespective of their eGFR
level. Age should be considered in the clinical decision and
further research is warranted to investigate the effects of
belatacept conversion in the elderly (i.e., > 70 years old).

OIs incidence in our cohort was comparable to previously
published cohorts (29, 30). Alike for OIs leading causes: CMV
disease and pneumocystis pneumonia (29,30). Accordingly, we
suggest maintaining CMV and Pneumocystis pneumonia
prophylaxis in early conversion, close monitoring of CMV
viremia, and considering pneumocystis pneumonia prophylaxis
in case of lymphopenia (lymphocytes count <1,000/mm3) (31).
Infectious risk should always be considered upon deciding to
switch. Similar to other studies, the incidence of malignancies, as
well as the low occurrence of PTLD, confirm the low risk of
malignancies after belatacept treatment (16).

This is the largest cohort that focuses on kidney allograft
histological evolution after conversion from CNI to belatacept.
Around 60% of the second biopsies were for-cause. We observed
TMA disappearance with no development of ABMR. The
usefulness of CNI-to-belatacept conversion in patients with
TMA has been described in a few case reports (32–35). In our
work, more than 10 TMA lesions vanished after switching to
belatacept, suggesting that the latter alone might satisfy cost-
effectiveness standards and be a safer strategy than if coupled with
Eculizumab in recipients with TMA lesions (33). Post-switch
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biopsies showed no worsening in MVI (g + cpt ≥2) but
precautions should be taken given the higher risk of allograft
loss in these patients (36). Regarding chronic damages, we did not
find significant variation over time except for tubular atrophy
alone. Nevertheless, interstitial fibrosis and tubular atrophy
(IFTA) remained stable, contrary to their tendency to worsen
as described in a cohort of post-switch surveillance biopsies (37).
Clinical outcomes such as eGFR might be a better predictor of
graft outcomes as compared with IFTA (p = 0.031), which is
consistent with eGFR improvement after belatacept conversion in
our cohort (38). More data on CNI group comparison are still
needed to assess kidney allograft histological modifications after
conversion.

Considering immunological risks, switching our KTr to
belatacept appeared to be safe as the prevalence of rejection
was 10%. Similar results were observed in former studies even
in sensitized patients (14, 16). Acute rejection appeared quickly
after conversion and almost all episodes were TCMR. Short CNI
association could be considered especially in early conversion to
avoid acute TCMR rejection risk (39). Despite the acute rejection,
allograft renal function improved significantly after 3 years. We
also confirmed the low incidence of ABMR in recipients with
preformed DSA treated with belatacept. DSA detected before the
switch remained stable irrespective of other parameters and the
incidence rate of dnDSA was null over 5 years after conversion. A
similar 7-years incidence has been reported in BENEFIT and
BENEFIT-EXT studies with higher MFI thresholds (i.e., > 2,000)
(40, 41). The post-switch incidence of dnDSA was similar to the
former study (27). DSA detection techniques and thresholds vary
and can explain the differences in results (16, 17, 42). The low
incidence of dnDSA with belatacept might be explained by the
modulation of B-cell function, directly and at the level of B cell-
Tfh interaction, incurring impairment of germinal center
formation and improper antibody response in belatacept-
treated KTr (43).

Despite some limitations including the monocentric,
retrospective design and lack of control cohort, our study has
several strengths: 1) 3-years post-switch follow-up in a real-life
study design, 2) including recipients with impaired kidney
allograft function who were potentially not eligible for
randomized studies, 3) extensive data collection for each patient,
from clinical characteristics to histological and DSA evolution. Data
collection was exhaustive over a long follow-up interval.

In conclusion, we showed that in real-life conditions,
conversion from CNIs to belatacept, as rescue therapy, is safe
and beneficial in terms of long-term kidney allograft preserved
function. Patient and kidney allograft survivals were excellent
36 months after conversion with a low incidence of SAE (acute

rejection or infections). The immunological risk remained stable
after conversion. CNI-to-belatacept switch should also be
considered in CNI-treated recipients who develop TMA
without ABMR, and could stabilize chronic histological
lesions. Prospective studies are warranted to confirm those
results.
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Background: Right-sided living donor kidneys have longer renal arteries and shorter veins
that make vascular anastomosis more challenging. We sought to determine whether
recipients of right-sided living donor kidneys have worse outcomes than left-sided kidney
recipients.

Methods: An observational analysis of the Australia and New Zealand Dialysis and
Transplant Registry (ANZDATA) was undertaken. We used adjusted logistic regression
to determine the association between side and delayed graft function (DGF) and time-
stratified adjusted cox regression models for graft and patient survivals.

Results: Between 2004 and 2018, 4,050 living donor kidney transplants were conducted
with 696 (17.2%) using right kidneys. With reference to left kidneys, the adjusted OR (95%
CI) for DGF was 2.01 (1.31–3.09) for recipients with right kidneys. Within 30 days, 46
allografts (1.4%) were lost, with major causes of overall graft loss being technical, primary
non-function and death. Recipients of right donor kidneys experienced a greater risk of
early graft loss (aHR 2.02 [95% CI 1.06–3.86], p = 0.03), but not beyond 30 days (aHR
0.97 [95% CI 0.80–1.19], p = 0.8]).

Conclusion: Technical challenge is the most common cause of early graft loss. The risk of
early graft loss among recipients who received right kidneys is doubled compared to those
who received left living donor kidneys.
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INTRODUCTION

The effect of the side of the living donor kidney on graft and
recipient outcomes remains a subject of debate. Transplant
surgeons prefer left-sided living donor kidneys because the
longer renal vein facilitates implantation of the donor kidney
to the deeply situated recipient right iliac vein (1–8). Compared
with the use of right living donor kidneys, both the tension on the
venous anastomosis and the potential kinking of a longer right
renal artery are minimized when using left kidneys (4–6, 9).
International registry and cohort studies demonstrate that more
left kidneys are transplanted than right, particularly following the
introduction of laparoscopic nephrectomy (1, 7, 10, 11). A
multicentre analysis of the Organ Procurement and
Transplantation Network (OPTN) database between 2000 and
2009 showed approximately 14% of living donor kidneys
transplants were right-sided and, with a downward trend over
time (2).

The increased technical difficulty of implanting a right donor
kidney may predict the greater risk of thrombosis, delayed graft
function (DGF) and graft loss for recipients of right compared to
left kidneys (2, 9, 12–14). This trend is also observed for deceased
donor kidneys (9, 15, 16). A recent systematic review and meta-
analysis of observational studies comparing left and right living
donor laparoscopic nephrectomies reported that left living donor
kidneys had approximately 30% lower rates of DGF and
thrombosis compared to right living donor kidneys (13).
However, the certainty of the evidence is low, most studies
were of small, single centres with substantial heterogeneity in
study design, and almost all were judged to have high risk of bias
in domains of selection, confounding, and outcomes reporting
(13). Furthermore, sensitivity analysis did not demonstrate any
significant difference in outcomes between left and right living
donor recipients (13). Therefore, this study aimed to assess the
association between the side of living donor kidney and patient

outcomes including delayed graft function (DGF), early allograft
loss and patient survival using data from a large national cohort of
kidney transplant recipients.

METHODS

Ethics approval was granted by the Western Sydney Local Health
District Human Research Ethics Committee ((6063) 2019/
ETH09846) and the ANZDATA executive. This manuscript
was prepared following the Strengthening the Reporting of
Observational studies in Epidemiology (STROBE)
guidelines (17).

Population
An observational analysis of the Australia and New Zealand
Dialysis and Transplant (ANZDATA) registry was undertaken
from January 2004 to the end of 2018. Paediatric recipients (404,
8%) and non-primary grafts (482, 10%) were excluded from the
analysis, as these populations are expected to have different
characteristics and outcome profiles that may be inadequately
captured by measured characteristics. Cases with missing data on
the key exposure, kidney side, were not included (85, 2%)
(Figure 1).

Data Collection
The key exposure of interest was the side, left or right, of the living
donor kidney. Donor baseline characteristics included for
analysis were age, sex, ethnicity, smoking, family history of
diabetes mellitus, diabetes mellitus, hypertension, and body
mass index (BMI).

Recipient baseline characteristics included age, sex, ethnicity,
primary kidney disease, smoking, diabetes mellitus, body mass
index, cytomegalovirus (CMV) and Epstein-Barr virus (EBV)
status, history of chronic lung disease, cardiovascular disease,
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hepatitis or cancer, and time on dialysis before transplantation.
The primary kidney disease of the recipient was classified into
glomerulonephritis, polycystic kidney disease, reflux
nephropathy, vascular, diabetes mellitus and other.
Cardiovascular disease was defined as a history of any one of
coronary artery disease, peripheral vascular disease or
cerebrovascular disease. Kidney donor surgery and
implantation characteristics included the procedure date,
donor and recipient relationship, human leukocyte (HLA)
mismatches, total ischemia time, number of renal arteries and
veins anastomosed, number of ureters, operation type and
approach. The relationship between the donor and recipient
was classified as related or unrelated. Total ischaemia time was
the sum of warm and cold ischemia times, from donor renal
artery interruption to the release of the renal artery in the
recipient. The information collected by ANZDATA on DGF
changed in 2017, from recording grafts requiring dialysis
within 72 h to grafts requiring dialysis within 7 days after
transplantation. Our analysis therefore defined DGF as
recipients who required dialysis within 7 days of transplantation.

Outcomes
The patient relevant outcomes included in these analyses were
overall graft loss, death censored graft loss, all-cause death and
DGF. We also sought to compare the cause of early graft loss in

the first 30 days after transplantation, between left and right living
donor kidneys. Overall graft loss was defined as transplant
nephrectomy, recommencing long term dialysis, re-
transplantation or death from any cause. Time to graft loss
was the period from the date of transplantation until the date
of graft failure or death, with cases censored for loss to follow-up
and the end of the study period. For death-censored graft loss,
recipients were censored at the time of death, loss to follow-up or
the end of the study period, whichever one came first. Patient
survival was defined as the time from transplantation until patient
death, censored for loss to follow up and the end of the study
period.

Statistical Analysis
Categorical variables are presented as counts with percentages
and compared using Pearson chi-square tests. Non-normally
distributed continuous variables are presented as medians with
interquartile ranges and compared using Mann-Whitney U tests.
A Pearson’s product-moment correlation was performed to
determine the relationship between the total number of
transplants performed at each centre and the percentage of
right kidneys transplanted. The 17 centres that performed
transplants in 2018 were included to capture the centres that
are well established and currently active. p-values less than 0.05
were considered statistically significant.

FIGURE 1 | Flow diagram outlining the study cohort and exclusions. CVD, cardiovascular disease; HLA, human leukocyte antigen.
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Association Between Side of the Kidney and
Delayed Graft Function
Adjusted binomial logistic modelling was used to determine the
association between donor kidney side and DGF. Variables with a
p-value<0.25 on univariate analysis were included in the initial model,
as well as kidney side.We then used a step-wise backward elimination
process until the variables with p < 0.05 remained in the final model.
To examine the effect of the change in definition of DGF in 2017, a
two-level categorical variable representing the different periods was
constructed from the year of transplant (2004–2016, 2017–2018) and
added to the final multivariable model. The binomial logistic
regression analysis was then fitted using a random effect model to
account for clustering of DGF within centres.

Overall Graft Survival, Death-Censored
Graft Survival and All-Cause Death
Time to event outcomes (overall graft survival, death-censored
graft survival and all-cause death) were analysed using the
Kaplan-Meier method and differences in survival curves were
compared using the log-rank test.

Association Between Sides of the Kidneys,
Overall Graft Loss, Death-Censored Graft
Loss and All-Cause Death
Adjusted cox regression modelling was used to assess the
association between the side of the kidney and allograft
outcomes. For each outcome, the initial multivariable model
included variables with a p-value of less than 0.25 on
univariable analysis. The least significant variables were then
removed from the base model using a step-wise backward

elimination process until only variables with p < 0.05
remained in the final parsimonious model. The linearity of
continuous variables was assessed by dividing into categories
and examining the trend.

The proportional hazards assumptions of the Cox models
considering the whole study period (from 2004 to 2018) were
tested and the Schoenfeld residuals were plotted for each
variable. There was no deviation from the assumption with
the key exposure (side of kidney) for overall graft loss, death-
censored graft loss and overall mortality. The models were
then fitted with the predetermined division at 30 days. Thirty
days was selected to elucidate the differences between early
and late recipient outcomes and as a clinically relevant
timepoint used in studies investigating early kidney graft
loss (2, 18, 19). For each outcome two Cox regression
models were fitted. The first model analysed events in the
first 30 days after transplantation, censoring events from day
31 onwards. The second model analysed events occurring
between day 31 to the end of the study period. Compared
to the models analysing the whole time period, the models
with the division at 30 days had a better fit by comparing the
negative 2 log likelihood values.

To assess the robustness of our results, the Cox proportional
hazard regression analyses were also fitted using a random effect
model (frailty model) to account for clustering of graft loss and
mortality risk within centres. Additionally, a three-level
categorical variable for transplant year was constructed
(2004–2008, 2009–2013, 2014–2018) and added to the final
Cox models to assess for era effects, this term was removed
from the model if it was not significant.

Analyses were performed using IBM SPSS v25 (IBM Corp.,
Armonk, NY, United States) and RStudio (RStudio, PBC. Boston,
MA, United States).

TABLE 1 | Donor baseline characteristics.

Factor Left (n = 3,354) Right (n = 696) p-value

Age, median (IQR) 51 (43–58) 51 (43–59) 0.50
Sex, male (n, %) 1,396 (41.6) 282 (40.5) 0.59
Ethnicity (n, %)
Caucasian 2,887 (86.7) 615 (89.3) 0.44
Aboriginal or Torres Strait Islander Peoples 72 (2.2) 10 (0.3)
Maori 71 (2.1) 10 (0.3)
Pacific Islander 41 (1.2) 8 (0.2)
Asian 202 (6.0) 39 (1.2)
Other 55 (1.7) 7 (0.2)

Smoking (n, %)
Never 1976 (60.0) 423 (62.3) 0.36
Current 196 (6.0) 44 (6.5)
Former 1,119 (34.0) 212 (31.2)

Diabetes mellitus (n, %)
Nil 3,284 (99.3) 677 (99.0) 0.44
Type 1 2 0
Type 2—requiring insulin 1 1
Type 2—non-insulin requiring 10 1
Gestational 10 4

Family history of diabetes mellitus (n, %) 592 (19.3) 128 (20.4) 0.53
Hypertension (n, %) 362 (10.9) 71 (10.3) 0.68
BMI (kg/m2), median (IQR) 26.5 (23.9–29.2) 26.2 (23.9–29.0) 0.75
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TABLE 2 | Recipient and transplant characteristics.

Factor Left (n = 3,354) Right (n = 696) p-value

Age, median (IQR) 47.0 (35.0–57.0) 50.0 (36.0–60.0) 0.0011
Sex, male (n, %) 2,155 (64.3) 419 (60.2) 0.045
Primary kidney disease (n, %)
Glomerulonephritis 1,512 (46.0) 306 (44.6) 0.025
Polycystic 585 (17.8) 115 (16.8)
Reflux 313 (9.5) 57 (8.3)
Vascular 157 (4.8) 51 (7.4)
Diabetes mellitus 274 (8.3) 72 (10.5)
Other 448 (13.6) 85 (12.4)

Ethnicity (n, %)
Caucasian 2,683 (82.2) 576 (84.2) 0.30
Aboriginal or Torres Strait Islander Peoples 27 (0.8) 8 (1.2)
Maori 92 (2.8) 20 (2.9)
Pacific Islander 89 (2.7) 22 (3.2)
Asian 310 (9.5) 47 (6.9)
Other 61 (1.9) 11 (1.6)

Smoking (n, %)
Never 2049 (62.8) 419 (61.5) 0.14
Current 211 (6.5) 33 (4.9)
Former 1,005 (30.8) 229 (33.6)

Diabetes mellitus (n, %)
Nil 2,775 (83.1) 546 (78.6) 0.0019
Type 1 78 (2.3) 20 (2.9)
Type 2—requiring insulin 234 (7.0) 47 (6.8)
Type 2—non-insulin requiring 251 (7.5) 82 (11.8)

Cardiovascular disease (n, %) 516 (15.5) 102 (14.7) 0.60
Chronic lung disease (n, %) 154 (4.6) 41 (5.9) 0.15
Hepatitis (n, %) 30 (1.0) 6 (0.9) 0.89
Cancer ever (n, %) 175 (5.2) 42 (6.0) 0.39
BMI, median (IQR) 25.9 (22.8–29.4) 26.2 (22.8–29.6) 0.40
Time on RRT (years), median (IQR) 6.93 (0–20.7) 6.26 (0–21.6) 0.89
Donor-recipient relationship
Related 1726 (51.5%) 359 (51.6%) 0.96
Unrelated 1,628 (48.5%) 337 (48.4%)

Ischemia time (hours), median (IQR) 3.00 (2.00–4.00) 3.00 (2.00–4.00) 0.11
Number of arteries
1 2,765 (82.9%) 560 (82.0%) 0.050
2 532 (16.0%) 107 (15.7%)
3 35 (1.1%) 14 (2.1%)
4 2 (0.1%) 2 (0.3%)

Number of veins
1 3,233 (97.1%) 619 (90.6%) <0.001
2 95 (2.9%) 59 (8.6%)
3 2 (0.1%) 4 (0.6%)
4 0 1 (0.1%)

Number of ureters
1 3,291 (98.9%) 678 (99.3%) 0.41
2 36 (1.1%) 5 (0.7%)

Operation type
Hand assisted laparoscopic 1,145 (34.2%) 278 (40.4%) <0.001
Laparoscopic 1938 (57.9%) 299 (43.5%)
Open 267 (8.0%) 111 (16.1%)

Operation approach
Extraperitoneal 633 (19.5%) 131 (19.5%) 0.10
Transperitoneal 2,618 (80.5%) 542 (80.5%)

HLA-A mismatch
0 747 (23.1%) 161 (23.6%) 0.88
1 1729 (53.4%) 366 (53.7%)
2 764 (23.6%) 155 (22.7%)

HLA-B mismatch
0 463 (14.3%) 113 (16.6%) 0.31
1 1,618 (50.0%) 329 (48.2%)
2 1,158 (35.8%) 240 (35.2%)

HLA-DR mismatch
(Continued on following page)
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RESULTS

There were 4,985 living donor transplants between 2004 and
2018. After excluding paediatric recipients, non-primary
grafts, and donor kidneys with missing data on kidney
side, the recipient cohort of 4,050 living donor transplants
included 3,354 (82.8%) left kidneys and 696 (17.2%) right
kidneys (Figure 1). The baseline characteristics of the
donors, recipients and the transplant procedures are
shown in Tables 1, 2.

There were no differences between left and right kidney
donors (Table 1). Recipients of right living donor kidneys
were more likely to be older (median age 47 for left compared
to 50 years for right kidneys), female and have diabetes mellitus
(Table 2). Compared to left donor nephrectomies, right donor
nephrectomies were more commonly hand-assisted laparoscopic
procedures (34.2% left kidneys compared to 40.4% right kidneys)
and open procedures (8.0% left kidneys compared to 16.1% right
kidneys) (Table 2).

There was variation in the proportion of right kidneys
transplanted between the 27 transplant centres in this study
(Pearson chi-square p < 0.01) (Figure 2). There was also a
positive correlation between the total number of transplants
performed at each centre and the percentage of right kidneys
transplanted (Pearson’s product-moment correlation r = 0.55, p =
0.02). During the time period of the study, 10 of the 27 transplant
centres closed or merged with others. Between 2004 and 2018, the
proportion the transplanted kidneys each year that were right
sided was stable (mean = 17.1%, standard deviation = 2.2%).

Association Between Kidney Side and
Delayed Graft Function
DGF was reported in 3.0% of transplants. Recipients of right
kidneys were more likely to experience DGF with 86 recipients
(2.6%) of left kidneys compared to 34 (4.9%) of right kidneys
affected (p = 0.001). Right kidneys were associated with an
increased risk of DGF (adjusted odds ratio (OR) (95% CI)
2.01 [1.31–3.09]), adjusting for total ischemia time, time on

TABLE 2 | (Continued) Recipient and transplant characteristics.

Factor Left (n = 3,354) Right (n = 696) p-value

0 672 (20.8%) 154 (22.6%) 0.48
1 1733 (53.5%) 349 (51.3%)
2 833 (25.7%) 177 (26.0%)

FIGURE 2 | Donor kidney side by transplant centre, 2004–2018. Bars
with asterisks (n = 17) indicate centres that performed transplants in 2018.

FIGURE 3 |Risk factors for delayed graft function (DGF), defined as the need for dialysis within 7 days of transplantation. GN, glomerulonephritis; PCKD, polycystic
kidney disease.
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dialysis before transplant, number of HLA mismatches, donor
hypertension and primary kidney disease (Figure 3). In the frailty
model, clustering for transplant centre, the adjusted OR (95% CI)
for receiving a right compared to left kidney was 2.09 [1.34–3.24].
The risk factor profile for DGF was not significantly altered after
accounting for the change in definition of DGF in 2017, with the
adjusted OR (95% CI) for receiving a right compared to left
kidney being 1.89 (1.24–2.87).

Causes of All-Cause Graft Loss and Death
Between 2004 and 2018, 736 recipients lost their allografts, with
the cause documented in 721 (98.0%) cases (Table 3). During the
first 30 days after transplantation, 46 grafts were lost. Right
kidneys accounted for 14 (30.4%) of the grafts lost in the first
30 days, despite representing only 17.2% of all transplants.
Technical causes (including haemorrhage, renal artery or vein
thrombosis and renal artery stenosis) accounted for 50.0% of left
kidneys and 28.6% of right kidneys lost. Primary non-function
accounted for 9.4% of left kidneys and 35.7% of right kidneys lost
in the first 30 days after transplantation (Table 3). After the first
30 days, the main causes of graft loss were death with
functioning graft (39.0% left and 42.5% right), followed by
chronic allograft nephropathy (31.2% left and 29.1% right)
and recurrent glomerulonephritis (10.4% left and 6.0% right)
(Table 3). A total of 391 patients died in the study period. The
main causes of death were cardiovascular disease (25%),
malignancy (23%) and infection (16%). Eleven patients died
within the first 30 days of transplantation. Eight were recipients
of left LDKs and three were recipients of right kidneys. The main
causes of death were cardiac (3 three cases of cardiac arrest of
uncertain cause and one case of myocardial infarct) and
septicaemia (2 cases).

Kaplan-Meier Estimates of Graft,
Death-Censored Graft and Patient Survivals
Graft survival was lower for right living donor kidney recipients
in the 30 days after transplantation (left 99.1% vs. right 97.7%, log
rank p-value = 0.005) (Figure 4A). Overall graft survival at 1 and
5 years was 97.4% (95% CI 96.9–97.9) and 89.6% (95% CI
88.5–90.6%) respectively. One-year overall graft survival was

97.7% (95% CI 97.1–98.2) for left kidneys and 96.1% (95% CI
94.3–97.3) for right kidneys. At 5 years, graft survival was 89.8%
(95% CI 88.6–90.9) for left kidneys and 88.8% (95% CI 86.0–91.1)
for right kidneys (Figure 4B).

Death-censored graft survival was lower for right kidney
recipients in the first 30 days after transplantation (99.3% for left
vs. 98.1% for right, log rank p-value = 0.005) (Figure 4C). The overall
death-censored graft survival at 1 and 5 years was 98.4% (95% CI
98.0–98.8) and 93.7% (95% CI 92.8–94.4%) respectively. At 1 and
5 years, therewas no significant difference between the death-censored
graft survival of left and right kidney transplants (Figure 4D).

Patient survival was not significantly different between left and
right kidney recipients at 30 days, 1 year or 5 years. Thirty days after
transplantation, the survival of recipients of left and right kidneys was
99.7% (95% CI 99.5–99.9%) and 99.5% (95% CI 98.7–99.9%)
respectively (Figure 4E). Overall patient survival at 1 and 5 years
was 98.8% (95% CI 98.4–99.1) and 94.9% (95% CI 94.1–95.6%)
respectively.

Association Between Sides of the Kidney
and Overall Graft Loss
With reference to the left kidney, the adjusted HR of overall
graft loss within 30 days of transplantation was 2.02 [95% CI
1.06–3.86], p = 0.03 (Supplementary Figure S1A). Other risk
factors for graft loss in the first 30 days included having more
than one renal artery (aHR 2.05 [95%CI 1.07–3.91], p = 0.03)
and the recipient having type 1 diabetes mellitus (aHR 4.26
[95% CI 1.51–12.04], p = 0.03) (Supplementary Figure S1A).
After 30 days, the adjusted HR for overall graft loss among
recipients who received right kidneys compared to the left was
0.97 [95% CI 0.80–1.19], p = 0.8 (Supplementary Figure S1B).
In the frailty analysis, clustering for centres, the adjusted HR
for left kidneys compared to right kidneys was 2.02 [95% CI
1.06–3.87] within 30 days and 0.97 [95% CI 0.80–1.19] after
30 days. The adjusted HRs for left kidneys compared to right
kidneys, both within and after 30 days of transplantation, are
unchanged after sensitivity analysis to account for the effect of
transplant centres. Furthermore, both within and after 30 days
of transplantation, the 5-year era in which the transplant
occurred was not associated with the risk of graft loss.

TABLE 3 | Causes of graft loss over the study period (from 2004 to 2018) and over the first 30 days after transplant.

Time period First 30 days after transplantation Study period (2004–18)

Side of kidney Left Right Left Right

Total 32 14 587 134
Death with function 6 18.8% 2 14.3% 229 39.0% 57 42.5%
Chronic allograft nephropathy — — — — 183 31.2% 39 29.1%
Recurrent glomerulonephritis 1 3.1% 0 0% 61 10.4% 8 6.0%
Acute rejection 6 18.8% 3 21.4% 30 5.1% 11 8.2%
Technical 16 50.0% 4 28.6% 25 4.3% 4 3.0%
Primary non-function 3 9.4% 5 35.7% 3 0.5% 5 3.7%
Other — — — — 56 9.5% 10 7.5%

Pearson chi-square p-value 0.2 0.02
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Association Between Sides of the Kidney
and Death-Censored Graft Loss
Within the first 30 days after transplant, the adjusted HR for
death-censored graft loss among recipients of right kidneys
compared to left was aHR 2.14 [95% CI 1.05–4.34], p = 0.04)
(Supplementary Figure S2A). Grafts with more than one renal

artery were at increased risk of death-censored graft loss (aHR
2.11 [95% CI 1.04–4.28], p = 0.04) (Supplementary Figure S2A).
After 30 days, right kidneys and more than one renal artery were
no longer an independent risk factors for death-censored graft
loss (Supplementary Figure S2B). In the frailty analysis,
clustering for centres, the adjusted HR for left kidneys

FIGURE 4 |Graft survival of left and right kidneys over the first 30 days after transplant (A) and over 10 years (B). Death-censored graft survival over the first 30 days
after transplant (C) and over 10 years (D). Survival of recipients of left and right living donor kidneys over the first 30 days after transplant (E) and over 10 years (F).
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compared to right kidneys was 2.17 [95% CI 1.06–4.41] within
30 days and 0.89 [95% CI 0.67–1.16] after 30 days. Both within
and after 30 days of transplantation, the 5-year era in which the
transplant occurred was not associated with the risk of death-
censored graft loss.

Association Between Sides of the Kidney
and All-Cause Death
Side was not an independent risk factor for patient survival either
within or after the first 30 days (within the first 30 days, aHR 1.54
[95% CI 0.41–5.81], p = 0.5, and after the first 30 days aHR 1.22
[95% CI 0.95–1.57], p = 0.1) (Supplementary Figures S3A,S3B).
In the frailty analysis, clustering for centres, the adjusted HR for
left kidneys compared to right kidneys was 1.54 [95% CI
0.41–5.81] within 30 days and 1.22 [95% CI 0.94–1.57] after
30 days. Both within and after 30 days of transplantation, the
5-year era in which the transplant occurred was not associated
with the risk of patient survival.

DISCUSSION

This large registry-based study demonstrates that adult recipients
of primary right living donor kidneys have a two-fold increased
risk of DGF, and graft loss and death-censored graft loss within
the first 30 days of transplantation. Primary non-function
accounted for 9% of left kidneys and 36% of right kidneys
that were lost in the first 30 days after transplantation. Patient
survival and graft survival beyond 30 days were not associated
with living donor kidney side.

The association between living donor kidney side and
recipient outcomes has mostly been studied previously in
small, single-centre studies with disparate results, complicating
the debate as to whether more right-sided nephrectomies should
be undertaken. An OPTN registry-based retrospective analysis
from 2000 to 2009 reached similar conclusions to our study, with
lower effect sizes; right living donor kidneys experienced a 1.4
(95% CI 1.2–1.5) increased risk of DGF and a 1.1 (95% CI
0.85–1.5) increased risk of graft loss (2). An earlier
ANZDATA analysis investigating DGF identified right sided
kidneys as a risk factor (14). In contrast, two meta-analyses
have shown that right laparoscopic living donor kidneys were
not associated with increased rates of DGF, after sensitivity
analysis, or graft loss at 1 year (10, 13).

Our multi-centre and registry-based study had sufficient
power to examine differences in DGF, patient survival and
graft survival. Furthermore, the findings of our study
corroborated prior work that compared outcomes between
transplanted left and right deceased donor kidneys (9). The
inferior results of transplanted right deceased donor kidneys in
that study may be attributed to technical challenges, with a
recommendation that transplanting teams optimise allocation
of surgical expertise (9). However, in this study the inferior
outcomes of transplanting right-sided living donor kidneys
could not be proven to directly relate to surgical challenges
associated with its transplantation. There are some important

differences to note, for example, unlike deceased donor
procedures, the transplantation of living donor kidneys are
typically undertaken as elective day-time procedures in
optimally prepared recipients and carefully selected donors.
Furthermore, the low incidence of graft loss in the first
30 days after transplant likely limited our analysis of cause-
specific graft loss. Equally, this low rate of graft loss by
international registry standards, reflects the good outcomes of
kidney transplantation in Australia and New Zealand (20, 21).

However, the demonstrated higher incidence of DGF and
PNF-related graft loss in right living donor kidneys in the first
30 days after transplantion supports increased surgical challenges
associated with transplanting right living donor kidneys. In the
first 30 days, 64.3% of right kidneys that were lost were lost due to
either primary non-function or technical causes compared to
59.4% of left kidneys that were lost. Expanding data collection to
include important factors such as vascular anastomosis times, and
intra-operative and post-operative complications could help
determine if there are increased surgical challenges with right
living donor kidney transplantation. For example, although
anastomosis times were not captured by the ANZDATA
registry, right deceased donor kidneys have been shown to
have longer anastomosis times (22).

Our study has a number of limitations. Indication bias remains
a possibility. We were unable to account for inter-centre decision-
making variations that might influence outcomes such as
indications for right donor nephrectomies in preference to left.
This clinical decision evaluates the risk of surgery on either side
and aims to maximise the residual renal function of the donor.
However, the shared frailty models demonstrated minimal
changes to the estimates when accounting for centre-specific
random effects. Even though there were multiple confounding
factors adjusted for in the analyses, there are likely to be several
unmeasured and residual confounders, such as differential kidney
function of the living donor kidneys and individual surgeons’
volumes and expertise. The definition of DGF changed from the
need for dialysis within 72 h after transplantation to the need for
dialysis within 7 days in 2017. We defined DGF as the need for
dialysis within 7 days, therefore this may lead to an
underestimation of the overall incidence of DGF. Adjusting
for the era of the transplantation in the model did not change
the risk factor profile. However, only 2 years of data were
captured using the revised ANZDATA Registry definition.
Additionally, the outcome ascertainment bias is unlikely to be
differential between recipients of left and right living donor
kidneys, as the proportion of right kidneys transplanted each
year was relatively stable. Strengths of this study are the large
cohort with few missing values and cases lost to follow up and the
minimal risk of selection bias as the study population represents
all primary adult recipients of kidney transplants in Australia and
New Zealand.

The time period of this ANZDATA based study corresponded
to the progressive uptake of laparoscopic donor nephrectomy.
The driving force behind this was a consumer-driven preference
by prospective living kidney donors and their referring
nephrologists to avoid open surgery where possible. In the
15 year study period, 10 of 27 centres ceased to provide a
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living donor kidney transplantation service, likely driven by their
inability to provide laparoscopic surgical expertise. The higher
percentage of right nephrectomies performed by open or hand
assisted laparoscopic surgery and low overall rates of right
nephrectomies likely reflected the increasing uptake of
laparoscopic nephrectomies and hesitancy to undertake right
laparoscopic nephrectomies during this learning phase,
particularly in the early part of the study. Importantly, this
careful approach resulted in equivalent recipient outcomes for
laparoscopic and open donor surgery, as the type of operation was
not a risk factor for graft or patient survival. Furthermore, the era
of transplantation was not a risk factor for inferior recipient
outcomes. Centres with low volumes of transplants were not
excluded in the study, as they remained important data points,
and despite the variation in transplant centre volume, the shared
frailty models demonstrated minimal changes to the estimates
when accounting for centre-specific random effects. Equally, the
use of right living donor kidneys (17.2%), which is high by
international standards, suggests that it would have been
uncommon for recipients in Australia and New Zealand to be
denied the opportunity to be transplanted with a living donor
kidney because their transplant centre had been reluctant to
tackle either donation or transplantation of a right-sided
donor kidney.

Robot-assisted surgery may have an emerging role in living
kidney transplantation and the impact of the side of the living
donor kidney should be studied in this context. There has been
increasing uptake of robot-assisted kidney transplantation with
initial studies indicating that it is non-inferior to open kidney
transplantation (23) and feasible with multiple vessel grafts (24).
The shorter renal vein of right kidneys is particularly an issue in
obese recipients and recipients with narrow pelvises in the setting
of the traditional open approach. The magnification and dexterity
possible with the robotic platform is particularly advantageous in
these situations as it facilitates the formation of tension-free
vascular anastomosis even in the case of short renal veins.
However, implementation of this technique requires
appropriate training and a team with extensive experience in
both robotic surgery and open transplantation.

In summary, our results indicate that recipients of right living
donor kidneys may have an increased risk of DGF and graft loss
in the first 30 days after transplantation. The implication is that
the technical challenges of transplanting a right living donor
kidney are real, but not to the extent that right-sided kidneys
should be excluded, particularly in light of the limitations
addressed above. The prospective donor of a right kidney and
the recipient should be informed but also reassured that the
differences between left and right living donor kidneys are
relatively small, confined to the early post-operative period
and are similar to those seen in recipients of left or right
deceased donor kidneys (9). Nevertheless, the increased risks
associated with receiving a right kidney should be factored into
trial-based analyses and published living donor kidney transplant
outcomes of individual transplant centres. The underlying
mechanisms of the observed findings of this study may be

clarified by prospective studies or analyses of data at large
transplant centres, with the availability of additional
variables such as anastomosis times, pre-operative
differential kidney function, intra-operative complications
and other provider-related factors. Overall, a patient in need
of kidney transplantation should not be denied this
opportunity only because of reluctance to use a right-sided
living donor kidney.
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Transplantation
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In HLA-incompatible kidney transplantation, monitoring donor-specific antibodies (DSA)
plays a crucial role in providing appropriate treatment and increases kidney survival times.
This work aimed to determine if early post-transplant DSA dynamics inform graft outcome
over and above other predictive factors. Eighty-eight cases were classified by unsupervised
machine learning into five distinct DSA response groups: no response, fast modulation, slow
modulation, rise to sustained and sustained. Fastmodulation dynamics gave an 80% rate for
early acute rejection, whereas the sustained group was associated with the lowest rejection
rates (19%). In complete contrast, the five-year graft failure was lowest in the modulation
groups (4–7%) and highest in the sustained groups (25–31%). Multivariable analysis showed
that a higher pre-treatment DSA level, male gender and absence of early acute rejectionwere
strongly associated with a sustained DSA response. The modulation group had excellent
five-year outcomes despite higher rates of early rejection episodes. This work further
develops an understanding of post-transplant DSA dynamics and their influence on graft
survival following HLA-incompatible kidney transplantation.

Keywords: kidney transplantation, antibody dynamics, 5 years graft failure, donor specific antibody, dynamic
patterns, clustering

INTRODUCTION

Despite the advances in the identification of acceptable mismatch programmes (1), better allocation
of deceased donor kidneys (2), and advances in kidney sharing protocols for those with living kidney
donors (3), there is still a role for HLA-incompatible transplants, especially when lower-risk
scenarios could be identified (4) and those at the highest end of the sensitisation spectrum still
do not have equal access to transplantation (5).
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It is well-recognised that the presence of donor HLA specific
antibodies (DSA) both before and after kidney transplantation
correlates strongly with poorer graft outcomes (6–9). However,
the monitoring and characterisation of the early post-transplant
DSA response and how this may inform outcome and transplant
management is still a developing area (10). Previous research has
shown that DSAmeasurements pre-transplantation or at the time
of transplantation can be a powerful tool for predicting graft
outcome, but the sensitivity and specificity obtained varied with
different DSA cut-off values (11–15).

Post-transplantation tools, such as protocol biopsies, in the early
period to guide management and predict outcomes are limited and
often not acceptable to patients. Early episodes of antibody
mediated rejection (AMR) may be associated with recurrent
rejection, chronic AMR and poor graft survival (16). The
presence of DSA post-transplantation was associated with an
increased likelihood of AMR (17–19) and graft failure (12, 20,
21). Recent studies (22, 23) suggest AMR may not always be
associated with poor middle- or long-term graft failure (GF).

Studies onmonitoringDSA immediately following transplantation
are usually limited in the number of post-transplant samples (10, 17,
18, 24). The early post-transplant period (first 2 weeks) is a critical
time for B-cell anamnestic memory and dynamic DSA behaviour and
the occurrence of accelerated AMR episodes. The behaviour of DSA
in the first month after transplantation and their associations with
immediate/short term transplant outcomes has been previously
described (25, 26). With access to up to 50 days post-transplant
DSA measurements, our work looks at the medium-term outcomes
and aims to determine how different dynamic DSA patterns relate to
5-year graft survival.

PATIENTS AND METHODS

Patients
133 patients referred from multiple centres in the
United Kingdom and Republic of Ireland for HLA-
incompatible kidney transplantation between 2003 and 2014
at the University Hospitals of Coventry and Warwickshire
NHS Trust were considered. Of these cases, 88 were used in the
final analysis. Twenty-four cases were excluded for the
following reasons: no consent to use of data (n = 1), not
proceeding to transplantation (n = 7), also ABO-
incompatible (n = 16), early death or early graft failure (n =
5), insufficient follow up data (n = 9), antibody assay saturated
(n = 2), less than 5 years follow-up (n = 5). Within 5 years
following transplantation, graft failure occurred in 13 out of
the 88 cases, and all failed due to immunological reasons. Study
approval was obtained from the local ethics committee
(CREC-055/01/03 and 13/WM/0090).

HLA Testing
HLAClass I and Class II specific antibodies were identified before
transplantation by bead assay (One Lambda Inc. Canoga Park,
CA), initially using HLA phenotype beads (N = 19) and
subsequently with single antigen beads (SAB) as previously
described for this programme (20). HLA typing of patients
and donors was performed by a DNA probe assay (Lifecodes
HLA SSO, Immucor) at a resolution comparable to the antibody
identification, allowing identification of all donor-specific
antibodies corresponding to HLA-A, -B, -Cw, -DRB1/3/4/5,
-DQ, and -DP.
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Desensitisation and Immunosuppressive
Protocol
68/88 patients required several sessions of pretransplant double
filtration plasmapheresis (DFPP) with a target of negative FC
cross-match or cumulative DSA median fluorescence intensity
(MFI) <3,000 pre-transplantation. The maximum number of
sessions administered was seven, with patients typically
receiving five. In some cases where the DFPP sessions could not
achieve a negative FC cross-match, patients were transplanted in
the presence of higher DSA levels. IVIg was given in three cases.
Twenty cases proceeded to transplant without DFPP because the
total DSA MFI values were below 3,000 (n = 14) or with higher
levels in cases of deceased donors’ kidney transplantation where
pretransplant antibody reduction was not logistically possible (n =
7). For these deceased donor cases, DSA were predominantly
specific from HLA-DP mismatches.

Typical immunosuppression consisted of 1,000 mg
mycophenolate mofetil twice daily, starting 10 days before
transplant with dosage reduced if white cell count dropped
below 4.0 x 109 per litre. Daily administrations of tacrolimus
were commenced 4 days before transplantation. Dosages were
given at 0.15 mg/kg/day in increments with a target trough level
of 10–15 μg/L in the first month. At the point of surgery, a single
500 mg methylprednisolone dose was provided intravenously,
and 20 mg basiliximab induction was given twice on day zero and
day four post-transplant. Oral prednisolone was given at 20 mg/
day and tapered to 5 mg/day after 30 days.

Monitoring and Management Following
HLA-Incompatible Kidney Transplantation
Apart from on-table post perfusion samples, a biopsy was
done for cause only, i.e., in cases of graft function
deterioration or creatinine stuck as described previously (27).

Acute rejection (n = 41) episodes occurring before 30 days post-
transplant were identified at incidence under the most recent
BANFF guidelines (28). In six instances where the biopsy was not
possible, for example, for patients on anticoagulation therapy or
during weekends, a rapid rise of HLADSAMFI values alongside a
drop in urine output and increase in creatinine (with one case
with delayed graft function on dialysis) was defined as clinical
rejection. All 41 rejection cases were treated with a course of pulse
methylprednisolone 500 mg once a day for 3 days. In thirty cases,
a lymphocyte-depleting agent (ATG, OKT3, or Campath) was
administrated. DFPP treatment was performed in thirteen cases,
of which five were given IVIg. One case had ecluzimab in addition
to rescue therapy (see Supplementary Table S1). DFPP was only
given in cases with rejection and not pre-emptively, with DSA
levels going up in the presence of good urine output and stable
renal function.

Pre-Processing of HLA DSA Data
The total number of DSAs in our cohort of 88 cases was 211, with
between 1 to 7 for each patient. In this work, the levels in each
case were considered. For the following analyses, we calculated
the sum of individual HLA DSAMFIs to give a total DSA (tDSA)
for each time point.

Post-transplant antibody testing involved more frequent
testing during the early phase, with the majority (71/88) being
sampled ten or more times during the first 20 days, after which
the rate of sampling declined (Figure 1). Cases that had at least
21 days of DSA monitoring data points were included in this
study. Variation in sampling days presents a challenge to
clustering algorithms requiring uniform sampling rates. A
linear interpolation was used within the 50-day time frame to
fill missing values which were few in the first 2 weeks post-
transplantation and increased with time (Figure 1). At the
2 week mark, the median length of interpolated values is 0

FIGURE 1 | Histograms of the observed number of data points per measurement period. Total period includes pre-transplant and post-transplant period. Trx,
transplant.
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days; at 4 weeks, this extends to 2 days, at 50 days to 5 days, and at
100 days to 16 days. We, therefore, included up to 50 post-
transplant days in the study; this extends well-passed the
period involving the DSA rebound and avoids the times with
high levels of missing data.

Clustering of DSA Time Series
The DSA data are a time series comprising successive DSA
measurements for 88 patients for up to 50 days post-
transplant. These were investigated to identify possible classes
of early post-transplant antibody behaviour (such as rebound and
modulation). They could then be tested for association with
pretransplant parameters and post-transplant events. The
classification was performed using unsupervised machine

learning clustering (29). The four-stage procedure, illustrated
in Figure 2, was as follows.

Stage 1 | Grouping of no-response data. No-response cases
consistently demonstrated low tDSA, i.e., below 1500 MFI
(N = 18). These cases are not used in the clustering algorithm
due to the disruptive influence on the analysis once scaled. The DSA
levels in this group also have a significant uncertainty (29, 30, 31),
which leaves dynamics in this MFI range unidentifiable. Instead,
they are considered as a separate no-response group 0.

Stage 2 | Pre-processing for DSA time series clustering. Some
post-transplant DSAs displayed little dynamic activity but high
MFI levels. To distinguish such DSA dynamic patterns from one

FIGURE 2 | Post-transplant DSA dynamics clustering methodology. The cohort is passed through the system and sorted into groups based on the similarity of
post-transplant DSA dynamics. Stage 1 separates DSA into a pre-designated “no response” group if their maximum post-transplant tDSA titre level is less than 1500
MFI. Stage 2 scales the remaining DSA based on maximum post-transplant tDSA titre level before an additional filter is applied, separating the DSA based on time series
length. All data which have 50 days are passed to Stage 3 and subsequently clustered using DTW distancemeasure under an agglomerative hierarchical structure.
The optimal numbers of groups within the structure are identified using the gap statistic. Stage 4 classifies the remaining DSA, which have 20–50 days of data, into the
groups identified in Stage 3.
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another without affecting the clustering algorithm, the time series
were scaled by their corresponding maximal DSA levels (29).
Additionally, many temporal clustering techniques require equal
length time series, which in this case required establishing a defined
period for clustering analysis. Picking a shorter time series length for
analysis would allow for the inclusion of more cases in analysis,
although at the compromise of losing potentially valuable data
obtained from clustering longer time intervals. DSA time series
length is inconsistent in our cohort, and a steady drop in
measurements/samples is observed as time progresses. A period
of 50 days provided the best compromise for analysis. The remaining
cases were split based on their length: up to 50-days data available
(longer time series) and 20–50 days (shorter time series).

Stage 3 | DSA clustering and validation of the longer DSA time
series (n = 47). Unsupervised clustering was completed via a

dynamic time warping (DTW) distance measure (29) and
agglomerative hierarchical approach (32). Cluster links were
formed via the mean of the two joining time series. The
algorithm identified the two most similar time series at each
iteration based upon the distance measure and merged to form a
cluster. The identified time series were then replaced by the newly
formed cluster for which distance measures were newly
calculated. For the unsupervised clustering, the number of
groups was not known a priori. Although this value can be
identified through visual inspection in some cases, additional
certainty in estimation was required due to time series
complexity. Here the gap statistic was implemented, which is a
measure that estimates the correct number of groups, k, by
comparing the within-cluster dispersion by that expected
under a reference/surrogate set (33). The reference set
consisted of 47 artificially formed time series and was created

TABLE 1 | Comparison of baseline characteristics for GF and no-GF groups (N = 88).

Graft Failure (GF) No (75) Yes (13) p-value Odds (95% CI)

Continuous, md(r)
Age, years 43 (36–49) 33 (23–40) <0.01
Established renal failure, years 13 (3–18) 9 (1.5–15) 0.24
Pre-Tx DSA levels, kMFI 5.5 (2.9–9.4) 11.6 (3.6–27.8) 0.07

Categorical, n (%)
Gender
Male 28 (37) 6 (46)
Female 47 (63) 7 (54) 0.55 0.7 (0.21–2.3)

Living donor
No 7 (9) 0 (0)
Yes 68 (91) 13 (100) 0.59 n/a

Previous transplants
No 29 (39) 3 (23)
Yes 46 (61) 10 (77) 0.36 2.1 (0.53–8.3)

Early acute rejection
No 41 (55) 5 (38)
Yes 33 (45) 8 (62) 0.37 1.9 (0.58–6.4)

Crossmatch status
CDC (-) FC(-) SAB (+) 18 (24) 5 (38)
CDC (-) FC(+) SAB (+) 44 (59) 3 (23) 0.10 0.25 (0.05–1.1)
CDC (+) FC(+) SAB (+) 13 (17) 5 (38) 0.72 1.4 (0.33–5.8)

DSA HLA class type
Class I 27 (36) 4 (31)
Class II 15 (20) 4 (31) 0.46 1.8 (0.39–8.3)
Class I and II 33 (44) 5 (38) 1.00 1 (0.25–4.2)

DSA count
≤3 45 (60) 8 (62)
≥4 30 (40) 5 (38) 1.00 0.94 (0.28–3.1)

HLA (A,B,DR) mismatches
≤3 54 (72) 10 (77)
≥4 21 (28) 3 (23) 1.00 0.77 (0.19–3.1)

Pre-treatment DFPP
No 18 (24) 2 (15)
Yes 57 (76) 11 (85) 0.72 1.7 (0.35–8.6)

Post-transplant DFPP
No 66 (88) 9 (69)
Yes 9 (12) 4 (31) 0.10 3.3 (0.83–13)

Post-transplant lymphodepletion
No 53 (71) 7 (54)
Yes 22 (29) 6 (46) 0.33 2.1 (0.62–6.8)

N (%) = number of cases (% of cases); md(r) = median (interquartile range). Continuous and ordinal data, e.g., patient’s age at transplantation, treatment duration, etc., were compared
using Wilcoxon rank-sum test. The Fisher two-tailed exact test was applied to binary data, e.g., gender, previous transplant (yes/no), etc. Significant variables (p < 0.05) in univariate
analysis are displayed in bold.
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by a random selection of DSA time series segments of 10 time
points in length (block bootstrapping). One hundred reference
sets are shown to be sufficient in implementations of the gap
statistic (34). Within-cluster dispersion calculated for the
original DSA dataset and for the mean of the reference data
set were compared. For each value of k, a one-standard-error
term was calculated. It was used to identify the lowest k for
which the difference in within-cluster dispersion between the
original and reference data sets stopped increasing. The lowest
value of k was subsequently given as the optimal number of
clusters.

Stage 4 | The remaining shorter time series (n = 23) were
classified, using the DTW distance measure, into the clusters
identified in Stage 3.

Logistic Regression Analysis
Logistic regression (LR) classification analysis (Matlab,
stepwiseglm tool) was performed to consider the associations
of identified groups with 5-years graft outcomes whilst
accounting for the other potentially confounding variables.
Each model was formed via a stepwise LR algorithm with the
F-test (35), comparing the fit of two models at each step and
determining if variables should be introduced (F-test, p < 0.05)
into the model or removed (F-test, p > 0.1). Due to class
imbalance in data, i.e., 75 no-GFs in negative class versus

13 GFs in positive/minority class, two area under curve (AUC)
measures were calculated for each model to evaluate LR
performance: the receiver operator characteristic (ROC) AUC
and precision-recall (PR) AUC. The former is a standard model
performance measure but tends to be optimistic on imbalanced
classification problems with fewer samples in the minority class.
The latter is focused on the minority class and, thus, helps
evaluate the model on it. Finally, odds ratios (OR) with
corresponding confidence intervals (CI) were evaluated by the
t-test (35).

RESULTS

Patients Cohort Characteristics
Of the 88 cases, 48% experienced acute rejection (see
Supplementary Table S1 for types) within the first 30-days,
and 15% experienced GF within 5 years following
transplantation (Table 1). The number of cases rises to almost
a quarter experiencing GF when looking at the cases with early
rejection in isolation. Of the 13 GF cases, eight experienced an
acute rejection episode (Table 1). On univariate analysis, only
younger age at the time of receiving transplantation was
associated with worse 5-year graft outcome, but no significant
difference was found across different baseline characteristics, e.g.,
cross-match types, DSA class or DSA count (Table 1).

FIGURE 3 | Results of the gap analysis for DSA time series. Left: within-cluster dispersion, the standard deviation is indicated for reference data via the shaded
region. Right: one-standard-error measurements. The optimal number of clusters is indicated by the lowest k on the left in combination with positive one-standard-error
measurement on the right; in this case, k = 4.

FIGURE 4 | The four groups identified via the gap statistic from DTW agglomerative hierarchical clustering on the DSA dataset. Cluster linkages, i.e., means of the
clusters, are shown in dark grey lines. The shaded region displays the standard deviation for each cluster, and individual profiles are displayed in grey dotted lines.
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Post-Transplant DSA Response Types and
Patients Characteristics Within the
Identified Groups
The DTW agglomerative hierarchical clustering of 47 tDSA time
series with 50-time points following transplantation are presented
in Figure 3. Figure 3 (left figure) shows that at k = 4, the
difference within-cluster dispersion between the original and
reference data stops increasing, suggesting that the optimal
number of clusters is four. This assessment is reinforced when
observing the subsequent one-standard error measurement
(Figure 3, rightmost figure), whose first positive instance is
also at k = 4. A breakdown of the four clusters/groups for
post-transplant tDSAs is shown in Figure 4. A description of
each group is given, including the additional group of non-
responders identified separately in Stage 1 of clustering analysis:

a) No-response group (group 0): low post-transplantation tDSA
levels <1500 MFI.

b) Fast modulation (group 1): sharp rise followed by a sharp decrease
is tDSAMFI values; the mean peak is day 13 post-transplant. The
dynamic behaviour can be summarised as having a short peak
duration, typically 3–4 days, before experiencing a sharp drop and
settling at the pre-peakDSA level. DSA are typically inactive for up
to 5 days following transplant.

c) Slow modulation (group 2): sharp rise followed by a gradual
decline in tDSA values; the mean peak day is 13 post-
transplant. In this cohort, peak duration is not easily
defined and gradually reduces to approximately 30% of
peak levels by the 50th-day post-transplant. DSA is
typically inactive for up to 5 days following transplant.
There are large oscillations in DSA values, not seen in group 1.

d) Rise to sustained (group 3): slower rise followed by sustained
high levels; mean peak at day 21 post-transplant, and DSA
levels remain consistently high from this point onwards. DSA
are typically at a higher baseline than in groups 1 and 2 up to
5 days post-transplant.

e) Sustained (group 4): no substantial rise or fall but tDSA is
persistently above 1500 MFI.

Inclusion of the remaining 23 shorter DSA time series (Stage
4), classified into the closest of the selected groups 1–4 gave the
total numbers of dynamic patterns: group 0 (n = 18), group 1 (n =
15), group 2 (n = 23), group 3 (n = 16) and group 4 (n = 16). The
highest median MFI value (16,263) is observed in group 1;
however, there is no significant difference in the maximal DSA
MFI values between this group and groups 2–4 (Figure 5).

The patient characteristic analysis of these five groups is
illustrated in Table 2. There were no statistically significant
differences in the occurrence of pre or post-transplant DFPP
(Fisher exact test). Groups were assessed for their associated rates
of acute rejection and graft failure. The fast modulation responses

FIGURE 5 | Maximum tDSA level distributions for each group. Group 1
has the highest median value (16,263 MFI) and is compared to groups 2–4 for
a significant difference. In each case, no significant differences are identified
between groups highlighting how different dynamics occur across all
observed DSA ranges.

TABLE 2 | Characteristics of groups based on clustering.

Cluster/group

0 No
response
(n = 18)

1 Fast modulation
(n = 15)

2 Slow modulation
(n = 23)

3 Rise to
sustained
(n = 16)

4 Sustained
(n = 16)

All
(n = 88)

Age (years, mean) 43.94 44.87 40.17 37.13 39.69 41.10
ESRF (years, mean) 13.08 7.33 10.65 12.16 14.23 11.48
Female (%) 55.56 93.33 78.26 31.25 43.75 61.36
LDKT (%) 94.44 100 95.65 93.75 75 92.05
Previous tx (%) 72.22 26.67 60.87 81.25 75 63.64
Crossmatch+ (%) 55.56 73.33 69.57 93.75 81.25 73.86
CDC+ (%) 11.11 13.33 17.39 37.5 25 20.45
Out of all CDC+, CDC>1:2 (%) 0 0 0 100 50 55.56
Pre Tx-DFPP(%) 66.7 80.0 82.6 93.7 62.5 77.27
Average tDSA value 2062 7023 7105 14813 12674 8735
DSA (n) 2 3 3 3 3 3
Rejection within first 30-days, % 16.67 80.0 56.52 56.25 18.75 47.73
Post Tx-DFPP (%) 5.56 33.33 13.04 18.75 6.25 14.77
Lymphocyte-depleting
agent (%)

5.56 40 47.83 50 12.5 31.82

GF-5 years (%) 11.11 6.67 4.35 31.25 25 14.77

ESRF, end stage renal failure; LDKT, living donor kidney transplant; Tx, transplant; DFPP, double filtration plasmapheresis; CDC, Complement dependent cytoxicity.
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(group 1) demonstrated the highest rejection rate of 80%, the
sustained group showed the lowest rate at 19%, whereas the slow
modulation and rise to sustained groups had rejection rates around
56%. This is in contrast to 5-year GF rates, with 4–7% in the two
modulation groups (groups 1 and 2) and 25–31% in the two
sustained groups (groups 3 and 4).

Modulated Versus Sustained DSA
Responses
Because of their similarity in GF rates, the two modulation groups
were combined, and the two sustained groups were combined for

further analysis. Table 3 illustrates the results of a univariate analysis
with significant variables (p < 0.05) highlighted in bold. Younger
patients and those with previous transplants were more likely to
produce a sustained response. In contrast, female gender, more than
4 HLA mismatches and an episode of early acute rejections were
associated with a modulated response. The higher pre-treatment
tDSA levels were strongly associated with sustained dynamics.
Multivariable LR analysis (Table 4), accounting for ten
confounding variables with p < 0.2 in univariate analysis
(Table 3), showed higher pre-treatment tDSA levels, male
gender, and the absence of an episode of early acute rejection
were all strongly associative of a sustained response (ROC-AUC/

TABLE 3 | Univariate analysis: comparison of patients’ characteristics for modulation and sustained groups (n = 70).

tDSA dynamic group p-value OR (95% CI)

Modulation (38) Sustained (32)

Continuous, md (r)
Age (years) 44 (36–49) 40 (33–43) 0.04
ESRF (years) 7 (2–16) 15 (7–18) 0.06
Pre-treatment tDSA level 5200 (3300–9400) 9800 (6600–16000) <0.01
Maximum tDSA level 12000 (7800–21000) 13000 (7000–18000) 0.87

Categorical, n (% in each group)

Gender
Male 6 (16) 20 (63)
Female 32 (84) 12 (37) <0.001 0.11 (0.04–0.35)
Living donor
No 1 (3) 5 (16)
Yes 37 (97) 27 (84) 0.09 0.15 (0.02–1.3)
Previous transplants
No 20 (53) 7 (22)
Yes 18 (47) 25 (78) 0.01 4 (1.4–11)
CDC crossmatch
CDC(-) FC(-) SAB(+) 11 (29) 4 (13)
CDC(-) FC(+) SAB(+) 21 (55) 18 (56) 0.23 2.4 (0.64–8.7)
CDC(+) FC(+) SAB(+) 6 (16) 10 (31) 0.07 4.6 (0.99–21)
DSA HLA class
Class I 12 (32) 10 (31)
Class II 6 (16) 7 (22) 0.73 1.4 (0.35–5.5)
Class I and II 20 (53) 15 (47) 1.00 0.9 (0.31–2.6)
DSA count
≤3 21 (55) 17 (53)
≥4 17 (45) 15 (47) 1.00 1.1 (0.42–2.8)
HLA (A, B and DR) mismatches
≤3 22 (58) 28 (87)
≥4 16 (42) 4 (13) <0.01 0.2 (0.06–0.67)
Pre-treatment DFPP
No 7 (18) 7 (22)
Yes 31 (81) 25 (78) 0.77 0.81 (0.25–2.6)
Early acute rejection
No 11 (29) 20 (63)
Yes 27 (71) 12 (37) <0.01 0.24 (0.09–0.67)
5 years graft failure
No 36 (94) 23 (72)
Yes 2 (6) 9 (28) 0.02 7 (1.4–36)
Post-transplant DFPP
No 30 (79) 28 (87)
Yes 8 (21) 4 (13) 0.53 0.54 (0.15–2)
Post-transplant lymphodepletion
No 21 (55) 22 (69)
Yes 17 (45) 10 (31) 0.33 0.56 (0.21–1.5)

n (%) = number of cases (% of cases); md(r) = median (interquartile range). Variables that demonstrated significantly different distributions (p < 0.05) within the 2 groups are highlighted
in bold.
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baseline = 1.59, PR-AUC/baseline = 1.83). A sub-group analysis of
cases who experienced early rejection found no statistically
significant difference in treatment proportions between
modulated and sustained DSA dynamic responses (p = ns
Fischer 2-tail test). The dynamic response varied with DSA
specificities with more modulation response for HLA-A, -B and

-DR specificities and sustained against HLA-DP specificities
(Figure 6), though given patient there were DSA specificities that
followed mixed dynamics.

Kaplan-Meier analysis (Figure 7) confirms that the sustained
group has a worse 5-year GF rate. A multivariable logistic
regression model was also developed (Table 5) to look at the
association of the dynamic patterns of the identified groups,
combined with confounding variables, namely age, cross-
match status and post-transplant DFPP (from Table 3, p <
0.2), with GF. The model in Table 5 shows significant
associations of younger age, sustained tDSA response and
post-transplant DFPP, with GF (PR-AUC/baseline = 3.83).

DISCUSSION

Following kidney transplantation, DSA monitoring can be a
useful surrogate marker as allorecognition and memory
responses to the re-exposure of HLA is associated with DSA
rise and rejection (36). The response can be variable (37) and may
depend on the type of sensitisation events (38), age, baseline
immunosuppressant, time since sensitisation and level of cross-
match before transplantation. T-cell help (39) is required to
reactivate memory B-cells (40, 41), and successful treatment of
rejection with OKT3/ATG in the study supports this. Equally, a
rising DSA trend is often considered more worrying and clinically
useful than a steady state or drop in the MFI values.

As a result, most transplant centres and national guidelines suggest
post-transplant DSA monitoring (42). However, recommendations
vary, and there is much uncertainty over how to perform such
monitoring. We have previously described dynamic patterns seen
in individual DSA and third party HLA antibodies using the visual
description from the same dataset (25), including more complex
mathematical modelling of a modulatory type of dynamic behaviour
(26). In this study, we have, for the first time, applied an unsupervised
clustering (33) approach to the DSA MFI time series to describe the
overall dynamic trends and patterns of DSA following HLA-
incompatible kidney transplantation and their associations with
transplant outcomes, in particular with 5-year graft survival. Four
dynamic patterns were identified after separating the non-responder
group, demonstrating heterogeneous dynamic behaviour. The total

FIGURE 6 | Dynamic cluster patterns at DSA-HLA specific allele levels.
Class 1 and DR specific DSA has predominantly modulating response
compared to HLA DP; HLA DQ has mixed dynamics.

FIGURE 7 | Kaplan-Meier analysis comparing the survival rates in
modulation (groups 1 and 2) and sustained (groups 3 and 4) groups.

TABLE 5 | Multivariable LR model showing association of DSA response type
(modulation and sustained) with 5-year GF while accounting for confounding
variables, p < 0.2, identified from univariate analysis in Table 3.

OR 95% CI p-value

Intercept 8.29 1.32 52.20 0.25
Age (↑) 0.90 0.86 0.95 0.03
DSA response (sustained) 10.05 3.75 26.92 0.02
Post-transplant DFPP (no) 0.15 0.05 0.39 0.05
Cases 70
of which are GF 11 (16%)
PR-AUC (PR-AUC/baseline) 0.60 (3.83)
ROC-AUC (ROC-AUC/baseline) 0.85 (1.00)

Significant p-values (p < 0.05) are highlighted in bold.

TABLE 4 | Multivariable LR model showing association of selected (p < 0.2)
variables from Table 3 with a sustained dynamic response.

OR 95% CI p-value

Intercept 1.36 2.85 5.97 0.24
Pre-treatment DSA level (↑1000 MFI) 1.08 1.13 1.19 <0.01
Gender (Female) 0.06 0.12 0.24 <0.01
Acute rejection (Yes) 0.07 0.14 0.28 <0.01
Cases 70
of which are Sustained 32 (46%)
PR-AUC (PR-AUC/baseline) 0.84 (1.83)
ROC-AUC (ROC-AUC/baseline) 0.86 (1.59)

Significant p-values (p < 0.05) are highlighted in bold.
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DSA levels remained notably subdued up to the first five to 10 days
following transplantation, particularly in fast (group 1) and slow
(group 2) modulation groups. This effect in the first 4 days following
transplant has been noted in several studies before (18, 25, 43), in part
caused by adsorption of HLA antibodies onto the kidney allograft
(25). As the use of post-transplant DFPP was not associated with a
particular dynamic pattern/group (Tables 2, 3), it suggests that other
mechanisms are responsible for differential behaviour.

Our data show that the more sensitised cases at baseline, i.e., those
with the higher DSA MFI levels and CDC titre>1:2, are likely to
develop the sustained post-transplant response. These, in turn, have
the poorest five-year survival. We have previously reported poor
survival in the higher titre baseline cases (23). Others have also shown
that pre-transplant higher total DSA associates with persistent high
total DSA post-transplantation (44) and that sustained total
DSA levels associate with the worse outcome than resolved DSA
(44, 45, 46). Unlike previous study (45), a single point day 30
DSA levels (tDSA >2000 MFI) in a multivariable model was not
an independently significant predictor for graft outcome in our
study. We found that early modulation cases are likely to have a
very different outcome, despite a significantly higher incidence
of early AMR. This all points to different levels of immune
regulation in the two broad antibody dynamic groups that we
have identified. The very rapid modulation seems in part to be
AMR-dependent (87.7% incidence in the fast modulators,
Group 1) which implies an active immunological process.
Notably, the early antibody dynamics were not significantly
associated with the use of post-transplant antibody removal. In
some cases, we observed no sustained fall in MFI values over a
course of DFPP, and in others, we saw spontaneously MFI falls
without DFPP use. A recent study (22) also showed that
declining DSA levels following AMR associated with the
good longer-term outcome, but the two cohorts are not
directly comparable and with different approaches to AMR
treatment, so it is unclear whether it is the treatment itself as
opposed to the AMR process (and its successful resolution) that
determines the outcome.

This study allows some observations to be made that might assist
further investigations. First, the “decisions” made by the immune
system whether or not to increase DSA levels and then whether or
not to have a sustained response or a fall in DSA levels seem to be
made in the first 2 weeks or so after transplantation. We did not see
late shifts in trajectory, though we cannot exclude the possible
impacts of events such as non-adherence and pregnancy. Second,
the sustained falls in DSA levels followed initial rises. There was no
“sustained to fall” group. This could mean that initial activation of
the immune system was required before there could be elimination
or suppression of antibody production. Lastly, the rate of fall in DSA
levels in our slow modulation group is broadly in line with the
known half-life of IgG1 (about 23 days) (47), while the
disappearance of DSA in the fast modulation group (half-life in
the order of 5 days) seems to imply an active mechanism of DSA
removal. However, while the fast disappearance of DSA may be
useful, it was not by itself a requirement for good long term
outcomes rather the “decision” to modulate was paramount.
These observations are speculative but provide many
opportunities to drive targeted investigations in the future.

The results of our study reflect specific immunosuppressive
protocol, management and monitoring protocols, and case
selections, limiting generalizability to broader patient groups.
Ideally, a larger multi-centre study is required to confirm the
findings. SAB are the best available option for determining
DSA levels and have improved our ability to identify and
manage allosensitised transplant patients (48, 49). They
provide a semi-quantitative measurement of DSA in the
form of MFI, with has limitations at larger DSA levels such
as the prozone and saturation effects (49–51). While we have
made the best efforts to identify and address the prozone and
saturation effect occurrences within the cohort, it is still
recognised that MFI levels cannot accurately represent true
antibody strength. Other limitations include cases discharged
back to parent units, a management protocol that may have
influenced long term outcomes, and we did not employ
protocol biopsies, so we cannot comment on the possible
relationship of these to sustained antibody levels. Despite
these limitations we made an in-depth and detailed
description of DSA dynamic responses. This work may help
in future tailoring of treatment so that lower risk HLA-
incompatible patients are not subjected to over-
immunosuppression even if they have had early acute
rejection and that high-risk patients can be looked at more
carefully even if they haven’t had an early acute rejection.
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Background: Multiple renal arteries (MRA) are often encountered during living-donor
kidney transplantation (LDKT), requiring surgeons to pursue complex renovascular
reconstructions prior to graft implantation. With improvements in reconstruction and
anastomosis techniques, allografts with MRA can be successfully transplanted with
similar outcomes to allografts with a single renal artery. Here, we describe in detail
various surgical techniques for reconstruction of MRA grafts with the intent of creating
a single arterial inflow.

Methods: We retrospectively reviewed the medical records of all LDKT recipients with
laparoscopically procuredMRA kidneys between March 2008 and July 2021. Recipient and
donor characteristics, operative data, type of reconstruction, and recipient outcomes were
analyzed. The primary outcomes were the incidence of developing delayed graft function
(DGF) and/or a vascular or urological complication within 12months post-transplant.

Results: Seventy-three LDKT recipients of MRA donor allografts were evaluated. Two renal
arteries (RA) were encountered in 62 allografts (84.9%) and three RA in 11 allografts (15.1%).
Renal artery reconstruction was performed in 95.8% (70/73) of patients. Eighteen different
reconstruction techniques of MRA were utilized, the most common being side-to-side
anastomosis in allografts with two RA (N = 44) and side-to-side-to-side anastomosis in
allografts with three RA (N = 4). Interposition grafting was performed in seven cases (9.6%). A
single ostium was created in 69 cases (94.5%), and the median warm ischemia time was 27
(range 20–42) minutes. None of the patients developed DGF or post-operative vascular or
urological complications. Median creatinine at 3, 6, and 12months post-transplant remained
stable at 1.1mg/dl. With a median follow-up of 30.4months post-transplant, only one graft
failure has been observed–death-censored graft survival was 98.6%.

Conclusion: Complex reconstruction techniques to create a single renal artery ostium for
graft implantation anastomosis in allografts with MRA show acceptable warm ischemic
times, with no increased risk of post-operative vascular or urological complications.

Keywords: multiple renal blood vessels, surgical innovation, living donors, renal transplantation, kidney allografts
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Graphical Abstract |

INTRODUCTION

With a widening gap between supply and demand of organs,
living-donor kidney transplantation (LDKT) has substantially
increased in efforts to expand the donor pool. This has led to a
surge in living-donor kidneys (LDK) with anatomical variations,
specifically, multiple renal arteries (MRA) (1, 2). Kidneys with
MRA are common in renal vascular anatomy, occurring at an
incidence of 18–43% in potential kidney donors (3). When
encountered during LDKT, they often require complex back-
table reconstructions, which has been associated with a higher
risk of post-transplant vascular and urologic complications (1, 4,
5). However, with improvements in reconstruction and
anastomosis techniques, allografts with MRA have been shown
to be successfully transplanted with similar surgical and clinical
outcomes compared to allografts with a single renal artery (6–8).
Examples of these improvements include the use of interposition
grafting (9, 10) and side-to-side anastomoses to create a wide
lumen (11, 12). Additionally, routine use of low-molecular weight
dextran and optical magnification have helped to minimize
postoperative complications and made it easier to construct
microvascular anastomosis during LDKT (6–8).

Although long-term graft and patient survival have been shown
to be similar for single and multiple arteries, the impact of the type
of arterial reconstruction method for MRA has rarely been
investigated and warrants additional study (12, 13). Performing
multiple anastomoses is often associated with poor visibility,
difficult suturing (14), thrombosis, and bleeding (15).
Additionally, multiple anastomoses are associated with a
prolonged warm ischemia time (WIT), which has been shown to
have a detrimental effect on both early graft function and long-term

graft survival in LDKT (16–21). In this study, we describe in detail
18 different surgical techniques for reconstruction of MRA during
LDKT, with the main goal of creating a single renal artery ostium
for allograft implantation in efforts to facilitate construction of the
in situ vascular anastomosis, minimize recipient WIT, and reduce
post-operative complications. We evaluated recipient and donor
demographics, operative data, early outcomes such as delayed graft
function (DGF), development of any post-operative vascular,
urological, or other complication within 12months post-
transplant, and graft survival.

METHODS

We retrospectively reviewed the medical records of all LDKT
recipients with laparoscopically procured MRA kidneys at our
institution between March 2008 and July 2021. This study was
approved by the University of Miami Institutional Review Board
and follows the ethical principles (as revised in 2013) of the
Helsinki Declaration. All patients gave written informed consent
prior to enrollment.

All donors underwent comprehensive nephrologic evaluation
including their medical history, physical examination, renal
function assessment, and urinalysis. Evaluation of the donor
renal vascular anatomy was performed using computed
tomography angiography (CTA). Thus, the presence of
multiple vessels was known before surgery. All donors referred
to us were considered suitable based on their vasculature. The
approach for reconstruction of MRA and the availability of
deceased donor vessels for interposition grafting
reconstruction were determined before surgery.
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All recipients began Aspirin 81 mg daily on post-operative
day 3 and remained on this regimen indefinitely. To monitor
development of vascular and/or urological complications,
baseline Doppler Ultrasound (DU) was performed after
surgery, and then repeated at 1, 3, and 12 months post-
operatively. If there were any vascular or urological
concerns, further imaging with magnetic resonance
angiography and/or Tc99m MAG-3 renal scintigraphy was
performed.

Statistical Analysis
Analyzed baseline variables included date of transplant, recipient
age, recipient gender, recipient race/ethnicity, recipient BMI,

recipient pre-transplant history of diabetes mellitus, kidney
retransplant status, donor type, donor kidney location (left or
right), number of donor arteries, type of vascular reconstruction,
whether or not a single renal artery ostium was used, living donor
type (related/unrelated), double-J ureteral stent insertion, JP
drain insertion, total operative time, cold ischemia time (CIT),
and warm ischemia time (WIT) for single and multiple
anastomoses. Recipient outcomes included development of
DGF (requirement for dialysis during the first post-operative
week), length of hospital stay, development of a post-operative
vascular, urological, or other complication within 12 months
posttransplant, and graft loss (return to permanent dialysis or
death). Estimated glomerular filtration rate (eGFR) was

FIGURE 1 | Conjoined anastomosis techniques. (A) Single ostium side-to-side anastomosis. (B) Single ostium side-to-side-to-side anastomosis.

FIGURE 2 | Techniques for grafting a main RA and an accessory pole artery. (A) UPRA anastomosed end-to-side to main RA. (B) LPRA anastomosed end-to-side
tomain RA. (C) Short UPRA anastomosed end-to-side to a branch of themain RA. (D)Short LPRA anastomosed end-to-side to a branch of themain RA. (E) Short LPRA
anastomosed end-to-side to a branch of the main RA inside the hilum.
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calculated using the Chronic Kidney disease Epidemiology
Collaboration Equation. Percentages of patients having
selected baseline characteristics were determined as well as
means, standard errors, medians, and ranges of values for
baseline continuous variables.

Surgical Techniques
A hand-assisted laparoscopic donor nephrectomy was
performed in a standard fashion with special attention
given to the renal hilum and preservation of the length of
the renal vessels (22). The vessels were stapled using the
Ethicon Echelon Flex Powered Stapler with the 45-mm
vascular linear cutter. In the case of early bifurcation, we
used the Ethicon Echelon Flex Powered Stapler with a 35-mm
vascular linear cutter to avoid having two renal vessels. The
graft was flushed with cold Histidine-tryptophan-
ketoglutarate until the effluent was clear. The renal arteries
and veins were dissected from the surrounding perivascular
lymphatics and fat. The donor and recipient vessels were
prepared by trimming any redundant length of the vessels to
prevent kinking during anastomosis. The ureter with its
blood supply and the periureteric tissue were preserved,
and all remaining redundant perinephric fat was trimmed.

Ex-vivo reconstructions were performed during bench surgery
according to the case-specific anatomy. Surgical loupes at 3.5x
magnification were used for the reconstructions. All the vascular
reconstructions were performed with 8–0 Prolene.

In the case of two renal arteries (RA) of similar length (N = 43),
the preferred approach was a single ostium side-to-side
anastomosis, which was created by spatulating the two arteries
medially and conjoining them into a single lumen (Figure 1A).
This technique was extrapolated in the case of three RA of similar
length (N = 4), where a single renal artery ostium was created by
conjoining the arteries in a side-to-side-to-side manner
(Figure 1B). If the additional renal artery was <1 mm in
length and not suitable for anastomosis, it was tied off, and
the remaining two RA were conjoined together into a single
lumen (N = 1) (Figure 1A).

In the case of a graft with a main RA and an accessory upper
pole renal artery (UPRA) (N = 4) or lower pole renal artery
(LPRA) (N = 3), an end-to-side anastomosis to the main RA was
created in a running fashion (Figures 2A,B). If there was a short
UPRA (N = 1) or short LPRA (N = 1), it was anastomosed end-to-
side to one of the branches of the main RA (Figures 2C,D). In one
case, the short LPRA was anastomosed to a branch of the main
RA inside the hilum (N = 1) (Figure 2E).

In the case of three RA, several approaches were taken to create
a single ostium. One approach was to conjoin the two main RA
side-to-side and then anastomose the UPRA end-to-side to the
upper main RA (N = 1) (Figure 3A). In one case, the LPRA was
conjoined in a single lumen with the main RA, and the middle RA
was anastomosed end-to-side to the upper branch of the main RA
(N = 1) (Figures 3B, 6A). In another approach, the two main RA
were anastomosed side-to-side in a single lumen and the short

FIGURE 3 | Creation of a single inflow orifice for grafts with 3RA. (A) Two main RA conjoined side-to-side and UPRA anastomosed end-to-side to the upper main
RA. (B) LPRA conjoined in a single lumen with the main RA, and short middle RA anastomosed end-to-side to the upper branch of the main RA. (C) Two RA conjoined
side-to-side in a single lumen and short UPRA anastomosed end-to-side to a branch of the upper renal artery inside the hilum. (D) Short UPRA anastomosed end-to-side
to a branch of the main RA inside the hilum, and the LPRA was anastomosed end-to-side to main RA.
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UPRA was anastomosed end-to-side to a branch of the RA inside
the hilum (N = 1) (Figure 3C). Finally, there was one case where
the short UPRA was anastomosed end-to-side to a branch of the
main RA inside the hilum, and the LPRA was anastomosed end-
to-side to main RA (N = 1) (Figures 3D, 6B).

When an accessory pole artery was located too far from the
renal artery(s) and creation of a single ostium was not feasible,
two separate arterial anastomoses were implanted (N = 4). In
three of these cases, there were grafts with two RA, with a short
LPRA located too far from the main RA to perform a
reconstruction. One of these was a case of 2-year-old pediatric
recipient in which the LPRA was anastomosed end-to-side to the
external iliac artery, and the main RA was anastomosed end-to-
side to the common iliac artery. The two remaining cases had a
short LPRA that was 8 cm from the main RA. The short LPRA
was anastomosed end-to-end to the recipient inferior epigastric
artery, and the main RA was anastomosed end-to-side to the
external iliac artery (Figure 4A). In the final case of a graft with
three RA, a LPRA was 7 cm from the twomain RA. The two main
RA were conjoined together side-to-side into a single ostium, and
the short LPRA was anastomosed end-to-end to the recipient
ipsilateral inferior epigastric artery, which was fully mobilized
and dissected from the abdomen (Figure 4B).

Interposition grafting was utilized as various conduits for
short renal arteries. A segment of recipient inferior epigastric
artery (RIEA) was used in four renal grafts two 2 RA; a short
UPRA was anastomosed end-to-end to the RIEA, and then
anastomosed side-to-side (N = 3) or end-to-side (N = 1) to
the main RA (Figures 5A,B). In a graft with three RA, the
two main RA were anastomosed end-to-end to a segment of
the recipient internal iliac artery, and the short UPRA was
anastomosed end-to-side to one of the main RA (N = 1)
(Figure 5C). A segment of deceased donor external iliac artery
was used to extend two short RA conjoined in a single lumen (N =
1) (Figure 5D). Finally, a segment of donor gonadal vein was used
to extend a short UPRA in a graft with three RA, which was
anastomosed end-to-side to the one of the twomain RA that were
conjoined into single ostium (N = 1) (Figures 5E, 6C).

Once the reconstructions were complete, grafts were
anastomosed end-to-side to the recipient external iliac artery
and vein. After reperfusion, an extravesical ureteroneocystostomy
was performed (23).

Of note, while diameter sizes of donor arteries were measured pre-
operatively by CTA (upper and lower pole arteries measured
approximately 2mm in diameter), the diameter of the ostium of
the reconstructed arteries was not measured. However, its diameter
was the combined size of the two or three conjoined RA.

Immunosuppression
All recipients received immunosuppressant therapy according to
our center’s protocols (24) with induction consisting of
intravenous antithymocyte globulin 1 mg/kg, basiliximab
20 mg, and methylprednisolone 500 mg administered
intraoperatively before organ reperfusion. Maintenance
immunosuppression included a steroid-free regimen consisting
of tacrolimus and mycophenolate mofetil, starting on
postoperative day 1.

RESULTS

Recipient and donor baseline demographics and operative data appear
in Table 1. Seventy-three LDKT recipients of MRA donor allografts
were evaluated. Median recipient age was 48.8 (range 2.3–77.1) years,
and 67.1% (49/73) recipients were male. Black and Hispanic
participants comprised 12.3% (9/73) and 42.5% (31/73) of the
transplant recipients, respectively. The majority of transplant
recipients, 93.2% (68/73), received a primary kidney transplant;
only 6.8% (5/73) were retransplants. The percentage of recipients
who received a left donor kidney was 94.5% (69/73); 5.5% (4/73)
received a right donor kidney. The percentage who received a kidney
with two RA and three RA was 83.6% (61/73) and 16.4% (12/73),
respectively. A double-J ureteral stent was placed in only 4.1% (3/73)
of the patients. A JP drain was placed in 20.5% (15/73) of the patients.
Median total operative time was 296 (range 206–483) minutes. The
median warm ischemia time for anastomosis of a single artery ostium
was 27 (range 20–42) minutes, and for two separate anastomoses it
was 31.5 (range 21–33) minutes. Median estimated blood loss was 40
(range 10–300) ml.

The types of reconstruction are detailed in Table 2. Renal artery
reconstruction was performed in 95.8% (70/73) of patients;
reconstruction was not performed in three patients. A single renal
artery ostium was created in 94.5% (69/73) of patients. Two separate
renal artery anastomoses were implanted in 5.5% (4/73) of patients.
Interposition grafting was performed in seven cases (9.6%).

Recipient outcomes are listed in Table 3. Median length of
hospital stay was 4 (range 3–67) days. Median follow-up among
67 patients who were alive with a functioning graft as of the last
follow-up date (31 July 2021) was 30.4 (range: 0.3–151.2) months
post-transplant. Median preoperative creatinine was 6.0 (range
0.9–22.6) mg/dl, which decreased to 1.1 (range 0.25–2.0) mg/dl at
3 months. At 6 and 12 months post-transplant, the median
creatinine remained stable at 1.1 mg/dl.

None of the 73 patients had DGF or developed a postoperative
vascular or urological complication. Since the main concern with
lower pole artery reconstruction is the risk of developing a
postoperative urological complication, it was reassuring that no
such complication was observed in any of the patients. Thus, there
were no differences in clinical outcomes between those who received
an upper pole artery vs. lower pole artery reconstruction.

Two patients (2.7%) developed a nonsurgical post-operative
complication during the first 30 days (12months) post-transplant,
includingC. difficile colitis/sepsis at 4 days post-transplant (N= 1) and
acute respiratory distress syndrome (ARDS) at 6 days post-transplant
(N= 1). The patient who developed c. difficile colitis/sepsis died of that
infection (with a functioning graft) at 0.8months post-transplant. The
patient who developed ARDS did not experience graft loss.

One patient (1.4%) developed graft failure due to acute T-cell-
mediated rejection (TCMR) at 41.8 months post-transplant. Five
patients have died with a functioning graft: cardiovascular event
in two patients (at 4.4 and 7.9 months post-transplant,
respectively), infection in two patients (death due to C. difficile
colitis/sepsis in one patient at 0.8 months post-transplant, and
death due to sepsis in one patient at 125.2 months post-
transplant), and ruptured aortic aneurysm in one patient (at
5.2 months post-transplant).
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DISCUSSION

Kidney transplantation is the treatment of choice for patients
with ESRD. However, donor organ shortage has prevented the
wider application of this treatment. This has prompted surgeons
to utilize each donor organ they encounter in a maximal and
favorable manner, such as kidney grafts with MRA (7, 25). Up

until recently, renal artery multiplicity was viewed as a
contraindication for transplantation due to its greater
technical demand and association with a higher incidence of
vascular and urological complications (1, 4, 5). Additionally,
prolonged total operative times and ischemia times were
thought to add unnecessary risk to the recipient (7, 26).
However, with recent advances in surgical reconstruction and

FIGURE 4 | Creation of two separate anastomoses for implantation. (A) Short LPRA (8 cm from the main RA) anastomosed end-to-end to the recipient inferior
epigastric artery. (B) Two RA were conjoined in a single lumen and the LPRA (7 cm from the 2 RA) anastomosed end-to-end to the recipient ipsilateral inferior epigastric
artery.

FIGURE 5 | Interposition grafting. (A) Segment of recipient inferior epigastric artery anastomosed end-to-end to the short UPRA, and then anastomosed side-to-
side to the main RA. (B) Segment of recipient inferior epigastric artery anastomosed end-to-end to the short UPRA, and then anastomosed end-to-side to the main RA.
(C) Segment of recipient internal iliac artery anastomosed end-to-end to the two main RA, and the short UPRA anastomosed end-to-side to one of the main RA. (D)
Segment of deceased donor external iliac artery anastomosed end-to-end to two short RA conjoined in a single lumen. (E) Short UPRA extendedwith a segment of
donor gonadal vein, then anastomosed end-to-side to the one of the 2 main RA that were conjoined in single ostium.
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anastomoses techniques, transplantation of allografts with
MRA is no longer considered to be a surgical restriction and
has been shown to provide comparable post-operative and

TABLE 1 | Distributions of recipient and donor demograpghics and of recipient
operative data.

Baseline variable Mean ± SE if
continuous (geometric mean ±

SE for variables
with skewed distributions);

Percentage
with characteristic if

categorical

Recipient age (year) 47.2 ± 1.9 (N = 73)
— (Median = 48.8, Range: 2.3–77.1)
Recipient age (year) —

<18 6.8% (5/73)
≥18, <50 43.8% (32/73)
≥50 49.3% (36/73)

Recipient Gender —

Female 32.9% (24/73)
Male 67.1% (49/73)

Recipient race/Ethnicity —

Black (non-Hispanic) 12.3% (9/73)
Hispanic 42.5% (31/73)
White (non-Hispanic) 41.1% (30/73)
Other 4.1% (3/73)

Recipient BMI (kg/m2) 26.3 ± 0.7 (N = 73)
(Median = 26.0, Range: 16.0–42.4)

Recipient pretransplant diabetes
mellitus

—

No 76.7% (56/73)
Yes 23.2% (17/73)

Retransplant —

No 93.2% (68/73)
Yes 6.8% (5/73)

Donor type —

Living related 57.5% (42/73)
Living unrelated 42.5% (31/73)

Kidney —

Left 94.5% (69/73)
Right 5.5% (4/73)

Number of Donor arteries —

2 83.6% (61/73)
3 16.4% (12/73)

JP drain placed —

No 79.5% (58/73)
Yes 20.5% (15/73)

Double-J ureteral stent placed —

No 95.9% (70/73)
Yes 4.1% (3/73)

Total Operative Time (min) 309.2 ± 8.1 (N = 73)
— (Median = 296, Range: 206–483)
CIT (min) 77.8 ± 2.9 (N = 73)

— (Median = 73, Range: 15–190)
WIT (min) 28.2 ± 0.6 (N = 73)

— (Median = 27, Range: 20–42)
WIT single anastomosis (min) 28.1 ± 0.6 (N = 69)

— (Median = 27, Range: 20–42)
WIT two anastomosis (min) 29.3 ± 2.8 (N = 4)

— (Median = 31.5, Range: 21–33)
EBL (ml) 37.9 */1.09 (N = 73)

— (Median = 40.0, Range: 10–300)

FIGURE 6 | (A) LPRA (white arrow) anastomosed side-to-side the main
RA with 8–0 Prolene, middle RA anastomosed end-to-side to the main RA
(black arrow) with 8–0 Prolene. (B) LPRA (white arrow) anastomosed end-to-
side to the main RA with 8–0 Prolene. The UPRA was short, so it was
anastomosed end-to-side to one of the branches of the main RA inside the
hilum. (C)UPRA anastomosed end-to-end to the donor gonadal vein with 8–0
Prolene, then end-to-side with 8–0 Prolene to themain RA (white arrow). The 2
RA were conjoined side-to side with 8–0 Prolene (black arrow).
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clinical outcomes to allografts with a single renal artery (5, 7, 8,
27, 28).

Several reconstruction techniques of MRA have been described in
the literature with the common goal of minimizing ischemic insult
and avoiding vascular complications. Transplantation of MRA in
LDKT is often achieved by performing multiple arterial anastomoses
without reconstruction. In a retrospective study by Hwang et al,
sequential arterial anastomoses of MRA were performed in 81.1% of
their caseswithMRA; the remaining grafts withMRAwere implanted
with single anastomosis by either conjoining the renal arteries into a
single lumen or ligating the accessory polar artery (29). Vaccarisi et al
explained that in cases ofMRA, they did not consider the opportunity
to perform vascular reconstruction to unify the ostium, and all
anastomoses were created separately in succession without kidney
reperfusion (30). Popov et al mentioned that when dealing with two
arteries of unequal size, it is preferable to anastomose them separately
rather than to perform bench surgery, thereby decreasing the risk of
compromising the lumen of the larger renal artery (31).

Although multiple anastomoses techniques like those
described can provide good long-term outcomes, they are
often associated with poor visibility and difficult suturing (14).
We believe it is advantageous to create a single arterial lumen
from MRA while in cold preservation, as it facilitates in situ
vascular anastomosis and minimizes recipient warm ischemia
time (WIT). Additionally, we prefer to revascularize
simultaneously, because sequential revascularization requires
added WIT and increases the risk of troublesome bleeding (14).

Prolonged WIT has been shown to have a detrimental effect
on early graft function and long-term graft survival in LDKT
(16–21). A study by Khan et al showed that WIT greater than
45 min was a risk factor for poor early graft function; they also
reported that longer WIT was likely attributed to performance of
multiple anastomoses in MRA donors (19). Similarly, Marzouk
et al reported that an anastomosis time greater than 29 min was
associated with an increased need for dialysis and length of stay,

as well as slower recovery of kidney function (20). Additionally,
Weissenbacher et al demonstrated that an anastomosis time
greater than 30 min significantly affects long-term graft
outcome and leads to inferior patient survival (21). In this
current study, we describe in detail 18 different techniques for
reconstruction of MRA in LDKT with the goal of minimizing
bothWIT and the risks associated with performing these complex
anastomoses. Surgical loupes at 3.5× magnification were used for
the reconstructions, which have been shown to increase the ease
of performing anastomosis and yield better results in living-
donor transplantation (32).

Of the reconstructions where a single renal artery lumen was
created (N = 69), we report a median WIT of 27 min. In the four
cases where vessels were implanted with two arterial
anastomoses, the median WIT was 31.5 min. Our median
WIT for creating a single inflow orifice is acceptable compared
to the reported published literature (19–21, 33). We report no
incidence of DGF nor vascular or urological complications in any
of our patients during the first 12 months post-transplant.

Our main goal of the study was not reached in these four cases,
because the accessory polar artery was located too far from the
main renal artery to be safely reconstructed into a single lumen.
Therefore, the accessory polar artery was anastomosed separately
to other suitable vessels located a shorter distance away from it
compared with the main renal artery. The use of interposition
grafting to extend the length of the polar arteries (which we
implemented in seven cases of short arteries) was not an option
for achieving a single lumen in these specific cases, as it would have
required too long of a graft, increasing the risk of complications.
Nevertheless, the use of interposition grafting in LDKT has been
shown to be a useful standard method for grafts with MRA (9, 10,
34). A study by Hiramitsu et al (10) describe the usefulness of
arterial reconstruction using the recipient’s own internal iliac artery
for MRA grafts. They report no significant differences in
complication incidence or perioperative and postoperative graft

TABLE 2 | Types of reconstruction.

2 RA (N = 61) N (%)

Nonea (Figure 4A and one pediatric case not illustrated) 3 (4.9%)
Conjoined, side-to-side (Figure 1A) 43 (70.4%)
Accessory pole RA end-to-side to main RA (Figures 2A, 2B) 7 (11.5%)
Accessory pole RA end-to-side to branch of main RA (Figures 2C, 2D) 2 (3.3%)
Accessory RA end-to-side to branch of main RA inside the hilum (Figure 2E) 1 (1.5%)
UPRA end-to-end to Recipient IEA,bthen either side-to-side or end-to-side to main RA (Figures 5A, 5B) 4 (6.6%)
2 conjoined RA end-to-end to a segment of Deceased Donor EIAb (Figure 5D) 1 (1.5%)

3 RA (N = 12)

Accessory pole <1 mm ligated, 2 remaining RA conjoined side-to-side (Figure 1A) 1 (1.5%)
Conjoined, side-to-side-to-side (Figure 1B) 4 (36.4%)
2 RA conjoined, UPRA end-to-side to main RA (Figure 3A) 1 (8.3%)
LPRA and main RA conjoined, middle RA end-to-side to upper branch of main RA (Figures 3B, 6A) 1 (8.3%)
2 RA conjoined side-to-side, UPRA end-to-side to branch of upper RA inside the hilum (Figure 3C) 1 (8.3%)
LPRA end-to-side to main RA, UPRA end-to-side to branch of RA inside the hilum (Figures 3D, 6B) 1 (8.3%)
2 RA conjoined, and LPRA end-to-end to recipient IEAa (Figure 4B) 1 (8.3%)
2 main RA end-to-end to a segment of Recipient IIA, then UPRA end-to-side to one of the main RA (Figure 5C) 1 (8.3%)
UPRA end-to-end to a segment of Donor gonadal vein,b then end-to-side to 2 conjoined RA (Figures 5E, 6C) 1 (8.3%)

aTwo separate anastomosis.
bInterposition grafting.
Abbreviations: IEA = inferior epigastric artery; EIA = external iliac artery; UPRA= upper pole renal artery; LPRA = lower pole renal artery; IIA = internal iliac artery.
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function of the interposition group at 60months of follow-up
compared to the conjoined group and the end-to-side method
group. A few reports in the literature describe the use of donor
gonadal vein as a conduit for renal arteries in LDKT with no
vascular complications noted during short-term follow-up of these
cases; however, long-term patency and safety remain unclear (9,
35–37). In our cohort, interposition grafting was performed in
seven cases with various conduits such as recipient inferior
epigastric artery, recipient internal iliac artery, deceased donor
external iliac artery, and donor gonadal vein with no observed
vascular or post-operative complications as of last follow-up.

When dealing with deceased donor kidney grafts with MRA, we
also perform vascular reconstructions with the goal of creating a

single arterial orifice in efforts to minimize ischemic insult. We
commonly transplant MRA from deceased donors with the use of a
Carrel aortic patch. If the renal arteries are located too far apart from
the aorta and result in a case of long Carrel patch, we trim the Carrel
patch and anastomosis it end-to-end to create a shorter carrel patch
(38), or we perform a back-table vascular reconstruction into a single
ostium for the same reasons as indicated in this manuscript.

Limitations of our study include the lack of comparison to
outcomes for LDKT of single renal arteries. Additionally, sample
sizes for certain subgroups of patients were relatively small,
limiting our ability to show significant differences between the
WIT of single and multiple arterial anastomoses. Another
limitation of our study includes the fact that this was an

TABLE 3 | Recipient outcomes.

Outcome
variable

Mean ± SE if
continuous (geometric mean ±

SE for variables
with skewed distributions); Percentage

with characteristic if
categorical

Length of hospital stay (days) 4.71 ± 1.06 (N = 73)
— (Median = 4, Range: 3–67)
Developed delayed graft function (DGF) —

No 100.0% (73/73)
Yes 0.0% (0/73)

Developed a post-operative complication (vascular, urological, or surgical) (within 12 months post-transplant)a —

No 97.3% (71/73)
Yes 2.7% (2/73)

—

Serum Cr at DOT (mg/dl) 6.9 ± 1.07 (N = 73)
— (Median = 6.0, Range: 0.9–22.6)
Serum Cr at 3 months post-tx (mg/dl) 1.1 ± 1.04 (N = 67)

— (Median = 1.1, Range: 0.25–2.0)
Serum Cr at 6 months post-tx (mg/dl) 1.1 ± 1.04 (N = 65)

— (Median = 1.1, Range: 0.3–2.0)
Serum Cr at 12 months post-tx (mg/dl) 1.2 ± 1.05 (N = 60)

— (Median = 1.1, Range: 0.3–4.9)
eGFR at 3 months post-tx (ml/min/1.73 m2) 78.4 ± 3.4 (N = 67)

— (Median = 76.8, Range: 34.8–234.5)
eGFR at 6 months post-tx (ml/min/1.73 m2) 76.5 ± 3.3 (N = 65)

— (Median = 74.2, Range: 38.2–217.2)
eGFR at 12 months post-tx (ml/min/1.73 m2) 76.2 ± 3.7 (N = 60)

— (Median = 70.9, Range: 15.6–216.5)
eGFR at 36 months post-tx (ml/min/1.73 m2) 66.8 ± 4.2 (N = 30)

— (Median = 66.6, Range: 12.0–114.0)
eGFR at 60 months post-tx (ml/min/1.73 m2) 62.6 ± 6.2 (N = 18)

— (Median = 67.5, Range: 6.2–107.7)
Graft failure, (i.e., return to permanent dialysis or retransplanted) (as of the Last follow-up date)b —

No 98.6% (72/73)
Yes 1.4% (1/73)

Death with a functioning graft (as of the last follow-up date)b —

No 93.2% (68/73)
Yes 6.8% (5/73)

Graft Loss (death uncensored) (as of the last follow-up date)b —

No 91.8% (67/73)
Yes 8.2% (6/73)

aAmong the 2 patients who developed a post-operative complication during the first 12 months post-transplant, the following complications were observed: acute respiratory distress
syndrome (ARDS) (N = 1), and C. difficile colitis/sepsis (N = 1).
bThe date of last follow-up for this study was 31 July 2021. Median follow-up among 67 patients who were alive with a functioning graft as of the last follow-up date was 30.4 (range:
0.3–151.2) months post-transplant. The single cause and time-to-graft failure (return to permanent dialysis) was as follows (listed chronologically by time to graft failure): Acute TCMR, at
41.8 months post-transplant. The 5 causes of death with a functioning graft and times-to-death were as follows: Cardiovascular Event in 2 patients (at 4.4- and 7.9-months post-
transplant, respectively), Infection in 2 patients (death due to C. difficile colitis/sepsis in 1 patient at 0.8 months post-transplant, and death due to infection/sepsis in 1 patient at
125.2 months post-transplant), and Ruptured Aortic Aneurysm in 1 patient (at 5.2 months post-transplant).
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evaluation of consecutively transplanted living donor recipients
performed at a single center by a single, highly experienced
transplant surgeon. While the chances of achieving such
successful anastomoses without post-operative complications
being an issue requires a surgeon who is highly experienced in
performing such techniques, these techniques can be easily
duplicated and incorporated by other transplant surgeons to
expand their surgical armamentarium.

CONCLUSION

Complex reconstruction techniques to create a single renal artery
ostium for graft implantation anastomosis in allografts withMRA
shows good clinical outcomes and acceptable WIT, with no
increased post-operative vascular or urological complications.
These techniques can be applied by other transplant surgeons
when faced with vessel multiplicity to avoid potential
complications associated with multiple arterial implantations.
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It is not known whether hearing disorders improves with kidney transplantation. One of the
neurotoxic effects of immunosuppressive drugs may be unrecognized hearing loss. In this
study, our aim was to evaluate the hearing disorders in kidney transplant patients. Hearing
problems in 46 kidney transplant patients [eGFR ≥ 60ml/min/1.73m2 (30 Tacrolimus, 16
mTOR inhibitor users)], 23 hemodialysis patients, and 20 healthy controls were evaluated
with a questionnaire and high-frequency audiometry. More than half (58.7%) of the
transplant patients had at least one hearing problem. Hearing loss was observed in
50%, 60.9% and 76.1% of the transplant patients at 8,000, 16,000 and 20,000 Hz.
Hearing thresholds of transplant and hemodialysis patients increased from 4,000 to
20,000 Hz and was higher than that of controls. Hearing thresholds were higher at
1,000–2,000 Hz in patients using tacrolimus and at 16,000–20,000 Hz in patients
using mTOR inhibitor. No correlation was found between hearing threshold and blood
tacrolimus or mTOR inhibitor levels. Most kidney transplant and hemodialysis patients have
hearing loss at higher frequencies thanmedium frequencies. Hearing loss in chronic kidney
patients is likely to be permanent and kidney transplantation may not improve hearing
problems. Hearing problems may be more pronounced at medium frequencies in patients
receiving tacrolimus but at higher frequencies in patients receiving mTOR inhibitors.

Keywords: kidney transplantation, extended high-frequency audiometry, hearing impairment, hemodialysis,
immunsuppressants

INTRODUCTION

Kidney transplantation is the most preferred treatment method for end-stage renal disease.
According to the World Health Organization data, in 2019, 100,097 kidney transplants were
performed all over the world (1). Kidney transplant patients take lifelong immunosuppressive
drugs, which have many side effects. Currently, many transplant centres use tacrolimus as a
calcineurin inhibitor (CNI) in their immunosuppressive regimen while mTOR inhibitors are
used much less frequently (2,3). Calcineurin inhibitors generally have a similar side effect
profile, with the most important one being neurotoxicity (4). Tacrolimus is slightly more neurotoxic
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than Cyclosporine (CsA) (4,5). Although neurotoxicity is most
commonly seen in the form of tremors, more serious conditions
such as epileptic seizures and confusion may also occur (6).

We have observed that some kidney transplant patients, albeit
very few, experience hearing problems after transplantation.
Advanced age, diabetes, ototoxic drug use, and uremia can
partially explain this situation; it is possible that the
immunosuppressive drugs used, especially tacrolimus, may also
have ototoxic effects. It is accepted that mTOR inhibitors do not
have neurotoxicity (7-9). There are only a few studies in the literature
investigating hearing problems in kidney transplant patients.
Moreover, there are no studies showing whether there is a
relationship between the type of immunosuppressive drug used
and hearing problems. Hearing tests are usually conducted in the
125–8000Hz. The 9000–20000Hz range is called Extended High-
Frequency Audiometry (EHFA), and it is important tool in detecting
hearing loss that starts at high frequencies and progresses to low
frequencies, due to reasons such as aging and toxic causes (10).

In this study, our primary aim was to determine any hearing
problems in kidney transplant patients in kidney transplant patients
using questionnaire and EHFA. Our second goal was to determine
whether there was a relationship between the hearing problem, if any,
and the type of immunosuppressive drug used.

PATIENTS AND METHODS

This cross-sectional case-control study was conducted at the
Department of Nephrology and Department of Ear-Nose, and

Throat Clinics of Kahramanmaras Sutcu Imam University
Medical Faculty Hospital, and Izmir Bozyaka Training and
Research Hospital. A total of 89 patients; 46 kidney transplant
recipients (TX group), 23 hemodialysis patients (HD group) and
20 healthy controls (C group) were included in the study. Ethical
approval was obtained from the local ethics committee of
Kahramanmaras Sutcu Imam University (date: September 09,
2020, session no.2020/17, decision no.18). Written informed
consent was obtained from all patients.

Inclusion Criteria
Nondiabetic kidney transplant recipients with an estimated
glomerular filtration rate (eGFR) > 60ml/min/1.73 m2 (calculated
with the MDRD formula), between the ages of 18–50 years, that
have passed at least 6 months after kidney transplant, and have
been using tacrolimus or an mTOR inhibitor (Everolimus) in
their immunosuppressive regimen were included in the TX
group. Nondiabetic patients aged 18–50 years and that have
received maintenance hemodialysis treatment three sessions/
week for at least 6 months were included in the HD group.
Healthy subjects who matched with kidney transplant patients
for age and gender distribution were included in the
control group.

Exclusion Criteria
Patients under the age of 18 and over 50, were diagnosed with
Alport syndrome, had a known or newly developed diabetes
mellitus (DM), have used ototoxic drugs within the last 3 months
(furosemide, torsemide, aminoglycoside antibiotics,
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erythromycin, vancomycin, etc.), had a history of hereditary or
acquired hearing loss problems due to several reasons (acoustic
trauma, genetic syndromes with hearing loss, neurological-
psychiatric problems, those with recurrent upper respiratory
tract infection, tympanic membrane and middle ear pathology
in otoscopic examination, Meniere’s disease, Cogan Syndrome,
Costen Syndrome, etc.), have had ear trauma or surgery, have
intracranial pathology that may cause hearing loss, have
malignancy and been receiving chemotherapy, and those in
whom the time elapsed since the start of dialysis or after
kidney transplant was less than 6 months, HD patients whose
Kt/V value was less than 1.2 within the last 3 months, kidney
transplant patients with eGFR < 60 ml/min/1.73 m2, kidney
transplant patients using regimens that do not contain
tacrolimus or mTOR inhibitors were not included in the study.

Obtaining of Demographic and Laboratory
Data
Data such as patients’ age, gender, presence of comorbidity
(hypertension or coronary artery disease,etc), the etiology of
chronic kidney disease (CKD), the number of years they have
been receiving HD treatment, duration of RRT (renal
replacement therapy) before transplantation, the time elapsed
after kidney transplant, and the immunosuppressive drugs used
were obtained from their medical records. Systolic and diastolic
blood pressures (SBP and DBP), height and weight were
measured before the midweek dialysis session for HD patients
and during the examination for TX and C groups. Body mass
index (BMI) was calculated by dividing body weight in kilograms
divided by square of height in meters.

Fasting blood glucose (FBG), blood urea nitrogen (BUN),
creatinine (Cr), sodium (Na), potassium (K), calcium (Ca),
phosphorus (P), LDL cholesterol, triglyceride (TG), uric acid
(UA), serum albumin levels were measured with the standard
methods. A blood sample of the HD patients was taken just before
the midweek dialysis session. The patients’ Kt/V values and urea
reduction ratios (URR) were retrieved from their medical records,
and the arithmetic average of the last 3 months was calculated.
The blood of TX patients was taken during outpatient control and
tacrolimus or mTOR inhibitor blood levels (C0) were measured.

Audiometric Measurements and Ear
Examination
Audiometric measurements and the examinations of the external
and middle ear and the throat were performed by a single

otolaryngology specialist in each centre. Lavage and
aspiration were performed on patients who required plug
aspiration. All audiological evaluations were performed in a
standard double-wall, soundproof booth (IAC Acoustics,
Naperville, IL, United States). Airway hearing tresholds at
250, 500, 1,000, 2,000, 4,000 and 8,000 Hz frequencies using
the Telephonics TDH 39P headphones (Telephonics Corp.,
Farmingdale, NY, United States) with the Interacoustics AC-
40 audiometer (Interacoustics, Middelfart, Denmark), bone
conduction hearing thresholds at the 500, 1,000, 2,000
and 4,000 Hz frequencies using the Rodioear B-71 bone
transducer (RadioEar, Middelfart, Denmark), and high
frequency airway hearing thresholds (>8,000 Hz) using
Harward HR H903 headphones were determined. The mean
and standard deviation of air and bone conduction thresholds
were calculated for each frequency for all patients. The actual
hearing levels were determined by masking in patients with a
hearing level difference of more than 40 dB between both
ears and an air-bone conduction difference of >10 dB. Apart
from audiometric examinations, immitance measurements
were made using Interacoustics AZ26 and AT235h clinical
tympanometry devices. Middle ear pressur and ipsilateral and
contralateral acoustic reflex thresholds of all participants were
evaluated. In addition, Speech Reception Treshold (SRT),
Speech Discrimination (SD) tests were performed on all
patients.

Survey Data on Hearing
To define hearing problems, TX and HD patients were asked
the following survey questions appropriate to the patient’s
group.

1. Did you have a hearing problem before the transplant?
2. Did your hearing decrease after the transplant?
3. Do you feel the need for a hearing aid?
4. Do you have any ear pain or a feeling of pressure in the ear?
5. Do you have ringing in the ear (Tinnitus)?
6. Do you have dizziness?
7. Did you experience sudden hearing loss after the transplant?

TABLE 1 | Hearing problems in the HD and TX patients according to the survey
results.

TX n = 46 HD n = 23 p

Pain-Pressure sensation % 31.1 8.7 0.04
Tinnitus % 41.3 17.4 0.047
Dizziness % 19.6 26.1 0.53
Hearing loss before transplantation % 6.5 -- --
Hearing loss after transplantation % 10.9 -- --

FIGURE 1 | Hearing problems in the HD and TX patients according to
the survey results.
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8. Have you had ear surgery?
9. Have You had an Ear/Head Trauma?

Statistical Analysis
The power analysis of the study was performed with the G*Power
3.1.9.7 for Windows (11) software, and it was predicted that with
the inclusion of 20 patients in each group, the alpha error would
be 0.005 and the power of the study would be 99%. The SPSS
v16.0 was used for statistical analysis. Data obtained by
measurement were expressed as mean ± SD, and categorical
data obtained by counting were expressed as percentages or
ratios. The distribution characteristics of the data were
evaluated with the Shapiro Wilk test. The Kruskal Wallis
analysis of variance was used to compare the data obtained by
measurements in the TX, HD and C groups. A p value of less than

0.05 was considered statistically significant. Bonferonni
correction was applied to evaluate which group caused the
difference; the groups were compared in pairs, and a p value
of less than 0.016 was considered significant. The categorical
variables were evaluated with the Chi-square test. The Mann-
Whitney U and chi-square test were used to compare patients
using tacrolimus or an mTOR inhibitor according to data type. A
p value of less than 0.05 was considered significant.

RESULTS

Survey Results for Hearing Problems
More than half (58.7%) of the TX patients had evolved at least
one hearing problem. A great majority (93.5%) said that they

TABLE 2 | Comparison of demographic, laboratory and audiometric results of the TX, HD and C groups.

Kruskal Wallis Analysis Tx n = 46 HD n = 23 C n = 20 p

Mean ± SD Mean ± SD Mean ± SD

Age (Year) 36.6 ± 11.9 35.4 ± 8.7 33.0 ± 10.0 0.13
Gender (Male %) 65.2 60.9 70.0 0.82
HT (%) 67.4 56.5 0 0.43
BMI (kg/m2) 25.5 ± 4.7 23.5 ± 6.2 25.2 ± 5.0 0.13
SBP (mmHg) 126.0 ± 14.4 131.8 ± 21.6 114.2 ± 8.4a <0.001
DBP (mmHg) 78.9 ± 10.2 79.3 ± 17.2 75.7 ± 7.1 0.33
BUN (mg/dl) 16.7 ± 7.8b 49.8 ± 24.8b 12.0 ± 2.9b <0.001
sCr (mg/dl) 1.15 ± 0.26b 8.60 ± 3.49b 0.81 ± 0.13b <0.001
eGFR (ml/dk/1.73m2) 76.3 ± 16.6 - 112.2 ± 18.0 <0.001
FBG (mg/dl) 87.7 ± 10.6 90.7 ± 15.9 92.5 ± 12.1 0.29
Na (mEq/L) 139.9 ± 2.19 137.3 ± 1.91a 140.0 ± 2.59 <0.001
K (mEq/L) 4.35 ± 0.44 5.35 ± 0.82a 4.64 ± 0.67 <0.001
Ca (mg/dl) 9.70 ± 0.52 8.36 ± 0.88a 9.43 ± 0.33 <0.001
P (mg/dl) 3.16 ± 0.60 5.41 ± 0.94a 3.57 ± 0.50 <0.001
TG (mg/dl) 164.9 ± 71.0 166.9 ± 89.9 138.6 ± 72.8 0.33
LDL cholesterol (mg/dl) 118.3 ± 36.3 94.7 ± 28.7a 126.3 ± 39.8 0.01
UA (mg/dl) 5.9 ± 1.3 6.2 ± 1.1 5.2 ± 1.7 0.15
Albumin (gr/L) 43.3 ± 3.8b 37.2 ± 5.3b 47.6 ± 3.4b <0.001
Hemoglobin (gr/dl) 14.1 ± 1.8 10.6 ± 1.4a 14.9 ± 1.8 <0.001

Odiometric data
Right Ear 250 Hz (dB) 13.26 ± 5.49 16.30 ± 4.81a 12.50 ± 3.03 0.01

500 Hz (dB) 14.56 ± 7.28 15.21 ± 5.53 11.25 ± 2.75a 0.02
1,000 Hz (dB) 14.56 ± 8.42 12.82 ± 4.72 12.00 ± 3.40 0.60
2,000 Hz (dB) 13.80 ± 9.32 11.95 ± 4.19 10.75 ± 1.83 0.69
4,000 Hz (dB) 19.89 ± 14.43 19.34 ± 13.34 12.00 ± 4.70a 0.008
8,000 Hz (dB) 30.21 ± 20.65 28.04 ± 19.05 16.25 ± 8.09a 0.009
16,000 Hz (dB) 37.93 ± 17.49 37.82 ± 17.56 19.50 ± 6.26a <0.001
20,000 Hz (dB) 45.76 ± 18.70 45.43 ± 18.45 25.25 ± 6.78a <0.001

Left Ear 250 Hz (dB) 13.04 ± 7.78 16.08 ± 6.56a 11.75 ± 3.72 0.02
500 Hz (dB) 14.02 ± 8.07 15.86 ± 5.14 11.50 ± 2.85a 0.007
1,000 Hz (dB) 14.13 ± 10.50 14.34 ± 5.70 11.50 ± 3.66 0.16
2,000 Hz (dB) 14.02 ± 11.62 13.69 ± 4.81 11.00 ± 3.07 0.18
4,000 Hz (dB) 20.43 ± 16.22 23.47 ± 18.79 12.50 ± 5.96a 0.007
8,000 Hz (dB) 30.21 ± 20.24 30.86 ± 25.87 15.00 ± 6.48a 0.002
16,000 Hz (dB) 39.56 ± 19.34 43.26 ± 23.81 23.50 ± 7.27a 0.002
20,000 Hz (dB) 44.02 ± 19.79 48.26 ± 14.05 28.25 ± 6.34a 0.002

Right Ear SRT (dB) 14.13 ± 5.50 13.47 ± 4.37 11.25 ± 2.75a 0.04
Left Ear SRT (dB) 14.02 ± 7.19 14.34 ± 4.07 11.00 ± 2.05a 0.01

Right Ear SD (%) 95.28 ± 9.31 95.47 ± 3.90 99.00 ± 1.77a 0.005
Left Ear SD (%) 95.41 ± 9.24 95.47 ± 3.90 98.80 ± 2.28a 0.009

aIt represents the group whose value is different from the other two groups.
bIt states that the values of each three groups are different from each other.
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had no hearing problems before the transplantation. Among
the TX patients, 31.1% had pressure sensation in the ear,
41.3% had tinnitus, and 19.6% had dizziness. While 97.8% of

the patients said they did not need help for hearing, only 2.2%
stated otherwise. None of the patients had sudden hearing loss
after kidney transplantation. On the other hand, 8.7% of HD
patients had pressure sensation in the ear, 17.4% had tinnitus
and 26.1% had dizziness. Ear ache-pressure sensation and

FIGURE 2 | Comparison of hearing tresholds of the TX, HD and C
groups in different frequencies.

TABLE 3 | The percentages of the patients with hearing defects at different frequencies in HD, TX and C groups.

Hearing impairement
treshold (dB)

Frequency (Hz) Tx n = 46 (%) HD n = 20 (%) C n = 20 (%) p

Right Ear 20 250 6.5 13 0 0.23
500 8.7 8.7 0 0.39
1,000 13 4.3 0 0.14
2,000 15.2 0 0 0.03
4,000 21.7 17.4 5 0.24
8,000 50 43.5 15a 0.02

30 16,000 60.9 47.8 5a <0.001
20,000 76.1 78.3 20a <0.001

Left Ear 20 250 4.3 17.4 0 0.05
500 13 8.7 0 0.23
1,000 10.9 8.7 0 0.31
2,000 13 4.3 0 0.14
4,000 28.3 34.8 5 0.057
8,000 54.3 47.8 10a 0.003

30 16,000 63 65.2 15a 0.001
20,000 67.4 73.9 20a <0.001

aIt represents the group whose value is different from the other two groups.

FIGURE 3 | The percentages of the patients with hearing defects at
different frequencies in the HD, TX and C groups.
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tinnitus complaints were more common among the TX patients
than HD patients (Table 1; Figure 1).

Laboratory Findings, Demographic and
Audiometric Data
Chronic kidney disease etiologies observed in HD patients were
hypertension (HT) in 21.7%, chronic glomerulonephritis (CGN)
in 13.3%, unknown/other causes in 65%. In the TX group, 26.1%
had HT, 6.5% had polycystic kidney disease (PKD), 10.9% had
CGN, and 56.5% had unknown and other causes.

The TX, HD, and C groups were similar in terms of age (36.6 ±
11.9, 35.4 ± 8.7, and 33.0 ± 10.0 years, respectively; p = 0.13) and
gender distribution (male gender: 65.2%, 60.9%, and 70.0%,
respectively; p = 0.82). The SBP of TX and HD patients was
higher than that of healthy controls (Table 2; Figure 2). As
expected, the eGFR of the C group was significantly higher than
the TX group, (112.2 ± 18.0 vs. 76.3 ± 16.6 ml/min/1.73 m2, p <
0.001). Other laboratory parameters are summarised in Table 2.

The hearing thresholds at 250 Hz in both ears of HD patients
were significantly higher than that of TX and C group patients
(right ear measurements of the HD, TX, C groups were 16.30 ±

TABLE 4 | Comparison of the demographic, laboratory and audiometric findings of the TX patients using tacrolimus or an mTOR inhibitor.

Mann Whitney U Non matched Matched for age, eGFR and post Tx time

Tacrolimus n = 30 mTOR n = 16 p Tacrolimus n = 20 mTOR n = 10 p

Mean ± SD Mean ± SD Mean ± SD Mean ± SD

Age (Year) 33.70 ± 9.14 47.81 ± 11.47 <0.001 37.45 ± 8.01 41.6 ± 8.9 0.35
Gender (Male %) 63.3 68.8 0.71 65.0 70.0 1.00
PostTX time (months) 62.93 ± 35.14 98.50 ± 51.16 0.02 67.00 ± 32.37 93.50 ± 46.79 0.14
HT (%) 73.3 56.2 0.32 85.0 60.0 0.18
Pre TX RRT time 26.86 ± 51.57 55.06 ± 92.54 0.17 30.05 ± 60.37 72.20 ± 113.79 0.16
BMI (kg/m2) 25.95 ± 4.99 24.71 ± 4.15 0.41 26.18 ± 4.39 23.95 ± 4.28 0.18
SBP(mmHg) 125.13 ± 15.16 127.87 ± 13.19 0.42 126 ± 16.93 126.81 ± 13.25 0.57
DBP(mmHg) 75.30 ± 8.87 85.87 ± 9.30 0.002 74.65 ± 9.64 86.70 ± 11.32 0.02
BUN (mg/dl) 13.10 ± 3.71 23.68 ± 9.05 <0.001 13.65 ± 3.92 23.60 ± 9.00 0.002
sCr (mg/dl) 1.07 ± 0.22 1.29 ± 0.27 0.012 1.12 ± 0.21 1.22 ± 0.28 0.28
eGFR ml/min/1.73m2 79.96 ± 16.50 62.98 ± 20.20 0.001 72.35 ± 10.42 72.80 ± 18.63 0.27
FBG (mg/dl) 89.13 ± 11.58 85.12 ± 8.26 0.35 92.75 ± 11.76 85.50 ± 8.97 0.23
Na (mEq/L) 139.50 ± 1.83 140.66 ± 2.63 0.16 139.60 ± 1.60 140.07 ± 2.09 0.94
K (mEq/L) 4.36 ± 0.41 4.33 ± 0.50 0.90 4.36 ± 0.43 4.33 ± 0.41 0.96
Ca (mg/dl) 9.71 ± 0.46 9.68 ± 0.64 0.77 9.75 ± 0.44 9.80 ± 0.56 0.67
P (mg/dl) 3.17 ± 0.65 3.15 ± 0.51 0.65 3.04 ± 0.65 3.25 ± 0.62 0.58
TG (mg/dl) 166.00 ± 72.98 163.06 ± 69.68 0.86 172.70 ± 67.68 157.40 ± 74.55 0.45
LDL cholesterol (mg/dl) 105.13 ± 27.53 148.69 ± 36.79 <0.001 107.70 ± 27.04 147.77 ± 31.20 0.006
UA (mg/dl) 5.74 ± 1.19 6.38 ± 1.42 0.15 5.93 ± 1.16 6.57 ± 1.65 0.27
Albumin (gr/L) 44.62 ± 3.42 40.67 ± 3.24 0.001 44.59 ± 3.81 41.11 ± 3.50 0.017
Hemoglobin (gr/dl) 14.56 ± 1.95 13.48 ± 1.60 0.07 14.64 ± 2.00 13.44 ± 1.84 0.16
Tacrolimus C0 levels (mcg/L) 5.28 - - 5.35 ± 1.77 - -
Everolimus C0 levels (mcg/L) - 3.49 - - 3.94 ± 1.68 -

Odiometric data
Right Ear 250Hz (dB) 13.33 ± 4.22 13.12 ± 7.50 0.72 14.25 ± 4.66 14.00 ± 8.43 0.71

500Hz (dB) 14.83 ± 7.59 14.06 ± 6.88 0.98 15.75 ± 8.92 14.00 ± 8.09 0.76
1000 Hz (dB) 16.33 ± 9.27 11.25 ± 5.32 0.046 18.25 ± 10.42 9.50 ± 5.98 0.003
2000 Hz (dB) 15.50 ± 10.03 10.62 ± 7.04 0.016 18.00 ± 11.51 8.00 ± 4.83 0.001
4000 Hz (dB) 20.33 ± 16.18 19.06 ± 10.83 0.81 24.00 ± 18.75 17.00 ± 9.77 0.39
8000 Hz (dB) 27.83 ± 21.64 34.68 ± 18.48 0.11 31.00 ± 21.61 31.00 ± 15.23 0.62
16000 Hz (dB) 32.00 ± 16.64 49.06 ± 13.44 0.001 34.75 ± 11.52 48.00 ± 12.29 0.015
20000 Hz (dB) 39.00 ± 17.97 58.43 ± 12.74 <0.001 43.00 ± 12.60 57.50 ± 11.84 0.010

Left Ear 250Hz (dB) 12.66 ± 3.88 13.75 ± 12.31 0.37 13.25 ± 4.37 14.00 ± 15.23 0.14
500Hz (dB) 13.83 ± 6.52 14.37 ± 10.62 0.95 14.50 ± 7.23 15.00 ± 13.12 0.56
1000 Hz (dB) 15.83 ± 10.51 10.93 ± 10.03 0.004 17.75 ± 12.29 11.50 ± 12.25 0.017
2000 Hz (dB) 16.00 ± 12.27 10.31 ± 9.56 0.004 18.25 ± 14.44 10.00 ± 11.54 0.004
4000 Hz (dB) 20.66 ± 16.28 20.00 ± 16.63 0.68 23.75 ± 18.97 20.00 ± 17.75 0.44
8000 Hz (dB) 28.66 ± 21.12 33.12 ± 18.78 0.26 32.25 ± 20.55 33.00 ± 18.73 0.61
16000 Hz (dB) 32.83 ± 18.78 52.18 ± 13.41 <0.001 36.50 ± 16.47 52.00 ± 9.48 0.001
20000 Hz (dB) 36.83 ± 18.40 57.50 ± 14.94 <0.001 40.25 ± 16.01 57.50 ± 10.60 0.001

Right Ear SRT (dB) 14.50 ± 5.92 13.43 ± 4.73 0.73 15.50 ± 6.66 13.00 ± 5.37 0.29
Left Ear SRT (dB) 13.83 ± 5.20 14.37 ± 10.14 0.50 14.50 ± 5.82 14.50 ± 12.79 0.13

Right Ear SD (%) 93.66 ± 11.06 98.31 ± 2.91 0.026 91.90 ± 13.11 98.10 ± 3.41 0.04
Left Ear SD (%) 93.80 ± 11.02 98.43 ± 2.55 0.022 92.10 ± 13.08 98.30 ± 2.90 0.03
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4.81 vs. 13.26 ± 5.49, 12.50 ± 3.03 dB, respectively; p = 0.01)
(Table 2; Figure 2).

In both ears, the hearing thresholds in the TX and HD groups
at 500 Hz were similar and significantly higher than that in the C
group (right ear measurements of the HD, TX, C groups were
15.21 ± 5.53, 14.56 ± 7.28 vs. 11.25 ± 2.75 dB, respectively; p =
0.02) (Table 2; Figure 2).

Hearing thresholds in all groups were similar between the
1,000–2,000 Hz range (p > 0.05 for all).

At all frequencies between 4,000–20,000 Hz, the hearing
thresholds of the HD and TX groups were similar in both ears
and were significantly higher than that in the C group. As the
frequency increased from 4,000 Hz to 20,000 Hz, the hearing
thresholds of HD and TX patients also increased (p < 0.01 for all)
(Table 2; Figure 2).

The first test of immittance testing was tympanometry, which
returned normal values for middle ear pressure levels in all
patients. The second test was the acoustic reflex test, which

revealed that the stapedius reflexes were bilaterally normal for
all participants.

For both ears, the SRT values of the HD and TX groups were
significantly higher than that of the C group (right ear
measurements of the TX, HD, C groups were 14.13 ± 5.50,
13.47 ± 4.37 and 11.25 ± 2.75 dB, respectively; p = 0.04)
(Table 2). The SD values in the HD and TX groups were
significantly lower in both ears than the C group (right ear
measurements of the TX, HD, C groups were, 95.28 ± 9.31,
95.47 ± 3.90 and 99.00 ± 1.77, respectively; p = 0.005) (Table 2).

Hearing Loss Rates
The normal hearing thresholds was accepted as 20 dB for the
250–8,000 Hz frequency range and 30 dB for the 16,000 and
20,000 Hz frequency range. The percentage of patients with
hearing defects in all are given in Table 3. As the frequency
increased in the TX and HD groups, the proportion of patients
with hearing impairment also increased, reaching 76% and 78% at

FIGURE 4 | Comparison of the hearing threshold values of patients receiving tacrolimus or an mTOR inhibitor (matched groups).
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20,000 Hz. The percentage of patients with hearing loss at
frequencies of 8,000 Hz and above was similar in the TX and
HD groups and significantly higher than in the C group
(Figure 3).

Comparison of TX Patients Using
Tacrolimus and mTOR Inhibitors
Among our cohort, 30 patients used tacrolimus and 16 used
mTOR inhibitor. There were no differences in terms of hearing
threshold between the two groups within 250–500 Hz
frequency range. In both ears, the hearing threshold at
1,000–2,000 Hz in patients receiving tacrolimus was
significantly higher than the value among the patients
receiving an mTOR inhibitor (Table 4; Figure 4). The
hearing thresholds at high frequencies such as 16,000 and
20,000 Hz in patients using an mTOR inhibitor were
significantly higher for both ears than the patients using
tacrolimus (49.06 ± 13.44 vs. 32.00 ± 16.64 dB at
16,000 Hz, p = 0.001; and 58.43 ± 12.74 dB vs. 39.00 ±
17.97 dB at 20,000 Hz for the right ear; p < 0.001)
(Table 4; Figure 4). However, the mean age of the patients
in the group receiving an mTOR inhibitor was higher than
the group who received tacrolimus (47.81 ± 11.47 vs. 33.70 ±
9.14 years, p < 0.001), had passed a longer time after
transplantation (98.50 ± 51.16 vs. 62.93 ± 35.14 months,
p = 0.02) and had lower eGFR (62.98 ± 20.20 vs. 79.96 ±
16.50 ml/min/1.73 m2, p = 0.001). Since these parameters are
known to affect hearing, when the analysis was repeated after
excluding some patients so that the two groups were matched
in terms of age, eGFR and the time elapsed after kidney
transplantation, it was observed that the hearing thresholds
at 1,000–2,000 Hz in the patients receiving tacrolimus
continued to be significantly higher than those receiving
an mTOR inhibitor, and the hearing thresholds at
16,000–20,000 Hz in the patients who received an mTOR

inhibitor were still higher than the patients who received
tacrolimus (48.00 ± 12.29 vs. 34.75 ± 11.52 dB at 16,000 Hz,
p = 0.015 and 57.50 ± 11.84 vs. 43.00 ± 12.60 dB at 20,000 Hz
for the right ear, p < 0.001) (Table 4; Figure 4).

SRT values for both ears were not different between the mTOR
inhibitor and tacrolimus-receiving groups (p > 0.05). However,
patients who received anmTOR inhibitor had higher SD values in
both ears than the patients who received tacrolimus (right ear
measurements were 98.31 ± 2.91 and 93.66 ± 11.06 respectively,
p = 0.026). When both groups were matched, the mean SD value
of the patients receiving mTOR inh was still higher than those
receiving tacrolimus (Table 4; Figure 4).

In the TX group, the hearing threshold was strongly correlated
with age at frequencies of 8,000 Hz and above (p = 0.002 and, r =
0.44 at 16,000 Hz, and p = 0.001, r = 0.46 at 20,000 Hz). The
hearing threshold was inversely correlated with eGFR and serum
p values (Table 5). No correlation was found between blood
tacrolimus or mTOR inhibitor levels and hearing thresholds. In
the HD patients, the correlation between hearing thresholds and
age started at 4,000 Hz and continued up to 20,000 Hz (p = 0.03, r
= 0.45 for 16,000 Hz, and p = 0.05, r = 0.39 for 20,000 Hz)
(Table 5).

DISCUSSION

This study is the first to evaluate the hearing function of kidney
transplant patients with EHFA and evaluate the effect of
immunosuppressive agents on hearing. Our main findings can
be summarized as follows. The majority of kidney transplant
patients have hearing-related abnormalities. Kidney transplant
patients have hearing loss that does not affect the middle
frequencies but is evident at high frequencies, and their
hearing level is as bad as HD patients. Hearing loss in CKD
patients is likely to be permanent and a kidney transplant may not
improve their hearing problems. The SRT and SD values were

TABLE 5 | Correlation of hearing thresholds with clinical parameters (right ear data only shown).

Frequency Age Post
Tx time

eGFR Ca P HD vintage kt/v URR Tacrolimus
levels

C0 (n = 30)

mTOR
inhibitor
levels

C0 (n = 16)

TX (n = 46) Right 16,000 Hz p 0.002 0.055 0.008 0.85 0.014 NA NA NA 0.50 0.98
r 0.44 0.28 −0.38 0.02 −0.36 NA NA NA −0.12 0.005

Right 20,000 Hz p 0.001 0.052 0.008 0.78 0.013 NA NA NA 0.50 0.98
r 0.46 0.28 −0.38 0.04 −0.36 NA NA NA −0.12 0.004

HD (n = 23) Right 16,000 Hz p 0.03 NA NA 0.61 0.4 0.040 0.31 0.55 NA NA
r 0.45 NA NA 0.11 0.18 0.44 0.22 0.13 NA NA

Right 20,000 Hz p 0.05 NA NA 0.51 0.45 0.043 0.35 0.61 NA NA
r 0.39 NA NA 0.14 0.16 0.43 0.20 0.11 NA NA

C (n = 20) Right 16,000 Hz p 0.048 NA 0.98 0.36 0.41 NA NA NA NA NA
r 0.44 NA 0.006 0.21 −0.20 NA NA NA NA NA

Right 20,000 Hz p 0.30 NA 0.99 0.37 0.26 NA NA NA NA NA
r 0.24 NA 0.001 0.21 −0.27 NA NA NA NA NA

NA, not applicable.
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impaired with hearing loss. The use of tacrolimus seems to cause
auditory deficit in the 1,000–2,000 Hz range, and the use of
mTOR inhibitor mostly at high frequencies such as 16,000
and 20,000 Hz.

The frequency of sensorineural hearing loss in CKD patients
ranges from 28 to 77%, and hearing function declines as the stage
of CKD increases (12–14). The condition has a high prevalence in
HD patients and is often bilateral (14). It has been reported that
the frequency of hearing loss increases as the total duration of
renal disease and HD duration increases with age advancement
(14–16). Although many studies have shown that hearing loss is
more pronounced at higher frequencies in HD patients (14, 15),
few studies have suggested that it does not differ from low to high
frequencies or is more pronounced at low frequencies (17, 18). In
HD patients, there are many known risk factors to explain
sensorineural hearing loss, such as the use of ototoxic drugs
like furosemide, the presence of DM and advanced age. Apart
from these classical risk factors, many pathogenetic mechanisms
such as the direct effects of uremia itself, development of hydrops
in the endolymph fluid of the inner ear, changes in endolymph
composition and electrolyte imbalances, aluminium deposition
and dialysis amyloid deposition have been blamed (12).

Unfortunately, there is not sufficient evidence that these
abnormalities improve after kidney transplantation. In two
studies conducted by Mitschke et al in 1975 and 1977, it was
suggested that audiometric abnormalities returned to normal
after kidney transplantation. The authors showed that 7 of 10
HD patients’ hearing thresholds within the range of 256–8192 Hz
returned to normal after kidney transplantation. The three
patients in whom the hearing defect did not improve had
hereditary nephritis (19). In the second study, it was shown
that the hearing thresholds among 13 HD patients within the
2,000–8,000 Hz range returned to normal at an average of
21 months after kidney transplantation (from 29.3 to 7.7 for
8,000 Hz) (20). However, the pre-transplant serum BUN
(102 mg/dl), creatinine (14 and 14.6 mg/dl) and albumin
(2.7 g/dl) values of the patients in these two studies were
below today’s standards, indicating insufficient dialysis. In
addition, the fact that the patients included in the study used
ototoxic drugs such as digital and aluminium compounds and
gentamicin necessitates a cautious approach to the results of these
two studies. In our study, we showed that the proportion of
transplant patients with hearing defects increased as the
frequency went from 4,000 to 20,000 Hz, similar to HD
patients, and the hearing thresholds increased as the frequency
increased. In other words, the frequency of hearing defect and the
hearing thresholds in kidney transplant patients were as bad as
HD patients. De Los Santos et al. performed audiometric
evaluation of 45 HD patients, 43 TX patients, and 40 healthy
individuals, and showed that the prevalance of mild hearing loss
at 3,000 Hz and was higher among the TX patients than the HD
patients (21). However, there is no information about the
immunosuppressive regimen and drug blood levels used in
this study. Bains et al. evaluated the cochlear function
abnormalities of stage 3–5 CKD patients and healthy controls
with pure-tone audiometry and BERA [Brainstem Evoked
Response Audiometry-BERA is an objective and non-invasive

method for assessing the auditory pathways from the auditory
nerve to the brainstem]. They showed that the hearing thresholds
among the CKD patients were higher than healthy controls at all
frequencies between 250–8,000 Hz, especially at higher
frequencies (22). However, there was no significant
improvement in the hearing thresholds of Stage 5 CKD
patients 1 year after kidney transplantation compared to pre-
transplant levels. When the same patients were evaluated with
BERA, the researchers showed that CKD patients had more
absolute and interpeak delays of waves I, III, and V than
healthy controls. After kidney transplantation, there was only
some improvement in the absolute delays of waves I, III, and V,
but no significant improvement in interpeak delays. In the BERA
test, absolute peak delay cannot distinguish the hearing losses
from cochlea or post-cochlear auditory pathways (23). However,
interpeak delays are not affected by cochlear function and reflect
the defect between the central pathways of hearing (23). Lack of
improvement in interpeak delays may indicate a problemwith the
auditory nerve. According to the results of these two studies as
well as our study, it is possible to conclude that the majority of TX
patients have hearing defects that cannot be noticed by patients,
this defect is more prominent especially at high frequencies, and
there is no significant improvement in hearing defect after kidney
transplantation. There are two possible reasons for this. The first
one is permanent damage to the cochlea from the CKD process:
The data showing that the damage may be permanent in these
patients come from a very old study conducted by Oda et al. In
the pathological examination of the temporal bones of eight
patients who died due to various reasons after kidney
transplantation, the authors have shown that there was
significant damage and even loss of the Corti organ, the
petrification of the stria vascularis, especially in patients who
had long-term dialysis treatment and had multiple kidney
transplants (24). The second reason is the neurotoxic effects of
immunosuppressive drugs on the auditory nerve. Calcineurin
inhibitors are neurotoxic drugs. Ototoxicity could be a
manifestation of neurotoxicity associated with CNI use and
may not be noticed by the patient, but can be demonstrated
by audiometric tests. Case reports of sudden hearing loss after
kidney transplantation are available in the literature (25–28).
Gulleroglu et al. (25) reported significant hearing loss at
4,000–8,000 Hz frequency in two pediatric kidney transplant
patients, while tacrolimus levels were as high as 22 and
29 nmol/L in both patients. Even when drug level was
reduced, the progression of the hearing loss stopped but did
not improve. The same author later found hearing loss between
4,000 and 8,000 Hz by pure-tone audiometry in 17 of 27 pediatric
kidney transplant patients and showed that patients with hearing
loss had higher CsA levels than those without hearing loss (29). In
our study, we could not demonstrate a relationship between
blood tacrolimus or mTOR inhibitor levels and hearing
thresholds. It is known that hearing problems occur in other
patient groups who have not been exposed to uremia for a long
time, or after organ transplantations other than kidney
transplantation, or in other patient groups who have to use
CNI due to glomerulonephritis. Rifai et al. reported that CNI
levels were very high in five patients, who developed sudden
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hearing loss after orthotopic liver transplantation, although there
was no other risk factor, and hearing loss was permanent in four
of these patients, even though the drug level was reduced to the
normal range (30). It was also reported that 35% of the patients
who used tacrolimus rather than cyclosporine had various
hearing problems (31). In their 2012 study, Rifai et al. (32)
detected hearing loss with pure tone audiometry in 53% of 70
liver transplant patients. Half of the patients who did not describe
any hearing problems had audiometric abnormalities.
Interestingly, in our study, patients receiving an mTOR
inhibitor had worse hearing thresholds and SD values at
16,000 and 20,000 Hz compared to patients receiving
tacrolimus. This finding may be difficult to explain, as no
major neurotoxicity of mTOR inhibitors has been
demonstrated (7–9). However, the mTOR pathway plays a role
in axonal sprouting, astrocyte metabolism, mitochondrial
functions, axonal regeneration and myelination, regulation of
synaptic activity, and perhaps most importantly, the expression of
some ion channels and receptors (9). In the realization of hearing,
ion channels and receptors in hair cells play a key role in the
conversion of mechanical energy into electrical messages by hair
cells in the cochlea. mTOR inhibitors may be causing damage at
the cochlea level. On the other hand, patients using tacrolimus
had worse hearing thresholds at frequencies of 1,000–2,000 Hz
than patients using an mTOR inhibitor. Tacrolimus is a
neurotoxic drug and a defect at 1,000–2,000 Hz may be a sign
of neurotoxicity.

The SRT values were higher while the SD values were lower for
the study groups than the control group. These results are in close
agreement with pure tone threshold results and confirm the
validity of the pure tone thresholds. The immittance testing
returned normal results in all groups. This may be expected
since HD, kidney transplantation or the drugs used had no effects
on the middle ear pressure and acoustic reflex.

Our study had some limitations. Since it was conducted in two
different locations, the measurements made by two audiologists
may partially affect the results. Its cross-sectional design rather
than being a prospective onemay be another limitation. However,
there are only three studies in the literature evaluating hearing
problems in kidney transplant patients with audiometry, while
few others have evaluated the condition using questionnaires
only. Our study is the first of its kind to make analyses with
EHFA. In addition, there is no other study in the literature that
evaluates the relationship between hearing problems and the

immunosuppressive drug type used. The number of patients in
our study was determined by power analysis, and the power of
our study was over 80%.

In conclusion, there are defects in hearing and cochlear
functions in kidney transplant patients due to permanent
hearing defects because of CKD and the additive effects of
immunosuppressive drugs. Hearing defects probably do not
improve after a kidney transplant. This issue needs to be
investigated with prospective studies.
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Patient Experience in
Pancreas-Kidney Transplantation—A
Methodological Approach Towards
Innovation in an Established Program
Pedro Ventura-Aguiar1,2†, Beatriu Bayés-Genís1,2*†, Antonio J. Amor3†,
Miriam Cuatrecasas4†, Fritz Diekmann1,2,5†, Enric Esmatjes3†, Joana Ferrer-Fàbrega6†,
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Transplant Unit, Hospital Clinic Barcelona, Barcelona, Spain, 7Radiology Department, Center for Imaging Diagnosis, Hospital Clinic
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Simultaneous pancreas-kidney transplantation (SPKT) leads to increased survival and quality of
life, and is an alternative treatment for insulin-dependent diabetesmellitus and end-stage kidney
disease. Due to the particularities of this population (oftenwithmultiple comorbidities) and of the
surgery (only performed in a few centers), a comprehensive analysis of patients’ experience
along the SPKT process is crucial to improve patient care and add value to this procedure.
Therefore, we applied a systematic and iterative methodology with the participation of both
patients and professional teams working together to explore and identify unmet needs and
value-adding steps along the transplant patient journey at an established pancreas transplant
program. Four main steps (to comprehend, to explore, to experiment and to assess) led to
several interventions around three major areas: Administration and logistics, information and
communication, and perceived quality of assistance. As a result, both displacements to the
hospital for diagnostic purposes and the time delay involved in joining the patient waiting list for
transplantation were reduced in parallel to the administrative procedures. In conclusion, the
methodological implementation of key organizational changes has great impact on overall
patient experience. Further quantitative analysis from the patient’s perspective will consolidate
our program and may add new prototype service design components.

Keywords: diabetes mellitus, simultaneous pancreas-kidney transplantation, chronic kidney failure, patient care,
organizational innovation, focus groups
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INTRODUCTION

In Type 1 diabetes mellitus (T1DM), the immune destruction of
pancreatic beta cells leads to deficient production of insulin and
renders patients dependent on life-long exogenous insulin therapy.
Approximately 50% of diabetic patients develop serious
complications, including chronic kidney disease (1), which was
responsible for approximately 82,000 deaths worldwide and 3
million disability-adjusted life years (DALYs) in 2019 (2). Diabetic
nephropathy is the leading cause of end-stage renal disease (ESRD) (3,
4). In these cases, simultaneous pancreas and kidney transplant
(SPKT) is preferred over kidney transplant alone as it leads to
increased patient and kidney graft survival rates (5–7). Moreover,
since SPKT restores both organ functions in a single procedure, it
overcomes the need for dialysis, insulin therapy, dietary restrictions
and, most importantly, it minimizes diabetic complications (8, 9).

Concomitant improvement in quality of life (QoL) and other
patient-reported outcome measures (PROMs) have also been
extensively reported in cross-sectional studies including SPKT
patients (10–14). However, none included patient reported
experience measures (PREMs) throughout the transplant
process. In this regard, several authors agree that prioritizing
what patients value is key in quality healthcare provision. In the
last years, patient’s appraisal of their own experience with
healthcare services has received much attention, with an ever-
increasing number of studies that consider it in the design and
upgrade of health systems (15–18). The major challenge lies in
translating the heterogeneity of individual patient experience into
measurables categories. For this, identifying the stakeholders

involved in patient care and defining the patient journey map
are useful to sort and characterize the added-value and non-
added-value steps in the healthcare process (19). Qualitative data
can subsequently be collected by methods such as interviews with
patients, surveys and focus groups (19–22).

Herein we present a study aimed at integrating patient experience
into qualitative healthcare assessment within the Pancreas-Kidney
Transplant Program at the Hospital Clinic Barcelona (HCB). In
order to achieve this, we followed a systematic, iterative and
longitudinal research methodology to acquire data from patients
and professionals while they interacted with each other.

PATIENTS AND METHODS

Study Design
We designed a systematic methodology to assess patient experience
and improve the quality of the well-established Pancreas-Kidney
Transplant Program at the HCB. This patient-centered project was
developed in four phases that aimed to identify and validate current
unmet needs and/or value-adding steps in our transplant process of
care, as well as implementing specifically designed prototype
proposals (Figure 1):

1) To comprehend—to collect and analyze data regarding the
status of patient experience at the HCB (Pancreas-Kidney
Transplant Program) from both professional and patient
sources. Specifically, a team of professionals revised the
relevant literature and were brought together at five co-
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creation workshops. The activities involved mixed patient-
professional teams taking part in three focus groups, a patient
interview, an online survey and several open informative
events for patients on social media (23–26).

2) To explore—to dissect and interpret the newly acquired
information on uncovered or upgradable healthcare domains
while checking to what extent they can be generalized.

3) To experiment—to design and implement new proposals
according to the unveiled unmet needs.

4) To assess\to continuously evaluate the impact of the novel
processes applying PREMs (currently in progress).

All these steps were carried out at the HCB, Spain, between
October 2020 and February 2021. HCB performs an average of 20
pancreas transplants per year and is the main referral hospital for
patients from five Spanish autonomous regions as well as
Andorra (27, 28).

Study Participants
Healthcare Professionals
In 2019, theHCB established the Patient Experience Team, which is a
living lab and multidisciplinary group of professionals (a sociologist,
psychologist and physician)whowork on the evaluation of the patient
experience and on the design and analysis of PREMs following
implementation of new protocols (29–31).

For this study, a total of 13 healthcare professionals from
different disciplines and educational backgrounds were involved,
including members from the HCB Patient Experience Team and
others (physicians, nurses, administrative staff, a nutritionist and
a participatory health care consultant). Professionals were
involved in all co-creation workshops and focus groups.

Patients
A total of 12 patients worked together with the multidisciplinary
professional team. Five patients participated in the focus group
sessions, five responded to a logistics survey by email and two were
interviewed online on World Diabetes Day 2020 (23). Patient
selection was made according to clinical and demographic data
and aimed to represent all patient archetypes that had been defined
during the previous co-creation workshops.

Data Collection and Analysis
Focus Groups
Focus groups were carried out virtually and lasted between 60 and
90 min. Prior to the sessions, the focus group agenda was agreed
on by the multidisciplinary professional team. Following contact,
patients willing to participate received detailed information
regarding the objective of the session, connection instructions
as well as the consent form to participate and be recorded. Focus
group sessions were moderated by two members from the patient

FIGURE 1 | In our project journey towards the improvement of the healthcare service delivered by the HCB’s transplant unit, professionals and patients interacted with one
another to provide feedback while engaging in different activities. These were organized in four phases to identify and confirm current unmet needs of our healthcare system (to
comprehend and to explore) and to put solutions into practice (to experiment). Those proposals that have already been implemented are currently under assessment.
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experience team. Of relevance, principal care physicians did not
participate in these sessions, to avoid biasing patients’ responses
and interaction. In each session, the moderators introduced the
purpose and aims of the study. Participants were also reminded
that they would be recorded, and that all data collected during the
session would be treated anonymously and confidentially. At the
end of the session, patients were asked an open-end question in
order to gather further feedback and/or suggestions.

During the first focus group, patients validated the general areas of
improvement identified during the previous process mapping
(Table 1; Figure 2), patient interview and survey (Supplementary
Tables S1, S2). Afterwards, a formal script was prepared
(Supplementary Table S3) for the second and main focus group
about the healthcare process & information. Here, patients helped to
identify the specific domains that needed to be addressed in the
transplant unit and discussed them extensively (Table 2). The session
was also useful for gaining aware of the emotions that were generated
in each step of the care process (Figure 2).

MAXQDA software (VERBI GmbH, Germany) (32) was used
to analyze the data from the verbatim transcriptions of the
recorded focus group sessions. The analyses gave rise to the
coding of meaning units (all expressions that have the same
meaning) which were then combined into meta-categories.
Further qualitative analyses (absolute frequency of meaning
units) were performed according to the COREQ criteria for
qualitative research (33, 34).

Patient Data
Patient data regarding the variables study time and number of
displacements were collected from patients’ electronic registries from
2019 to June 2021. Study time was defined as the total time since the
first evaluation for pancreas transplantation until clinical decision
regarding inclusion/exclusion of the patient in/from the waiting list.
The number of displacements were defined by the number of visits to
the HCB during the pre-transplant workup. Mean and standard
deviation (SD) were used for these quantitative continuous data.

RESULTS

The methodology applied in this study led to the identification of key
points and unmet needs as well as the implementation of novel
protocols and circuits. To highlight the relevance of this stepwise
systematic approach, the results obtained in each stepwill be described
separately.

To Comprehend—Understanding Patient
Experience
The Professional Viewpoint: Co-Creation Workshops
and Literature Review
During the co-creation workshops, patient archetyping, stakeholder
and patient journey mapping and categorization of the transplant

FIGURE 2 | (A) Patient journey and (B) stakeholder mapping helped to spot several pain points for patients undergoing a double pancreas-kidney transplant. ANE,
Anesthesiology; A&E, Accident and Emergency; HCB, Hospital Clinic Barcelona; HBP, Hepatobiliopancreatic surgery; NEF, Nephrology; URO, Urology.
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process were carried out by professionals to identify potential key
steps for patients undergoing a double pancreas-kidney transplant.

Based on the literature review and professional experience,
professionals classified pancreas transplant candidates into a number
of archetypes, according to age (<45 or >45=years), residence zone
(Barcelona, Catalonia or other autonomous regions), social and family
support (good or dependent), Body Mass Index (BMI) (BMI > 27:
High or BMI < 20: Low), vascular complications (micro or micro and
macrovascular) and type of DM (T1DM or T2DM). Patient

archetypes were used to select focus group participants to assure
representation of all archetypes during the sessions.

The major stakeholders in our healthcare system were mapped
as: Professionals from different medical specialties, from other
disciplines and from public and private research and industry;
policy-makers and society at large (including patients and
caregivers). While defining the patient journey, three main
dynamics were taken into consideration. Firstly, referral from
multiple centers implies an administrative burden. Secondly,

TABLE 1 | Pre-identified areas of interest for transplant patients according to professional opinion.

Key moments during the SPKT process Areas of interest

At the time of referral to the HCB The healthcare process that takes place at the HCB. This information must be given to the referral center.

General information provided to each patient through HCB’s Portal Clínic platform (42), QR code, etc.

The details of the contact person before the first visit to the HCB.

Information that should be provided by the patient: Medical report from their center of origin, diagnostic digital
images.

Legal information (especially relevant to foreigners).

Access information for the first visit at the HCB.

Available public services around the HCB such as the patient hotel.

During the candidate assessment for SPKT Information to be given to the patient during the first visit to the HCB: All kinds of involved health professionals, the
place, number and types of visits prior to the SPKT and the complementary and exploratory analyses.

The duration of the assessment process.

Overall information on the SPKT.

Criteria for medical decisions.

Contraindications of the SPKT (obesity, etc.).

Patients at risk: Nutrition, smoking habit, alcohol, addictions, etc.
Social acceptance.

During the waiting time and at the time of transplant
surgery

Time management until the surgery date. Important topics to be addressed: Prioritization criteria and possible
unexpected complications during the assessment and waiting period, given that they are fragile patients.

Follow-up during the waiting period (analyses and periodic explorations) and contact channel for possible clinical
incidents.

Removal of the donor organ and viability assessment: Safety criteria and risk of donor incompatibility at the last
moment (50% of patients cannot receive the organ after the first call).

Informed consent before acceptance onto the patient waiting list for transplantation.

Events that take place the day of the call (immediately getting to the HCB) and analyses that need to be carried out
and/or repeated.

Information for the caregiver.

At hospital discharge and follow-up Pharmacological treatment: Lifelong prescriptions, adherence and secondary effects (vision, blood pressure, skin,
tremor, etc.).

Changes in nutritional habits (such as increased appetite) and food safety.

Everyday life: Travelling, pets, vaccinations, and sexual and physical activity.

The importance of smoking cessation.

Follow-up information during outpatient care: First quarter, first year and thereafter.

Benefits of shared follow-up with doctors and nurses and how this will take place.

Contact details (email and phone).

Warning signs and symptoms (infection and rejection).

Asymptomatic hypoglycemia.

Maintaining diabetes under control and possible complications (endocrinologic, cardiac, ophthalmologic, etc.).

HCB, Hospital Clinic Barcelona; SPKT, simultaneous pancreas-kidney transplant.
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TABLE 2 | Collected data during the focus group session on information and healthcare assistance.

Meta-category Category Results Selected patient quotations

Contact and
Communication

Contact via telephone Most of the patients do not require any phone calls for
urgent issues. Nevertheless, if that happened, they would
like quick and effective telephone access.

I think that, if I were involved in an urgent situation, I would
try to call the hospital.

Contact via email It was highly rated by those who used it, although they
would appreciate a quicker reply (<48 h).

I send emails to the Unit now and then when I have
doubts. They don’t reply immediately, they take a couple
of days, but they usually reply.

Displacements to the hospital
(pre- and post-transplant)

The pre-transplant phase does not require many
displacements. After the procedure, they go through check-
ups every 4–5 months, which usually require less than a
day. Also, due to the COVID-19 pandemic, patients try to
avoid public transportation.

I have scheduled visits every 6 months or so with the
endocrinologist at the HCB, but I see my private
ophthalmologist and the rest of the specialties here in San
Sebastián.

Communication between
hospital of origin and HCB

Inter-hospital miscommunication was mentioned and some
patients experienced issues with the transfer of their files.
This caused longer waiting times and more anxiety. A
shared digital platform for medical histories was suggested
to ease data access and increase health system efficiency.

My endocrinologist recommended medical consultation
with the HCB for this type of intervention. I underwent
several tests for 2 years and when my file was ready to be
transferred, it got lost and had to be redone. It was such a
long process [. . .].

Information Previous information Most patients agreed that the information they had received
about the SPKT was clear and honest but probably not
enough, especially for highly vulnerable patients.

I mean receiving more information such as what a double
transplant is, etc. [. . .] As you can well imagine, when they
tell you that [the need for a double organ transplant] you
have no other choice than to adapt and make plans for a
new life. In my case, I needed much more information. . ..

Information on waiting time There is room for improvement here too. Patients would like
to have more knowledge of the waiting time. Even rough
estimates would be useful to be psychologically more
prepared and better organize their everyday lives.

I didn’t feel anxious while waiting, but I would have
preferred a bit more extra time to conclude some matters
or to better plan them. For example, the week before the
transplant I bought a car and right before getting to the
HCB I had to deal with some paperwork. If I had known a
month in advance about the possibility of an imminent
organ donor, I would have postponed my purchase. You
have your own life and events continue to unfold, but the
moment you receive the call you’re certain that it will all
change [. . .].

Waiting time Waiting time There was a great variety of opinions. Those who had added
health complications or came from far away recalled a long
wait.

In my case, I received the first transplant very quickly, but
then I rejected it and had to wait over 5 years for the
second one.

Consequences of waiting time The majority of patients were convinced that longer waiting
times have physical consequences. Some of them have
experienced it. As a result, they stressed the importance of
receiving the new organs as soon as possible.

People tend to associate diabetes with a different lifestyle,
but they forget about all the problems that may suddenly
arise. In my case, one of my feet burst, my vision got
worse and I don’t know what else I could have had.
Maybe, if the waiting time had been shorter, we would
have avoided or minimized such events. On the other
hand, I understand that other surgeries are going on at the
same time. . ..

Impact on patients’
everyday life

Family and social awareness Having a serious illness and going through such a delicate
procedure helps increase awareness.

I have experienced it in my family too. They now see organ
transplantation very differently. My friends from the
swimming club now give blood. People are more
conscious if they know of someone who is going through
that.

Improvements in working life SPKT improves patients’ professional life too. They were
able to work afterwards.

I started working for ONCE as a lottery ticket seller. I
became blind in 2008, I started dialysis in 2010, I was
transplanted in 2013 and then, 4 years later, I found this
job. I am entitled to a disability pension, but I can work and
honestly, this makes a tremendous difference.

Transplants that are finally not
performed

The fact that sometimes pre-scheduled transplants cannot
be performed cause a great deal of distress to patients. Still,
they are sympathetic towards medical decisions.

This is hard. I had reached an impasse right before the
second transplant, but I was on the reserve list and
nonetheless I had to go home. “Wewill call you back,” they
say. Another year. . ..

Psychological support Patients agreed to receiving emotional support, especially
during (but not limited to) the waiting time and after the
transplant in order to adjust to new living and working
conditions. Psychological aid may be appropriate.

I finally relaxed, but you pay for all the stress that you have
suffered during the previous months. Then I was alone,
and it took me a while before I realized I was depressed.

(Continued on following page)
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there is a high number of patients travelling long distances from
other cities within the same region (30%) or from other autonomous
regions (40%–50%). Finally, the pre-transplant workup before a
clinical decision regarding inclusion in/exclusion from the patient
waiting list for transplantation is a complex procedure (Figure 2).

Professionals further characterized the pancreas transplant
process into four steps which were of potential interest for
intervention. These were defined as: 1) Referral to pancreas
transplantation, 2) workup and candidate assessment for
SPKT, 3) wait listing and transplant day, and 4) hospital
discharge and follow-up (Table 1).

The Patient Viewpoint: Individual Interviews and
Survey
To explore individual patients’ perspectives, a live online interview
with two pancreas-kidney transplant recipients was broadcasted on
World Diabetes Day (23). During this interview (Supplementary

Table S1), questions were raised concerning five relevant areas:
Challenges in everyday life (work, education, leisure and others),
treatment (management, compliance, medical check-ups,
complications and hospitalizations, adverse events, etc.), required
information (pre- and post-transplant), emotional impact (due to
the physical change after the transplant, anxiety, fear, feeling of
insecurity, etc.) and overall impact on the family and social
environment. Data from the interviewees as well as comments and
questions raised by the audience were recorded for further analysis.

Additionally, five patients responded to a survey on logistics
requirements for patients coming from other regions during the
COVID-19 pandemic. According to them, the areas that needed
improvement were the limited visiting hours and comfort
currently offered by the hospital as well as other affordable
alternatives to lengthy daily travelling. Patients’ response to
the survey questions and their suggestions for improvement
are shown in Supplementary Table S2.

FIGURE 3 |Meta-categories (upper graphs) and categories (lower graphs) of patient preferences and needs that were identified during the focus group sessions:
(A) Healthcare process & information (N = 50 preferences/needs) and (B) nutrition and non-nutritional habits (N = 31 preferences/needs). Absolute frequencies are
shown. HCB, Hospital Clinic Barcelona.

TABLE 2 | (Continued) Collected data during the focus group session on information and healthcare assistance.

Meta-category Category Results Selected patient quotations

Improvements in everyday life Everyone agreed that there is a substantial improvement in
their daily life after the transplant.

You feel so much better after the transplant. The rest of
your activities improve. The freedom you get to move
around is of great importance to me.

HCB, Hospital Clinic Barcelona; ONCE, Spanish National Organization for the Blind; SPKT, simultaneous pancreas-kidney transplant.
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TABLE 3 | Collected data during the focus group session on nutrition and other non-nutritional habits.

Meta-category Category Results Selected patient quotations

Information received before
consultation with the
transplant unit

Missing nutrition information
before consultation at the HCB

Only a minority reported not having received any
kind of nutritional guidance before contacting
the HCB.

I was unlucky with this [nutritional consultation]. My
doctor retired around the time they called me
regarding the transplant. I didn’t have any
nutritionist during the first transplant either.

Written nutrition information Patients confirmed they had received such
information on paper.

I was givenplenty ofwritten dietary information such as
home recipes and books. I had already decreased the
amount of salt and given up smoking.

Available nutrition apps Some patients received the names of apps to help
them design appropriate dietary patterns.

They encouraged us to download an app with
preestablished meals and cooking tips during the
time I was on dialysis, to make it easier to bear.

Available nutrition websites Internet was also an option for some of them to find
dietary patterns which, in most cases, led to
successful search results.

I had access to the internet and could get
information on the protein and potassium content
of certain foods. I also checked different activities
that I could do. I felt this was necessary.

Missing information on non-
nutritional habits.

Despite available nutritional guidance, they had not
been informed about other healthy habits like
exercising and quitting smoking. However, they
were already aware and tried to follow them.

I wasn’t told but I’ve always exercised and never
smoked. That was a personal choice. I used to go
to the gym, cycle, run, etc., even looking after the
elderly, everything I could physically do except
swimming to avoid infection of the peritoneal tubes.

Quality of received information In general, nutritional recommendations before
arriving at the HCB were considered adequate.

At the Hospital Complex of Navarre, we had
nutrition services that I received at the pre- and
post-transplant stages and during dialysis while
working together with the nurses. I also saw a
personal nutritionist through the Renal Disease
Association for a year and a half.

Information received at the
transplant unit and prior to the
surgery

Nutrition information at HCB
arrival

Some patients did not receive further instructions or
recommendations as they already had them in
abundance.

Not in my case. Apart from the visits with my regular
doctor, I didn’t have anywith nutrition specialists. Imay
have got some advice, but it was minor. Lately, I’ve
visited the endocrinologist, but only a couple of times.

The trouble with diet before the
surgery

This was one of the most popular and anxiety-
inducing topics. There was unanimity among
patients on fluid intake (and not food) as the most
troublesome dietary issue before the transplant.

Water becomes an obsession. When I had to be
treated intravenously, I remained obsessed with
liquids 24/7. The drinking situation is
overwhelming.

Areas of improvement Personal nutritional
management

Overall healthcare assistance could be improved if
personal and individualized nutrition therapy was
offered.

I think that we need more nutrition treatment, and
this should be more personalized. I received a lot of
information about diets. However, I miss having
professional support, someone to talk to and who
follows up on you.

Remote nutritional
consultations

Telemedicine could be applied, whenever possible,
for those who live far away from the HCB.

Regardless of your location, I reckon that
videoconferences are a good communication
channel.

Communication between
hospitals regarding nutritional
issues

Patients agreed that this should be improved
towards a shared information system.

In my experience, the nephrologist I was seeing in
Alicante was not communicating with the HCB.
Once, when I was having an organ rejection, I had
to drive by myself to the A&E service in Barcelona
even though my blood sugar was already at 600.

Post-surgery requirements Post-transplant difficulties with
diet.

Although patients have some diet restrictions, it is
not a major problem for them.

After the second transplant, I was told I could eat
normally, although all this food contained sugar,
even fruit. Sugar in excess is not good for a non-
transplant person either and it forces the pancreas
(which is not yours) to release insulin.

Post-transplant nutritional
consultation

This is not a major concern either since they usually
have enough information on dietary patterns to
follow.

In my case, I don’t require any nutritionist support
anymore because I’ve been a diabetic person all
my life and I’m more than used to dietary
restrictions. To be honest, I’ve never changed my
food habits except when I was on dialysis and had
to watch the levels of potassium and phosphorus.
I’ve always been in good shape and fit too.

A&E, Accident and Emergency; HCB, Hospital Clinic Barcelona.
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The Patient Viewpoint: Focus Groups
The most important categories reported by patients during the
focus groups were receiving sufficient information prior to the
intervention and the waiting time for transplantation and its
consequences (Figure 3A). The latter may correspond to patients
at the most severe clinical stage and for whom transplantation could
imply more serious complications. Patients also highlighted the
importance of having rough estimates for the transplantation
date to better organize their personal and work life and to
decrease anxiety during this period (Table 2).

In addition to this, the emotional impact caused by the SPKT
was also discussed. Although they all agreed that their quality of life
had improved, emotional support would have been appreciated
too, for instance in terms of psychological follow-up (Figure 3A).
This was especially relevant during the adaptation process after the
transplant and throughout the waiting period. The need to better
manage the distress caused by last-minute cancellation of their
surgery was also highlighted (Table 2).

Other concerns raised by patients were those related to their
displacements to and from the HCB and to communication
between the hospitals, especially for patients that had
been treated in more than one center (Figure 3A; Table 2).
According to patients, administrative barriers such as the delayed
transfer of medical records between hospitals usually increase the
waiting period and trigger anxiety. A full description of focus
group results is given in Table 2.

To Explore—Interpreting Patient and
Professional Input
Following the input obtained from the interviews, survey and
focus group sessions, the patient journey and stakeholder maps
were reviewed and updated (Figure 2).

The analysis of qualitative data from the main focus group
yielded 50 unmet needs, which were grouped into 13 categories
and 4 meta-categories: The information received throughout
the process; the waiting time; the impact of the SPKT on
patients’ day-to-day life; and the contact and communication
with the HCB before, during and after the transplant
(Figure 3A). Finally, the third nutrition-oriented focus
group (Supplementary Table S4) spotted 31 categories that
were grouped into 4 meta-categories. The main ones were
those related to the amount and quality of nutrition
information received before the intervention, especially
regarding fluid intake restrictions (Figure 3B; Table 3).

To sum up, these results led to the understanding that there
were three major domains encompassing the main meta-
categories identified (Figure 3): 1) Administration, patient
accessibility and logistics; 2) patient-facing information and
shared health reports between professionals and 3) patient-
perceived quality of care throughout the transplant process
regarding emotional impact, nutritional support and other
non-nutritional habits (Figure 1).

To Experiment—Designing and Applying
Tailored Prototype Proposals
Following the establishment of the main domains requiring
interventions to improve patient experience, a set of
protocols and proposals were co-designed between
professionals and patients. Protocols were further
categorized regarding three major considerations for their
implementation, such as pertinence, opportunity and
available resources.

From an administrative point of view, the circuit of care was
optimized by creating a new care navigator role, of which the
main duties are to centralize and coordinate patient visits to
the outpatient clinic to perform diagnostic and other
complementary tests. In consequence, we observed that
both patient eligibility assessment time and the number of
displacements to the HCB before acceptance onto the patient
waiting list for transplantation were reduced. During 2020 and
in the first 6 months of 2021, and despite being an atypical
period due to the coronavirus pandemic, the study time
decreased by 29.3% and 73.3% and the number of
displacements, by 19.2% and 45.2% compared to 2019,
respectively (Table 4).

To overcome the patient-reported unease surrounding the first
hospital visit and the tight schedule of the pre-transplant workup,
a transplant patient welcome protocol was introduced, which
included the use of a patient hotel (Health-Hotel) and the
volunteer guidance. On the one hand, the Health-Hotel was
set up near the HCB as a result of a joint public-private
partnership between the HCB and the hotel sector. Besides
offering more comfortable stays to patients and accompanying
adults, this project was intended to alleviate their travelling and/
or accommodation expenses (as it implies no direct cost for
them), avoid hospital admissions during diagnosis and shorten
the post-discharge phase. On the other hand, volunteer guides
offered useful first-hand information and personal
accompaniment to medical appointments, depending on the
patient’s comorbidities and/or impairments (visual, motor,
etc.) (25, 26).

At the time of acceptance onto the patient waiting list for
transplantation, patients often require a large amount of
information on their procedure, treatment options, clinical
benefits, etc. (Figure 3; Table 2). For this reason, we increased
the printed and online resources available and organized
informative patient workshops. For instance, educational
videos on SPKT were posted online after receiving the
approval of patients, medical societies and the Catalan Agency

TABLE 4 | Study time and number of displacements for joining the patient waiting
list for transplantation.

2019 2020 2021a

Study time, months
Mean (SD) 7.5 (3.1) 5.3 (3.2) 2.0 (1.0)

Displacements to and from hospital
Mean (SD) 7.3 (3.2) 5.9 (2.6) 4.0 (2.7)

aJanuary to June.
SD, standard deviation.
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for Health Quality and Evaluation (AQuAS). The aim of this
animated plain-language tool is to aid shared transplant decision-
making (24). In addition, at the professional level, we established
a quarterly and annual report system to share patient records
between the HCB and other centers, therefore speeding up the
data flow.

Finally, long and uncertain waiting periods, bureaucracy
hurdles and the post-transplant adaptation period impact
patient’s emotional wellbeing (Table 2). Hence, we allocated
funding resources towards more affective support and closer
follow-up through routine psychological visits. Additionally,
other medical services were designed to improve the quality of
care, namely pre- and post-transplant nutritional consultation at
the unit and the medium-to-long-term implementation of an
anti-smoking program.

DISCUSSION

We used a systematic strategy based on professional-patient
interaction that translated into a package of potentially long-
term interventions to improve the health system performance of
the Pancreas Transplant Program of the HCB while upgrading
patient experience.

SPKT improves clinical and non-clinical outcomes in
eligible diabetic patients (5–7), (10–14). To further
improve them, several authors have suggested that patient
input is of utmost importance, but they do not specify how
this can be put into practice. Usually, patient-reported
outcomes measure QoL, psychological status or other
domains with generic or specific questionnaires such as
the 36-Item Short Form Survey (SF-36) or the
Psychosocial Assessment of Candidates for
Transplantation (PACT), respectively (10, 12–14,35).
Recently, Gibbons et al. observed improvement of several
PROMs while comparing post-transplant patients with those
on the patient waiting list for transplantation as a surrogate
of pre-transplant information. Their research was also based
on qualitative interviews, which were used to better
understand the impact of diabetes and kidney diseases and
the transplant procedure on their QoL. Of note, diabetes-
specific QoL had not improved after the surgery at least
because of persistent diabetic complications, anxiety and
self-imposed uninformed nutritional restrictions (13),
which is in line with the emotional and nutritional
support needs that were identified during the focus groups
herein reported.

In contrast to these exploratory reports, and for the first
time, we used patient experience assessment as a robust tool
to co-design long-lasting improvement strategies and
measure SPKT outcomes. Moreover, we added the focus
group qualitative method analysis. Unlike individual
interviews and questionnaires, these collective interviews
rely on communication among participants to create and
contrast data on how the system is perceived by the group in
an interactive and dynamic way. Also, since group
discussion is usually more stimulating than one-on-one

interviews, it can give rise to more clues, insights and
criticism (20,21,36).

Upon integration of focus data, several end products were
implemented. Regarding logistics, the benefits of alternatives to
conventional hospitalization have long been discussed (37).
Among them, patient hotels, with the support from Home-
Hospital units, are facilities that have been partially
transformed to provide healthcare assistance and, therefore,
alleviate the high demand for acute care hospital beds and
other overcrowding-related problems such as nosocomial
infections (38,39). By providing a Health-Hotel for patients
being studied for the kidney-pancreas waiting list, we were
able to concentrate outpatient visits and pre-transplant
workup, which reduces the travel burden and its associated
costs, and improves comfort during their stay.

Centralization of specialized care and minor procedures is
common practice in healthcare organizations. This
centralization may, nonetheless, lead to inequity of access
to certain treatments and varying disease outcomes. In
kidney transplantation, receiving dialysis more than
100 km away from a transplant center has been reported to
reduce the likelihood of being referred for a transplant (40).
On the other hand, pancreas transplantation is a procedure
that is performed in a few centers nationwide, with patients’
referral from rural areas often implying long travelling time
and costs. Therefore, minimizing the displacement
requirements and costs is of the utmost importance to
reduce inequity in healthcare access (41). This topic was
also highlighted by patients during both the interview and
focus group sessions. The introduction of a care navigator to
schedule visits on the same or consecutive days, among other
tasks, and the Health-Hotel protocol led to considerable
savings in time and money. Conversely, the busy
outpatient visits and pre-transplant workup schedule
might increase patients’ already reported anxiety
associated with the first contact with the Hospital. In this
sense, the supporting role of HCB’s volunteers will hopefully
translate into a reduction of patient uneasiness.

We prioritized actions based on their prompt
implementation, which depended on readily available
resources, coordination of identified gaps among hospital
services and/or the need to previously shape certain
professional skills and competencies. Other identified
needs were not deployed immediately due to a lack of
resources. Nonetheless, this methodology enabled them to
be flagged as patients’ priorities and therefore they warrant
adequate response in the near future.

Our work has some limitations. First, the results presented
here are limited to the patient cohort, which has disease-
specific requirements and several particular constraints
imposed by the hospital logistics. Hence, end solutions
cannot be directly extrapolated to other hospital
environments without the corresponding customized
variations. Secondly, the highly specific patient archetyping
led to a rather small sample size. Finally, the prototype
proposals are still subject to patient-based auditing to fine-
tune them and hence ensure their continuity. New ones may
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be also designed based on the present report. In this regard,
we envision future challenges such as persistent professional
and patient engagement and adaptation to new protocols
despite being time- and effort-consuming tasks.
Furthermore, the sustained provision of organizational
structures and funding will be necessary to support these
interventions within a resistant healthcare culture.

In conclusion, we have shown that value in healthcare provision
is ultimately revealed by taking action to improve it. In this
sense, our action plan was concentrated around the areas of
administration, patient accessibility and logistics (care navigator
role, Health-Hotel and volunteer guidance), information and
communication (patient-facing materials and shared health
reports) and patient-perceived quality of assistance
(nutritionist and psychologist) with promising preliminary
outcomes regarding a reduced number of displacements to
the hospital and reduced delay before joining the patient
waiting list for transplantation. Our work also highlights the
use of focus groups as a well-suited methodology to work with
and for patients towards a better care system, fostering similar
initiatives in other hospital units and centers.
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Hypothermic Oxygenated Machine
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Controlled Circulatory Death With
Prolonged Warm Ischemia Time: A
Matched Comparison With Livers
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Prolonged warm ischemia time (WIT) has a negative prognostic value in liver
transplantation (LT) using grafts procured after circulatory death (DCD). To assess the
value of abdominal normothermic regional perfusion (A-NRP) associated with dual
hypothermic oxygenated machine perfusion (D-HOPE) in controlled DCD LT,
prospectively collected data on LTs performed between January 2016 and July 2021
were analyzed. Outcome of controlled DCD LTs performed using A-NRP + D-HOPE (n =
20) were compared to those performed with grafts procured after brain death (DBD) (n =
40), selected using propensity-score matching. DCD utilization rate was 59.5%. In the
DCD group, median functional WIT, A-NRP and D-HOPE time was 43, 246, and 205min,
respectively. Early outcomes of DCD grafts recipients were comparable to those of
matched DBD LTs. In DCD and DBD group, incidence of anastomotic biliary
complications and ischemic cholangiopathy was 15% versus 22% (p = 0.73) and 5%
versus 2% (p = 1), respectively. One-year patient and graft survival was 100% versus 95%
(p = 0.18) and 90% versus 95% (p = 0.82). In conclusion, the association of A-NRP +
D-HOPE in DCD LT with prolonged WIT allows achieving comparable outcomes to
DBD LT.
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INTRODUCTION

In liver transplantation (LT) using grafts from donors whose
death has been determined by circulatory criteria (DCD), warm
ischemia time (WIT) has a major impact on the outcome.
Prolonged WIT has consistently been associated with an
increased risk of primary non-function, ischemic
cholangiopathy (IC) and inferior graft survival (1–5). In
contrast with most countries with active DCD transplant
programs, Italian law requires a 20-min period of absent
cardiac electrical activity for death declaration (6), which
significantly increases the risks associated with the use of these
grafts and has slowed down implementation of DCD LT in
Italy (7).

However, mainly prompted by the favourable Spanish
experience with the use of abdominal normothermic regional
perfusion (A-NRP) to recover DCD liver grafts from Maastricht
category 2 donors (8), DCD LT was introduced in Italy in 2015 (9,
10). Given the unique characteristics of the Italian setting, use of
A-NRP has been established as mandatory, while subsequent ex-
situ machine perfusion (MP) has been encouraged and adopted
by most centres.

A growing body of literature supports the benefits of A-NRP
for livers procured from Maastricht category 3 (controlled) DCD
donors (11–17). In the same setting, use of end-ischemic (dual)-
hypothermic oxygenated machine perfusion (HOPE/D-HOPE)
has been consistently associated with better liver graft function
and lower incidence of IC as compared to static cold storage
(SCS) (18–21). However, these studies reported shorter WIT
compared to what can possibly be achieved in Italy.

In the Italian setting, previous studies have shown that the
association of A-NRP with ex-situ machine perfusion for
controlled DCD liver grafts allows achieving good LT
outcomes (22–24), which appear to be comparable to those of
DCD livers preserved by ultra-rapid recovery and preserved by
SCS (25). However, a formal comparison with LT using livers
from donors after neurologic determination of death (DBD)
accounting for potential confounders and demonstrating
comparable outcomes is still lacking.

Thus, the aim of the studywas to report our results with the use of
A-NRP + D-HOPE for controlled DCD liver grafts with prolonged
WIT. To assess the effectiveness of this approach, outcomes of DCD
grafts recipients were compared to those of a matched cohort of
DBD LTs, selected using propensity score matching.

MATERIALS AND METHODS

Prospectively collected data on adult (≥18-year-old) patients who
underwent LT at our centre from January 2016 to July 2021 were
retrospectively analyzed. Collected data included donor and
recipient baseline characteristics, operational details, and
prognostic scores (26, 27). The UK-DCD risk score (4), a
prognostic score for DCD LT based on 4 donor and 3 recipient
variables, was used to grade the risk profile associated with each
case. Recipients of a combined transplant, retransplant, partial graft
or suffering from on-table death were excluded. To limit
confounding, recipients of a DBD graft treated with any type of
machine perfusion were also excluded, as well as recipients of
Maastricht category 2 DCD grafts and of Maastricht category 3
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DCD grafts treated with a machine perfusion modality other than
D-HOPE. To control selection bias, two comparable cohorts of
DBD and controlled DCD LTs were selected using 1:2 propensity
score matching. Minimal patient follow-up was 6 months. The
study was conducted according to the principles of the Istanbul and
Helsinki declarations and was approved by the ethics committee of
our Institution (protocol 506/2021).

Our procurement andmachine perfusion protocols are depicted
in Figure 1. Briefly, withdrawal of life-sustaining treatment (WLST)
took place in the operating theatre, after guidewires for subsequent
femoral vessels cannulation had been placed under ultrasound
guidance (pre-mortem cannulation is not allowed in Italy). At
the onset of functional warm ischemia (peripheral O2 saturation
≤70% or systolic blood pressure ≤50mmHg, whichever occurred
first) 300 IU/kg heparin was administered. After 20-min electrical
asystole, death was declared, femoral vessels were cannulated and
descending aorta was occluded by an endovascular balloon or a
surgical clamp, depending on theatre logistic, after which A-NRP
was started. During A-NRP, pump flowwasmaintained ≥1.7 L/min/
m2 and temperature at 35–36°C (28). Target perfusion pressure was
55–70mmHg, which was sustained using low dose vasopressin or
norepinephrine when necessary, in addition to flow settings and
fluid replacement. The circuit sweep gas levels (FiO2 and air flow)
were adjusted to maintain PaCO2 between 35 and 45mmHg, SaO2

about 96–98%, and SvO2 > 60%. If needed, packed red blood cells
were transfused to maintain haematocrit ≥20%. Heparin boluses
were administered based on activated clotting time values. Blood
samples were obtained prior to A-NRP start, at 30 min and then
hourly to adjust A-NRP parameters (gas flow, blood flow, FiO2,
pump speed) and to assess liver injury and function. Target A-NRP
duration was 4 h and it was never less than 2 h or more than 6 h.
During A-NRP, liver viability assessment was based on a modified
version of the criteria proposed by De Carlis et al. (29), including
pump flow >1.7 lt/min/m2, transaminase level <1,000 IU/L,
downward lactate trend, absence of significant (≥15%)
macrovesicular steatosis or Ishak >1 fibrosis, good liver and
abdominal viscera perfusion, and evidence of bile production. A
liver biopsy was systematically obtained to rule out significant

necrosis or macrovesicular steatosis. At the end of A-NRP, the
liver graft was cold flushed with Celsior (IGL, Lissieu, France)
solution through the arterial cannula and trough a portal vein
tributary. Liver was prepared on the backtable immediately upon
arrival at our transplant centre and subsequently underwent a
minimum of 2 h of D-HOPE using the LiverAssist device
(XVivo, Groningen, Netherlands), primed with 3 lt of Belzer MP
solution (BridgeToLife, Northbrook, IL). Temperature, portal vein
and hepatic artery pressure were set at 8–10°C, 3–5mmHg and
25mmHg, respectively. D-HOPE was not used with the purpose of
viability assessment and all grafts treated by D-HOPE were
subsequently transplanted. At the end of recipient hepatectomy,
the liver was disconnected from the device and brought to the
operating table for implantation.

In DBD group, the liver was flushed with Celsior and
preserved by static cold storage until implantation into the
recipient. In both groups, the liver was flushed with chilled 5%
albumin solution before implantation.

As a rule, liver transplant was performed by the piggyback
technique with portal reperfusion first. Following hepatic artery
anastomosis, an end-to-end biliary anastomosis was performed
using a 2.5 mm T-tube. In all patients graft histology was assessed
on time-0 biopsies, which were systematically obtained at the end
of transplant operation. Standard immunosuppression included
basiliximab, tacrolimus, steroids and mycophenolate mofetil, and
was not modified according to treatment group.

Early outcome endpoints included rate of post-reperfusion
syndrome (30, 31), transaminase peak, early allograft dysfunction
(32), rate and severity of acute kidney injury (AKI) (33),
requirement for renal replacement therapy, hospital and
intensive care unit (ICU) stay, postoperative complications
(34, 35), and the rate of early graft failure (EAF), defined as
death of relisting for LT withing 90 days from transplant.

Post-reperfusion syndrome was defined as a drop in mean
arterial pression ≥30% from the baseline for at least 1 min and
within 5 min from reperfusion (30), whereas severe post-
reperfusion syndrome was defined as the onset of severe
hemodynamic instability, persistent hypotension, cardiac arrest

FIGURE 1 | DCD procurement protocol. Abbreviations: WLST, withdrawal of life-sustaining treatment; SBP, systemic blood pressure; A-NRP, abdominal
normothermic regional perfusion; D-HOPE, dual hypothermic oxygenated machine perfusion; WIT, warm ischemia time; IVC, inferior vena cava.
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or hemodynamically significant arrhythmias (31). EAD and AKI
were defined according to Olthoff et al. (32) and KDIGO
guidelines (33). Postoperative complications were graded
according to Clavien-Dindo classification (34), which was also
used to calculate comprehensive complication index (CCI) (35).

Biliary complications (36) were diagnosed based on the 3-
month cholangiogram obtained before removing the T-tube, or
by magnetic resonance cholangiopancreatography (MRCP),
which was performed if clinically indicated. Recipients of a
DCD graft underwent systematic 6-month and 12-monthMRCP.

Variables are presented as number (percentage) of median
(interquartile range), as appropriate, and compared using Fisher’s,
Chi-square and Mann-Whitney tests. To control selection bias, 1:2
propensity scorematchingwithout replacement and using the nearest
method was used to select two patient cohorts with comparable
characteristics. Variables included in the model were recipient age,
body mass index (BMI) and model for end-stage liver disease
(MELD) score, hepatocellular carcinoma (HCC) as an indication
for LT, donor age and BMI, percentage of macrovesicular steatosis
and presence of macrovesicular steatosis ≥15%. Standardized mean
differences were used to assess balance obtained by propensity score
matching. Patient and graft survival was analyzed using Kaplan-
Meier curves. Statistical analysis was performed using R: a language
and environment for statistical computing (R Foundation for
Statistical Computing, Vienna, Austria).

RESULTS

During study period, 810 adult LTs were performed, of which 26
using organs proceeding from a DCD donor (cat. 3, n = 22; cat. 2,
n = 4). A total of 37 category 3 DCD donors were signalled in our
region during study period, of which 22 were transplanted by our

centre. As per Italian regulations, livers from regional DCD donors
were allocated locally to our centre, which is the only liver
transplant centre in our region, and referred elsewhere only
upon refusal by our unit. Four livers were refused based on
donor characteristics and the organs were reallocated to other
centres. Three of these grafts were successfully transplanted,
whereas one was discarded during A-NRP due to elevated
transaminases and lack of lactate clearance. Of the remaining 11
livers, 6 were discarded by our and all other Italian centres based on
donor features, whereas of 5 offers initially accepted by our centre, 2
were subsequently discarded due to excessive functional WIT, and
3 during A-NRP. The reason to discard the liver duringA-NRPwas
mainly elevated transaminases, which was associated to persistently
elevated lactate levels in one case and evidence of gallbladder and
bile duct necrosis in another. No liver was discarded based on
histological findings. Overall utilization rate of livers from category
3 DCD donors was 25/37 (67.6%), whereas it was 22/37 (59.5%) if
we consider only those transplanted at our centre.

Based on exclusion criteria, 229 and 6 patients were excluded
from DBD and DCD group, respectively (Figure 2). In the DCD
group, besides 4 recipients of livers from category 2 DCD donors, 2
further cases, including one retransplant, were excluded due to the
use of normothermic machine perfusion instead of D-HOPE. Thus,
555 DBD and 20 DCD liver transplants were included for analysis.
Finally, outcomes of the 20 DCD LTs were compared to those of 40
recipients of a DBD graft, selected by 1:2 propensity score matching.

Baseline patient and donor characteristics and operational
details are summarized in Table 1. In the DCD group, median
donor age and BMI were 60.1 (55.1, 61.5) and 25.0 [23.0, 26.1],
and only one liver had 15% macrovesicular steatosis, reflecting
our policy of avoiding overlap of additional donor risk factors in
this high-risk cohort, characterized by a functionalWIT of 43 (35,
46) min. A-NRP and D-HOPE times were 246 (221, 269) and 205

FIGURE 2 | Patient selection flowchart. *some patients met more than one exclusion criterium. NMP, normothermic machine perfusion.
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(146, 277) min, respectively. DCD livers were preferentially
allocated to low-MELD (10.5 [8.8, 14.5]) patients, with HCC
being the indication for LT in 80% of cases. However, with
increasing experience, livers from elderly donors were also
accepted and procured organs were more frequently allocated
to higher-MELD recipients (Figure 3). Despite donor and
recipient selection, median UK-DCD risk score (4) was 13 (11,
14) with 17 cases being classified as “futile” and 3 as “high-risk”.

Patient cohorts selected by propensity score matching showed
good comparability, as reflected by a standardized mean difference
≤0.10 for all major confounders, including recipient age, BMI and
MELD score, HCC as the indication for LT, donor age, graft
macrovesicular steatosis, balance of risk (BAR) score and portal
reperfusion time (Table 1).

Outcomes in the unmatched and matched cohort are reported
in Table 2. Overall, early outcomes in the DCD group were
comparable to those observed in the DBD group.

In the DCD and DBD group, EAD and grade 2/3 AKI rates were
5% versus 15% and 15% versus 22%, respectively, with no patient
requiring renal replacement therapy after LT. Five (25%) and 8 (20%)
recipients of a DCD or DBD liver, respectively, developed grade ≥3
complications and median comprehensive complication index was
16.5 (0.0, 33.9) versus 21.8 (8.7, 35.4). Intensive care unit and hospital
length of stay was 4 (2, 5) versus 4 (2, 6) and 10 (8, 19.5) versus 12 (9,
19) days, respectively. Two grafts were lost in the DCD group, which
were the first and the second in our series. The first graft loss resulted
from a hepatic artery injury that occurred during an attempt at
performing hepaticojejunostomy for a late biliary fistula 97 days after
LT. The vascular injury resulted from the severe inflammatory
reaction caused by the biloma involving the porta hepatis and was
deemed not amenable to repair. The second graft loss was caused by
hepatic artery thrombosis occurring on postoperative day 2. Despite
the graft was showing good function, large necrotic areas were
apparent at computed tomography scan, so a decision was made

TABLE 1 | Baseline covariates balance.

Whole cohort Matched cohort

DBD DCD p SMD DBD DCD SMD

n 555 20 40 20
Rec. age 57.5 [52.4, 62.1] 60.7 [57.4, 66.7] 0.02 0.64 60.6 [56.2, 65.6] 60.7 [57.4, 66.7] 0.04
Gender (male) 404 (73) 16 (80) 0.65 0.17 30 (75) 16 (80) 0.12
Rec. BMI 25.0 [22.7, 27.7] 25.3 [22.6, 27.3] 0.90 0.05 25.2 [22.5, 27.8] 25.3 [22.6, 27.3] 0.01
Indication 0.28 0.65 0.76
Viral hepatitis 276 (50) 9 (45) 27 (68) 9 (45)
Alcoholic cirrhosis 98 (18) 6 (30) 7 (18) 6 (30)
Cholestatic disease 39 (7) 2 (10) 0 (0) 2 (10)
NASH 17 (3) 2 (10) 1 (2) 2 (10)
Autoimmune 16 (3) 0 (0) 0 (0) 0 (0)
Acute liver failure 3 (1) 0 (0) 0 (0) 0 (0)
Other 106 (19) 1 (5) 5 (12) 1 (5)

MELD 13.0 [9.0, 18.0] 10.5 [8.8, 14.5] 0.17 0.21 11.5 [8.0, 17.2] 10.5 [8.8, 14.5] 0.10
Creatinine (mg/dl) 0.8 [0.7, 1.1] 0.8 [0.7, 1.0] 0.95 0.02 0.9 [0.7, 1.2] 0.8 [0.7, 1.0] 0.20
Dialysis pre-LT 11 (2) 0 (0) 1.00 0.20 1 (2) 0 (0) 0.23
Prev. abdo. surgery 206 (37) 10 (50) 0.35 0.26 21 (52) 10 (50) 0.05
Life support 17 (3) 1 (5) 1.00 0.10 1 (2) 1 (5) 0.13
Ascites 211 (38) 7 (35) 0.96 0.06 14 (35) 7 (35) <0.01
Encephalopathy 114 (21) 2 (10) 0.38 0.30 7 (18) 2 (10) 0.22
HCC 296 (53) 16 (80) 0.03 0.59 33 (82) 16 (80) 0.06
Donor age 65.4 [52.4, 74.4] 60.1 [55.1, 61.5] 0.13 0.30 63.1 [44.8, 71.7] 60.1 [55.1, 61.5] 0.04
Donor BMI 25.3 [22.9, 27.7] 25.0 [23.0, 26.1] 0.57 0.17 25.3 [23.3, 27.6] 25.0 [23.0, 26.1] 0.14
Macrosteatosis (%) 1.0 [0.0, 5.0] 0.0 [0.0, 1.2] 0.05 0.35 0.0 [0.0, 3.5] 0.0 [0.0, 1.2] 0.02
Macrosteatosis ≥15% 64 (12) 1 (5) 0.57 0.24 2 (5) 1 (5) <0.01
Microsteatosis (%) 10.0 [1.0, 25.0] 5.0 [0.0, 10.0] 0.04 0.53 10.0 [4.5, 20.0] 5.0 [0.0, 10.0] 0.36
D-MELD 800 [573, 1117] 542 [488, 1014] 0.05 0.33 699 [533, 977] 542 [488, 1014] 0.12
BAR 5.0 [3.0, 19.0] 5.0 [3.0, 8.0] 0.99 0.18 5.0 [3.0, 17.0] 5.0 [3.0, 8.0] 0.09
WIT (min) 43 [40, 48] 43 [40, 48]
Functional WIT (min) 43 [35, 46] 43 [35, 46]
A-NRP time (min) 246 [221, 269] 246 [221, 269]
CIT (min) 431 [379, 482] 261 [229, 295] <0.01 2.06 418 [375, 510] 261 [229, 295] 1.86
D-HOPE time (min) 205 [146, 277] 205 [146, 277]
Total pres. time (min) 431 [379, 482] 492 [426, 531] 0.01 0.65 418 [375, 510] 492 [426, 531] 0.58
Portal rep. time (min) 23.0 [21.0, 27.0] 22.0 [20.5, 26.2] 0.47 0.19 23.0 [21.0, 26.2] 22.0 [20.5, 26.2] 0.01
Total rep. time (min) 38.0 [24.0, 50.2] 48.5 [42.0, 59.5] 0.01 0.51 41.0 [24.0, 55.2] 48.5 [42.0, 59.5] 0.41
PRBC units (n) 3.0 [0.0, 8.0] 2.5 [0.0, 7.2] 0.70 0.04 5.0 [0.8, 9.2] 2.5 [0.0, 7.2] 0.01
Graft weight (gr) 1490 [1290, 1720] 1455 [1222, 1610] 0.39 0.19 1475 [1295, 1692] 1455 [1222, 1610] 0.09

Abbreviations: SMD, standardized mean difference; BMI, body mass index; NASH, non-alcoholic steatohepatitis; MELD, model for end-stage liver disease; prev, previous; HCC,
hepatocellular carcinoma; D-MELD, donor age * MELD score; BAR, balance of risk score; WIT, warm ischemia time; A-NRP, abdominal normothermic regional perfusion; CIT, cold
ischemia time; D-HOPE, dual hypothermic oxygenated machine perfusion; pres, preservation; rep, reperfusion; PRBC, packed red blood cells.
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to relist the recipient for urgent retransplantation. Both patients were
successfully retransplanted.

The rate of anastomotic biliary complications and ischemic
cholangiopathy was comparable between groups (Table 2). In

particular, only one case of IC was observed in the DCD group.
This patient had a percutaneous biliary drain inserted before
undergoing hepaticojejunostomy for a tight anastomotic
stricture. Cholangiogram showed an isolated posterior duct

FIGURE 3 | Scatter plot depicting donor age and recipient MELD as a function of study period. During study period, donors of increasing age were considered, and
DCD grafts were more frequently allocated to higher-MELD recipients (arrows).

TABLE 2 | Outcome.

Whole cohort Matched cohort

DBD DCD p DBD DCD p

n 555 20 40 20
Severe PRS 77 (14) 3 (15) 1.00 4 (10) 3 (15) 0.89
End-LT lactate (mmol/l) 2.0 [1.4, 2.8] 1.6 [1.0, 2.4] 0.13 2.0 [1.4, 2.9] 1.6 [1.0, 2.4] 0.26
AST peak (IU/L) 1111 [692, 1752] 761 [589, 1345] 0.13 937 [663, 1438] 761 [589, 1345] 0.63
ALT peak (IU/L) 702 [448, 1126] 461 [385, 608] 0.01 632 [360, 835] 461 [385, 608] 0.18
EAD 157 (28) 1 (5) 0.04 6 (15) 1 (5) 0.48
AKI stage 0.53 0.27
0 178 (32) 8 (40) 10 (25) 8 (40)
1 226 (41) 9 (45) 21 (52) 9 (45)
2 107 (19) 3 (15) 4 (10) 3 (15)
3 44 (8) 0 (0) 5 (12) 0 (0)

Grade 2/3 AKI 151 (27) 3 (15) 0.34 9 (22) 3 (15) 0.73
Renal replacement therapy 13 (2) 0 (0) 1.00 0 (0) 0 (0) NA
Early rejection 46 (8) 1 (5) 0.91 3 (8) 1 (5) 1.00
Grade ≥3 complications 126 (23) 5 (25) 1.00 8 (20) 5 (25) 0.91
ICU stay (days) 3.0 [2.0, 5.0] 4.0 [2.0, 5.0] 0.92 4.0 [2.0, 6.0] 4.0 [2.0, 5.0] 0.55
Hospital stay (days) 12.0 [9.0, 17.0] 10.0 [8.0, 19.5] 0.59 12.0 [9.0, 19.0] 10.0 [8.0, 19.5] 0.35
Hospital CCI 22.6 [12.0, 33.7] 16.5 [0.0, 33.9] 0.10 21.8 [8.7, 35.4] 16.5 [0.0, 33.9] 0.26
Early allograft failure 28 (5) 1 (5) 1.00 2 (5) 1 (5) 1.00
Biliary complications
Anastomotic 85 (15) 3 (15) 1.00 9 (22) 3 (15) 0.73
Fistula 10 (2) 1 (5) 0.85 2 (5) 1 (5) 1.00
Stricture 75 (14) 2 (10) 0.91 7 (18) 2 (10) 0.70

IC 28 (5) 1 (5) 1.00 1 (2) 1 (5) 1.00
Treatment 0.06 0.15
Operational 69 (71) 1 (33) 7 (78) 1 (33)
Surgery 24 (25) 1 (33) 2 (22) 1 (33)
Retransplant 4 (4) 1 (33) 0 (0) 1 (33)

N° of treatments 2.0 [1.0, 3.0] 3.0 [2.5, 4.5] 0.33 2.0 [2.0, 3.0] 3.0 [2.5, 4.5] 0.43
Determining graft loss 5 (1) 1 (5) 0.51 0 (0) 1 (5) 0.72
Determining patient death 1 (0) 0 (0) 1.00 0 (0) 0 (0) NA

Abbreviations: PRS, post-reperfusion syndrome; LT, liver transplant; EAD, early allograft dysfunction; AKI, acute kidney injury; ICU, intensive care unit; CCI, comprehensive complication
index; IC, ischemic cholangiopathy.
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stricture, likely representing an incidental finding. Patient was
treated with a single balloon dilatation and has neither clinical
nor radiological evidence of recurrence 8 months after the
procedure.

Median follow-up was 40 (21, 56) and 15.5 (12, 27) months in
the DBD and DCD group, respectively. Graft and patient survival
was comparable between groups (Figure 4). In the matched
cohort, 1-year patient survival in the DCD and DBD group
was 100% (confidence interval [CI] = 100%, 100%) and 95%
(CI = 88.5%, 100%), respectively, whereas 1-year graft survival
was 90% (CI = 77.8%, 100%) and 95% (CI = 88.5%, 100%).

DISCUSSION

This study shows that a combination of A-NRP followed by
D-HOPE is effective in preserving grafts from controlled DCD
donors with prolonged WIT and allows obtaining comparable
outcomes to DBD LT. These results appear to be even more
remarkable if some peculiarities of the Italian setting are
considered. Besides the 20-min no-touch time, which is
unique among countries with active DCD programs (6), pre-
mortem cannulation is not allowed in Italy, which further
prolongs WIT due to the time necessary to cannulate femoral
vessels and occlude the descending aorta (Figure 1).
Furthermore, as the required 20 min of flat EKG recording are
preceded by a variable time of pulseless electric activity, procured
organs are exposed to a no-flow time that is frequently much

longer than the 20-min no-touch time. If these livers were
procured by ultra-rapid recovery and preserved by static cold
storage, a poor outcome would be expected (1–4). In contrast,
reconditioning and preservation by A-NRP + D-HOPE appears
to allow obtaining good results, which are not different from
those observed after DBD LT. It is worth noting that, despite
initial concerns and logistic obstacles, our ~60% utilization rate
compares favourably with that observed in other realities (37, 38).

Overall, our results confirm the benefits of both A-NRP and
D-HOPE in controlled DCD LT. As compared to ultra-rapid
recovery followed by static cold storage, use of A-NRP has been
associated with better graft function, lower rate of overall biliary
complications and ischemic cholangiopathy, and improved graft
survival (11–13, 15–17, 39). A recent large Spanish study has
shown that use of A-NRP alone in DCD LT allows achieving
comparable outcome to DBD LT (13). Additionally, use of
A-NRP appears to positively impact on utilization rate and
post-transplant function of other abdominal organs, especially
kidneys (40, 41). On the other hand, DCD LT is the setting in
which the advantages of end-ischemic D-HOPE have been more
convincingly demonstrated (18, 19, 21, 42–44), with a recent
randomized controlled trial showing that use of D-HOPE in this
context is associated with a significant reduction of symptomatic
non-anastomotic biliary stricture incidence from 18% to 6% (19).
However, these data come from countries where local regulations
allow usually limiting WIT to 10–15 min, which is much shorter
than what is currently observed in Italy. Therefore, Italian centres
have frequently considered to combine these two approaches. In

FIGURE 4 | Kaplan-Meier patient and graft survival curves in the unmatched and matched cohorts.
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Italy, successful use of controlled DCD donors by combining
A-NRP and D-HOPE or normothermic machine perfusion has
already been reported (9, 10, 22–24, 29), with a recent study by De
Carlis et al.(25) showing that, despite longer WIT, outcome of
liver grafts procured by this approach is comparable to those of
DCD liver grafts procured by ultra-rapid recovery and SCS. To
our knowledge, the present study is the first suggesting that the
outcome of controlled DCD LT performed by combining A-NRP
and D-HOPE, despite a functional WIT almost invariably
exceeding 40 min, is not inferior to that of matched DBD LT.

Undoubtedly, these favourable results also issue from accurate
donor selection and liver function assessment during A-NRP. In
our experience, four (12.9%) initially accepted grafts were
discarded based on parameters obtained during A-NRP.
Different criteria for liver viability assessment during A-NRP
have been proposed in different countries (8, 16, 17, 45, 46).
Given the expected long WIT, we chose to adopt a modified
version of the rather unrestrictive criteria proposed by De Carlis
et al.(29). These criteria were not modified during study period
and are still currently adopted at our centre. The good outcome
observed in our series seems to confirm their validity. However,
these data must be considered preliminary and future larger
studies should investigate whether these criteria could be safely
expanded further.

As LT outcomes are also influenced by recipient condition (26,
27), it is likely that recipient selection also played a role in
achieving the good results observed in this series. This is the
reason why, in order to allow a meaningful comparison, recipient
characteristics were accounted for in the matching process.
However, although initially DCD livers were preferentially
allocated to low-MELD patients undergoing LT for HCC, the
good results observed during the initial phases of this study
fostered an increased confidence with DCD grafts utilization,
which led to consider donor of progressively increasing age and to
allocate DCD grafts also to patients with severe hepatic disease
(Figure 3), without observing any detrimental effect on
outcomes. This was also associated with an increasing number
of DCD LTs per year (Figure 3). Overall, these findings are in
keeping with the good outcome achieved and reflect how
utilization of DCD liver grafts has become standard practice.

Limitations of our study include retrospective single-centre
design and limited numerosity. Given the exploratory nature of
this analysis, formal sample size calculation was not made. Also,
as the majority of DCD LTs were performed in 2020–2021,
follow-up was shorter in DCD group. Although 6-months
minimal follow-up should have allowed capturing the majority
of biliary complications, late-onset complications could have
been missed. We are aware that an updated definition of
functional WIT has been recently introduced (47). However,
all cases included in this study were antecedent to its introduction
and a retrospective recalculation of functional WIT was not
possible. Finally, as all grafts included in this study were
treated with D-HOPE, we could not evaluate the additional
value of D-HOPE after A-NRP. It could be argued that use of
machine perfusion could be omitted in selected cases, whereas
additional viability assessment by normothermic machine
perfusion could be indicated in others (48). In our experience,

use of D-HOPE has been systematic for grafts meeting all viability
criteria during A-NRP, which are those included in this series. So
far, use of normothermic machine perfusion has been limited to
cases characterized by doubtful evaluation during A-NRP (24), or
in which logistics constraints imposed prolonging preservation
time. Well designed and appropriately powered randomized
studies are needed to define when and by which modality
machine perfusion after A-NRP is indicated in DCD LT.

In conclusion, despite apparently prohibitive WIT, outcome of
LT using livers from controlled DCD donors treated by a
combination of A-NRP and D-HOPE is comparable to that of
DBD LT, suggesting that a wider implementation of this approach
could contribute improving the results of DCD LT and expand
donor pool. Larger studies are required to confirm these findings,
refine our evaluation process, and establish when and by which
modality machine perfusion is indicated in this setting.
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Treatment With Diflunisal in Domino
Liver Transplant Recipients With
Acquired Amyloid Neuropathy
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Objectives: To analyze the efficacy and tolerability of diflunisal for the treatment of
acquired amyloid neuropathy in domino liver transplant recipients.

Methods:We performed a retrospective longitudinal study of prospectively collected data
for all domino liver transplant recipients with acquired amyloid neuropathy who received
diflunisal at our hospital. Neurological deterioration was defined as an score increase of ≥2
points from baseline on the Neurological Impairment Scale/Neurological Impairment
Scale-Lower Limbs.

Results: Twelve patients who had received compassionate use treatment with diflunisal
were identified, of whom seven had follow-up data for ≥12months. Five patients (71.4%)
presented with neurological deterioration on the Neurological Impairment Scale after
12 months (p = 0.0382). The main adverse effects were cardiovascular and renal,
leading to diflunisal being stopped in five patients and the dose being reduced in two
patients.

Conclusion: Our study suggests that most domino liver transplant recipients with
acquired amyloid neuropathy will develop neurological deterioration by 12months of
treatment with diflunisal. This therapy was also associated with a high incidence of
adverse effects and low treatment retention. The low efficacy and low tolerability of
diflunisal treatment encourage the search for new therapeutic options.
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INTRODUCTION

Hereditary transthyretin amyloidosis (hATTR) is an autosomal
dominant hereditary disease caused by a mutation in the
transthyretin gene, which codes for the protein of the same
name [1]. Transthyretin (TTR) is dissociated into dimers and
monomers that precipitate to form amyloid aggregates that are
deposited in various organs [2]. One of the main
manifestations is length-dependent axonal polyneuropathy
that initially affects small fibers and causes painful
dysesthesias and numbness [3].

Given that TTR production mainly occurs in the liver,
orthotopic liver transplant has been the main treatment
strategy for years. Recently, nonsurgical options have emerged
to treat familial amyloid polyneuropathy (FAP), including
stabilizer therapies (tafamidis and diflunisal) and transthyretin
silencers (inotersen and patisiran) [4]. Diflunisal is a
nonsteroidal anti-inflammatory drug and a nonspecific
tetramer stabilizer that has been used off-label to treat
hATTR. Tafamidis, which binds to the unoccupied thyroxine
binding sites of tetrameric TTR and prevents its dissociation into
monomers [5, 4], has been approved in Europe for the treatment
of hATTR amyloidosis in adults with early-stage symptomatic
polyneuropathy [4]. Inotersen and patisiran reduce TTR protein
by degrading nuclear TTR messenger RNA (inotersen) and
forming a cytoplasmic RNA-induced silencing complex
(patisiran) [4–8]. Patisiran and inotersen have received
authorization for the treatment of neuropathy in patients with
both early and late disease [4].

When orthotopic liver transplant is performed, the removed
liver is functionally healthy and can be donated to another patient
with liver failure in domino liver transplantation (DLT) [9–12, 13,
14–20]. The graft gradually produces mutated TTR in the
recipient, and over time, this can result in iatrogenic acquired
amyloid neuropathy (AAN). As of December 2017, there had

been 1,234 DLTs worldwide from donors with FAP [21].
However, the first cases of AAN began to be reported in these
patients from 2005 [11, 12, 22, 23]. When DLT recipients develop
neuropathies, few treatment options exist. Liver re-
transplantation, which can stabilize or even improve
symptoms [11, 12, 24], may be considered but is often limited
by the patient’s age or comorbidities. Regarding medical
treatment, case reports have suggested that treatment with
TTR stabilizers (diflunisal or tafamidis) can produce clinical
stabilization in some cases [25–27]. To date, there have been
no data from case series with long-term follow-up of the effects of
diflunisal or other treatments in these patients.

In this report, we aimed to describe our experience in our
tertiary care center of the efficacy and tolerability of diflunisal for
neurological symptoms in DLT recipients with AAN.

MATERIALS AND METHODS

Study Design and Variables
In this retrospective longitudinal study, data were collected from
the electronic medical records of patients who developed AAN
after DLT and treated with compassionate-use diflunisal between
2014 and 2019 at our hospital. All DLT recipients underwent
prospective routine annual neurological evaluations for early
AAN diagnosis in the Familial Amyloidosis Multidisciplinary
Unit (UMAF). Patients without medical contraindications (e.g.,
severe renal failure, uncontrolled cardiac failure, or arterial
hypertension) started on treatment with diflunisal. We
collected data from serial neurological assessment at baseline
(before starting treatment), at 6 months of treatment, and
annually thereafter (12 ± 2, 24 ± 2, and 36 ± 2 months).
Assessment involved full neurological examination, with
patients given Neurological Impairment Scale (NIS) and
Neurological Impairment Scale-Lower Limbs (NIS-LL) scores
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and undergoing sensory and motor neurography. Neurological
deterioration was defined as an increase in the NIS or NIS-LL of
≥2 points from baseline.

We also collected data on diflunisal side effects, focusing on
new onset or worsening hypertension (need to start or adjust
antihypertensives) or worsening of renal function (reduction
in the estimated glomerular filtration rate of >10 ml/min from
baseline on two consecutive measurements, or any value <
30 ml/min during treatment). Cardiac assessments were based
on the New York Heart Association (NYHA) Functional
Classification scale, NT-proBNP levels, echocardiography,
and 99 mTc-DPD scintigraphy at baseline and during
follow-up. Finally, we recorded any dose changes or therapy
cessation.

Ethical approval was obtained by Ethics Committee for
Drug Research of our center (reference number: EPA015/20;
CCP-DIF-2020-01). The Ethics Committee for Drug Research
of our center waived the need for written informed consent.
We obtained verbal consent for data collection and noted this
in patients’ electronic medical records. All methods were
performed in accordance with the relevant guidelines and
regulations.

Statistical Analysis
Changes in NIS and NIS-LL scores were analyzed by two-tailed
Student t-tests for paired data, after confirming distribution
normality. p-values of <0.05 were considered statistically
significant.

TABLE 1 | Demographic and clinical data for domino liver transplant recipients
who developed acquired amyloid neuropathy.

Demographic and Clinical
Data (n = 12)

Gender (male), No. (%) 8 (66.6)
Personal history
- arterial hypertension No. (%) 11 (91.6)
- Dyslipidemia No. (%) 9 (75)
- Diabetes mellitus No. (%) 6 (50)
- Insulin-dependent diabetes. No. (%) 5 (41.6)

Initial transplant indication
- HCV LC, No. (%) 6 (50)
- HBV LC, No. (%) 2 (16.7)
- Alcoholic LC, No. (%) 1 (8.3)
- HBV and alcoholic LC, No. (%) 1 (8.3)
- HCV and alcoholic LC, No. (%) 1 (8.3)
- Autoimmune hepatitis LC, No. (%) 1 (8.3)

Age at the time of receiving DLT, mean (rang), years 57.7 (52, 65)
Age at onset of neurological symptoms, mean (rang), years 66.7 (57; 76)
Time between transplant and onset of symptoms, mean (rang),
years

8.5 (5; 15)

DLT, domino liver transplant; HBV, hepatitis B virus; HCV, hepatitis C virus; LC, liver
cirrhosis.

TABLE 2 | Demographic and clinical characteristics, plus neurological changes.

DLT Indication Time
DLT—symptoms

(years)

Other causes of
polyneuropathy

IS treatment Follow-up
(months)

NIS
baseline

Neurological
deterioration

Patient
1 (M)

Recurrence of HCV after
first LT (HCV)

15 DM on insulin
therapy,HbA1c:6.6%

Mycophenolate,1,000 mg/
24 h

12 8 No

Patient
2 (M)

HCV LC 10 Vitamin B12 deficiency
(normal B12 levels)

Mycophenolate,2,000 mg/
24 h

64 8 Yes
(12 months FU)

Patient
3 (F)

Alcoholic and HCV LC 7 DM on insulin
therapy,HbA1c:
7.6–7.9%

Everolimus,1 mg/24 h 12 4 Yes
(12 months FU)

Patient
4 (M)

HCV LC 9 — Mycophenolate,1,000 mg/
24 h

12 2 Yes
(12 months FU)

Everolimus,1.5 mg/24 h
Patient
5 (F)

Alcoholic LC 7 DM on insulin
therapy,HbA1c: <6%

Mycophenolic acid
1,080 mg/24 h

12 12 Yes
(12 months FU)

Patient
6 (F)

HCV LC 13 — Mycophenolate,1,000 mg/
24 h

12 14 Yes
(12 months FU)

Patient
7 (M)

HCV LC 13 — Mycophenolic acid
1080mg/24 h

36 14 Yes
(36 months FU)

Patient
8 (M)

Ischemic cholangitis
after first LT (HCV LC)

9 — Everolimus,1.5 mg/24 h — 3 —

Patient
9 (M)

Thrombosis and
rejection following LT
(alcoholic and HBV LC)

6 DM on insulin
therapy,HbA1c:
6.3%–6.6%

Mycophenolate,1,000 mg/
24 h

— 0 —

Everolimus,2 mg/24 h
Patient
10 (M)

Chronic rejection after
LT (HBV LC)

5 DM on insulin
therapy,HbA1c:
6%–6.1%

Tacrolimus 1 mg/24 h -- 6 --
Azathioprine 100 mg/24 h

Patient
11 (F)

Chronic rejection
after LT

12 — Tacrolimus 1 mg/24 h — 12 —

Patient
12 (M)

HBV LC 11 DM on insulin
therapy,HbA1c: 5.6%

Tacrolimus 0.5 mg/48 h — — —

DLT, domino liver transplant; DM, diabetesmellitus; F, female; FU, follow-up; HbA1c, Glycated hemoglobin; HBV, hepatitis B virus; HCV, hepatitis C virus; IS, Immunosuppressive therapy;
LC, liver cirrhosis; LT, liver transplant; M, male.
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TABLE 3 | Clinical findings at diagnosis of acquired amyloid neuropathy.

Patient Weakness Sensibility Disturbance Autonomic Symptoms (*) Neurological Examination

1 No Dysesthesia and numbness in
distal LL

No Hypoesthesia in distal LL

2 No Numbness in distal LL Asthenia and weight loss Tactile and thermal hypoesthesia in distal LL
Tactile hypoesthesia in distal UL Absent Achilles reflex

3 No Painful dysesthesia in distal LL No Hypopallesthesia in distal LL. Decreased Achilles reflex
4 No Painful dysesthesia in distal LL Erectile dysfunction Thermal hypoesthesia in distal LL
5 No Painful dysesthesia in distal LL No Thermo-algesic hypoesthesia and hypopallesthesia in distal LL

Absent Achilles reflex
6 No Painful dysesthesia in distal LL Diarrhea Tactile and thermo-algesic hypoesthesia in distal LL

Hypopallesthesia in distal LL
Absent patellar and Achilles’s reflex

7 No Painful dysesthesia in distal LL No Tactile and thermo-algesic hypoesthesia in distal UL and LL
Hypopallesthesia in distal LL
Decreased Achilles reflex

8 No Painful dysesthesia in distal LL Erectile dysfunction, weight loss,
diarrhea

Thermo-algesic hypoesthesia and hypopallesthesia in distal LL

9 No Numbness in distal LL Erectile dysfunction Thermo-algesic hypoesthesia in distal UL and LL. Hypopallesthesia in
distal LL

10 Yes Painful dysesthesia in distal LL No Thermal hypoesthesia in distal LL
11 No Painful dysesthesia in distal LL Erectile dysfunction Normal
12 Yes Dysesthesia and numbness in UL

and LL
Orthostatism, diarrhea Thermo-algesic hypoesthesia and hypopallesthesia in UL and LL. Distal

weakness in UL and LL.
Absent patellar and Achilles’s reflex

(*) Excludes erectile dysfunction prior to domino liver transplant.
LL, lower limb; UL, upper limbs.

TABLE 4 | Diflunisal-related complications and dose changes.

Renal function Worsening Worsening or de
novo AH

Discontinuation or Dose
Reduction of diflunisal

Adverse Events after
Therapy Modification

Patient
1 (M)

Yes (-12 ml/min, + 4 months) No Dose reduction to 250 mg/24 h due to renal
function impairment (+5 months)

Mild improvement in renal function
after dose reduction

Patient
2 (M)

Yes (-10 ml/min, +36 months) Yes Dose reduction to 250 mg/24 h (+59 months)
due to renal function impairment

Mild improvement in renal function
after dose reduction

Discontinued due to heart failure (+64 months) Heart failure recovery after
discontinuation

Patient
3 (F)

No No No —

Patient
4 (M)

No No No —

Patient
5 (F)

No No No —

Patient
6 (F)

No No No —

Patient
7 (M)

No No No —

Patient
8 (M)

Yes, acute renal failure in patient with chronic
renal failure (EGFR<30 ml/min)

Yes Discontinued due to acute renal failure
(+13 days)

Mild improvement in renal function
after discontinuation

Patient
9 (M)

— — No follow –up —

Liver re-transplantation
Patient
10 (M)

— — Discontinued after acute cholestasis (+3 days) —

Patient
11 (F)

— — Discontinued due to high hemorrhagic risk
following anticoagulant therapy

—

Patient
12 (M)

Yes, acute renal failure in patient with chronic
renal failure (EGFR<30 ml/min)

No Discontinued due to acute renal failure
(+35 days)

Mild improvement in renal function
after discontinuation

AH, arterial hypertension; EGFR, Estimated Glomerular Filtration Rate; F, female; M, male.
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RESULTS

Demographic and Clinical Data
We identified 12 DLT recipients who developed AAN in whom
treatment with diflunisal was started as a compassionate use
stabilising treatment, at a dose of 250 mg twice daily.

Six patients (50%) were diabetic, but all of them had excellent
glycemic control (Tables 1, 2). Those with a history of alcohol use
had been abstinent from alcohol before transplantation and at all
follow-ups. Most recipients were graded as in NYHA class I
(83.3%) two (16.7%) were class II, and none had evidence of
amyloid deposits on cardiac scintigraphy with 99 mTc-DPD
before receiving diflunisal. One patient developed heart failure,
whereas all others remained stable, and none developed amyloid
deposits on follow-up cardiac scintigraphy (Supplementary
material).

All liver donors had V30M genotypes and early-onset hATTR
with neuropathic phenotypes. The mean time between transplant
and symptom onset was 8.5 years (range, 5–15 years) (Tables 1,
2). The first manifestations of polyneuropathy were sensory,
including painful dysesthesias and numbness in the feet
(Table 3).

The median pretreatment scores were 10.8 (range, 0–46.5) for
the NIS and 9.3 (range, 0–34.5) for the NIS-LL. All patients were
Stage I–II of the Polyneuropathy Disability stage (PND) scale
before starting diflunisal. Initial conventional neurophysiological
study was normal in 2 patients (16.7%), but all patients developed
a sensory-motor axonal polyneuropathy during the disease
course. AAN was confirmed in all patients by the presence of
amyloid deposition on sural nerve biopsy.

Tolerability and Adverse Effects of Diflunisal
Diflunisal was started for compassionate use in all cases at a
dosage of 250 mg twice daily as a stabilizing treatment. One
patient received treatment for <6 months because he underwent
re-transplantation. Among the remaining patients, five (45.5%)
stopped treatment due to side effects (Table 4). Seven patients did

persist with diflunisal for >12 months, but two of these (28.6%)
required a dose reduction due to worsening renal function and
one (14.3%) required that the drug be stopped due to heart failure.
Two patients (28.6%) developed new-onset or worsening
hypertension (Table 4), which was managed by adjusting
antihypertensive therapy in all cases. All patients who
developed impaired renal function showed a mild
improvement in glomerular filtration rate after dose
adjustment or stopping diflunisal, but none recovered to
baseline levels.

Treatment Efficacy
Neurological follow-up data for at least 12 months after starting
diflunisal were available for seven patients. The mean follow-up
duration was 22.8 months (range, 12–36). No patient with
assessment data at 6 months (4 patients, 57%) experienced
neurological deterioration based on the NIS and NIS-L
(Figure 1). However, five patients (71.4%) met the criteria for
neurological deterioration at 12 months (Figure 1). Changes in
the NIS from before treatment to 12 months of follow-up were
statistically significant (p = 0.0382) whereas those in the NIS-LL
were not (p = 0.09).

DISCUSSION

In the series presented by Misumi et al., the prevalence of
symptomatic AAN among DLT recipients was 23% [20],
whereas in our center, Lladó et al. reported that all patients
had developed AAN at 90 months of follow-up [19]. Although
liver re-transplantation is a viable treatment option, most patients
are ineligible due to age or comorbidities [24, 28, 29], necessitating
that we consider other treatment options. The generic
nonsteroidal anti-inflammatory drug diflunisal is a nonspecific
tetramer stabilizer of TTR that may prevent misfolding
monomers and dimers from forming amyloid deposits in the
heart and peripheral nerves [30].

A clinical trial has shown positive results on neurological
progression when giving diflunisal to patients with hATTR [31],
but evidence of its efficacy in DLT recipients with AAN is scarce.
To date, there has only been one reported case of a patient with
these features, which showed that neurological symptoms
improved after 18 months of treatment [25]. Another patient
who was given a trial of diflunisal needed their treatment to be
stopped because of worsening heart failure [26]. Compassionate
treatment with tafamidis was initiated in another patient with
AAN, who remained stable for 2 years [27]. Prophylactic use of
diflunisal or tafamidis has also been proposed in DLT
recipients [32].

The efficacy of diflunisal in cardiac amyloidosis due to mutant
or wild-type TTR has been analyzed in several studies [30, 33]. In
our study we found that no patient had evidence of cardiac
amyloidosis on cardiac scintigraphy before or during treatment in
this case series. Only one patient developed heart failure at
36 months treatment, but this was without demonstrating
cardiac amyloidosis (Supplementary material).

FIGURE 1 | Diflunisal treatment in domino liver transplant recipients with
acquired amyloid neuropathy.
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Our study is the first to analyze the effects of diflunisal in a
series of seven patients with at least 12 months’ follow-up data.
Before starting treatment, all patients were in stage I–II on the
PND scale and stage I on Coutinho’s FAP scale. Most patients
(71.4%) showed neurological deterioration by 1 year while only
28.6% remained stable on the NIS and NIS-LL. These results are
similar to those reported in the clinical trial by Berk et al., in which
29.7% of patients with hATTR presented neurological stability
(increase <2 points on the NIS +7 scale) after 2 years of treatment
with diflunisal versus only 9.4% in the placebo group. It may be that a
subgroup of patients responds to treatment and remains stable
during the first years of treatment, as Bourque et al. [25] and
Matsushima et al. [27] described. Analyzing the predictive factors
of long-term response to diflunisal may be of benefit. Although we
found that the change in NIS score at 12months was statistically
significant, whereas that for the NIS-LL score was not, it should be
noted that these scales do not account for the proximal progression of
sensory deficits and may underestimate deterioration.

In addition to the low efficacy we found high percentages of
renal function impairment (36%), heart failure (9%), and
treatment discontinuation (45%) in the medium/long-term
course in our series that contrast with data in other studies of
diflunisal for patients with hATTR or wild-type amyloidosis in
which less renal function impairment was reported and diflunisal
discontinuation occurred less often (0%–13%) [31, 30, 34]. This
may be because DLT recipients are frail and have underlying
comorbidities, with adverse effects being not only more common
but also more likely to require drug cessation. Special attention
must also be ensured for patients with chronic renal failure,
poorly controlled hypertension, or receiving anticoagulants,
ensuring close follow-up for possible complications. This data
encourage the search for new therapeutic options.

Whether other treatment options for FAP, such as tafamidis
[5], patisiran [6], or inotersen [7, 8], could be used with similar or
better efficacy and fewer side effects in DLT recipients with AAN
remains to be evaluated in prospective clinical trials.

Limitations
The present series was limited by its retrospective nature, lack of a
control group, small sample size, and inability to include follow-
up data beyond 1 year for all patients. Nevertheless, sample size is
an inherent problem of diseases with a low prevalence and a low
rate of treatment continuation (54.5%).

Follow-up assessment of DLT recipients may be improved by
usingmore sensitive scales such as themodifiedNIS + 7 together with
a full neurological examination and the inclusion of functional scales.

CONCLUSION

Our study suggests most of DLT recipients with AAN develop
neurological deterioration after 12months diflunisal treatment, and

throughout, the high incidence of adverse effects frequently necessitates
the drug being stopped. The low efficacy and the unfavorable side
effect profile of diflunisal indicate that we need to identify new
therapeutic options for patients who develop AAN after DLT.
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The Main Thing is to be Alive
—Exploring Patients’ Experiences
With Weight Gain After Liver
Transplantation: A Qualitative Study
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Weight gain after liver transplantation (LTx) contributes to new-onset obesity. We explored
patients’ experiences with gaining weight after LTx. Individual interviews were guided by
open-ended questions. We analyzed transcripts with the reflexive thematic analysis
approach by Braun and Clarke. The 12 participants gained 11.5 kg weight (median)
over amedian of 23 months after LTx. The constitutive theme “Themain thing is to be alive”
was a recurrent insight, captured in three facets: “The arduous path back to living”was the
emotional expression of the ups and downs during a life-threatening illness to finally being
grateful for the new life. “A pleasurable new phase of life”was the legitimation, reflecting the
appreciation of gaining weight and returning to a healthy appearance. “I am allowed to look
like this now” was the consoling facet after a time of burden due to the increased weight
and frustration of being unsuccessful in losing weight. Finally, the awareness of being a LTx
survivor outplayed the burden of the excess weight. Early interventions are crucial because
the comforting insight “I am allowed to look like this now”may hinder further engagement in
weight loss activities. Our recommendations on education and self-management support
may guide clinical practice.

Keywords: education, obesity, self-management, behavior change, communication, thematic analysis

INTRODUCTION

Weight gain after liver transplantation (LTx) has been a research focus for over 30 years (1). Studies
report a mean weight gain between 2 and 9 kg within the first year post-LTx (2-4). At 2- and 3-year
following transplantation, continuous weight gain contributes to new-onset obesity in 22%–38% of
patients (2–4). Post-LTx weight gain and new-onset obesity contribute to increased long-term
mortality (5) and comorbidities such as metabolic syndrome (6), non-alcoholic fatty liver disease (7)
and cardiovascular events (8). These significant weight gains and risks prompt the question of how
patients cope with this situation. Unfortunately, few studies examined the patients’ perspective
(1, 9, 10).
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The etiology of weight gain is complex and depends on a
multitude of individual and interconnected factors (11). Previous
studies suggested that post-LTx weight gain was related to higher
weight or body mass index (BMI) pre-LTx, being a former smoker,
older age at LTx (2), alcoholic liver disease as reason for LTx (2, 8)
and genetic factors (12). Interestingly, one study found no
association between energy intake or daily physical activity and
overweight or obesity after LTx (13). This contrasts two quantitative
studies that added unstructured qualitative questions to their data
collection, asking patients about the causes of their post-LTx weight
gain (1, 9). Constant hunger with increased food intake and reduced
daily physical activity were among the most common answers.
Although those results should be interpreted cautiously due to
methodological weaknesses, they are supported by a study
exploring the perceptions of 20 patients on weight gain after LTx
(10). That analysis revealed several reasons for weight gain including
behavioral factors (e.g., diet, improved health/appetite, sedentary
behavior) and other factors such as medication, weight regain, older
age and addiction. To prevent weight gain, patients emphasized the
need for supportive group programs, consultation with a dietician
and advice for future recipients. Delivering supportive advice only is,
however, not necessarily effective. A study examined the impact of
lifestyle advice among overweight or obese patients after LTx (14).
Despite being advised to lose weight, 62% gained weight (median
4.0 kg) during the study period. The authors concluded that simply
reiterating the importance of following guidelines was ineffective for
LTx recipients. Indeed, evidence suggests that effective weight loss
interventions should understand predictors of behavior such as
motivation, opportunity and capability (15) and also account for

a person’s readiness to change this behavior. A well-known
framework to explain the stages of changing a behavior is the
transtheoretical model (TTM) (16, 17). Each stage of the TTM
requires a distinct intervention approach and it has been frequently
used in dietary or physical activity weight loss interventions (18).

Given the research on the evolution and impact of post-LTx
weight gain, there is a surprising lack of high-quality evidence on
the content, delivery, timing and efficacy of weight management
interventions (19, 20). This study therefore explored how patients
experienced weight gain after LTx. In-depth knowledge of the
lived experience, beliefs and motivations provides information to
improve patient care and for developing interventions after LTx.

METHODS

Sample
Participants were recruited at the University Hospital Zurich with
following inclusion criteria: ≥18 years, german speaking, ≥5 kg
weight gain between LTx until recruitment, and ≥12 months
since LTx. Participants were purposefully selected on gender,
age and time since LTx to ensure a heterogeneous study group
allowing diverse perspectives to be explored. The Cantonal
Ethics Committee Zurich approved the study (BASEC 2017-
01429).

The first author (SB) worked in the LTx nurse counseling
service and identified possible participants from the hospital’s
electronic patient charts. Measuring weight is a routine procedure
in the hospital’s follow-up visits. Patients who gained at least 5 kg
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from LTx until the latest follow-up visit were approached via
telephone or face-to-face to provide oral and written study
information. The contact information of interested persons
was transferred to another author (KK), who conducted the
interviews and was not involved in caring for the patients.

Fourteen people were asked to participate; two people
declined. After providing a written informed consent,
participants were interviewed in a place convenient for them,
either in hospital or at home. The interviewer followed a guideline
with open-ended questions to encourage the participants to share
their experiences. The interview started with the question:
“People report that their lives changed after LTx. Could you
please tell me how your daily life and routine have changed since
the LTx?” The subsequent questions explored more specific
experiences with gaining weight, eating or activity, such as
“What effects did the weight gain have on your everyday life?”

Data Collection and Analysis
Individual interviews were conducted between September 2017
and June 2018, lasting between 29 and 84 min (mean: 47 min).
They were conducted in German, digitally recorded, transcribed
and pseudonymized. Field notes were made during and after the
interview. The research group consisted of a junior researcher and
three senior researchers with expertise in qualitative research and
clinical care of transplant patients. SB and KK listened to all
interviews and read all transcripts. The other members listened to
and read selected interviews or text passages for trustworthiness.
Codes and themes were discussed in the group throughout the
analysis, and final results were discussed with two interviewees for
feedback. Sociodemographic and clinical data were self-reported
by the participants before the interviews.

Data analysis followed the six phases of Braun and Clarke’s
reflexive thematic analysis (21, 22), which identifies, analyses and
reports patterns (themes) of shared meaning: 1) Familiarizing
with the data by transcribing the interviews, re-reading and
taking notes of thoughts and interesting characteristics. 2)
Generating codes by identifying meaningful text passages. 3)
Constructing themes by grouping and naming the coded data
that were related to each other. 4) Revising themes to clarify the
scope and avoid confusion or overlap. Checking the fit of the
themes against each other and the dataset. 5) Final definition and
naming of themes to ensure clarity and comprehensiveness. 6)
Writing the article as a final check if the themes made sense and
would answer the research question by telling a coherent story.
Data were managed using the computer software MAXQDA,
Release 20.0.8 (Verbi GmbH, Berlin, Germany). The reporting
followed the Consolidated Criteria for Reporting Qualitative
Health Research (COREQ) Checklist (Supplementary
Material S1) (23).

RESULTS

Twelve participants shared their experiences of post-LTx gaining
weight. Median time since LTx was 23 months (range
17–58 months), individual weight gain ranged between 5 kg
and 24 kg (median 11.5 kg). The participants were equally

distributed in three groups: normal weight, overweight or
obese at time of interview. Characteristics are shown in
Table 1. We identified four themes and seven sub-themes,
depicted in Figure 1. Representative quotes are in the text and
Table 2.

The Main Thing is to be Alive
This theme was identified as constitutive as it represented the
most definitive and recurring insight into weight gain post-LTx:
A recurring insight because it was captured in each of three other
themes. Shortly after the LTx, it exemplified the manifold
emotions generated by the theme The arduous path back to
living. This was followed by a period in which those affected
felt justified in indulging themselves, the themeA pleasurable new
phase of life began. Then, after experiencing burden due to the
increased weight and when all attempts to lose weight were
unsuccessful, came the consoling theme I am allowed to look
like this now. The three themes followed one another
chronologically, although not all participants contributed to
the final theme. The transition between themes was individual,
depending on the recovery process and post-LTx weight attained.

The arduous Path Back to Living
Surviving a Suffering Period of the Illness
The participants dramatically described surviving a severe liver
disease, the life-saving LTx and subsequent recovery. Some
experienced concomitant complications such as multiple organ
failure or organ rejection. Nearly all described the regeneration
process as arduous, with daily life marked by physical limitations,
difficulty concentrating and extreme, ongoing fatigue. The
participants’ physical ailments were compounded by emotional
distress. They felt anxiety and uncertainty regarding
transplantation success and were confronted with their own
mortality. This long, energy-sapping phase left its mark
psychologically. In Lara’s case it led to psychological trauma,
for which she was still in treatment.

While the participants experienced emotional and physical
improvement over time and reported a «slow return to living»
(Lara), this did not always succeed to the extent expected or
wished for. At the time of the interviews, almost no participants
had regained the same level of stamina or strength they had had
previously. In order to not overtax themselves, individuals had to
be mindful of their own energy reserves and to use them carefully
to best deal with the «arduous daily life» (Valérie).

The Joy of Being Given the Gift of a Second Life
Although, for some, ongoing physical problems and experiences
continued to be emotionally stressful, the participants all looked
back positively on this period. Any enduring limitations were
accepted with equanimity, including several participants
concluding that their bodies simply were «no longer what they
had once been» (Lara). Generally, a feeling of joy at still being
alive predominated, with many participants describing the great
happiness they had experienced. Margret’s transplantation was
due to hepatic cancer. She had been symptom free and «had been
rather lucky» that her cancer was discovered in time. Angelo felt it
was an «immense luck» that he had received a donor organ. The
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euphoria and gratitude for this «gift of a second life» (Elisabeth)
accompanied the participants afterwards.

A Pleasurable new Phase of Life
The participants conveyed a foundational positivity as they spoke
of their joie de vivre and their desire to make the most of this
phase of life. The enjoyment also manifested itself at mealtimes.
After the lack of appetite and the deprivations experienced earlier,
many participants reported feeling intense hunger. They had the
feeling that food was a means of making up for something. Going
grocery shopping, the preparation and enjoyment of meals once
again became an integral part of daily life. Nutrition was often
mentioned in connection with the belief that, having overcome

the illness, they were justified in indulging themselves and were
entitled to enjoy something pleasurable. Angelo, for example,
consumed up to 1.5 L of sugar-sweetened soft drinks daily and
took the view that «I didn’t undergo an operation just so that I
could restrict myself to water.»

Experiencing a Sudden, Unexplainable Weight Gain
Along with pleasurable indulgence came weight gain. Only
Norbert, Kitty und Elisabeth were all consciously aware of the
process of weight gain. Upon reaching their pre-LTx weight,
they reminded themselves «to having to exercise self-
discipline» (Norbert) to avoid further weight gain. In
contrast, most participants first became aware of having

TABLE 1 | Sociodemographic and clinical data.

Pseudonym Gender, age
at interview

Months after
LTx

Reason for
LTx

Weight category
(BMI) in

1st follow-up
after LTx

Weight gain
from 1st

follow-up after
LTx until

interview (kg)

Weight category
(BMI) at
time of
interview

Joe Male, 70 18 Hepatocellular carcinoma Obesity (34.5 kg/m2) 8 Obesity (37.1 kg/m2)
Marlene Female, 55 31 Alcoholic liver cirrhosis Normal weight (24.5 kg/m2) 24 Obesity (32.9 kg/m2)
Norbert Male, 72 17 Primary sclerosing cholangitis Normal weight (20.4 kg/m2) 11 Normal weight (23.9 kg/m2)
Kitty Female, 23 22 Re–LTx, acute on chronic liver failure Normal weight (19 kg/m2) 9 Normal weight (22.0 kg/m2)
Elisabeth Female, 55 29 Liver cirrhosis after autoimmune hepatitis Normal weight (18.8 kg/m2) 8 Normal weight (22.2 kg/m2)
Lara Female, 58 71 Primary biliary cirrhosis Normal weight (21.6 kg/m2) 18 Overweight (27.7 kg/m2)
Margret Female, 67 51 Hepatocellular carcinoma Obesity (33.3 kg/m2) 11 Obesity (37.3 kg/m2)
Rudi Male, 62 58 Alcoholic liver cirrhosis Normal weight (20.5 kg/m2) 20 Overweight (27.6 kg/m2)
Angelo Male, 68 21 Alcoholic liver cirrhosis Normal weight (20.1 kg/m2) 12 Normal weight (24.4 kg/m2)
Valérie Female, 45 24 Autoimmune hepatitis Normal weight (22.7 kg/m2) 24 Obesity (30.7 kg/m2)
Katja Female, 43 16 Acute liver failure Overweight (21.6 kg/m2) 14 Overweight (26.6 kg/m2)
Hans Male, 64 22 Hepatocellular carcinoma Overweight (24.8 kg/m2) 8 Overweight (27.2 kg/m2)

LTx, liver transplant; BMI, body mass index.

FIGURE 1 | Overview over the four themes and the seven subthemes.
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gained weight when their clothes grew tighter. Almost no-one
had weighed themselves regularly, regarding it as
unnecessarily stressful or as reminding them too much of
when they were ill. In the absence of regular weighing, they
were taken aback once they stood on scales; it was just so
«sudden» (Marlene) and happened «at lightning speed»
(Rudi).

In retrospect, the participants self-identified potential reasons
for their weight gain: menopause, hormones, age, giving up
smoking, and some spoke of a voracious appetite due to
cortisone therapy. In terms of eating and exercise, one opinion
was nearly universally held: «I don’t think it’s from eating but
rather from a lack of exercise» (Valérie). Participants did not
perceive any change in their eating habits over time. Only one
person thought he ate larger portions than before, while all others
made the point that «really, I just eat normally» (Rudi). However,
almost everybody estimated their own level of exercise as being
too low. Only a few took part in sporting activities and everyday
activity was restricted, in particular, because pain or fatigue kept
them at home, they had become unemployed or socialized less
often. Looking back, no-one had a clear explanation for what
exactly had caused the weight gain.

To Finally Look Healthy Again
Overall, weight gain was welcome and positively assessed by all
participants because everybody had lost weight pre- and post-

LTx. Some had undergone extreme weight loss, greatly
impacting their physical appearance, at times amounting to
little more than «skin and bones» (Katja), which was «not a
pretty sight» (Lara). To be thin and ill-looking was stressful,
and all participants were glad when this phase had ended.
Many noted that their muscles were regaining strength, they
had more energy and a better quality of life. They emphasized
that they felt better overall, regardless of whether they had
reached their normal weight or had become overweight or
obese. The participants’ perceptions of their reinvigorated and
well-functioning bodies reinforced this positive attitude. A
severe illness had been overcome and weight gain was a
visible and tangible representation of a return to health.
They were back in the fullness of life. Family and friends
reinforced this positive attitude towards weight gain. In this
instance also, it did not matter whether the weight gain led to
overweight or obesity. The most important thing was that the
individual affected had survived the disease and was healthy
once again.

I am Allowed to Look Like This Now
Body Weight Becomes a Source of Stress
For those who did not halt their weight gain deliberately and in a
timely manner, what had been an emotionally reassuring and
positive experience turned into a stressful one. Those affected felt
uncomfortable with their weight, experienced it as unpleasant or

TABLE 2 | Additional representative quotes within the themes.

Theme Representative quotes

The arduous path back to living «I was so exhausted after showering that I could barely towel myself dry. It’s hard to imagine, but that’s how it was.»
(Rudi)

Surviving a suffering period of the illness «I was traumatized as well. [. . .] These 4 weeks in a coma left me very weak physically. [. . .] And then came the period
after the transplantation when I was in an induced coma [. . .] When you are informed of that afterwards when you’re
conscious again, that really is something that takes some time to work through. It took me a long time to regain my
strength, it went on for 2 years for sure.» (Lara)

The joy of being given the gift of a second life «Even now there are limits to what I can do because I just don’t have the stamina or the strength.» (Katja)
«I have to plan ahead if I want to go somewhere: What will I be doing the following day? If I do whatever it is, will I be too
tired to manage to go to work the next day?» (Marlene)

A pleasurable new phase of life «After the transplantation things slowly got better, but it took a while for hunger pangs to return to normal. But after that I
was really ravenously hungry [. . .] I had the feeling that I had to make up for everything I had missed in the previous
months.» (Marlene)

Experiencing a sudden, unexplainable weight
gain

«Eating should be a pleasure» (Hans)

To finally look healthy again «Before my transplantation, I had to takemy temperature every day, weigh myself, andmeasure my blood pressure. I’m
still a bit traumatized. I’m done with scales.» (Lara)
«Ate too much? Lounged around too much? No idea, I don’t know. [. . .] All of a sudden it was more. There’s no
accounting for it.» (Margret)
«I haven’t felt this good in ages.» (Angelo)
«They (family) accept me the way I am and are glad that I’m healthy. That’s what’s most important to them.» (Marlene)

I am allowed to look like this now «I get too little exercise, it’s true. Sometimes because I also have a nap in the afternoon, even in nice weather. I’m not
making excuses, that’s just how it is.» (Joe)

Body weight becomes a source of stress «I feel better and everything is back to working the way it should.» (Katja)
Losing weight requires the right headspace «I’mat a standstill with myweight, basically 10 kg overweight. It’s apparent to me that it puts a great strain onme. And it

enrages me because there’s nothing I can do about it. [. . .] But I can’t change anything about it. And that’s what makes
me kind of sad and crazy at the same time.» (Lara)

All attempts to lose weight fail «Whenever I was at the hospital (for a follow-up), they said: Oh, you’ve put on weight, that’s good. And then suddenly it
was: Stop, no more! You really have to watch your weight now! Oh, okay. Now what am I supposed to do: eat or not
eat? Yeah, that was pretty stupid.» (Valérie)
«(It doesn’t bother me that I) am a bit overweight. That’s just how it is. No, I have to look like this. [. . .] They (the family)
see me as an individual and not as an overweight person. They say: You’re still here. Never mind.» (Valérie)
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were «ashamed» (Lara). The weight category they fell into made
no difference. Angelo was normal weight and dissatisfied after
gaining five kilos in 4 months. Marlene was particularly adversely
affected by her new-onset obesity: «It bothers me a lot the way it
looks. [. . .] Sometimes I have bad days where everything tends to
go wrong. [. . .] You get home in the evening totally wiped out,
and then I look at myself in the mirror and think: Man, you look
like complete crap!».

The (over-)weight was also a problem physically. Many
reported limited flexibility, having become cumbersome, or
even experiencing pain. Considering the emotional and
physical burdens, the participants struggled with their weight
and engaged in losing weight. However, the energy and
motivation with which they approached the topic varied
greatly and showed itself in two groups.

Losing Weight Requires the Right Headspace
Several participants had given some thought to what they could
do to lose weight: Pay attention during meals, reduce portion
size or carbohydrates, buy fitness equipment or join a gym.
Although these ideas were clearly stated, the narratives
remained vague: «I’m trying now to get back to that weight.
With food, maybe eat a little less [. . .] and maybe being more
active.» (Katja).

Some tried to transform an idea into action but were often
frustrated in daily life. Either the individual was unable to resist
the temptation of delicious foods or the need for quiet and
recuperation was greater than the urge to be active. Added to
this was a certain lethargy due to various physical conditions such
as pain or lack of stamina. Because the plans to lose weight were
undertaken so half-heartedly, if at all, they met with little or no
success. Many realized in retrospect that their plans to lose weight
were not progressing because losing weight requires the right
headspace for which you have to «overcome your “inner
laziness”» (Margret). For some, their ambition was constrained
by, as they explained, them having struggled with their weight
even pre-LTx. Ultimately, those affected concluded for
themselves that, given all that they had lived through, their
present situation was acceptable. The awareness of being alive
lessened the motivation to invest more energy to lose the
bothersome extra weight.

All Attempts to Lose Weight Fail
Some participants attempted to lose weight by means of strict
dieting and self-discipline. While everyone in this group lost a few
kilos, they were either unable to reach their self-identified goal
weight or, if they did, it was only a short time before they
experienced a yo-yo effect, something they were unable to
account for. In their own perception, they had tried to lose
weight as best as they knew how and with deep commitment.
The inexplicability of this failure and the realization that all of
their efforts were in vain led to frustration and anger. They felt
that they were at the mercy of a situation they were powerless to
affect. Many felt that they had been abandoned in this
situation—including by the LTx center’s healthcare
professionals. Participants regarded the discussions at their
follow-up appointments at the hospital as confusing and

deemed the nutritional recommendations unhelpful: «You can
forget it, I already know all of that and have done it for years»
(Lara).

The original intention to lose weight began to fall by the
wayside as failure and disappointment took a toll. The
participants chose to confront the situation in various ways.
Some adapted their goal to the new circumstances: at least do
not gain more weight. Others, like Marlene, questioned the
basic concept of weight loss: «What is the good of all of this
to me?».

Memories of their illness, the transplantation, their recovery
and the awareness of their own survival have been burned into
their memory. The issue of excess weight lost its magnitude in
comparison to what they had experienced. Rather, it became
something they were able to come to terms with, borne out in
the statements of their family members and social contacts.
Physical and emotional burdens were brushed aside and a
space was created for an awareness of having gotten through a
difficult time. This insight not only offered consolation for the
failure to lose weight; it also curbed the impulse to engage
further with the topic. Having survived the severe illness
served as a welcome justification and enabled a more
forgiving relationship to their own overweight body: «You
have to make the best of these sorts of things. But I always say
to myself: It could be worse, at least I’m still around.»
(Marlene).

DISCUSSION

Our findings highlight how patients put into perspective their
lived experience of being an LTx survivor with the perception of
post-LTx weight gain. The Main Thing is to be Alive Section was
captured as a recurrent yet multifaceted conclusion in the three
other themes, thereby shaping the patients’ perceptions of weight
gain and coping mechanisms. Professionals should be aware of
the dynamics to support patients in weight management. Based
on the participants’ perceptions about a lack of support from
healthcare professionals, we also provide clinical implications and
suggestions for education and self-management support, based
on the TTM in Table 3 (16, 17).

The Arduous Path Back to Living Section characterized the
emotional course of the main theme. Our participants’ illness and
recovery trajectory matched with previous descriptions. Life pre-
LTx was dominated by distressing complications associated with
a decreased quality of life and frequent hospitalizations, turning it
into an unpredictable roller-coaster (24-26). Post-Tx, patients
experienced increased physical functioning, emotional health and
quality of life, contributing to the perception that the LTx was a
salvation, miracle or gift (27-29). Those strong analogies
emphasize the meaning of LTx for those affected. This
meaning was also highlighted in our study, and the intense
experiences framed the patients’ subsequent perception of
their weight.

A Pleasurable New Phase of Life Section characterized the
joyful part of the main theme, which was accompanied by weight
gain. Participants in previous studies named increased food
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intake and improved appetite as main reasons for weight gain (9,
10). This finding contrasts to those in our narratives, where
almost everyone insisted that their eating habits had returned
to those pre-LTx. Nonetheless, this effect may have contributed to
weight gain due to the concurrent decrease in physical activity,
resulting in an energy imbalance between calory consumption

and expenditure (30). Reduced activity is indeed common after
LTx. Recipients have worse physical functioning compared to the
general population (27), and only 45% meet the recommended
physical activity levels (31). Although our participants were well
aware of their inactivity, they did not prominently mention the
idea of adapting their food intake accordingly. Moreover, as they

TABLE 3 | Education and self-management support by healthcare professionals based on the Transtheoretical Model (TTM). The recommendations are based on the
authors’ clinical experiences and the TTM, which describes stages of change: precontemplation, contemplation, preparation, action, maintenance and termination (16,
17). The stages represent a time dimension, although people may advance through the stages non-linearly. Progressing through the stages is accompanied by (overt or
covert) activities that are described as processes of change (e.g., consciousness raising, self-reevaluation, environmental evaluation, stimulus control). Based on these core
constructs, each stage requires a distinct intervention approach.

Theme Transtheoretical model Education and self-management
supportStage of change Process of

change
Aim

The arduous
path back to
living

Not applicable Not applicable • Priority is the physical and emotional recovery after LTx.
Management of unplanned weight gain is most
probably less important

• Focus on relationship building during the frequent
follow up appointments in the LTx center

A pleasurable
new phase of life

Precontemplation: A person does not
intend to take any action to prevent
weight gain in the near future (usually
described as 6 months)

Consciousness
raising

Increase awareness on
causes, consequences and
potential treatment

Provide information on
• Short- and long-term evolution of weight after LTx
• Factors associated with weight gain in general
• Body composition: offer repeated measurements to

assess and specify the evolution of weight gain (e.g.,
increasing muscle mass or fat)

• Risk of developing new-onset obesity and its
associated outcomes after LTx (e.g., cardiovascular
and metabolic comorbidities)

• Concept of energy balance (calory consumption and
expenditure)

• Physical activity and healthy eating
• Importance of self-monitoring of weight
• The advantage of preventing excessive weight gain

instead of losing weight afterwards
Provide feedback
• It may be important to acknowledge the patient’s

healthy appearance with the regained weight.
However, healthcare professionals should also critically
question this development

• Focus the communication on empowerment and self-
management to intensify relationship building

I am allowed to
look like
this now

Contemplation: A person intends to
take action within the next 6 months

Self-reevaluation Facilitate the person’s
assessment that behavior
change is part of the own
identity

• Assess the perception of weight gain and a potential
burden during clinical follow-ups

• Be aware of and listen to patient’s talking about pro and
con arguments for changing their behavior

• Identify the motivation, barriers and facilitators for
behavior change

Preparation: A person intends to take
action within the next 30 days or has
taken some behavioral steps already

• Define individual goals regarding the patients’ behavior
(e.g., eating or activity) or weight loss (e.g., target
weight)

• Make sure that goals are specific, measurable,
achievable, relevant, and time bound. Pay special
attention to feasible goals regarding activity in case of
functional impairment

• Identify strategies to achieve the goals
• Plan timely follow-up appointments
• Evaluate the involvement of a nutritionist and

physiotherapist
Action stage: A person has changed
the behavior for less than 6 months

Self-liberation Support the persons
commitment to change

• Provide feedback on achievement and celebrate the
success

• Strengthen the patient’s self-efficacy and self-
consciousness
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did not regularly weigh themselves, the increased weight came as
a surprise to most of them. This behavior should be targeted in
interventions because self-monitoring of weight is crucial in
successful weight management (32).

Another remarkable aspect was the participants’
appreciation of weight gain. As a body composition
measurement was not available, the participants’ weight
gain could not be specified in muscle mass, which would be
positive and desired, or increasing fat mass, which would be
associated with negative health outcomes such as
cardiovascular or metabolic comorbidities (5-8). But in
general, weight gain has been associated with decreased
physical health-related quality of life (33), while obesity has
been consistently associated with depression (34). None of our
participants mentioned overweight or obesity in connection
with potential negative health outcomes. In contrast, even if
weight gain had led to overweight or obesity, the gain was
equalized with looking healthy. Health seemed to be defined as
the absence of liver disease, which remains an assumption as
we did not further explore this topic. Nonetheless, weight gain
was a visible sign of having survived the severe illness.
Increased energy and wellbeing were indicators of recovery
and normality. The importance of those reference points
should not be underestimated. Patients in another study
described the return to a self-defined normality as a
milestone after LTx (28). Patients’ appreciation of the
increased body weight combined with, 1) having no
coherent explanation for weight gain, 2) the lack of
awareness about intervening appropriately, and 3) not
linking the excessive weight to potential negative outcomes
present an opportunity for early and preventive interventions
(Table 3).

I am Allowed to Look Like This Now Section characterized the
consoling part of the main theme, which was visible in both
groups, who differed with regard to the motivation to tackle
weight gain. The vague wording by participants in the “Losing
weight requires the right headspace” group indicated
ambivalence. Although they felt physically and emotionally
uncomfortable, they were not sufficiently triggered to engage
in effective weight loss behaviors (e.g., reduce calorie intake,
increase activity). Participants in the “All attempts to lose
weight fail” group tried hard to lose weight or maintain
weight loss, unfortunately unsuccessfully. Although our
participants felt frustrated, angry and deserted by the LTx
team, no-one mentioned in the interview to have actively
sought additional support. However, weight loss and its
maintenance are hard to achieve due to physiological
compensation mechanisms (35), even with professional
support. A telehealth-delivered lifestyle program combined
Mediterranean diet with aerobic and resistance exercise after
LTx (36). Although the intervention group lost weight over
12 weeks and the controls did not (mean −1.8 kg vs. +0.1 kg),
the results show that weight loss comes in small steps and takes
time. Although guidelines consistently advise to prevent weight
gain instead of trying to lose weight afterwards (37), studies
examining preventive weight interventions after LTx are lacking.
Participants who contributed experiences to this theme expressed

stress and burden due to the increased weight and unsuccessful
weight loss attempts. Yet our analysis left us wondering if the
participants’ negative narratives were really part of their daily life
or if they were rather nudged by our interview. Our reservations
arose because it seemed as if participants in both groups did not
feel enough pressure to more rigorously lose weight by finding
alternatives to the previous failed attempts. Instead, the theme I
am allowed to look like this now emerged as an insight. This may
have comforted participants but it bares the potential of a killer
argument because it may stop further engagement in weight loss.
Professionals should proactively assess the TTM’s stages of
change to provide targeted support (Table 3).

Our study findings should be interpreted in light of some
limitations. In qualitative studies results are not generalizable to
all patients. The categorization of the weight category at time of
the interview relied on a self-reported weight measure and was
not verified by an objective measurement performed by a
healthcare professional. The weight category at LTx was not
considered as inclusion criteria, which contributed to the
heterogeneity of the group. The analysis did not consider
disease etiologies to account for various perspectives on
weight gain. Future studies in distinct subgroups are
needed to explore potential differences in experiences and
coping strategies. As we only included German-speaking
patients, we lack understanding of how people with other
ethnic or cultural backgrounds experience post-LTx weight
gain. They may have different perceptions resulting in a need
for other supportive interventions diverse.

CONCLUSION

Exploring patients’ experiences with weight gain after LTx revealed
the importance of having survived the severe illness, which shaped
perceptions of and coping with weight gain. After suffering during
the course of LTx, the weight increase was initially appreciated and
equated with health. For some participants, ongoing weight gain
led to an emotional and physical burden, which was brushed away
by the comforting insight I am allowed to look like this now. As this
argument might hinder further engagement in weight loss
interventions, professionals should be aware of the need for
early interventions that address patients’ specific needs related
to weight gain after LTx.
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Optimal Intervention for Initial
Treatment of Anastomotic Biliary
Complications After Right Lobe Living
Donor Liver Transplantation
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Kyung Chul Yoon, YoungRok Choi, Nam-Joon Yi, Kwang-Woong Lee and Kyung-Suk Suh

Department of Surgery, Seoul National University College of Medicine, Seoul, South Korea

Background: This study evaluated endoscopic retrograde cholangiopancreatography
(ERCP) and percutaneous transhepatic biliary drainage (PTBD) as interventions for patients
with anastomotic biliary complications (ABC) after living donor liver transplantation (LDLT).

Methods: Prospectively collected data of patients who were diagnosed with ABC after
LDLT between January 2013 and June 2017 were retrospectively reviewed.

Results: There were 57 patients who underwent LDLT with a right liver graft using duct-
to-duct biliary reconstruction and experienced ABC. Among the patients with RAD
involvement, there were no significant differences in the intervention success (p =
0.271) and patency rates (p = 0.267) between ERCP and PTBD. Similarly, among the
patients with RPD involvement, there were no significant differences in the intervention
success (p = 0.148) and patency rates (p = 0.754) between the two procedures. Graft
bile duct variation (p = 0.013) and a large angle between the recipient and graft bile duct
(R-G angle) (p = 0.012) significantly increased the likelihood of failure of ERCP in the
RAD. When the R-G angle was greater than 47.5°, the likelihood of ERCP failure
increased.

Conclusion:We recommend PTBD when graft bile duct variation is presented in patients
with RAD involvement and/or when the R-G angle is greater than 47.5°.

Keywords: living donor liver transplantation, anastomotic biliary complications, endoscopic retrograde
cholangiography, percutaneous transhepatic biliary drainage, right anterior hepatic duct, right posterior hepatic
duct

INTRODUCTION

Liver transplantation (LT) with duct-to-duct (DD) biliary reconstruction has several physiologic
advances and is a lifesaving treatment for patients with end-stage liver disease and hepatocellular
carcinoma (1). In Asia, living donor liver transplantation (LDLT) is performed more often than
deceased liver transplantation due to a shortage of cadaveric organ donors (2–4). Biliary
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anastomotic strictures or leakage are the most common
complications following LT (5). LDLT is more susceptible
to anastomotic biliary complications (ABC) compared to
deceased liver transplantation (4, 6), because the right
hemi-liver (RL) graft bile duct is short, arises at an acute
angle, and has multiple openings that are prone to peribiliary
vascular plexus damage. Interventional treatment is
recommended for patients with ABC following LDLT with
DD biliary reconstruction, because it is effective, non-invasive,
and more convenient than surgery (7, 8). Endoscopic
retrograde cholangiopancreatography (ERCP) is the first-
line treatment, and percutaneous transhepatic biliary
drainage (PTBD) may be performed as a rescue treatment if
endoscopic treatment is unsuccessful (1, 3, 8, 9).

Anatomical variations of the RL graft bile duct influence the
outcomes of DD biliary reconstruction (1, 4–6). The RL bile
duct may have one or two duct openings, and a recent study by
You et al. (4) recommended bilateral drainage for each of the
right anterior and posterior hepatic ducts (RAD and RPD,
respectively) of patients with ABC after LDLT with a RL
graft, to improve final outcomes. There are limited studies
examining which intervention (ERCP or PTBD) is more
superior for each duct (RAD or RPD), with several factors
affecting the success of ERCP or PTBD in either duct.
Selection of the first-line treatment is particularly important
because these patients have to undergo multiple consecutive
procedures; therefore, the first-line treatment must be safe and
convenient.

This study compared the efficacy of ERCP and PTBD in
patients with ABC in the RAD or RPD after LDLT with a RL

graft. We examined the factors that should be considered when
selecting an intervention as a first-line treatment.

MATERIALS AND METHODS

Study Design and Population
This study included 418 patients who underwent LDLT at Seoul
National University Hospital (SNUH) between January 2013 and
June 2017. Sixty-nine patients (69/418, 16.5%) were newly
diagnosed with ABC, such as anastomotic biliary stricture,
anastomotic leakage, and anastomotic stricture with leakage,
after LDLT, and these patients underwent either the ERCP or
PTBD intervention initially. Among the patients with ABC, 12
were excluded because of hepaticojejunostomy biliary
reconstruction (n = 6), a left liver graft (n = 5), and lack of
data (n = 1). The demographic and baseline characteristics of the
remaining 57 patients were analyzed. Among the 57 patients who
were diagnosed with biliary complications, six patients
underwent intervention only for the RAD, 13 patients
underwent intervention only for the RPD, and 28 patients
underwent intervention for both the RAD and RPD. Overall,
44 RAD interventions and 51 RPD interventions were performed,
including both ERCP and PTBD procedures (Figure 1).

This study was approved by the Institutional Review Board of
SNUH (approval no. 2101-132-1190). The requirement for
informed consent was waived because of the study’s
retrospective design. Data were retrospectively collected from
medical records and reviewed. No organs from executed
prisoners were used.
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Biliary Anastomosis
When performing DD biliary anastomosis, anastomoses
between the graft hepatic duct and recipient bile duct were
performed in an end-to-end fashion. A mixed interrupted
and continuous suturing technique was performed using 6–0
absorbable suture material. The tailored telescopic
reconstruction method (TTR) (10) was selected and
performed intraoperatively according to the operator. In
the case of TTR, the graft hepatic duct was anastomosed to
the inner layer of the recipient bile duct with good vascularity.
The shape of the anastomosis was similar to that of a
telescope. The posterior and anterior walls were sutured
continuously with 6–0 non-absorbable suture material.
During anastomosis, if the graft bile duct opening was in
the form of binoculars or the distance across the bile duct
opening was short, one biliary anastomosis was performed
according to the operator.

Diagnosis of Anastomotic Biliary
Complications
All patients received routine postoperative care according to the
SNUH protocol. Inpatients and outpatients were assessed
periodically, and liver computed tomography (CT) or
magnetic resonance imaging (MRI) was performed when
clinical symptoms, such as jaundice, itching, and abdominal
pain, or abnormal laboratory findings, such as liver enzyme
elevation and hyperbilirubinemia, were elicited. ABC was
diagnosed in the presence of upstream bile duct dilatation or
bile leakage in the anastomosis site.

Management of Anastomotic Biliary
Complications
Patients with ABC after LDLT were initially managed with
supportive medical care. The intervention was selected with a
multidisciplinary approach based on the patient’s history and
clinical and laboratory findings. For patients diagnosed with
biliary complications after LDLT, a multidisciplinary team,
including the transplant and radiology teams, discussed the
treatment plan together. If CT or MRI was performed in cases
where biliary complications were suspected, the more appropriate
intervention was determined based on the imaging findings. The
findings we considered included the size of peripheral bile duct
dilatation, angulation of the anastomosis site, and the possibility
of percutaneous access.

Endoscopic Retrograde
Cholangiopancreatography
ERCP was performed under sedation. The side-view
endoscope was inserted into the duodenum to check the
ampulla of Vater, then cannulation was performed. If
cannulation failed several times, papillotomy was performed
using a needle knife. After cannulation, a guidewire was
inserted and passed through the ABC. If anastomotic
stricture was found through fluoroscopy, 4–10 mm sized
balloon dilatation was performed. Plastic stents were
inserted, with sizes 7, 8.5, and 10 F, and lengths between 5
and 15 cm, along the guidewire that had been passed through
the ABC. In some cases, either a straight or pig tail catheter was
selected according to the interventionist.

If the stent insertion through ERCP was successful, recurrence
of biliary complications and procedure-related complications
were not expected; thus, outpatient follow-up was performed
after three to 6 months. After follow-up, it was decided whether to
perform planned internal stent removal or revision. Further
stricture site dilatation was optionally performed when there
was no improvement in the patient’s biliary complications
after initial stent insertion.

Percutaneous Transhepatic Biliary
Drainage
PTBD was performed by radiologic interventionists under local
anesthesia. When a biliary stricture site was confirmed through
fluoroscopy, 4–6 mm balloon dilatation was carried out after
passage of the guidewire. After that, an 8.5 F pigtail catheter was
inserted initially. For planned gradual dilatation, the catheter was
extended from size 10 up to 14 F every 2–3 days while
maintaining external PTBD. When the catheter was expanded
to its maximum size, external PTBD was maintained for
approximately 1 month and follow-up was performed at the
outpatient clinic. Finally, when the patient’s symptoms
remained stable, replacement with an internal stent was
performed. The size and diameter of the internal stent were
similar to those of the ERCP plastic stent.

FIGURE 1 | The employed process for patient exclusion and data
classification. LDLT, living donor liver transplantation; ABC, anastomotic biliary
complications; RAD, right anterior hepatic duct; RPD, right posterior hepatic
duct; ERCP, endoscopic retrograde cholangiopancreatography; PTBD,
percutaneous transhepatic biliary drainage.
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The rendezvous method was also considered when the angle of
the anastomosis site was acute or twisted, making it difficult to insert
an internal stent through PTBD. If replacement with an internal
stent was not possible due to tight biliary stricture, ERCPwas re-tried
while maintaining external biliary drainage. In addition, if it was
determined that the biliary stricture could not be replaced by internal
drainage, hepaticojejunostomy was performed in consideration of
the patient’s quality of life. Similarly, an 8.5 or 10 F PTBD catheter
was inserted in a place with biliary leakage to cover the site. External
drainage was continued until the patient’s symptoms and radiologic
findings improved.

Definition
ABC was classified as stricture only, leakage only, and both
stricture and leakage. Procedural success in strictures was
defined by the ability to pass a catheter or stent through the
anastomotic stricture site, which resulted in the improvement of
clinical symptoms and/or laboratory findings during the
hospitalization period. Procedural success in leakages was
defined by the ability to cover the anastomotic leakage site
with a catheter or stent. The overall success rate was defined
as the ratio between the number of successful interventions and
total number of interventions.

Patency was defined as the period from the first intervention
performed for initial biliary complications to the second
intervention performed to treat recurred biliary complications.
If the first intervention was performed over several days, the
patency rate was defined as the period from the last day of the
planned first intervention until the recurrence of complications.
The angle between the recipient and graft bile ducts (R-G angle)
was defined as the angle formed by the passage of the catheter or
stent between the recipient and graft bile ducts on fluoroscopic
imaging during ERCP or PTBD (Figure 2).

Statistical Analysis
Categorical variables were presented as numbers and percentages,
whereas continuous variables were presented as mean ± standard

deviation. Categorical variables were compared using the χ2 test,
Fisher’s exact test, and linear-by-linear association, and
continuous variables were compared using the Student’s t-test.
The patency rates were estimated with Kaplan-Meier survival
analysis, and the groups were compared using the log-rank test.
Data were analyzed using the Statistical Package for the Social
Sciences software version 25.0 (IBM Corp, Armonk, New York,
NY, United States). A p value of <0.05 was considered statistically
significant.

RESULTS

Baseline Characteristics
The baseline characteristics of the patients with ABC after LDLT
using an RL graft are summarized in Table 1. The mean age of the
patients was 55.2 ± 8.6 years, and 77.2% were male. The most
common etiology of liver cirrhosis was hepatitis B virus (34/57,
59.6%), followed by alcoholic liver cirrhosis (8/57, 14%) and
hepatitis C virus (7/57, 12.3%). The average Model for End-stage
Liver Disease score was 16.2 ± 6.8, and the average Child-Pugh
score was 7.8 ± 2.6. The number of ABO-compatible donors and
recipients was 82.5% (47/57). The mean follow-up duration was
44.2 ± 1.7 months. The total number of biliary interventions
performed during follow-up was 5.2 ± 3.4.

The mean age of the liver donors was 35.5 ± 12.2 years, with 33
(57.9%) laparoscopic donor hepatectomies and 24 (42.1%) open
donor hepatectomies performed. There were 17 (29.8%) cases
with graft bile duct variation. The average number of bile duct
openings was 1.7 ± 0.7, and the average bile duct diameter was
4.8 ± 2.1 mm. Thirty-six (63.2%) patients underwent DD biliary
reconstruction using the TTR method (10), and seven (12.3%)
patients underwent intraoperative biliary drainage.
Intraoperative hepatic artery complications, postoperative
hepatic artery occlusion, and postoperative bleeding were
noted in six (10.5%), three (5.3%), and eight (14%) cases,
respectively. The mean period from the LDLT to the first

FIGURE 2 | The angle between the recipient and graft bile ducts (R-G angle). The R-G angle is measured as the angle between the two straight yellow lines, shown
on fluoroscopic imaging (A) during endoscopic retrograde cholangiopancreatography and (B) during percutaneous transhepatic biliary drainage.
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intervention performed for ABC was 9 ± 8.6 months. Among
patient diagnosed with ABC, the most common clinical
manifestation was abnormal blood liver function test results
(52/77, 91.2%), followed by itching (14/57, 24.6%), jaundice
(9/57, 15.8%), fever (5/57, 8.8%), and abdominal pain (5/57,

8.8%). The mean total bilirubin and C-reactive protein levels
prior to the first intervention for ABC were 2.3 ± 2.7 mg/dl and
1.7 ± 4.0 mg/dl, respectively.

Clinical Outcomes
The clinical outcomes of both interventions are summarized in
Table 2. These results were analyzed according to whether the
interventions were performed on the RAD or RPD.

Among the patients with RAD involvement, ERCP and PTBD
were attempted in 29 and 15 cases, respectively. Among the
patients who underwent ERCP, 28 (96.6%) patients had
anastomosis site stricture, and 1 (3.4%) patient had stricture
with leakage. Among the patients who underwent PTBD, 11
(73.3%), 1 (6.7%), and 3 (20.0%) patients had anastomosis
stricture, leakage, and stricture with leakage, respectively. The
success rates of ERCP and PTBD were 82.8% and 66.7%,
respectively. There was no significant difference in the success
rate between the two groups (p = 0.27); however, the ERCP group
underwent significantly more interventions during the follow-up
period than the PTBD group (6.7 ± 3.6 vs. 4.5 ± 2.2, p = 0.03).
Among the patients who underwent ERCP, the patency rates at 6,
12, and 24 months were 27.6%, 10.3%, and 3.4%, respectively. In
contrast, the patency rates at 6, 12, and 24 months in the PTBD
group were 40%, 33.3%, and 13.3%, respectively. There was no
significant difference in the median patency period (115 ± 40.3 vs.
126 ± 28.3 days; p = 0.27) between the two groups.

Among the patients with RPD involvement, ERCP was
performed for 17 (81%), 3 (14.3%), and 1 (4.7%) cases of
anastomosis site stricture, leakage, and stricture with leakage,
respectively, whereas PTBD was performed for 23 (76.7%), 3
(10%), and 4 (3.3%) cases of anastomosis site stricture, leakage,
and stricture with leakage, respectively. The success rates of ERCP
and PTBD were 47.6% and 70%, respectively; however, the
difference was not statistically significant (p = 0.15). There was
no significant difference in the total number of interventions
during the follow-up period between both groups (4.6 ± 3.1 vs. 6 ±
3.6; p = 0.17). The patency rates of ERCP at 6, 12, and 24 months
were 47.6%, 28.6%, and 28.6%, respectively, whereas the patency
rates of PTBD at the same timepoints were 60%, 40%, and 19.4%,
respectively. There was no significant difference in the median
patency period between the two groups (176 ± 29 vs. 283 ±
74.6 days; p = 0.75).

Comparison of Variables Affecting
Intervention Success
We analyzed the variables that affected the success of ERCP
and PTBD in the RAD and RPD involvement groups. Among
the patients with RAD involvement, ERCP was significantly
more likely to fail in patients with graft bile duct variations
than in patients without variations (80% vs. 16.7%, p = 0.013).
The R-G angle was also significantly greater in the group where
ERCP failed than in the group where ERCP was successful
(54.8 ± 24.2° vs. 28.8 ± 18.6°; p = 0.012). In comparison, there
were no significant differences in the above variables when
PTBD was performed for ABC of the RAD (Table 3). However,
the success rate of PTBD tended to decrease as the number of

TABLE 1 | Demographic and baseline characteristics of the study population.

Variables (n = 57)

Age, mean ± SD, years 55.2 ± 8.6
Sex, n (%)
Male 44 (77.2%)
Female 13 (22.8%)

Etiology of liver cirrhosis, n (%)
Hepatitis B virus 34 (59.6%)
Alcoholic liver cirrhosis 8 (14.0%)
Hepatitis C virus 7 (12.3%)
Non-B and non-C hepatitis 3 (5.3%)
Autoimmune hepatitis 2 (3.5%)
Hepatitis B virus with alcoholic liver cirrhosis 1 (1.8%)
Primary biliary cirrhosis 1 (1.8%)
BMI, mean ± SD, kg/m2 23.4 ± 3.3
MELD score, mean ± SD 16.2 ± 6.8
Child-Pugh score, mean ± SD 7.8 ± 2.6

ABO compatibility between donor and recipient, n (%)
Compatible pairs 47 (82.5%)
Incompatible pairs 10 (17.5%)
Follow-up duration, mean ± SD, month 44.2 ± 1.7
Total interventions during the follow-up period, mean ± SD 5.2 ± 3.4
Donor age, mean ± SD, years 35.5 ± 12.2

Donor hepatectomy type, n (%)
Laparoscopic method 33 (57.9%)
Open method 24 (42.1%)

Graft bile duct
Number of variations, n (%) 17 (29.8%)
Number of openings, mean ± SD 1.7 ± 0.7
Size, mean ± SD, mm 4.8 ± 2.1
Bile duct anastomosis—TTR method, n (%) 36 (63.2%)
Intraoperative biliary drainage, n (%) 7 (12.3%)
Intraoperative hepatic artery problem, n (%) 6 (10.5%)
Postoperative hepatic artery occlusion, n (%) 3 (5.3%)
Postoperative bleeding, n (%) 8 (14.0%)

Duration to initial intervention, mean ± SD, month
All interventions 9.0 ± 8.6
RAD intervention 10.6 ± 9.0
RPD intervention 10.9 ± 9.2

Clinical manifestation, n (%)
LFT abnormality 52 (91.2%)
Itching 14 (24.6%)
Jaundice 9 (15.8%)
Fever 5 (8.8%)
Abdominal pain 5 (8.8%)

Laboratory findings before the initial intervention, mean ± SD
WBC, 10³/μL 5.8 ± 2.7
CRP, mg/dL 1.7 ± 4.0
Total bilirubin, mg/dL 2.3 ± 2.7
Direct bilirubin, mg/dL 1.6 ± 2.2
ALP, IU/L 305.0 ± 198.2
GGT, IU/L 569.8 ± 593.3
AST, IU/L 95.7 ± 77.6
ALT, IU/L 153.1 ± 170.8

SD, standard deviation; BMI, bodymass index; MELD,model for end-stage liver disease;
TTR, tailored telescopic reconstruction; RAD, right anterior hepatic duct; RPD, right
posterior hepatic duct; LFT, liver function test; WBC, white blood cell; CRP, C-reactive
protein; ALP, alkaline phosphatase; GGT, gamma-glutamyl transferase; AST, aspartate
aminotransferase.
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bile duct anastomoses increased (p = 0.083). There were also
no statistically significant differences in the variables when
both ERCP and PTBD were performed for ABC of the RPD
(Table 3).

Prediction of Intervention Failure Using the
R-G Angle
To predict the likelihood of intervention failure, we analyzed the R-G
angles of the RAD and RPD groups for each intervention with the
receiver operating characteristic (ROC) curve. An optimal cut-off

point was calculated using Youden’s index.(11) The ROC curve
analysis in Figure 3 demonstrates that when the R-G angle was
greater than 47.5°, ERCP was more likely to fail (sensitivity, 93.8%;
specificity, 67.6%). The ROC curve analysis for PTBD showed no
statistically significant R-G angle cut-off value.

DISCUSSION

Our study demonstrated two novel features. First, we
compared the clinical outcomes between ERCP and PTBD

TABLE 2 | Clinical outcomes of biliary interventions in the study population.

RAD Involvement (n = 44) RPD Involvement (n = 51)

ERCP (n = 29) PTBD (n = 15) p value ERCP (n = 21) PTBD (n = 30) p value

Type of biliary complication, n (%)
Stricture 28 (96.6%) 11 (73.3%) 17 (81%) 23 (76.7%)
Leakage 0 (0%) 1 (6.7%) 3 (14.3%) 3 (10%)
Stricture with leakage 1 (3.4%) 3 (20%) 1 (4.7%) 4 (13.3%)

Success rate, n (%) 24 (82.8%) 10 (66.7%) 0.27 10 (47.6%) 21 (70%) 0.15
Total interventions during the follow-up period, mean ± SD 6.7 ± 3.6 4.5 ± 2.2 0.03 4.6 ± 3.1 6 ± 3.6 0.17
Patency period, mean ± SD, days 115 ± 40.3 126 ± 28.3 0.27 176 ± 29.0 283 ± 74.6 0.75

RAD, right anterior hepatic duct; RPD, right posterior hepatic duct; ERCP, endoscopic retrograde cholangiopancreatography; PTBD, percutaneous transhepatic biliary drainage; SD,
standard deviation.

TABLE 3 | Comparison of clinical variables with the intervention results across the RAD and RPD involvement groups.

RAD Involvement (n = 44) RPD Involvement (n = 51)

ERCP in RAD (N = 29) PTBD in RAD (n = 15) ERCP in RPD (n = 21) PTBD in RPD (n = 30)

Success
(n = 24)

Failure
(n = 5)

p
value

Success
(n = 10)

Failure
(n = 5)

p
value

Success
(n = 10)

Failure
(n = 11)

p
value

Success
(n = 21)

Failure (n = 9) p
value

Graft bile duct variation,
n (%)

4 (16.7%) 4 (80%) 0.013 3 (30%) 3 (60%) 0.33 2 (20%) 2 (18.2%) 1.00 8 (38.1%) 3 (33.3%) 1.00

Hepatic artery
complications, n (%)

2 (8.3%) 0 (0%) 1.00 3 (30%) 0 (0%) 0.51 0 (0%) 2 (18.2%) 0.48 3 (14.3%) 1 (11.1%) 1.00

Bile duct
anastomosis—TTR
method, n (%)

15 (62.5%) 4 (80%) 0.63 6 (60%) 4 (80%) 0.60 7 (70%) 4 (36.3%) 0.20 16 (76.2%) 5 (55.6%) 0.39

Donor surgical
approach, n (%)

1.00 0.18 0.43

Laparoscopic method 9 (37.5%) 3 (60%) 0.62 7 (70%) 3 (60%) 5 (50%) 9 (81.8%) 9 (42.9%) 6 (66.7%)
Open method 15 (62.5%) 2 (40%) 3 (30%) 2 (40%) 5 (50%) 2 (18.2%) 12 (57.1%) 3 (33.3%)

Intraoperative drainage,
n (%)

2 (8.3%) 0 (0%) 1.00 2 (20%) 2 (40%) 0.56 1 (10%) 1 (9.1%) 1.00 3 (14.3%) 1 (11.1%) 1.00

Number of bile ducts,
n (%)

0.72 1.00 1.00 0.57

One 10 (41.7%) 2 (40%) 2 (20%) 2 (40%) 3 (30%) 6 (54.5%) 6 (28.6%) 4 (44.4%)
Two 12 (50%) 2 (40%) 6 (60%) 1 (20%) 7 (70%) 3 (27.3%) 11 (52.4%) 4 (44.4%)
Three 2 (8.3%) 1 (20%) 2 (20%) 2 (40%) 0 (0%) 2 (18.2%) 4 (19%) 1 (11.1%)

Number of bile duct
anastomoses, n (%)

0.553 0.083 0.635 0.477

One 21 (87.5%) 4 (80.0%) 8 (80.0%) 2 (40.0%) 8 (80.0%) 7 (63.6%) 18 (85.7%) 6 (66.7%)
Two 3 (12.5%) 1 (20.0%) 2 (20.0%) 2 (40.0%) 2 (20.0%) 4 (36.4%) 2 (9.5%) 3 (33.3%)
Three 0 0 0 1 (20.0%) 0 0 1 (4.8%) 0

Bile duct size, mean ±
SD, mm

4.7 ± 1.8 6.6 ± 4.1 0.37 4.5 ± 1.8 2.8 ± 1.5 0.13 5.7 ± 1.7 5.45 ± 2.1 0.76 3.74 ± 1.26 4.56 ± 2.02 0.20

Angle between graft and
recipient bile ducts,
mean ± SD, °

28.8 ± 18.6 54.8 ± 24.2 0.012 47.5 ± 25.8 44.7 ± 26.8 0.85 90.8 ± 41.1 100.13 ± 25.7 0.55 99.62 ± 23.20 99.79 ± 15.01 0.98

RAD, right anterior hepatic duct; RPD, right posterior hepatic duct; ERCP, endoscopic retrograde cholangiopancreatography; PTBD, percutaneous transhepatic biliary drainage; TTR,
tailored telescopic reconstruction; SD, standard deviation.

Transplant International | Published by Frontiers April 2022 | Volume 35 | Article 100446

Kim et al. ERCP versus PTBD in LDLT

209



as the primary treatment for ABC after LDLT. Despite the
advancements in biliary reconstruction techniques, biliary
complications after LT are major and unavoidable
complications. Non-surgical alternatives, such as
endoscopic and radiologic interventional treatment, are
increasingly becoming the treatment of choice for biliary
complications after LT. Endoscopic treatment is generally
performed as the first-line treatment, and PTBD is
performed as a rescue treatment for when endoscopic
interventions fail. Most studies consider ERCP as the safer
and more convenient alternative, and ERCP is associated with
fewer complications than PTBD. Only one study has
compared the clinical outcomes of ERCP and PTBD (5,
12). This study demonstrated that the success and patency
rates of ERCP and PTBD were similar, but the number of
repeated procedures was higher in PTBD. The study also
presented several disadvantages associated with PTBD,
such as incidental PTBD removal, catheter associated pain,
bile leakage around the catheter, and infection. The clinical
outcomes in our study correlated well with the results of
previous studies. The success rate, total number of
interventions, and patency rate were similar between the
ERCP and PTBD groups with RPD involvement. However,
concerning RAD involvement, the total number of
interventions and short-term patency rates were superior in
the PTBD group than in the ERCP group. Therefore, when
biliary intervention was attempted under specific patient
conditions, including patients with RAD involvement who
desired fewer interventions or a shorter follow-up period, our

data demonstrated that PTBD was a good first-line option
for ABC.

Second, our study highlighted several clinical criteria that
should be considered when selecting between ERCP and PTBD
for the treatment of ABC in the RAD or RPD. LDLT is
currently performed in countries with low deceased donor
availability, which are mainly comprised of Asian countries,
such as South Korea (13–15). LDLT typically uses an RL graft,
but this can have multiple bile duct openings, which is a risk
factor for ABC (1, 16, 17). Performing simultaneous bilateral
bile duct drainage of multiple openings with either ERCP or
PTBD may provide more effective long-term benefits in
patients with ABC after LDLT than unilateral biliary
drainage (4). We further analyzed the factors affecting the
success rates of ERCP and PTBD for ABC with RAD and RPD
involvement. Previous studies proposed that hepatic artery
stenosis and stricture morphology affect the success of
endoscopic management (3, 18, 19). We examined several
intraoperative technical factors associated with stricture
morphology and intraoperative hepatic artery
complications, such as whether TTR of the bile duct or
laparoscopic donor hepatectomy was the superior method
(10, 15).

Among the patients with RAD involvement, the presence
or absence of graft bile duct variation affected the success of
ERCP. Variations in the right hepatic duct are determined by
the location of the RPD, and RPD variation of the RL graft
increases the likelihood for ABC (6, 20). Our results
contrasted with published literature, as our study
demonstrated that RAD involvement was more associated
with ABC than RPD involvement. In single-centers, a
multidisciplinary approach with surgeons, radiologists, and
interventionists should be considered when postoperative
complications are expected in LT recipients. In particular,
when anatomic complications are likely due to RPD
involvement, PTBD is preferred over ERCP. Our study
followed a retrospective design and examined a small
sample size. Therefore, selection bias was possible, and the
presence or absence of graft bile duct variation in RPD
involvement may not significantly affect the success of
ERCP. While our results suggested that PTBD was more
effective for patients with RAD involvement, further large-
scale studies are needed to confirm the clinical significance of
this result.

Our study also indicated that large R-G angles increase the
likelihood of failure of ERCP with RAD involvement. The
mean R-G angles for successful and unsuccessful procedures
were 28.8 ± 18.6° and 54.8 ± 24.2°, respectively. Our
fluoroscopic findings were consistent with the results of
previous studies, which demonstrated that acute angulation
increased the likelihood of failure of ERCP (4, 21). Our ROC
analysis (Figure 3) suggested that an R-G angle (in either the
RAD or RPD) greater than 47.5° was significantly associated
with ERCP failure (sensitivity, 93.8%; specificity, 67.6%). As
shown in Table 2, while there was no statistically significant
difference in the success rates between ERCP and PTBD, the
success rate of ERCP with RAD involvement was 82.8%, which

FIGURE 3 | A receiver operating characteristic curve analysis for the
angle between the graft and recipient bile ducts and likelihood of endoscopic
retrograde cholangiopancreatography failure. ROC, receiver operating
characteristic.
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was higher than that of PTBD. In contrast, the success rate of
ERCP with RPD involvement fell to 47.6%, which was lower
than that of PTBD. Therefore, when bile duct angulation is
considered alone (in either the RAD or RPD), PTBD may be
the superior first-line treatment of choice for biliary drainage
in ABC compared to ERCP when the R-G angle is greater
than 47.5°.

Of the 57 patients in our study, 15 underwent biliary
interventions for concomitant RAD and RPD involvement.
Three, six, one, and five patients underwent bilateral ERCP
(E/E group), ERCP and PTBD (E/P group), PTBD and ERCP
(P/E group), and bilateral PTBD (P/P group), respectively.
The success rates in the RAD and RPD were both 100% in the
E/E group, 100% and 50% in the E/P group, both 0% in the
P/E group, and both 80% in the P/P group. While it was
difficult to determine whether there was a statistically
significant difference among these results, the success rate
seemed to be higher when the same intervention was
performed for both the RAD and RPD. Further studies are
needed to accurately evaluate the suitability of combining
ERCP and PTBD.

This study has several limitations. First, our study design
may have been prone to selection bias, because it was a
retrospective, single-center cohort with a small sample size.
Second, while we analyzed clinical outcomes and influential
factors based on RAD and RPD involvement, performing
multiple procedures in a clinical setting may affect the
results. Third, ABC was diagnosed based on radiologic
findings, which might have been influenced by the
researcher’s subjectivity. ABC can be difficult to
differentiate from non-ABC. Fourth, several interventionists
performed the ERCP and PTBD procedures, and differences in
operative technique might have affected the final outcomes.
Fifth, we limited our study participants to patients newly
diagnosed with ABC following LDLT, but previous studies
have shown that 12–35.6% of patients who undergo LDLT
develop biliary complications, and biliary complications recur
in approximately 20% (5, 9). In addition, non-anastomotic
biliary complications (non-ABC) are diagnosed in 5–15% of
patients, and non-ABC are associated with high recurrence
rates and poor graft prognosis (22). Therefore, it is necessary to
conduct further studies with a larger sample size including
patients with recurrent biliary complications and non-ABC, as
these account for a large proportion of patients with biliary
complications.

Despite these limitations, our study was significant,
clearly demonstrating that either ERCP or PTBD may be
used as first-line treatment options for ABC after LDLT. Our
study was also the first to attempt classification and
evaluation of these interventions based on RAD and RPD
involvement.

In conclusion, both ERCP and PTBD were appropriate first-
line treatments for ABC after LDLT. Several factors must be
considered when determining the optimal treatment for ABC,
and the success of ERCP and PTBD may be influenced by
whether the RAD and/or RPD are involved. Specifically, PTBD
is recommended in patients with RAD involvement when there
is graft bile duct variation and in patients with either RAD or
RPD involvement where the angle between the recipient and
graft bile ducts is greater than 47.5°.
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Assessment of specific β-cell death can be used to determine the quality and viability of
pancreatic islets prior to transplantation and hence predict the suitability of the pancreas
for isolation. Recently, several groups have demonstrated that unmethylated insulin (INS)-
DNA is correlated to β-cell death in type 1 diabetes patients and during clinical islet isolation
and subsequent transplantation. Here, we present a step-by-step protocol of our novel
developed method for quantification of the relative amount of unmethylated INS-DNA
using methylation sensitive restriction enzyme digital polymerase chain reaction This
method provides a novel and sensitive way to quantify the relative amount of β-cell
derived unmethylated INS-DNA in cellular lysate. We therefore suggest that this technique
can be of value to reliably determine the purity of an islet preparation and may also serve as
a measure of the quality of islets prior to transplantation measuring unmethylated INS-DNA
as a reflection of the relative amount of lysed β-cells.

Keywords: transplantation, biomarker, unmethylated insulin DNA, methylation sensitive restriction enzyme, digital
PCR, β-cell, islets

INTRODUCTION

β-cell replacement therapy has been established as a therapy for patients with complex Type 1
Diabetes (T1D) not amenable to optimal conventional diabetes management (1). One example of β-
cell replacement therapy is the transplantation of deceased donor derived pancreatic islets that has
proven its long-term efficacy during the past 20 years (2, 3). In order to aim for optimal post-
transplant outcomes, the use of high-quality pancreatic islets is essential. Reliable assays are needed
to assess the quality and viability of islets prior to transplantation. Soluble β-cell specific biomarkers
may serve as a relevant diagnostic target to determine the quality and viability of islets at an early
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stage as they can be used to assess the amount of β-cell loss during
islet isolation and subsequent transplantation.

Recently, several groups have reported unmethylated Insulin
(INS)-DNA as a specific β-cell death marker during the early
development of T1D. During the progression of the disease,
autoimmune destruction of β-cells occurs and unmethylated
INS-DNA is released in the bloodstream that can be identified
(4-11). As the concentration of this marker is extremely low,
digital polymerase chain reaction (PCR) is often used to detect
the amount of β-cell death in a quantitative manner. Recent
studies using digital PCR to analyze unmethylated INS-DNA
were based on a sodium-bisulfite conversion method that
chemically converts unmethylated cytosine into uracil (6, 8-
10, 12). However, this method comprises an insurmountable
problem as regards heterogeneity since it depends on the
completeness of the chemical conversion. Overshooting or
incomplete bisulfite conversion can lead to reduced
sensitivity and may hamper quantitative and qualitative
interpretation (13).

To avoid bisulfite conversion whilst still allowing the
possibility to specifically quantify the methylation fraction of a
specific allele, we recently published a methylation sensitive
restriction enzyme (MSRE) digital PCR assay (14). MSREs are
used to differentiate between methylated and unmethylated
alleles and in combination with digital PCR it provides the
opportunity to determine specific allele quantification.

Based on this methodology we now describe here the step-by-
step approach how to quantify the unmethylated INS-DNA
fraction using a MSRE and digital PCR assay. In this proof-of-
concept study, we aim to demonstrate that this novel assay can be
used as a helpful method to determine the purity of an islet
preparation by measuring the amount of β-cells specific genomic
DNA in an islet suspension. The subsequent step to then test this
particular assay as a clinically quality marker of islets prior to
transplantation by measuring the relative amount of lysed β-cells
was beyond the scope of this proof-of-concept study. .

METHOD

Sample Collection and DNA Isolation
Human insulinoma EndoC-βH1 cells (Univercell-Biosolutions
(15), Toulouse, France) and human monocytic THP-1 cells
(Invivogen, Toulouse, France) were used as a positive and
negative control, respectively. Isolated human pancreatic islets
with different purities were obtained from seven individual
pancreases (Leiden University Medical Center, Netherlands).
Human donor pancreases were used that were declined for
clinical purposes according to national criteria. Written
informed consent for research of pancreatic tissue from
donors was present, according to local guidelines of the
medical ethical committee (Leiden University Medical Center,
Netherlands) and of the Dutch Transplantation Foundation as
the competent authority for organ donation in Netherlands.
Regarding the culture of the EndoC-βH1 and THP-1 cells and
isolation and maintenance of human islets, please find further
details in the Supplemental document.

1) Stored pellets of 2.5 × 10^6 EndoC-βH1 cells, 2.5 × 10^6 THP-1
cells and 10 µL tissue of different purities from human islets
were resuspended with phosphate buffer up to a final volume
of 200 µL.

From these samples genomic DNA was extracted using a
QIAamp DNA Mini Kit (Qiagen, Venlo, Netherlands)
according to the manufacturer’s instructions.

2) DNA concentrations were measured using NanoDrop TM
1000 Spectrophotometer (Thermo Fisher Scientific,
Landsmeer, Netherlands).

Treatment With Methylation Sensitive
Restriction Enzyme
The restriction enzyme, HpaII (Thermo Fisher Scientific), was
used according to manufacturer’s instructions. The restriction
enzyme was added for the INS target DNA (Figure 1A) as it
cleaves the unmethylated INS-DNA and leaves the methylated
INS-DNA intact. Each sample was either left untreated or treated
with HpaII.

1) Take two separate units of 100 ng genomic DNA from each
sample and add each of these units to a separate PCR tube (8-
strip PCR tubes). Mark the first strip as “with MSRE” and the
second strip as “without MSRE”. Include at least one sample
in each strip containing only nuclease-free H2O (negative
control).

2) Add 2 units/reaction of HpaII, 1.0 µL CutSmart Buffer (Bioké,
Leiden, Netherlands), and nuclease-free H2O up to a total
volume of 10 µL to the strip marked as “with MSRE".

3) Add 1.0 µL CutSmart Buffer (Bioké, Leiden, Netherlands),
and nuclease-free H2O up to a total volume of 10 µL to the
strip marked as “without MSRE".

4) Incubate both strips at 37°C for 1 hour.

Duplex Analysis Using Digital PCR
Primers and FAM-labelled hydrolysis probes (both Sigma-
Aldrich) were designed to be 1) gene specific, 2) to contain an
MSRE specific CpG site and 3) to possess optimal melting
temperature (±55°C) based on the region identified previously
(Supplementary Figure S1) (11, 16). Probes directed to the INS
target DNA were labelled with FAM (Supplementary Table S1).
The probe directed to the reference TTC5 (tetratricopeptide
repeat domain 5) gene was labelled with HEX (BioRad,
Veenendaal, Netherlands).

1) To prepare the PCR mastermix, add 11 µL per reaction of
Droplet PCR Supermix™ (No dUTP) (BioRad) (e.g., 110 µL
per 10 samples), 0.5 µL per reaction 36uM forward INS primer
(e.g., 5 µL per 10 samples), 0.5 µL per reaction 36uM INS
reverse primer (e.g., 5 µL per 10 samples), 0.5 µL per reaction
10uM INS FAM probe (e.g., 5 µL per 10 samples), 1 µL per
reaction 20x TTC5 HEX assay (e.g., 10 µL per 10 samples) and
6.5 µL per reaction nuclease-free H2O (e.g., 65 µL per 10
samples).
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2) In order to set up a PCR reaction in a 96-well plate, first, add
20 µL mastermix to each well. Add 2 µL of cleaved
unmethylated INS-DNA (from the “with MSRE” PCR-
strip) or uncleaved unmethylated INS-DNA (from the
“without MSRE” PCR-strip) to each appropriate well. Mix
wells by pipetting up-and-down several times.

All eight wells in a columnmust contain cleaved unmethylated
INS-DNA (from the “with MSRE” PCR-strip) or uncleaved
unmethylated INS-DNA (from the “without MSRE” PCR-strip).

3) Seal the 96-well PCR plate with foil and centrifuge shortly to
remove liquid from the sides of the wells.

4) Digital PCR is performed using the digital droplet PCR
(ddPCR) method described below (Figure 1B).
4.1) Use the Automated Droplet Generator (BioRad) to
generate droplets according to manufacturer’s instructions.

4.2) In order to prevent evaporation of the newly formed
droplets, the droplets should be collected in a second 96-well
PCR plate placed into a properly frozen cooling block.
4.3)When finished, remove the 96-well PCR plate including
the newly formed droplets and use a Plate Sealer (BioRad)
in order to cover the 96-well PCR plate with a heat-
sealed foil.

NOTE: Careful handling is strongly advised as the newly
formed droplets are fragile in this stage.

5) Perform a PCR reaction in a T100 Thermal Cycler (BioRad)
using the following protocol:
• 10 min of activation at 95°C
• 30s at 94°C denaturation and 60s at 60°C for 40 cycles
• 10 min inactivation at 98°C
• Cooling at 12°C until droplet reading

FIGURE 1 | Experimental design of the quantification of unmethylated insulin (INS)-DNA using methylation sensitive restriction enzyme (MSRE) digital droplet
polymerase chain reaction (ddPCR). (A) DNA is isolated from the samples and subsequently split in two and treated with or without the MSRE. The MSRE cleaves the
unmethylated INS-DNA and leaves the methylated INS-DNA intact. (B) The DNA sample is partitioned into thousands of droplets followed by PCR amplification with
FAM-labelled hydrolysis probes directed to the INS target DNA and probes directed to a reference gene (HEX-labelled). Droplet reading takes place after
amplification. Droplets that are positive or negative for the INS target DNA and/or reference gene are counted to calculate the fraction of unmethylated INS-DNA in the
sample. Abbreviations: ddPCR, Digital Droplet polymerase Chain Reaction; INS, Insulin; MSRE, Methylation Sensitive Restriction Enzyme; PCR, polymerase Chain
Reaction.
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6) Analyze the DNA content of the droplets using the
QuantaSoft™ software with the QX200 Droplet Reader
(BioRad) according to manufacturer’s protocol.

7) Calculate for each sample the unmethylated INS-DNA
fraction as follows:
• Unmethylation fraction = 1 −

[INS]
[TTC5] with MSRE

[INS]
[TTC5] without MSRE

p100%

RESULTS

With attention to previous studies (11, 16) on target areas of
DNA methylation in the human INS gene, we designed a
methylation sensitive restriction enzyme (MSRE) duplex
digital PCR assay to determine the relative amount of

unmethylated INS-DNA fraction in our DNA samples of
interest.

First, the assay was validated in cell line models. DNA was
isolated from EndoC-βH1 cells, a cell line that was derived
from human β-cells(17). The MSRE duplex digital PCR assay
was performed. This results in two-dimensional plots that
demonstrate four different clusters each of them representing
different DNA containing droplets (Figure 2). The green
cluster contains no INS target DNA but only TTC5 copies;
the blue cluster contains only INS target DNA but no TTC5
copies; the orange cluster contains both INS target DNA and
TTC5 copies; the gray cluster includes the empty droplets.
Without treatment of the MSRE (Figure 2A), the INS target
DNA reflects the quantification of both unmethylated and

FIGURE 2 | Unmethylated INS-DNA fraction in EndoC-βH-1 cells (A–C) and THP-1 cells (D–F) as positive and negative control samples, respectively. The two-
dimensional plots from the digital droplet polymerase chain reaction (ddPCR) demonstrate four different clusters each representing different DNA containing droplets:
Gray cluster: FAM- HEX-, containing no INS target DNA and no reference copies. Green cluster: FAM- HEX+, containing no INS target DNA but contains reference
copies. Blue cluster: FAM+ HEX-, containing INS target DNA but no reference copies. Orange cluster: FAM+ HEX+ containing both INS target DNA and reference
copies. The control samples are both split in two and either treated with or without methylation sensitive restriction enzyme (MSRE). The unmethylated INS-DNA fraction

is calculated: 1 −
[INS]

[TTC5] with MSRE

[INS]
[TTC5] without MSRE

p100%. Abbreviations: ddPCR, Digital Droplet polymerase Chain Reaction; INS, Insulin; MSRE, Methylation Sensitive Restriction
Enzyme.
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methylated INS target DNA. After treatment with the MSRE
HpaII (Figure 2B), the unmethylated INS target DNA is
digested, resulting in less blue and orange droplets. For
both, with and without treatment of MSRE, a stable
independent reference, TTC5, was used to correct for input
differences as it is not digested by the MSRE. When using both
ratios from INS target DNA and reference TTC5 in the
samples with and without treatment with MSRE, an
unmethylated INS-DNA fraction of 98.1% (95% CI
97.3–98.8) was determined (Figure 2C). With regards to
DNA isolated from THP-1 cells, both ratios from INS
target DNA and reference TTC5, when treated with
(Figure 2E) or without (Figure 2D) the MSRE HpaII, were
calculated and this resulted in an unmethylated INS-DNA
fraction of 3.5% (95% CI -5.2–11.5) (Figure 2F).

As isolated DNA from EndoC-βH1 cells was essentially
unmethylated for the INS target DNA whilst isolated DNA
from THP-1 cells was mainly methylated for the INS target
DNA, a 7-points standard curve was generated to technically
validate the quantitative experimental setup. Isolated DNA from
EndoC-βH1 cells diluted in the background of isolated DNA
from THP-1 cells resulted in a strong linear correlation (r2 =
0.9953, Y = 0.8862*X + 7.019, p < 0.0001) (Figure 3).

Next, the unmethylated INS-DNA fraction was determined in
24 human islets preparations which were isolated from seven
different human donor pancreases obtained for research. For
each sample, islet purity was determined, varying from <5 to 99%,
via dithizone staining which is currently used by most centers to
estimate the fraction of pancreatic islets in an isolated islet
preparation (18, 19). In the case of a sample with <5% purity,
the sample was categorized as islet depleted tissue (i.e., pancreatic
tissue left over from islet isolation). After using this MSRE duplex
digital PCR assay on DNA isolated from all the different purities

of the islets, the unmethylated INS-DNA fraction was quantified
(Figure 4). When comparing the purity of the pancreatic islets a
significant linear correlation was observed (R squared = 0.8318, p
< 0.0001). In the samples containing islet depleted tissue an
unmethylated INS-DNA fraction of 29.4%–34.5% was observed.

DISCUSSION

Previous studies have demonstrated that the human INS gene is
controlled epigenetically by methylation as it is unmethylated in
β-cells and methylated in most other cell types (4, 20-22). When
cells are dying or lysed - either in vivo or for experimentation
purposes - their genomic DNA is released into the milieu. This
makes unmethylated-INS DNA a highly interesting marker to
detect the death of β-cells. Several research groups have developed
assays to measure the circulating fraction of unmethylated INS-
DNA in humans, often aiming to be used in the context of early
detection of β-cell death in type 1 Diabetes. In 2020 Speake et al.
(23) assessed the performance of three different methodologies
(5, 9 11) to quantify circulating levels of unmethylated INS-DNA
in patients undergoing total pancreatectomy and subsequent islet
auto-transplantation. This was considered a reliable model as
damage or cell death of β-cells is known to occur during
transplantation. Not only did the group measure a different
CpG site or sites in the human INS gene in these three assays,
they also applied different sample collection methods and
measurement techniques (e.g., next generation sequencing or
digital PCR). We agree with Speake’s group that to further
develop these assays, optimization of the three different
techniques might be beneficial. A similarity between all three
assays was that DNA was treated with sodium bisulfite. This
technique, which was first described by Frommer et al. (24), is still
regarded as the gold standard to analyze DNA methylation. To
prevent partial conversion and subsequent misinterpretation, the
chemical conversion is performed at high concentrations. As a
result, however, fragmentation and degradation of DNA will
occur that may lead to an incorrect quantitative interpretation

FIGURE 3 | A seven point standard curve demonstrates the relation
between input percentage of EndoC-βH-1 cells DNA (diluted in a background
of THP-1 cells DNA) that could be expected and EndoC-βH-1 cells DNA
quantified as unmethylated INS-DNA was measured using digital PCR.
(Y = 0.8862 *X + 7.019, r2 = 0.9953, p < 0.0001). Abbreviations: PCR;
polymerase Chain Reaction.

FIGURE 4 | Unmethylated INS-DNA fraction quantified by digital PCR in
different purities of islets, determined via DTZ staining, after isolation from
seven donor research pancreases. (r2 = 0.8318, p < 0.0001). Abbreviations:
DTZ; Dithizone Staining, PCR; polymerase Chain Reaction.
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(13, 25). In addition, with regard to the bisulfite conversion kits
used in these studies focusing on unmethylated-INS DNA, it
remains a relatively time consuming technique e.g., as
approximately 12–16 h are needed for the incubation period.

To circumvent or even avoid these limitations, we report in this
protocol a proof-of-concept studywherewe have combined theMSRE
with digital PCR techniques to measure unmethylated-INS DNA. As
an MSRE can differentiate between methylated and unmethylated
alleles, MSRE treatment for only 1 hour results in digestion of
unmethylated DNA, with the methylated DNA remaining intact.
This allows for the rapid calculation of the fraction of unmethylated
alleles in our target of interest (INS target DNA). When using two
different cell lines, a strong correlation was observed (Figure 3)
demonstrating a high sensitivity and specificity of this assay.

Next, we extended the use of this assay to measure the
unmethylated INS-DNA fraction in different purities of islets
obtained after pancreas isolation (Figure 4). Interestingly, the
purity of the samples was not directly proportional to the
quantified unmethylated INS-DNA fraction as was found in the
standard curve obtained from the 2 cell lines (Figure 3).When using
the MSRE duplex digital PCR in islet depleted tissue (i.e. containing
<5% islets) an unmethylated INS-DNA fraction of 29.4–34.5% was
observed. Of note is that this observed fraction is likely not a
limitation of the assay itself but an indication that the biological
variability in methylation of the human INS gene promotor in non
β-cells may play an important role. Our result is in line with the
study by Kuroda et al. (22) who investigated nine CpG sequences in
the human INS gene promotor and compared the methylation
pattern in this region in the ‘islet cell fraction’ and in the ‘non-
islet cell fraction’. In their study they demonstrated that the human
INS gene promotor wasmainly unmethylated in the islet cell fraction
and predominantly methylated in the non-islet cell fraction (i.e., 13
of 15 clones (86%) in the non-islet cell fraction exhibited at least one
unmethylated CpG out of the nine CpG sequences investigated).

With regard to the samples including high purity of islets, the
quantified unmethylated INS-DNA fraction did not reach 100%
which could be explained as the ratio of β-cells versus non-β-cells
(e.g., alpha and delta) in human islets is generally assumed to be
50–70% (26). This is in line with the ±70% unmethylated INS-
DNA fraction we have found (Figure 4).

A limitation of this proof-of-concept study is that our protocol
was performed in cell lines and in different purities of human islet
preparations obtained after isolation. Further validation
experiments of this assay during islet isolation, islet culture and
subsequent islet transplantation are necessary. During these next
steps of the process an unknown amount of β-cell destruction
occurs. To be able to specifically quantify the amount of β-cell loss
using this promising assay could be helpful to differentiate between
low or high quality and viability of islet preparations (12, 27). In
clinical islet transplantation the accurate determination of the
number of (viable) β-cells in a pancreatic islet preparation is
essential. Not only assessment of the islet depleted tissue
fraction, but more important the total number of isolated islets
in the preparation is key for a successful transplant (28). In islet
transplantation, the islet yield has previously been determined
using various methods such as size-dependent islet counting by
visualizing islets under a microscope and subsequentmeasurement

of their volume (19), calculating both islet purity and graft volume
or specific β-cell counting (28-31). To date, in most centers the
estimation of the fraction of pancreatic islets in an isolated islet
preparation is based on a method that uses dithizone staining
(DTZ) (18, 19). Dithizone is a zinc chelating agent that, when
added to an islet prep, results in a rapidly and reversibly red
staining of islets which can therefore be distinguished from
exocrine tissue. Importantly, this method cannot be used to
determine the total number of β-cells in an isolated islet
preparation. In addition, in case of β-cell degranulation, the red
staining will not take place. Therefore, due to the human error that
is intrinsic to this subjective method, an over- or under-estimation
of the islet equivalent (IEQ) may easily occur. As such,
determination of IEQ by eye or by digital image analysis has
proven difficult within and between different centers (32).

Based on these notions, we suggest in this preliminary study
that our newly developed MSRE duplex digital PCR assay
using unmethylated INS-DNA may be a fast and easy
method to specifically quantify β-cells. As shown previously,
the combination of MSRE with digital PCR provides both
specificity and sensitivity by quantitative assessment of
target alleles (14). By measuring the concentration of the
targeted unmethylated INS-DNA and therefore the number
of lysed β-cells, this combined technique may be a promising
tool to determine the fraction of β-cells immediately after islet
isolation, during culture and immediately prior to islet
transplantation. Pending further validation trials, the MSRE
duplex digital PCR assay using unmethylated INS-DNA may
therefore help decision making on islet quality (through the
measurement of β-cell death) and islet quantity in islet
transplantation centers.
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