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148  Considering ABO Incompatible Living Donor Kidney
Transplantation Before Deceased Donor Kidney
Transplantation in Children: A Letter to the Editor
DOI: 10.3389/ti.2023.11613
Alicia Paessler and Jelena Stojanovic
Excellent clinical outcomes of children who have undergone ABO
incompatible kidney transplantation raise new clinical dilemmas.
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To keep the transplantation community informed about recently published level 1 evidence in organ transplantation ESOT
and the Centre for Evidence in Transplantation have developed the Transplant Trial Watch. The Transplant Trial Watch is a
monthly overview of 10 new randomised controlled trials (RCTs) and systematic reviews. This page of Transplant
International offers commentaries on methodological issues and clinical implications on two articles of particular
interest from the CET Transplant Trial Watch monthly selection. For all high quality evidence in solid organ
transplantation, visit the Transplant Library: www.transplantlibrary.com.

RANDOMISED CONTROLLED TRIAL 1

Transplantation Outcomes with Donor Hearts after Circulatory Death.
by Schroder, J. N., et al. New England Journal of Medicine 2023; 388(23): 2121-2131.

Aims
The aim of this study was to investigate posttransplant outcomes of hearts obtained from donation
after circulatory death (DCD) versus donation after brain death (DBD) donors.

Interventions
Participants were randomised to receive a heart from either a DCD or DBD donor.

Participants
297 adult candidates for heart transplantation were randomised, out of which 180 underwent
: transplantation.
Transplant
Trial Watch
Outcomes

OPEN ACCESS  The primary efficacy outcome was patient survival adjusted for prespecified donor and recipient risk

factors. The secondary efficacy outcome was the donor-heart utilization rate.
*Correspondence:

John Matthew O’Callaghan
ocallaghan.john@gmail.com Follow-Up
1 year posttransplantation.
Received: 14 August 2023
Accepted: 29 August 2023

Published: 27 September 2023 CET Conclusion . . o N
This multicentre study randomised patients on the heart transplant waiting list to waiting for a

O'Callaghan JM and Knight S (2023) standard, DBD organ; or toa D'CD organ (assessed via ex-vivo perfusion) or DBD organ, wh1§hever
Transplant Trial Watch, came first. 297 wait-listed patients were randomised, of whom 180 were transplanted in the

Transpl Int 36:11920. study - 90 with DBD organs, and 90 with DCD organs. At 6 months post-transplant, there was

doi: 10.3389/.2023.11920  no difference in risk-adjusted survival or other clinical outcomes between the two groups. This is a
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very well-designed study. Studies that alter with organ allocation
are challenging as they must not disadvantage patients by
reducing the chances of an organ offer. By allowing patients in
the DCD arm to receive a DBD organ if allocated, the investigators
overcome this. At least in the short term, outcomes from DCD
hearts assessed ex-vivo appear equivalent, and have the potential to
increase the rate of transplantation — within the study, 67% patients
randomised to the DCD cohort were transplanted compared to
39% in the DBD cohort.

Jadad Score
2.

Data Analysis
Per protocol analysis.

Allocation Concealment
No.

Trial Registration
ClinicalTrials.gov—NCT03831048.

Funding Source
Industry funded.

RANDOMISED CONTROLLED TRIAL 2

A randomized-controlled trial of ischemia-free liver transplantation for end-
stage liver disease.

by Guo, Z., et al. Journal of Hepatology 2023 [record in progress].

Aims
To compare outcomes in the novel technique of ischaemia-free
liver  transplantation (IFLT) to  conventional liver

transplantation (CLT).

Interventions

The technique being tested is IFLT compared with CLT. IFLT is a
complex technique in which during DBD donation the perfusion
cannulas of a Liver Assist can be placed in the donor liver prior to
cessation of donor circulation. The arterial canula placed via the
splenic artery, portal vein via and vein graft and the outflow
canula into the infra-hepatic cava. The perfusion can then
seamlessly be transferred from donor circulation to NMP, the
liver is then procured and continued NMP until implantation.
The supra-hepatic caval (piggyback), portal vein and hepatic
arterial anastomoses are then performed in the recipient while
NMP continues, and once completed the NMP cannulas are
removed, and hepatic perfusion transferred from NMP to
recipient without interruption of perfusion.

Participants
65 adult whole liver-only transplant recipients.

Monthly Update on New Trials

Outcomes

The primary endpoint was early allograft dysfunction (EAD)
within 7 days as defined by the Olthoff criteria. The secondary
endpoints included primary non-function, post-reperfusion
syndrome, biliary complications, post-reperfusion lactate, post-
transplant LFTs, patient and graft survival at 1, 6, and 12 months,
ITU stay and overall hospital stay.

Follow-Up
12 months.

CET Conclusion

This small unblinded randomised trial was conducted in a single
high volume transplant centre in China by the group who have
been pioneering the ischaemia-free liver transplant technique
since its first publication in 2018. Images and videos of their
technique have been included in their 3 publications on their
reports and protocols. The IFLT cohort was n = 32 and the CLT
n =33, of these 2 (6%) in the IFLT experience EAD and 8 (24%) in
the CLT (p = 0.044) which was the primary endpoint. In some of
the secondary endpoints they found significant improvement
with IFLT: peak ALT and ASK at 7 days, total bilirubin, post-
op lactate positive perfusate microbial culture and non-
anastomotic strictures at 12 months. When scrutinising these
strictures, there were 2 in IFLT (one mild and one moderate) and
9 in CLT (five mild and four moderate) none of which required
intervention. The marked reduction in post-reperfusion
syndrome is important 3 (9%) in IFLT and 21 (64%) in CLT
given the risk of post-reperfusion cardiac arrest. They found no
significant differences in primary non-function, over-all hospital
stay, anastomotic stenosis (though the rate was higher in IFLT)
and, graft and patient survival. They present an impressive success
given the complexity of the procedure, however this is its key
limitation. Despite the improvement in EAD, strictures and post-
reperfusion syndrome there was no measurable benefit in patient or
graft survival within the first year and none of the strictures require
intervention. It was done in a set of low risk DBD donors, a cohort
in which similar benefits have been seen with NMP alone. There are
technical limitations, it was performed with a liver assist device
which is not transportable, thus donor and recipient must be in the
same location. The technique is of interest and a great technical
achievement, but a study of larger numbers with a wider range of
DBD donors and longer-term follow-up is required.

Jadad Score
3.

Data Analysis
Modified intention-to-treat analysis.

Allocation Concealment
Yes.

Trial Registration
ChiCTR1900021158.
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Funding Source
Non-industry funded.

CLINICAL IMPACT SUMMARY

This is a very interesting randomised controlled trial in liver
transplantation that has the potential to significantly change
practice and improve transplant outcomes. 68 liver transplant
recipients from donation after brain death were randomised to
standard treatment or for an “Ischemia-Free Liver Transplant”
(IFLT). The trial was conducted at a single hospital in China. The
study was adequately randomised, but the clinical team could not
be blinded to the intervention, understandably. For the
intervention group, the Liver Assist device (Organ assist,
Netherlands) was used to establish in situ normothermic
perfusion. The liver was then procured and moved to the
reservoir of the Liver Assist for ex situ normothermic machine
perfusion and moved to the recipient locality for transplant. For
the liver implantation to the recipient, the anastomoses of the
inferior vena cava, portal vein, and hepatic artery were performed
under continuous in situ normothermic machine perfusion.
Machine perfusion was discontinued after the donor liver had
been revascularized. Then the biliary tract was reconstructed.

There was therefore zero cold ischemic time for the IFLT
group. Mean cold ischaemic time in the standard care group was
approximately 7 h, and mean normothermic perfusion time in
the IFLT group was approximately 7 h.

The primary outcome was Early Allograft Dysfunction (EAD)
and this was significantly reduced by IFLT (6% versus 24%), as
were peak ALT, AST and bilirubin levels. Post-reperfusion
syndrome was dramatically reduced, from 64% to 9%. Non-
anastomotic biliary strictures were also significantly reduced

Monthly Update on New Trials

(8% versus 36%), although this was recorded as seen on
protocol MRCP.

This clinical trial has shown a dramatic reduction in the
ischemia reperfusion injury of transplant livers through the
novel use of technology to remove the cold ischemic phase of
the organ preservation period. The donor liver is kept warm and
perfused all through the process of procurement from the donor
body, preservation outside the body, and during the implant into
the recipient up until the moment of reperfusion with the
recipient’s blood. The technique clearly improved early
transplant function. The reduction in non-anastomotic
strictures was largely asymptomatic, so it remains to be seen if
this technique can significantly reduce the risk of symptomatic
strictures in higher risk livers.
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A Forum discussing:

Considering ABO Incompatible Living Donor Kidney Transplantation before Deceased Donor
Kidney Transplantation in Children: A Letter to the Editor
by Stojanovic ] and Paessler A (2023). Transpl Int 36:11613. doi: 10.3389/ti.2023.11613

While we acknowledge that ABOi LDKTx can be successfully performed in children and has the
advantage of reducing the waiting time and risks associated with prolonged dialysis whilst conferring
the benefits of living donor transplantation [1], we would like to balance the conclusions made by the
authors and outline valuable alternatives.

ABOi kidney transplantation carries a higher risk of rejection compared to ABO compatible
transplantation, most particularly antibody-mediated rejection [2]. To overcome this, both extensive
pre-transplant conditioning and additional pre-transplant immunosuppressive therapy are required
and include desensitization techniques such as antigen-specific immunoadsorption, B cell-depleting
monoclonal antibodies (mainly rituximab), and intensified immunosuppression protocols. Such
complex treatments expose children to a higher risk of bacterial and viral infections [2], post-
transplant lymphoproliferative disease, and other neoplasias. Apheresis techniques require central
venous lines in the absence of an arteriovenous fistula, especially in children on peritoneal dialysis or
with pre-emptive transplantation, and these procedures can be complicated by infection, thrombosis,
or bleeding, and so jeopardize future access to dialysis. In addition, these techniques may be
impractical or risky in young children due to the extracorporeal volume required during
immunoadsorption sessions. ABO incompatible kidney transplantation is therefore rarely
performed in children who weigh <20 kg.

From an economic standpoint, ABOi transplantation is more expensive and resource intensive
than ABO compatible transplantation. Additional procedures, prolonged hospital stays, and
specialized therapies required for desensitization significantly increase the overall cost of the
transplant procedure. For this reason, it may not be available in every health framework. On the
other hand, shorter dialysis times obviously spare costs. Moreover, living organ donation can have a
financial impact on the donor and his or her family, depending on specific national policies and social
security requirements.
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Additionally, some parents may want to reserve the option of
donating their kidney for a second transplant in adulthood, at an
age when organ shortages can be even greater.

Furthermore, while transplants from living donors generally
have a better prognosis than transplants from deceased donors, it
should be noted that parents who are candidates for donation are
increasingly older and have more co-morbidities [3], whereas
children often receive transplants from young deceased donors
whose parenchyma is generally well preserved at the time of
donation. This may partly reduce the advantages of living
donation in pediatric kidney transplantation.

We would therefore like to discuss alternatives to ABOIi
LDKTx in children.

Firstly, we call for better prioritization of the allocation of
deceased donor kidney transplants in children who will
eventually require several transplants over the course of a
lifetime. Priority rules should include age-matching criteria that
could guarantee prioritization of pediatric recipients for optimal
transplants with shorter waiting times. The allocation policies for
transplants vary between jurisdictions and healthcare systems. In
France, for instance, absolute national priority is given to recipients
under the age of 18 years for the two kidneys of any donor under
the age of 18 [4]. Pediatric recipients are also given priority for one
of the kidney transplants from donors aged between 18 and 29, in
the absence of a recipient benefiting from a priority due to
immunization or a multi-organ transplant. Pediatric priority is
extended until the transplant if the candidate was under 18 at the
start of dialysis. Similarly, in the United States, recipients younger
than 18 have priority over donors under 35 years of age [5]. Spain,
Italy, and Switzerland also have strong pediatric prioritization with
short waiting times. However, this priority is more limited
elsewhere, particularly in the Euro Transplant zone (comprising
Holland, Belgium, Luxembourg, Germany, Austria, Croatia, and
Slovenia) where it should be improved, as it is currently restricted
to kidneys from donors aged under 18, who are allocated as a
priority to recipients who are also younger than 18. The impact on
waiting times for adults based on better pediatric prioritization
would be very small because of the large difference in numbers on
waiting lists. Moreover, the prioritization criteria would be
regularly evaluated and refined to ensure equity, fairness, and
transparency.

We agree with the authors that paired kidney exchange
programs, also known as kidney swaps or paired donation, such
as that in the United States, can be a good strategy for children. We
are pleased to note that such a program has been initiated in the
United Kingdom, and we hope that this will also be the case for other
pediatric kidney transplant programs. Altruistic donation to children
could also be allowed. We find it extremely difficult to understand
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disadvantages outlined above in the context of each child’s
specific medical condition and individual circumstances. The
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New immunosuppressive therapies that improve long-term graft survival are needed in
kidney transplant. Critical Path Institute’s Transplant Therapeutics Consortium received a
qualification opinion for the iBOX Scoring System as a novel secondary efficacy endpoint
for kidney transplant clinical trials through European Medicines Agency’s qualification of
novel methodologies for drug development. This is the first qualified endpoint for any
transplant indication and is now available for use in kidney transplant clinical trials. Although
the current efficacy failure endpoint has typically shown the noninferiority of therapeutic
regimens, the iBOX Scoring System can be used to demonstrate the superiority of a new
immunosuppressive therapy compared to the standard of care from 6months to
24 months posttransplant in pivotal or exploratory drug therapeutic studies.

Keywords: kidney transplant, iBox, transplant outcomes, organ transplant, transplant clinical trial

INTRODUCTION

Graft failure following kidney transplantation has significant negative implications, including return
to dialysis, lower life expectancy, decreased quality of life, and need for retransplantation.
Additionally, graft survival is the most important outcome for people living with a kidney
transplant [1]. Currently, immunosuppressive therapies (ISTs) have improved short-term
outcomes in kidney transplantation, with 1 year graft survival rates of over 90% [2-5]. Despite
the relatively low rate of efficacy failure at 1 year posttransplant, long-term graft survival remains
suboptimal. The 5 and 10 years graft survival rates are 77% and 49% for deceased donor and 86% and

Abbreviations: BELA, belatacept; CMA, conditional marketing authorization; CNI, calcineurin inhibitor; COU, context-of-use;
DSA, donor-specific antibody; eGFR, estimated glomerular filtration rate; EMA, European Medicines Agency; FDA, Food and
Drug Administration; IST, immunosuppressive therapy; RCT, randomized controlled trial; RLSE, reasonably likely surrogate
endpoint; SOC, standard of care; TTC, Transplant Therapeutics Consortium.
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First Qualified Endpoint in Kidney Transplantation

Qualifying a novel clinical trial endpoint (iBOX) predictive of long-term kidney transplant outcomes

New immunosuppressive therapies
are needed that improve long-term
survival after transplantation.

S

iBOX Components
Kidney Function
(eGFR and proteinuria)
Immunological status
(anti-HLA DSA)
With or without

Kidney damage assessment
(Biopsy using Banff Lesion Scores)

iBOX can be used to demonstrate the
superiority of a new immunosuppressant in
Phase 2 and 3 kidney transplant trials.

Control
Research

In close collaboration with the Paris
Transplant Group, TTC translated the
iBOX into a 1-year clinical trial endpoint.

CRITICAL PATH INSTITUTE

TTC received a Qualification Opinion from the
EMA for iBOX as a secondary efficacy endpoint
prognostic for long-term graft survival.
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64% for living donor transplants [4]. Therefore, there remains a
significant unmet need for ISTs that improve long-term
One of the challenges for biopharmaceutical
sponsors is executing registration trials of a feasible size and
duration (1-2years) to support superiority claims using the
historically accepted primary efficacy failure composite
endpoint consisting of death, graft failure, biopsy-proven acute
rejection, and lost to follow-up. These current endpoints, while
acceptable to regulators, are not optimized for short-term
superiority of ISTs that are predictive of longer-term graft
survival. Such studies would require extended duration (e.g.,
5 years or more), which may be impractical and unfeasible.

outcomes.

TRANSPLANT THERAPEUTICS
CONSORTIUM (TTC)—A
REGULATORY-FOCUSED NEUTRAL
CONVENER FOR TRANSPLANT

In 2014, the 2 major US transplantation societies, the American
Society of Transplantation and the American Society of
Transplant Surgeons, recognized the need for a pathway to
develop new ISTs for transplant recipients [6]. In 2017, these
societies partnered with Critical Path Institute and other
transplant community members to create TTC (https://c-path.
org/programs/ttc/). By facilitating a public—private partnership

societies, and government and regulatory agencies, TTC fosters
consensus and data-driven research to increase speed in
developing new therapies. TTC’s primary focus is obtaining
regulatory endorsement of an early novel endpoint capable of
predicting long-term graft survival in pivotal clinical trials
designed to support regulatory approval of new ISTs for
kidney transplantation.

To develop a novel trial endpoint, it is important to
understand the multifactorial causes of late kidney graft
failure; predicting failure accurately with a single marker may
not be optimal [3]. Several composite scores have been proposed
as surrogates, but iBOX is based on the largest dataset and the
only specifically designed multivariate model that predicts long-
term death-censored graft failure [7, 8]. iBOX is a risk prediction
tool that utilizes multiple clinically relevant features
demonstrated to be mechanistically associated with an
increased risk of late graft functional decline and failure. These
features are estimated glomerular filtration rate (eGFR),
proteinuria, anti-human leukocyte antigen donor-specific
antibody, and kidney graft biopsy histopathology measured
cross-sectionally at any time point posttransplantation. iBOX
then integrates these parameters to generate individualized
predictions of outcomes at 3, 5, and 7 years posttransplant.
iBOX was originally designed to be used at the patient level to
inform clinical care and management of kidney transplant
patients. In close collaboration with the Paris Transplant
Group, TTC translated this work into a clinical trial endpoint

among scientists from the biopharmaceutical industry,  acceptable to European Medicines Agency (EMA), intending to
diagnostics companies, academic institutions, professional  streamline drug development by predicting long-term outcomes
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FIGURE 1 | Regulatory timeline with FDA and EMA. CPIM, Critical Path Innovation Meeting; EMA, European Medicines Agency; FDA, Food and Drug
Administration; IR, information request; LOI, letter of intent; QO, qualification opinion; QP, qualification plan; RLSE, reasonably likely surrogate endpoint.
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using short-term data, summarized in Supplementary Table S1.
Additionally, the qualification of iBOX as a reasonably likely
surrogate endpoint (RLSE) is proceeding with the US Food and
Drug Administration (FDA). The regulatory process and timeline
associated with FDA and EMA interactions are shown in
Figure 1.

IBOX SCORING SYSTEM-FIRST
QUALIFIED ENDPOINT IN
TRANSPLANTATION

In December of 2022, EMA issued a qualification opinion for
iBOX as a secondary endpoint prognostic for death-censored
graft loss in kidney transplant recipients intended to be used in
clinical trials to support the evaluation of novel IST
applications [9, 10]. EMA qualified both a full iBOX
(including biopsy), and an abbreviated iBOX (excluding
biopsy), allowing flexibility in using this endpoint in studies
with and without protocol/surveillance biopsies. Importantly,
the component measures in iBOX are modifiable by IST
interventions and are further described in Table 1. The
iBOX is the first qualified endpoint in transplantation and
the fifth qualified endpoint with EMA [10].

An important outcome of this qualification is that iBOX can be
used as a key secondary endpoint to demonstrate superiority of a
new IST compared with the standard of care (SOC) from
6 months to 2years posttransplant in exploratory or pivotal
drug therapeutic studies for regulatory purposes. The datasets
supporting this regulatory endorsement represent adult kidney-
only transplant recipients with varying underlying diagnoses,
multiple donor types, various induction therapies, and either
calcineurin inhibitor (CNI)-based or CNI-free therapeutic
regimens. As a result, iBOX can be used in registration-driven

trials representative of a broad population of kidney transplant
recipients. The context-of-use (COU) for iBOX is summarized in
Table 2.

Additionally, in Europe, sponsors and investigators will be
able to assess and promote the potential superiority of novel IST's
when measured using iBOX. Further, iBOX will be included in
the summary of product characteristics, claims, and other
product  labeling.  Although  conditional = marketing
authorization (CMA) is a separate consideration outside the
purview of the Qualification of Novel Methodologies for Drug
Development process, superiority to current SOC, thereby
addressing an unmet need in kidney transplant, is one of the
key criteria for CMA in the European Union [8, 10].

A COMMUNITY-BASED APPROACH TO
ENDPOINT DEVELOPMENT

Datasets

A fundamental component of developing an evidentiary package
that meets the requirements of regulatory endorsement for iBOX
was the success of TTC’s extensive global patient-level data-
sharing initiative [9-11]. Datasets from relevant clinical trials,
including those used by [7] in their 2019 publication and real-
world data from international clinical transplant centers, were
prioritized for acquisition. A flow diagram of the dataset selection
process is shown in Figure 2 with additional rationale provided in
the Supplementary Material. The original iBOX [7] development
included time posttransplant to account for varying iBOX
assessments of individual patients and to assist in patient care
and prognosis estimation. Figure 3 from [7] shows the density of
iBOX risk evaluation time points after transplantation. The
derivation dataset included in the EMA qualification
submission represents all 4,000 subjects described in [7]. For
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TABLE 1 | Component measures of the full and abbreviated iBOX.
iBOX component measures

Time of posttransplant risk assessment (fixed time points)

First Qualified Endpoint in Kidney Transplantation

Detailed information on the iBOX measures

Phase 2/proof-of-concept iBOX assessment: 6 months

Phase 3 iBOX assessment: 1 year, 2 years

Kidney function (€GFR and UPCR proteinuria)

eGFR, where eGFR is measured in mL/min/1.73 m?

Log transformed (UPCR value®), where UPCR is measured in gram per gram (g/g)

Immunological status (anti-HLA DSA MFI)

Anti-HLA DSA using a qualitative binary MFI cutoff

® MFI <1,400 (References group)
o MFI >1,400

Kidney damage assessment® (kidney allograft biopsy histopathology using
Banff lesion scores)

Banff lesion score, interstitial fibrosis/tubular atrophy (IFTA score): Categorical variable with
3 levels

® |FTA score = 0-1 (References group)

® |FTA score = 2

® |FTA score =3

Microcirculation inflammation (Banff lesion score, glomerulitis [g score] and Banff lesion score,
peritubular capillaritis [ptc score]): Categorical variable with 3 levels

® g and ptc score = 0-2 (References group)

® g and ptc score = 3-4

® g and ptc score = 56

Banff lesion score, interstitial inflammation (i score) and Banff lesion score, tubulitis (t score):
Categorical variable with 2 levels

® i score and t score = 0-2 (References group)

® i score and t score >3

Banff lesion score, presence/extent of glomerular base membrane double contours; transplant
glomerulopathy (cg score): Categorical variable with 2 levels

e cg score = 0 (References group)

® cg score = >1

DSA, donor-specific antibody; eGFR, estimated glomerular filtration rate; HLA, human leukocyte antigen; MFI, mean fluorescence intensity; UPCR, urine protein-to-creatinine ratio.
AFor proteinuria values below 0.05 g/g are replaced by 0.05 g/g before log-transformation.

bOmitted from abbreviated iBOX.

TABLE 2 | Context-of-use for the qualification opinion of the iIBOX Scoring System.

General measurement

The iIBOX scoring system is a secondary endpoint prognostic for death-censored graft loss (allograft failure) in kidney

transplant patients to be used in clinical trials investigating novel immunosuppressive medicines

Timing of iIBOX assessments

The iBOX Scoring System is an acceptable secondary measured between 6 and 24 months postkidney transplantation in

pivotal or exploratory drug therapeutic studies for regulatory purposes. The iBOX Scoring System can be used to
demonstrate the superiority of a new immunosuppressive therapy compared with the SOC at 6, 12, or 24 months

postkidney transplant
Target population

SOC, standard of care.

application as a 1-year endpoint in a typical phase 3 clinical trial,
we examined the number of subjects in the derivation dataset
with iBOX assessments fixed at 1year posttransplant and had
outcome data of at least 5 years.

Five datasets supporting the regulatory endorsement of
iBOX included data from clinical transplant centers
(i.e., Loupy et al, 2019 derivation [7]. Mayo Clinic
Rochester, and Helsinki University Hospital) and clinical
trials (i.e., BENEFIT randomized controlled trial [RCT] [12]
and BENEFIT-EXT RCT [13]) representing over 2,500 de novo
kidney transplant recipients with 1-year iBOX assessments
(Table 3). Participant consent was obtained from the
transplant centers and clinical trials for primary uses. These
datasets contained all elements necessary to assess the

Adult kidney-only transplant recipients from a living or deceased donor

performance of iBOX as a pivotal trial endpoint including
IST information, iBOX variables at 1 year posttransplant, and
5 years follow-up for death and graft loss of at least 5 years.
Additionally, these datasets were accompanied by assay
information for each component iBOX measure and
laboratory certification documentation ensuring that the
analytical methods were robust, reliable, and fit-for-purpose.

Clinical transplant center data are inherently heterogeneous
and reflect the diversity of the kidney transplant recipient
population in the United States and European Union. Datasets
were curated, standardized, and aligned to conduct internal and
external validation analyses to support the iBOX COU with EMA.
Two clinical trial datasets have the most extensive CNI-free
(belatacept [BELA]) patient-level data with the 4 core iBOX
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4

All available datasets available in TTC Kidney
Transplant Database (n = 31)

(11 RCTs, 20 Clinical transplant centers)

[ Identification

Datasets excluded, with reasons (n = 23)

\
/

Missing induction, maintenance IST, and death data (n = 10)
Missing one or more of iBOX variables (n=8)

Missing 5-year outcome data (n = 2)

Missing demographic data (recipient age) and therefore
unable to calculate eGFR (n = 1)

Missing induction and maintenance IST (n=1)

* Does not meet COU (n=1)

Datasets screened for eligibility (N =31) |  ———

Screening /
Eligibility

Datasets for inclusion (n = 8)

BENEFIT RCT

BENEFIT-EXT RCT

Foch Hospital*

Helsinki University Hospital
Mayo Clinic Rochester
Necker Hospital*
Saint-Louis Hospital*
Toulouse Hospital*

[ Included J[

PN RWN

*Part of Loupy et al., 2019 Derivation

FIGURE 2 | Flow diagram of the data selection process. COU, context-of-use; RCT, randomized controlled trial; TTC, Transplant Therapeutics Consortium.

variables and sufficient follow-up period available. This
o / represents, as stated by EMA, “extensive global effort to collect
clinical trials and real-world data” [10].

Critical Path Institute explored the number of transplant
recipients with full and abbreviated iBOX assessments at
varying times posttransplant in the already curated and
“ aligned validation datasets. Supplementary Figure S1 shows
the distribution of assessment time points for donor-specific
antibody (DSA) measurements up to 2years postkidney
transplant. DSA was selected for illustration because it is
collected less frequently than eGFR and/or proteinuria and
therefore acts as the key limiting factor for the availability of
abbreviated iBOX measurements. The data distribution for iBOX
assessments ranges from 6 months up to 2 years posttransplant.
Helsinki University Hospital only assessed proteinuria and DSA
“ data at 1 year posttransplant and therefore was excluded from the
Towe post-sneptanaton Yesr] : 7 : additional time points exploration. The number of transplant
recipients with iBOX assessments at 6 months and 2 years
FIGURE 3 | Density of time points where iBOX assessments were made posttransplant in the external validation datasets is shown in
(Syr;:z:i),i r<13?7m]'pared with the time posttransplant (x-axis) out to 8 years, as Supplementary Table S2. There were significantly more

abbreviated iBOX assessments at the varying time points

Density

TABLE 3 | Five-y posttransplant c-statistics values (SE) for the iBOX at 1 year posttransplant in the derivation and validation datasets.

Dataset n c-statistic (SE) for full iBOX at 1 year c-statistic (SE) for abbreviated iBOX at 1 year
Derivation [7] derivation 1174 0.85 (0.02) NA
Validation Mayo Clinic Rochester 483 0.93 (0.03) 0.84 (0.05)

Helsinki University Hospital 344 0.78 (0.06) 0.77 (0.06)

BENEFIT RCT 416 0.70 (0.09) 0.70 (0.08)

BENEFIT-EXT RCT 260 0.81 (0.07) 0.78 (0.06)

NA, not applicable; RCT, randomized controlled trial; SE, standard error.
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TABLE 4 | Poisson calibration for the full and abbreviated iBOX at 1 year posttransplant in the validation datasets.

1 year Posttransplant

Dataset Full iBOX

n Observed graft loss events Predicted graft loss events P
Mayo Clinic Rochester 483 18 24.34 .20
Helsinki University Hospital 344 21 14.40 .08
BENEFIT RCT 416 12 14.52 .51
BENEFIT-EXT RCT 260 12 14.97 44
Dataset Abbreviated iBOX

n Observed graft loss events Predicted graft loss events P
Mayo Clinic Rochester 497 20 24.41 .37
Helsinki University Hospital 344 21 16.19 .23
BENEFIT RCT 515 15 18.77 .39
BENEFIT-EXT RCT 357 23 22.97 1.00

RCT, randomized controlled trial.

A p-value of <.05 would indicate a significant difference between the expected number of graft loss events as predicted by the iIBOX versus the actual number of graft loss events.

because biopsies were more typically “for-cause” and not taken
“per protocol” at 6 months or 2 years posttransplant. Although
the full iBOX measurements at 2 years were limited due to lack of
biopsy information, because the abbreviated iBOX performed
well at this time point, the addition of biopsy information should
only further improve the performance, and therefore, the full
iBOX is expected to also perform well at 2 years.

Analyses

Validation analyses were performed to support the COU for iBOX
with EMA for predicting death-censored graft loss. Both internal
validations, evaluating iBOX on the data it was trained on (i.e., the
derivation dataset), and external validation, evaluating iBOX on
data it was not trained on, were performed. The abbreviated iBOX
was treated as a modification of the full iBOX and not validated
internally, save for checking the overall c-statistic. Both the full and
abbreviated iBOX models were validated on 4 external datasets
(ie., validation datasets) (previously described above).

To avoid survivor bias, patients who did not reach their
scheduled evaluation (i.e., those who lost their graft, died, or
were lost to follow-up beforehand) were given an imputed worst-
case iBOX score (Supplementary Tables S3, $4).

iBOX was validated by assessing its discrimination, the ability
to rank individuals from a lower to a higher risk of graft loss, and
its calibration, the ability to accurately predict absolute risk level
[14]. Discrimination was assessed using Harrell’s c-statistic [15],
which gives the probability that, for any 2 randomly selected
individuals, the individual with the higher iBOX score, i.e., the
higher model-predicted hazard of graft loss, has a shorter death-
censored graft survival time. A c-statistic value of 0.7 or greater
indicates good discriminatory ability [16]. Secondly, calibration
was evaluated by checking whether observed events (graft losses)
matched predicted using a Poisson calibration method (see
Supplementary Material for a summary of the method) [14].

The full iBOX discrimination in the derivation dataset, when
restricted to transplant recipients with an iBOX score at 1-year
posttransplant and follow-up to 5 years, had a c-statistic of 0.85,
demonstrating iBOX discriminates appropriately among subjects

for use in a phase 3 study (Table 3). In the validation datasets,
c-statistics ranged from 0.70 to 0.93 (Table 3), and the predicted
versus observed graft losses were not significantly different for
iBOX assessments at 1 year posttransplant (Table 4).

Given that the iBOX models are trained primarily on subjects
receiving CNI-based maintenance ISTs, it was unclear if iBOX would
perform similarly in kidney transplant recipients not on CNI-based
therapies. Internally, the iBOX was found to discriminate
appropriately between higher- and lower-risk patients receiving
mTOR inhibitor-based therapies (c-statistic >0.8) (Table 5).
Externally, 5 years iBOX c-statistic values for CNI-free subjects,
consisting primarily of patients on BELA-based regimens, at
1year posttransplant in the validation datasets were evaluated;
full and abbreviated iBOX c-statistics were 0.75 and 0.73,
respectively (Table 6). These analyses demonstrate that iBOX can
discriminate between subjects at higher and lower risk of death-
censored graft loss in diverse datasets, including CNI and CNI-free
populations, in clinical transplant centers and RCTs. Likewise, the
results also showed that iBOX has good prediction accuracy based on
calibration analyses (Table 6).

The performanceofthefulland abbreviated iBOX werealso tested
inthevalidation datasetsat6 monthsand?2 yearsposttransplant. The
5 years posttransplant discrimination (Supplementary Table S5)
and calibration analyses (Supplementary Table S6) support the
inclusion of time posttransplant in the iBOX model at 6 months and
2 years posttransplant.

Based ontheiBOX formulas shownin Table7,iBOXisnotjustthe
sum of the parts (i.e., the addition of components) but includes
continuousand dichotomous variables weighted differently based on
the beta coefficients. The c-statistic for eGFR alone and eGFR with
proteinuria in comparison with the full and abbreviated iBOX is
shown in Table 8, with calibration results in Supplementary Tables
S7, 88, indicating that the iBOX score is influenced most by eGFR,
and the other 3 components, proteinuria, anti-human leukocyte
antigen DSA, and biopsy, all increase the predictive power.

In addition to validation, an analysis of the BENEFIT and
BENEFIT-EXT RCTs included imputation of the worst-case iBOX
scores at 1 year posttransplant for recipients who died or lost their
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TABLE 5 | Five-y posttransplant c-statistics values for the full iBOX for subset of subjects in the derivation dataset.

Subset of subjects in the [7] derivation

mTORi subjects (includes subjects on both MTORi and CNI therapies)
mTORi-only subjects

n Observed graft loss events c-statistic (SE)
239 33 0.87 (0.03)
171 23 0.86 (0.04)

CNI, calcineurin inhibitor; mTORi, mammalian target of rapamycin signal inhibitor; SE, standard error.

TABLE 6 | Five-y posttransplant c-statistic values for the full and abbreviated iBOX for CNI and CNI-free subjects at 1 year posttransplant in the validation datasets.

Maintenance IST-based regimen c-statistic (SE)
Full iBOX
CNI (TAC, CSA) n = 1045

CNlI-free (MTORI, BELA) n = 456 0.75 (0.08)*

Abbreviated iBOX
CNI (TAC, CSA) n = 1124

CNlI-free (TORI, BELA) n = 587 0.73 (0.07)%

0.82 (0.04) [TAC 0.86 (0.05), GSA 0.77 (0.05)]

0.79 (0.04) [TAC 0.81 (0.05), CSA 0.77 (0.05)]

Observed graft loss events Predicted graft loss events p
50 51.6 .82
13 16.6 .38
61 58.9 .78
17 234 .26

BELA, belatacept; CNI, calcineurin inhibitor; CSA, cyclosporine; mTORI, mammalian target of rapamycin signal inhibitor; SE, standard error; TAC, tacrolimus.
4The mTORI group only had 38 subjects with no graft loss events, so no breakdown of c-statistic by treatment was performed for the CNI-free group.
A p-value of <0.05 would indicate a significant difference between the expected number of graft loss events as predicted by the iIBOX versus the actual number of graft loss events.

TABLE 7 | Formulas to calculate full and abbreviated iBOX scores.

iBox; = ¥,;_4bjx; ; for subject i where

Factor

Xi1
Xiz2
Xi3

Time from transplant to evaluation (y)
eGFR (mL/min/1.73 m?)
Log transformed UPCR proteinuria (g/g)

Anti-HLA DSA MFI
<1,400
>1,400

Xia

Interstitial fibrosis/tubular atrophy (IFTA score)
0-1
2
3

Microcirculation inflammation (g score and ptc score)
0-2
3-4
5-6

0-2
>3

Transplant glomerulopathy (cg score)
0
>1

Interstitial inflammation and tubulitis (i score and t score)

Full iBOX Abbreviated iBOX

HR (exp [3;]) (95% CI)®
1.08 (1.03-1.14)

0.96 (0.95-0.96)
1.5 (1.39-1.62)

1.12 (1.07-1.18)
0.95 (0.95-0.96)
1.59 (1.48-1.71)

q 1
1.84 (1.44-2.34) 1.84 (1.44-2.34)

N/A
]
1.14 (0.92-1.43)
1.41 (1.1-1.8)

|
1.43 (1.11-1.85)
1.84 (1.25-2.7)

|
1.33 (1.06-1.68)

|
1.47 (1.14-1.9)

Cl, confidence interval; DSA, donor-specific antibody; HLA, human leukocyte antigen; HR, hazard ratio; MFI, mean fluorescence intensity; N/A, not applicable.

4B, = the log of the HR values.

For categorical variables with more than 2 levels, e.g., IFTA score, the contribution of the variables was calculated as follows: B1x; + 8 2Xo. Ifthe IFTA score=0or 1, then x; =0and x, = 0. If

the IFTA score = 2, then x; = 1 and x. = 0. If the IFTA score = 3, then x; =

graft in the first year (Table 9). This sensitivity analysis was
performed to replicate the clinical trial setting where avoidance
of survivor bias at 1 year would be necessary, and all randomized
subjects would have an iBOX score at 1 year even if there were
death or graft loss before that time. In both studies, the full and
abbreviated iBOX score at 1year was significantly lower in the

0 and x = 1. ; and B, refer to the beta coefficients for the IFTA scores = 2 and 3, respectively.

BELA group than in cyclosporine, indicating a lower predicted risk
of long-term graft failure. This corresponded to a statistically
significant improvement in 5years graft survival in the
BENEFIT study. The BENEFIT-EXT study showed directionally
higher 5years death-censored graft survival. However, the
difference was not statistically significant. The larger treatment
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TABLE 8 | C-statistics for each validation dataset as parameters are removed in the iBOX with all parameters (“full”), without biopsy (“abbreviated”), without biopsy and DSA
(“only eGFR and proteinuria”), and without biopsy, DSA, and proteinuria (“only eGFR”).

Dataset c-statistic (SE) at 1 year posttransplant

Full iBOX Abbreviated iBOX iBOX with only eGFR and proteinuria iBOX with only eGFR
Mayo Clinic Rochester 0.93 (0.08) 0.84 (0.03) 0.80 (0.04) 0.75 (0.04)
Helsinki University Hospital 0.78 (0.06) 0.77 (0.06) 0.76 (0.06) 0.74 (0.06)
BENEFIT RCT 0.70 (0.09) 0.70 (0.08) 0.69 (0.08) 0.69 (0.08)
BENEFIT-EXT RCT 0.81 (0.07) 0.78 (0.06) 0.78 (0.06) 0.78 (0.06)

eGFR, estimated glomerular filtration rate; DSA, donor-specific antibody; RCT, randomized controlled trial; SE, standard error.
Bold text highlights c-statistics <0.7.

TABLE 9| Treatment effect for 5 year graft survival with imputation (i.e., all-cause and death-censored) is the log HR, while the 1 year full and abbreviated iBOX scores are the
difference in medians.

BELA CSA Treatment effect p
Full iBOX
BENEFIT RCT (n = 466) iBox score at 12 months: Median (SD) -3.502 (0.07) -2.915 (0.10) -0.587 <.0001
5 years KM survival probability % (SD) 96.0 (1.14) 89.7 (2.67) -0.999 .02
BENEFIT-EXT RCT (n = 330) iBox score at 12 months: Median (SD) —2.6804 (0.065) -2.1848 (0.12) -0.4957 .0005
5 years KM survival probability % (SD) 94.50 (1.55) 88.08 (3.43) -0.8163 .071
Abbreviated iBOX
BENEFIT RCT (n = 599) iBOX score at 12 months: Median (SD) -3.679 (0.05) -3.042 (0.08) -0.637 <.0001
5 years KM survival probability % (SD) 96.3 (0.96) 89.7 (2.44) -1.058 .006
BENEFIT-EXT RCT (n = 455) iBOX score at 12 months: Median (SD) —-2.9057 (0.07) -2.4255 (0.12) -0.4803 .0007
5 years KM survival probability % (SD) 85.05 (2.15) 78.54 (3.75) -0.3292 0.2

BELA, belatacept; CSA, cyclosporine; KM, Kaplan-Meier; RCT, randomized controlled trial; SD, standard deviation.

difference in iBOX score at 1 year in the BENEFIT study compared CONCLUSION AND FUTURE DIRECTIONS
with BENEFIT-EXT also corresponded to a larger treatment

difference in graft survival. The lack of statistical significance on ~ The successful qualification opinion of iBOX by EMA is the first
some of the 5 years graft survival analyses is related to limitationsin ~ step in the process of providing an endpoint to allow the
the power to detect differences based on sample size. demonstration of superiority of new therapies and to
Additional analyses were performed testing the performance  stimulate the development of innovative therapies in kidney
of the full iBOX at 1 years posttransplant on all-cause 5 years graft ~ transplant. Validation analyses show that iBOX is suitable for
loss (Supplementary Tables S9, S$10). The discriminatory ability ~ predictions of graft loss events, with good performance based on
of iBOX for all-cause graft loss underperforms, with the full iBOX  c-statistics and the ability to predict numbers of graft loss events
having reduced c-statistics, many of which are below 0.7, and  with reasonable margins of error, supporting the qualified COU
poor all-cause calibration. This is expected given that iBOX was ~ with EMA. Although the original iBOX by [7] focused on the
originally developed using variables more likely to impact risk of ~ prognostic value for individual patient decision making, the tool
graft loss. Based on this evidence, iBOX was qualified with EMA  was able to be adapted for regulatory purposes as a qualified
with death-censored graft loss as the outcome measure. clinical trial endpoint (Supplementary Table S1). iBOX as a
secondary endpoint was put forward by EMA to further

stimulate robust assessment of iBOX and may lend future

SAMPLE SIZE CALCULATOR USING IBOX opportunities to advance iBOX for other COUs, such as
SCORES USING A PUBLIC-FACING treatment of T cell-mediated or antibody-mediated rejection
GRAPHICAL USER INTERFACE trials. Although this is an important step forward, it will not

automatically lead to new innovative therapeutic development but
Separate from this EMA qualification submission, TTC  must be applied strategically as an important tool in global
developed a sample size calculator to assist sponsors in  development programs to demonstrate advantages over current
designing prospective clinical trials using iBOX as an  SOC, which has good short-term results and is available as
endpoint. Sponsors can apply various inclusion/exclusion lower-cost generics.
criteria and other specifications, consistent with the qualified Importantly, EMA has a higher evidentiary standard for
COU, to calculate a sample size and project death-censored graft ~ qualifying a surrogate endpoint compared with the FDA.
survival. This sample size calculator is publicly available at ~ Unlike the FDA, EMA does not have a category of
https://cpath.shinyapps.io/ibox_v3 to benefit the community  “reasonably likely” surrogate endpoints (RLSE), nor is CMA
and improve future clinical trial efficiency. linked to surrogacy [17, 18] whereas the FDA has both an
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RLSE and an accelerated approval pathway that is based on
surrogate endpoints. To facilitate the harmonization of
multinational trials, TTC submitted the iBOX as an RLSE to
the FDA Biomarker Qualification Program, and it is currently
under review by the FDA [19]. Recent TTC interactions with the
FDA have focused on the needs of transplant recipients for new
innovative therapeutics that have demonstrated superiority to the
current SOC and the inadequacy of relying solely or primarily on
the historical efficacy failure endpoint, which is driven by acute
rejection. Ideally, we envision designing one phase 3 de novo trial
with iBOX as a primary endpoint in the United States for
Accelerated Approval (i.e., RLSE) and a secondary endpoint in
the European Union after establishing noninferiority for efficacy
failure, alongside pursuing CMA. The ability to conduct trials
with sites in the United States and the European Union is critical
to advancing the field and bringing new and improved therapies
to kidney transplant recipients. As stated by the EMA in the
qualification opinion, “The Committee for Medicinal Products
for Human Use encourages the use of the iBOX scoring system as
a secondary endpoint in future trials of kidney transplantation
and further development of the scoring system targeting a
potential future qualification as a surrogate endpoint” [10].
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Accurate prediction of allograft survival after kidney transplantation allows early

identification of at-risk recipients for adverse outcomes and initiation of preventive

interventions to optimize post-transplant care. Many prediction algorithms do not

model cohort heterogeneity and may lead to inaccurate assessment of longer-term

graft outcomes among minority groups. Using data from a national Australian kidney

transplant cohort (2008-2017) as the derivation set, we developed P-Cube, a multi-step

precision prediction pathway model for predicting overall graft survival in three ethnic

subgroups: European Australians, Asian Australians and Aboriginal and Torres Strait

Islander Peoples. The concordance index for the European Australians, Asian Australians,

and Aboriginal and Torres Strait Islander Peoples subpopulations were 0.99 (0.98-0.99),
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Methods

A multi-stage workflow
using survival model
predictability to guide
subgroup identification.

Cohorts

ANZDATA: the Australia & New Zealand
Dialysis and Transplant Registry data for
kidney transplantation (2008-2017).

USDATA: the Organ Procurementand .
Transplantation Network (OPTN)-United
Network for Organ Sharing (UNOS) in the
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INTRODUCTION

Kidney transplantation confers significant survival and quality of
life advantages compared with dialysis for patients with kidney
failure [1]. Despite improvements in both short and longer-term
allograft survivals in the last two decades, recipients’ survival and
quality of life remain inferior compared to the general population,
attributed mainly to the complications of immunosuppression
including infections, metabolic diseases, and cancer [2].
Maintaining optimal patient and graft survival are therefore
the key priorities for transplant recipients, caregivers, and
health professionals. Personalized predictions for those at risk
of adverse events such as acute rejection, infections, cancer, and
allograft loss allow early identification and interventions to
optimize clinical care [3]. The derived probabilities of these
predictive factors offer unique opportunities for health
professionals to target appropriate management options such
as immunosuppression strategies at the time of and after
transplantation.

Opver the past decade, several predictive factors for longer-term
graft and patient outcomes have been identified as variables of
importance using machine learning-based and traditional
regression models [4]. However, prior studies have not
accounted for the heterogeneity between subgroups within a
transplant cohort [5, 6]. Allograft outcomes are consequences
of many pre- and post-transplant events, precipitated by
numerous known and unknown factors over the lifespan of a
transplant recipient, and may differ between patient

characteristics such as age, ethnicity, sex and gender, and
other social determinants of health. Knowledge of these factors
will guide individualized treatment plans and clinical decision
making. Using an established evaluation framework, combined
with novel supervised and unsupervised data driven approaches,
we first identified the important characteristics that differentiate
between distinct recipient subgroups for graft survival
predictions. We then developed predictive models for longer-
term allograft outcomes within the individual clusters. Finally, we
externally validated these models to determine the reliability of
their performance characteristics.

MATERIALS AND METHODS
Study Populations

Two separate cohorts, data from all deceased donor kidney
transplants within the Australia and New Zealand Dialysis and
Transplant Registry (ANZDATA) and the Scientific Registry of
Transplant Recipient (SRTR) Registry, were used for the
modeling step (Figure 1). The ANZDATA registry includes all
kidney transplant recipients between 2008-2017 in Australia and
New Zealand. The SRTR registry includes patients transplanted
between 2006-2020 in the United States (US). The SRTR
database includes data on all donors, waitlisted candidates,
and transplant recipients in the US, submitted by the
members of the Organ Procurement and Transplantation
Network. In this analysis, we selected data from the Australian
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FIGURE 1 | Study flow of the Australian and US derivation and validation cohorts. ANZDATA derivation cohort, ANZDATA validation cohort and the US transplant
cohort are shown.

populations and excluded all donor and recipient data from
New Zealand. Data from New Zealand was excluded from the
analyses because the deceased donor allocation algorithm (and
systems) in New Zealand is different to Australia. There would be
significant heterogeneity if both cohorts were combined as a
training cohort. We followed 3,624 patients from September
2008 to June 2017 over the median graft survival period of
3.23 years (IQR: 1.79, 5.40 years).

Study Design

Next, we present a general description of the two different
models, a novel multi-step precision pathway and the classical
regression model, for the prediction of overall graft survival after
kidney transplantation. Epidemiological data have shown that
post-transplant outcomes are not uniform for all transplant
recipients. Allograft survival differs among gender, ethnic
groups, socioeconomic status, and comorbidity status within a
heterogenous kidney transplant cohort [7-11]. Therefore, if a
group-blind classifier is trained on the entire cohort of transplant
recipients for the prediction of allograft outcomes, this classifier
will not fit well for all candidates. Rather, the optimal fit will likely
apply to the majority, attributed largely to the large sample size,
and ignore the minority groups. To address the issue of “fairness”
in machine learning [12], we developed a precision prediction
pathway (P-cube model) that considers the heterogenous
characteristics within different subgroups.

The P-cube model was first developed using data from the
European Australian sub cohort. We then assessed the predictive
performances of this P-cube model for overall graft survival
across all three different ethnic subgroups: European
Australians, Asian Australians and Aboriginal and Torres
Strait Islander Peoples. To explore the external validity of
these models, we tested the modelled algorithm using data
from the SRTR registry (n = 32,150). Here, we split the data
(80:20) into a derivation cohort (n = 25,720) and independent
validation cohort (n = 6,430). The classical regression model was

developed using data from the entire Australian derivation cohort
and did not account for cohort heterogeneity. We then compared
the predictive performances of the P-cube and the classical
regression models across all subgroups. The conduct and
reporting of this study adhere to the transparent reporting of
a multivariable prediction model for individual prognosis or
diagnosis (TRIPOD): The TRIPOD statement [13].

Statistical Analysis

Model Building
Model I: The Precision Prediction Pathway
The precision prediction pathway (P-cube) model

(Supplementary Figure S1) is a hybrid algorithm that
incorporates techniques of supervised and unsupervised
learnings. The P-cube model consists of two elements. First,
we used a “modified consensus unsupervised clustering
method” to segregate a heterogeneous population into
homogeneous subgroups. Second, for each subgroup, a multi-
task logistic regression was applied to determine the risk factors
for overall graft survival. Within each subgroup, we estimated the
probabilities of graft survival. Specific modeling strategies are
detailed in the following.

Modified Consensus Unsupervised Clustering. First, we applied a

collection of wunsupervised clustering approaches (see
Supplementary Table S1) such as the K-means and
hierarchical clustering methods to define the recipient

subgroups. A data-driven ensemble clustering method [14]
was used to derive a compilation of stable and robust
homogeneous subgroups.

Multi-Task Logistic Regression. Using the multi-task logistic
regression (MTLR) [15], we determined the risk factors for
overall graft survival for transplant recipients within individual
subgroups. Implementation of this workflow was performed
using R version 4.1.1 and the codes are available at https://
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github.com/SydneyBioX/P3_model. Variables included in the
P-cube model are shown in Supplementary Table S2.

Selection of Important Risk Factors for Allograft Survival Within
Subgroups. We used the “elbow of the curve” method [16] to
determine the important risk factors for overall graft survival. The
knee of a curve was defined as a vertex of the graph. This
corresponded with the graphical intuition where the curvature
has a maximum. Specifically, for each subgroup, the “weights” of
the selected risk factors from the MTLR model were ranked from
the most to the least important. We then calculated the difference
in these weights between two consecutive factors. After visual
inspection by a single examiner, a stop line was determined if the
differences (i.e., the amount of decrease in the exact weights of the
risk factor) were less than a threshold value of 0.007. We have
chosen a threshold value of 0.007 because this is the elbow point
across all subgroups.

Model II: Regression-Based Model

A classical risk modeling strategy was used to build a regression
model to determine the risk factors for overall graft survival
within the entire derivation cohort, without accounting for
recipient and donor heterogeneity.

Model Evaluation

We compared the P-cube model predictive performance with the
classical regression-based model using Harrell’s C-index [7].
Here, we fitted the classical regression-based and P-Cube
models to the independent derivation cohorts and tested the
performances of each model using data from the independent
internal and external validation cohorts (Figure 1). We examined
the stability and the performance of the P-cube model (Model I)
using a perturbation strategy, whereby a subset of the derivation
cohort was randomly selected (80% of the original cohort) and
resampled to create a perturbated P-cube model. The predicted
survival probabilities of the original and perturbated P-cube
models were compared numerically using Pearson correlation
and visually using a scatter plot. We also performed a sensitivity
analysis on death censored graft survival using both C-index and
the Brier Score. For overall patients’ survival as the outcome of
interest, we built the corresponding P-cube model and then
assessed its performances.

Model Application

To apply the P-cube model in clinical settings, a “model decision
tree” was built based on subgroup characteristics. The decision
tree allowed us to define the most appropriate prediction pathway
and the overall graft survival probability was then estimated for
each hypothetical donor-recipient pair.

RESULTS

Baseline Characteristics of the Australian
and US Cohorts

Within the Australian cohort, the average (SD) donor age of
the derivation cohort was 48 (16.8) years, with the majority

Precision Pathway for Allograft Survival

being male (54%), and 26% were from donors of circulatory
(DCD). With regards to the recipient characteristics, the mean
(SD) age of the derivation cohort was 52 (14.3) years, with the
majority being men (65%), and 18% had diabetes at the time of
transplantation. Similar characteristics were observed in the
independent Australian validation cohort. Within the US
cohort, the average (SD) donor age of the derivation cohort
was 38 (15.4) years, with most of these deceased donors being
male (62%). The mean recipient (SD) age of the derivation
cohort was 54 (15.5) years, with the majority being men (61%),
and 31% of recipients had diabetes mellitus at the time of
transplantation. Similar characteristics were observed in the
independent US validation cohort (Supplementary Tables
S3, $4).

Prediction Performances of the Classical

Regression and P-Cube Models

For the classical regression model, the concordance index
(C-index) (95% CI) was highest if the model was applied to
the European Australian cohort: 0.95 (0.93-0.96), followed by the
Asian Australian cohort: 0.87 (0.86-0.88) and the Aboriginal and
Torres Strait Islander Peoples cohort: 0.78 (0.76-0.80). For the
P-cube model, the C-index for the European Australians, Asian
Australians, and Aboriginal and Torres Strait Islander Peoples
cohorts were 0.99 (0.98-0.99), 0.93 (0.92-0.94) and 0.92
(0.91-0.93), respectively. The P-cube model was robust to
small perturbations (Supplementary Figure S2). The Pearson
correlation between the predicted survival probabilities using the
original P-cube and the perturbed P-cube model was 0.92. The
Brier Score (a lower score indicates better performance) for
5 years post-transplant using the classical regression model for
the three cohorts compared with the P-cube model are as
following: 0.217 vs. 0.216 (European Australians), 0.116 vs.
0.115 (Asian Australians), 0.218 vs. 0.216 (First Nation
Peoples). Similarly, for 10years post-transplant, the Brier
Scores are 0.336 vs. 0.330 (European Australians), 0.124 vs.
0.123 (Asian Australians), 0.354 vs. 0.348 (First Nation
Peoples). In our sensitivity analysis, we also found P-cube
outperformed the classical regression model evaluated by both
the C-index and Brier Score (Supplementary Tables S6, S7) for
death censored graft and overall patient survivals. Similar
recipient subgroups and risk factors were identified for
patients’ overall survival, indicating that patients’ overall
health level is critical for both allograft survival and post-
transplant recovery (details can be found in Supplementary
Tables S6, S7).

Defining the Individual Subgroups Using the
P-Cube Model

Using an unsupervised data driven approach, six subgroups with
unique recipient characteristics were identified (Figure 2). Each
subgroup had unique features, including recipient age,
comorbidities, and demographics. For example, group
1 included predominantly young transplant recipients (less
than 18 years) and group 6 comprised of older recipients with
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FIGURE 2 | Defining subgroups and the predictive factors for graft survivals within the Australian heterogenous populations. X-axis shows the six subgroups
defined within the Australian transplant populations. Y-axis shows the predictive factors corresponding to each subgroup.
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comorbidities such as cardiovascular disease and diabetes
mellitus.

Risk Factors for Allograft Survival Within
Subgroups

Using the elbow of the knee method (Figure 3), we identified the
common risk factors for overall graft survival across all
subgroups, and these included donor age and donor-recipient
blood group compatibility. Moreover, unique predictive factors
were also observed within the heterogenous subgroups. Within
the pediatric sub cohort, donor age, recipient sensitization status
(defined as panel reactive antibody), and donor-recipient age
differences were the most important factors for allograft survival.
Among the older recipients and those with comorbidities, human
leukocyte antigen (HLA) DR mismatches were most predictive
for overall graft survival.

External Validation Using Data From the

SRTR Registry

When applied the modelling to the US cohort, the C-indices for
the P-cube and classical regression models were 0.84, and 0.83,
respectively. Within specific ethnic subgroups in the US, the
predictive performances were comparable across the White and
Asian sub-populations. Similarly, we also identified 8 subgroups
within the US cohort (Supplementary Figure S3). Of all known

risk factors, recipient-donor age difference was the most
important predictive factor for overall graft survival within a
sub-cohort (middle-aged recipient with comorbidities).

Applying the P-Cube Model in Clinical
Settings

To test the application of the P-cube model in “real-life”
settings, we applied the algorithm in three hypothetical
transplant  candidates with  different characteristics
(Supplementary Figures S4, S5). Three distinct predictive
pathways were identified. The red curve represents a female
paediatric recipient (aged 16 years) from subgroup 1 (pathway
M1 in Supplementary Figure S4). The green curve represents
a 45 years old male recipient without any major comorbidities
such as cardiovascular or lung disease from subgroup 3,
pathway M3 in Supplementary Figure S4. Lastly, the blue
curve represents a 62 years old female recipient with diabetes
and cardiovascular disease at the time of transplantation from
subgroup 6 (pathway M6 in Supplementary Figure S4). The
key factors that determined allograft survival in a young
candidate were donor-recipient age differences, donor age
and sensitization status of the recipient. In contrast,
immunological ~ mismatches and  other  recipients’
characteristics such as co-existing cardiovascular disease
and diabetes mellitus were predictive of overall graft
survival in older candidates with comorbidities.
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DISCUSSION

Most of the published approaches to predict allograft and patient
survival after transplantation use a one-size fits-all-model to
apply to the entire transplant population and do not capture
the heterogeneity within the population of interests. Many of
these models construct a single risk score and apply it to the
whole population without considering the nuances and the risk
profiles of the individuals. Using data from the Australian kidney
transplant population, we developed a novel prediction pathway
using combined supervised and unsupervised data driven
approaches to allow personalized prediction for allograft
survivals in a heterogeneous cohort of kidney transplant
recipients. The P-cube model has good discriminative power

across all subgroups in the Australians cohort with improved
predictive ability, particularly for minority groups such as our
Aboriginal and Torres Strait Islander Peoples, when compared
with the classical regression model. We have also demonstrated
robustness and external validity of our modelling with good
predictive ability for allograft survivals within the US
transplant populations. Another novel aspect of the P-cube
model is its ability to segregate and characterize the predictive
factors within a homogenous subgroup. Our model recognized
some of the features such as donor age that are consistently and
equally important across all subgroups, while some factors such
as HLA-DR mismatches and sensitization status are unique to
certain membership within individual subgroups. Thus, allowing
accurate survival predictions for patients and families in real time.
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The P-cube model provides an opportunity for personalised
prediction of longer-term allograft survival in kidney transplant
recipients. Prior models depend largely on static and one-
dimensional data at fixed time points and fixed covariates. The
P-cube model is a flexible platform that allows identification of
individuals who may be at a higher risk of experiencing allograft
loss. This in turn allows clinicians to provide a more accurate
prognosis for patients as well as potential for early intervention
(such as modification of immunosuppression or to instigate other
monitoring strategies). Understanding patients’ graft and patient
prognoses will facilitate access to certain services and benefits. In
addition, knowledge of the transplant recipients’ predicted long-
term outcomes provides an opportunity to refine our allocation
algorithm, with consideration of both donor and recipient
characteristics to facilitate appropriate allocation pathways to
maximise efficiency and efficacy of transplantation. Finally, it is
important to emphasise that this model is not only limited to
kidney transplant recipients, but can also be applied to other solid
organ transplant recipients with input of appropriate variables.

Our P-cube model can be applied to the assessment of other
subcategories across different transplant settings. Using an array
of unsupervised learning approaches (partitioned and
hierarchical-base methods), the P-cube model allows
integration of other non-traditional clinical risk factors such as
molecular immunological data (such as eplet mismatches or T cell
epitope predictions) to allow for personalized risk predictions.
The P-cube model can also handle regression, classification, and
survival analysis in a streamlined algorithm. Our model can also
be easily re-trained as new information becomes available and
when clinical practices change with time.

Our modeling approaches, however, have several potential
limitations. The computational time for this combined supervised
and unsupervised learning strategy is lengthy and may take up to
24h for processing time with currently available standard
desktop computing. In future work, the selection of the
threshold values for the determination of important risk
factors for graft survival could be examined further as well as
other methods such as bootstrapping and permutation tests. The
ANZDATA registry does not routinely collect anti-HLA donor
specific antibodies. Having access to these additional
immunological data may enhance the model performance. We
have validated the model in a single external validation dataset
and assessed its performance within ethnics subgroups. Future
research should test this algorithm in other subpopulations
including different genders and socioeconomic groups.

In conclusion, we have developed a multistep prediction tool
for allograft survival to guide clinical-decision making within a
heterogenous cohort of kidney transplant recipient. This model
can be extended to include other time to event endpoints such as
patient and cause-specific survivals and acute rejection in future
iterations. Findings derived from the P-cube model will provide
health professionals and patients the relevant prognostic
information to guide treatment decisions and contribute to
personalized care.

Precision Pathway for Allograft Survival
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Whilst renal transplantation is the optimal treatment for many patients with end-stage
kidney disease, the latest international guidelines are unable to make recommendations for
the management of patients with end-stage kidney stage kidney disease and Class llI
Obesity (BMI >40 kg/m?). Data on all adult patients receiving a kidney-only-transplant in the
UK between 2015-2021 were analysed from a prospectively collected database and
interrogated across a range of parameters. We then analysed in detail the outcomes of
patients transplanted at the highest-volume unit. There were 22,845 renal transplants in
the study time-period; just 44 (0.2%) were performed in recipients with a BMI >40 kg/m?.
Most transplant centres did not transplant any patients in this category. In the centre with
the highest volume, there were 21 transplants (9 living donor) performed in 20 individuals
(13 male, median age 46 years). One-year patient and death-censored graft survival was
95% and 85%. Successful transplantation is possible in patients with BMI >40 kg/m? but
carries additional risk. Obesity should not be the sole factor considered when deciding on
transplant suitability. Restricting transplantation to a small number of high-volume centres
in each country should be considered to optimize outcomes.

Keywords: end-stage renal disease, graft function, guidelines, kidney transplantation, transplant assessment
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challenges specific to transplant surgery including increased difficulty
of vascular anastomoses, increased blood loss, potential for delayed
graft function, and wound complications [13, 14]. And third, there is
a higher likelihood of adverse outcomes related to long-term
immunosuppression ~ following  transplantation, such  as
hypertension and diabetes mellitus [14-16].

Despite the rising prevalence of obesity within the ESKD
population, only a small percentage are listed for transplantation
[17]. Many guidelines exist to assist clinicians in assessing patients’
suitability for renal transplantation. The European Renal Association
(ERA) latest guidelines, published in 2021, suggest kidney
transplantation is the optimal treatment for people with ESKD
and a BMI up to 39.9 kg/m’ but conclude there is insufficient
data to make a recommendation for patients with a BMI >40 kg/
m? [18]. The Kidney Disease: Improving Global Outcomes (KDIGO)
guidelines suggest that transplantation in patients with BMI >40 kg/
m* should be approached with caution, and patients should be
counselled on the increased post-operative risks [19]. British
Transplantation Society guidelines state that although obesity is
not an absolute contra-indication to transplantation, individuals
with a BMI >40 kg/m” are less likely to benefit [20].

Given this uncertainty within the clinical community, it is likely
that many patients are denied transplantation on the basis of their
BMI alone [21]. A recent survey of 23 transplant units in the UK
showed that the overwhelming majority of units (20/23) had a BMI
“cut-off”—by which patients who exceeded the BMI target were not
considered for transplantation [22]. Others may be considered for
transplantation upon reaching a target weight. The practice of delayed
listing, however, may itself be harmful by increasing time spent on

dialysis, thereby patients already at a higher risk for complications
accrue further comorbidity [23, 24]. The dietary and lifestyle
restrictions associated with ESKD, mean that achieving significant
weight loss is particularly challenging for this cohort compared to the
general population [25]. Latest guidelines support bariatric surgery for
patients with BMI >40 kg/m?, or BMI >35 kg/m? with additional co-
morbidity, before transplantation [18]. However, access to timely
bariatric surgery may be problematic in many regions.

It is accepted that transplantation confers a survival advantage
for those patients with a BMI up to 39.9 kg/m? [18]. However
comparable literature on outcomes for patients with Class 