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composite outcomes (HR/OR 1.02 [0.98—1.07]). Biomarkers in combination
(GGT/bilirubin ratio, ALT+AST or ALT+AST+bilirubin+INR) predicted com-
posite outcomes (graft failure or mortality, aHR/aOR 4.37 [2.65-7.21]).
Biomarkers assessed at late stage (> 15) did not show association with
mortality (HR/OR 1.02 [1.00—1.04]) or composite outcomes (HR/OR 1.00
[0.99-1.01]). KM-based IPD analysis showed that coagulation factor V
combined with ALT predicted graft survival (HR 2.12 [1.44-3.12]), and
coagulation factor V+insulin-like growth factor 1 stratified the risk of patient
survival (HR 2.97 [1.79—4.91]). Therefore, we were able to compare various
scoring systems in predicting graft-related outcomes and mortality following
LT. Additionally, we identified novel combinations of biomarkers that
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for LT.

INTRODUCTION

Liver transplantation (LT) is a lifesaving treatment
option for patients with severe liver dysfunction that
has progressed to end-stage liver disease, including
both chronic and acute liver failure.l'2! In recent years,
LT increased worldwide, with 41,099 livers transplanted
in 2023, the majority of which still come from deceased
donors.B®! In several countries, the pool of organs
available for transplantation was expanded with the
consolidation of donation after circulatory death (DCD),
in addition to classic donation after brain death (DBD).!!
Early allograft dysfunction (EAD) is a common compli-
cation post-LT, whose definition is not yet standardized,
with a frequency estimated around 15%-30% in
recipients of DBD donors, and up to 68% in recipients
of DCD donors.”! The detection of the onset of post-
transplant complications has been assisted by diverse
biomarkers to enable treatment, as well as to stratify the
patients into different risk classes to facilitate resource
allocation during the long-term follow-up.2671 Recent
research has probed the prognostic significance of
biomarkers in terms of prediction of short-term and long-
term outcomes related to graft function and/or mortality
post-LT.":8l Biomarkers used to assess other liver
disorders, such as insulin-like growth factor 1 (IGF-1)
and coagulation factor V, could also be effective in
prognosticating outcomes after LT, and combining
these markers could potentially enhance their prognos-
tic capacity.[®10]

Various scoring systems have been developed to
assess the graft function and identify complications
following LT. One such tool is the MELD, which serves
as a clinical scoring method to evaluate the severity of
chronic liver disease and short-term mortality. The latest
version incorporates the measurement of serum sodium
alongside previous criteria that include total bilirubin and
creatinine levels, as well as international normalized
ratio (INR) of prothrombin time,l'"! and is used to
prioritize candidates on the LT waiting list.['?! Other tools
employing the use of panels of clinically available
biomarkers (ALT, AST, bilirubin, and INR) was used to
define EAD by Olthoff et al.l?l Also, a graded scoring
system, Model for Early Allograft Dysfunction (MEAF),
based on a similar panel (bilirubin, INR, and ALT) has
been proposed for EAD determination.[!

exhibited prognostic value for LT patients. Finally, we demonstrate that
combined analytical tools for assessing large clinical datasets effectively
evaluate multi-modal markers for risk stratification of early and late outcomes

Keywords: allograft dysfunction, graft failure, mortality, retransplantation

With the development of high-throughput analytical
techniques, candidate biomarkers, whether genetic,
proteomic, or metabolomic, will potentially emerge for
evaluation in the future.['3-181 Despite the advance-
ments in the LT field, there is a lack of standardization
of study populations, measures of effect, and definition
of outcomes. It is therefore important to use a meta-
analysis approach to consolidate recent findings. In
this study, we establish a pipeline based on systematic
reviewing and meta-analysis methods to appraise the
current state-of-the-art of diagnostic and prognostic
biomarkers for liver transplantation in non-rejecting
adult recipients receiving whole-graft LT. Here, we
evaluate the prognostic performance of several bio-
markers, alone or in combination, in predicting the
development of complications and adverse outcomes
post-LT. Furthermore, we apply KM-based IPD anal-
ysis to select novel combinations of biomarkers
suitable for further clinical evaluation.

METHODS
Protocol registration and search strategy

This systematic review and meta-analysis were per-
formed in accordance with the Preferred Reporting
Iltems for Systematic Reviews and Meta-Analyses
(PRISMA 2020, http://links.lww.com/LVT/A946). The
research protocol is registered in the International
Prospective Register of Systematic Reviews (PROS-
PERO, ID CRD42023387074). The search strategy and
query were developed with the assistance of the
librarian at the University of Oslo (Supplemental
Material Appendix 1, http://links.lww.com/LVT/A945).
After developing a comprehensive search syntax using
controlled vocabulary, 4 databases, including Ovid
Medline, Embase, Cochrane Register of Controlled
Trials, and Cochrane Database of Systematic Reviews,
were searched from inception until February 2023.

Study selection and eligibility criteria

Study screening and selection were performed
using Covidence to streamline reviewing activities
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1226 Ovid Medline

1808 Embase

157 Cochrane

Identification

|
3191 retrived references from database search — | 798 duplicates removal
v
2393 studies screened for title and abstract — | 2047 studies irrelevant
318 studies excluded
107 Abstract
72 Wrong study design
56 Absence o_f Diag./Prog. data
346 full-text studies assesed for eligibility | [ 37 Wrong patient population

16 Rejection
13 No Full Text

Eligibility

|

6 conference paper

5 Letters to the editor
3 Paediatric population
1 Commentary

1 Not in English

1 Review

28 studies included in qualitative synthesis

|

8 diagnostic studies
N =673

21 prognostic studies 12 IPD from
N = 34922 KM
N = 30056

FIGURE 1
Reporting Items for Systematic Reviews and Meta-Analyses.

(Figure 1). Two independent reviewers (Andrea
Camera and Gustavo Jose Justo Silva) screened
tittes and abstracts in a blinded manner, followed
by full-text screening according to the eligibility
criteria. Disagreements were solved by a third inde-
pendent reviewer (Tawhidul Islam). In relation to the
eligibility criteria, studies were included if the following
criteria were met: (1) case—control or cohort study,
retrospective or prospective, cross-sectional study;
(2) LT; (3) study with at least one biomarker for
prognosis after LT, and (4) study should report
measures of effect: non-adjusted or adjusted odds
ratio (aOR), non-adjusted or adjusted hazard ratio
(aHR) for outcomes of graft dysfunction, graft failure,
retransplantation, or mortality. Studies were excluded
if at least one of the following criteria was met: (1)
pediatric population; (2) split LT; (3) multi-organ
transplantation; (4) presence of allograft rejection; (5)
the population is limited to a single non-graft-related
complication (infections, acute and chronic renal
injury, and malignancies); (6) abstracts, reviews,
systematic reviews, commentaries, letters to the
editor, book chapters, and conference papers; and
(7) manuscript not in English.

PRISMA flow diagram of study selection. Abbreviations: IPD, individual patient data; KM, Kaplan—Meier; PRISMA, Preferred

Diagnostic and prognostic risk of bias
assessment

The risk of bias was assessed using the Quality in
Prognostic factor Studies (QUIPS) tool based on 6
domains: Study Participation, Study Attrition, Prognostic
Factor Measurement, Outcome Measurement, Study
Confounding, and Statistical Analysis and Reporting.['”]
For assessment of biased estimation of diagnostic
accuracy, we used the Quality Assessment of Diagnostic
Accuracy Studies 2 (QUADAS-2) tool, encompassing 4
domains: Patient Selection, Index Test, Reference Stan-
dard, and Flow and Timing.['¥) QUIPS and QUADAS-2
domains were evaluated respectively within each included
prognostic or diagnostic study (Gustavo Jose Justo Silva).

Data extraction

Data extraction was performed by one reviewer (Andrea
Camera) using the online systematic review tool Covi-
dence (Melbourne, Australia). The following information
was extracted from the included studies: general and
demographic information (first author’'s name, publication
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year, country, age, gender, study design) and specific
items which are related to the reported prognostic
biomarker associated with its measurements of effect.
In particular: biomarker name, method of detection,
sample type, number of patients, time of collection,
cutoff, effect size (aHR or aOR), and corresponding 95%
Cl, P, adjustment factors, follow-up time, and outcome
definition. Two of the reviewers (Andrea Camera and
Gustavo Jose Justo Silva) assessed the authenticity of
the data extracted. Any disagreements were resolved by
a third researcher (Reza Parvan).

Outcome definition and data harmonization

All extracted outcomes were revised by two reviewers
(Andrea Camera and Gustavo Jose Justo Silva), and
terms with equivalent meaning were harmonized under
the same name. Disagreements were resolved by a third
researcher (Reza Parvan). After achieving agreement, the
following outcomes are reported: EAD, primary non-
function, initial poor graft function, graft failure, graft
survival, Retransplantation, mortality, and survival. Early
allograft dysfunction (EAD): reversible dysfunction of the
liver graft post-LT, previously associated with adverse
outcomes of graft failure and patient death.58 Primary
non-function: irreversible failure of a liver graft within the
first postoperative week, which results in either retrans-
plantation or death.! Initial poor graft function: older
definition of impaired graft function, defined by AST and/or
ALT >1500 U/L within the first 72 hours, whose clinical
features overlap with early allograft dysfunction.[519

Meta-analysis
Aggregated meta-analysis

Statistical analysis was conducted in Stata version 18,
inputting pooled aHR and aOR. To estimate effect
sizes, we applied either a fixed-effect or a random-
effects model using inverse variance or DerSimonian—
Laird tests, respectively. Inter-study heterogeneity was
evaluated using the Cochran Q test and the P
statistic.2% Galbraith plots, leave-one-out plots, and
funnel plots were used to evaluate, respectively, the
study’s heterogeneity, the contribution of each study to
the overall data, and the risk of publication bias. Custom
Forest plots were generated using the R package
(https://github.com/BioAlgorhythm/ForestplotR).

KM-based IPD analysis and risk stratification
Reconstructed individual patient data (IPD) from reported

KM curves were analyzed using an established
approach.?'l Coordinates from KM curves were extracted

using WebPlotDigitizer v5 (https://automeris.io), and
reconstruction of IPD was executed using the IPDfromKM
tool. The accuracy of data reconstruction was assessed
using several metrics: root mean square error (RMSE,
<0.05), mean absolute error ( <0.02), maximum absolute
error (< 0.05), and Kolmogorov—Smirnov test. Each metric
obtained from the reconstruction process of each individ-
ual KM curve was systematically assessed following the
aforementioned thresholds recommended by Liu et al.2"]
Reconstructed KM curves that did not meet the thresholds
or exhibited discrepancies between the observed and
estimated curves were re-extracted.

The risk stratification analysis was conducted by
pooling the reconstructed IPD time-to-event information
for each biomarker from multiple studies, segregated by
the thresholds defined by the original studies. We
categorized patients into low-risk or high-risk groups for
graft-related, survival, or composite outcomes. Low-risk
or high-risk groups were formed with patient data of a
single biomarker or a combination of them. We then
performed a log-rank test (significant p value <0.05)
between low-risk and high-risk groups using GraphPad
Prism version 10.

RESULTS

Study selection and risk of bias
assessment

As depicted in Figure 1, our search strategy retrieved
records from 3 different databases: Ovid Medline
(n=1226), Embase (n=1808), and Cochrane (n=157).
These 2393 records were assessed based on their Title
and Abstract in accordance with inclusion/exclusion
criteria, and 346 were selected for full-text assessment.
Twenty-one studies with prognostic (Supplemental Table
S1, http:/links.;ww.com/LVT/A944) and 8 studies with
diagnostic (Supplemental Table S2, http://links.lww.com/
LVT/A944) data were considered eligible for qualitative
assessment based on our inclusion/exclusion criteria. The
21 studies with prognostic data were included in an
aggregate meta-analysis for 34922 patients. Among the
prognostic studies, 12 reported KM curves that were
available for KM-based IPD Analysis. Data extracted from
the 8 diagnostic studies could not be used for diagnostic
aggregate analysis, due to the lack of data affecting all the
biomarkers available.

For diagnostic studies, the results from the QUA-
DAS-2 questionnaire (Supplemental Figure S1A, http://
links.lww.com/LVT/A944) showed that 62.5% of the
included references presented a moderate risk of bias
for the Patient Selection. Concerning the Reference
Standard, Patient Flow and Timing, and Interpretation of
the Index Test domains, all studies have a low risk of
bias (Supplemental Table S3, http://links.lww.com/LVT/
A944). The 21 included prognostic studies were
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assessed for the risk of bias (Supplemental Figure S1B,
http://links.lww.com/LVT/A944) using the QUIPS ques-
tionnaire. Regarding the risk of bias for Study
Confounding, 52.4% of the studies presented a
moderate or high risk, and 47.6% for Prognostic Factor
Measurement domains. Supplemental Table S4, http://
links.lww.com/LVT/A944 describes the QUIPS results
per domain for each included study.

Aggregated meta-analysis

The data extracted from all 21 prognostic studies were
stratified according to the time of sampling [early
(<15 days post-LT) or late (>15 days post-LT)
biomarkers] (Supplemental Table S5, http:/links.lww.
com/LVT/A944). This cutoff is meant to be at a
reasonable distance from the defined time intervals for
the onset of early graft dysfunction post-LT. We
performed subanalysis for the reported outcomes (ie,
graft-related, hard endpoints, or composite outcomes).
Due to the lack of consistency in the reported effect
size, we pooled aHR and aOR for the analysis of the
early biomarkers. In this way, we were able to appraise
the largest and most comprehensive number of patients
and biomarkers reported in the included studies.

Study Biomarker

Early allograft dysfunction

Gorgen 2019 Coagulation factor V

é Gorgen 2019 Creatinine
‘®  Initial poor graft function
£ Wu 2011 Lactate
5} Overall Heterogeneity: 2= 97.8%, H2=449
Test of 81 = 8j: Q(2) = 89.8, P<0.01
Test of 6 =0: z=-6.1, P<0.01
Survival
Adams 2016 INR
Adams 2016 Albumin
Adams 2016 Bilirubin
Adams 2016 Creatinine
E Nicolini 2015 IGF-1
g Mortality
= Decker 2022 Butyrylcholinesterase
Decker 2022 Midregional proadrenomedullin
Wu 2011 Lactate
Zulian 2015 ALT
Zulian 2015 AST
Zulian 2015 Coagulation factor V/

Overall

Testof86=0:z=0.3,P=0.79

Graft failure or Mortality
Nicolaou-Raducu 2017 INR

Nicolaou-Raducu 2017 Bilirubin
g Retransplantation or Mortality
E Gorgen 2019 INR
8 Gorgen 2019 ALT
3 Gorgen 2019 AST
2 Gorgen 2019 Bilirubin
'E Gorgen 2019 Coagulation factor V'
E- Gorgen 2019 Creatinine
o Verhelst 2020 GlycoTransplantTest
© Verhelst 2020 GlycoTransplantTest
Overall Heterogeneity: 12 = 91.7%, H? = 12.1
Test of 61 = 6j: Q(9) = 108.9, P<0.01
Testof 6=0:2z=1.0,P=10.30
FIGURE 2

Heterogeneity: 2= 79.8%, H2=49
Test of 81 = 8j: Q(10) = 49.4, P<0.01

Early biomarkers
Single biomarkers

Eight out of the 21 included studies reported prognostic
data (2245 patients) on single biomarkers sampled within
the first 15 days (or <15 days) following LT and are
addressed here (Figure 2 and Supplemental Figure S2,
http://links.lww.com/LVT/A944). Concerning graft-related
outcomes, the overall HR/OR was 0.95 (0.94-0.97),
heterogeneity P =97.8%, H>=44.9. When we explore
the single components, coagulation factor V and
creatinine, they were significantly associated with early
allograft dysfunction, with respectively HR/OR 0.95
(0.94-0.97) and HR/OR 3.16 (1.70-5.88); lactate
showed significant association with initial poor graft
function (HR/OR 169 [52.49-544.13]). Concerning mor-
tality, overall HR/OR was 1.00 (0.97-1.04), heterogene-
ity »=79.8%, H?>=4.9. Although the overall HR/OR was
not significant, ALT HR/OR 3.16 (1.26—7.94), AST HR/
OR 3.45 (1.50-7.92), and coagulation factor V HR/OR
2.60 (1.22-5.52) were associated with mortality after
transplantation. Concerning composite outcomes (graft
failure, transplantation, or mortality), overall HR/OR was
1.02 (0.98-1.07), heterogeneity 7=91.7%, H>=12.1.
Here, GlycoTransplantTest, a serum glycemic signature,

Early single biomarkers HR/OR [95% CI] Weight

. 0.95[0.94,097]  99.9
3.16 [1.70, 5.88] 01
169.00 [52.49, 544.13] 01

' 0.95[0.94, 0.97]

. 0.98[0.83, 1.15] 39
. 0.99[0.96,1.02] 274
. 1.00[0.99,1.01 339
. 1.01[1.00,1.02] 339
3.86 [0.97, 15.30] 01

0.29[0.09, 0.95] 01

0.07 [0.02, 0.26] 0.1

1.89 [0.85, 4.18] 0.2

3.16 [1.26, 7.94] 01

3.45[1.50, 7.92] 0.2

2.60 [1.22, 5.52] 02

1.00 [0.97, 1.04]

6.00 [2.22, 16.24] 0.2
3.00 [1.46, 6.16] 0.4
- 1.04 [0.94, 1.15] 10.7

1.01[1.00,1.02]  25.2
1.01[1.00,1.02]  25.2

1.07[0.99,1.16] 138
. 0.95[0.93,097] 241
1.25[0.53, 2.95] 03

49.00 [9.77, 245.75] 01

14.40 [5.80, 35.78] 0.2

1.02 [0.98, 1.07]

T T T T T 1
0.02 1 4 16 64 256 1000
< | log2
Decreased risk

>

increased risk

Forest plot of prognostic single biomarkers from 8 studies (2245 patients) collected within 15 days from LT assessing graft-related

outcomes, mortality, and composite outcomes. The vertical line centered at one expresses no association between biomarker and outcome;

values <1 indicate a reduction in risk, >1 an increase in risk.
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Study
Primary non-function
Pareja 2015
K Pareja 2015
% Graft failure
£ Ohara 2022
& Ali 2015
Overall
Survival
Wannhoff 2017
Czigany 2021
Mortality

Mortality

Gorgen 2019

Biomarker Early Biomarkers in Combination

Bilirubin, INR ALT (MEAF)
Bilirubin, INR ALT (MEAF)

ALT, AST, bilirubin, INR (Olthoff criteria)
Albumin, bilirubin, creatinine, INR (MELD)
Heterogeneity: 12 = 91.9%, H2 = 12.4
Test of 81 = 6j: Q(3) = 37.1, P<0.01
Testof86=0:z=1.5,P=0.14

Albumin, bilirubin, creatinine, INR (MELD)
Albumin, bilirubin, creatinine, INR (MELD)

ALT, AST, bilirubin, INR (Olthoff criteria)*

HR/OR [95% CI] Weight

Overall Heterogeneity: 12 = 0.0%, H2 = 1.0 —

Test of 81 = 6j: Q(2) = 1.7, P= 0.43

Testof 6=0:2=0.6, P=0.52

Graft failure or Mortality
Junger 2022 GGT/bilirubin ratio
Nicolaou-Raducu 2017 ALT, AST
Retransplantation or Mortality

Composite
outcomes

Gorgen 2019 ALT, AST, bilirubin, INR (Olthoff criteria) L]
Overall Heterogeneity: 12 = 13.4%, H2 = 1.1 _

3.74[2.28,6.12] 0.7
1.78[1.27, 2.49] 15
1.10 [0.59, 2.06] 0.4
1.01[0.97,1.06)  97.4
1.03 [0.99, 1.07]
113[0.82, 155  87.1
0.77[0.32, 1.85] 1.2
3.48[0.37, 32.86] 17
1.10 [0.82, 1.48]
. 8.60[2.94,2518] 217
. 4.00 [2.09, 7.67] 59.1

2.67[0.85, 8.38] 19.2
4.37[2.65,7.21]

Test of 81 = 6j: Q(2) = 2.3, P= 0.32

Testof 8=0:z=5.8, P<0.01

r
0.32 1 2 4 8 16 33

log2
Decreased risk increased risk

FIGURE 3 Forest plot of prognostic biomarkers in combination from 9 studies (3815 patients) collected within 15 days of LT assessing graft-
related outcomes, mortality, and composite outcomes. The vertical line centered at one expresses no association between biomarker and

outcome, values <1 a reduction in risk, and >1 an increase in risk.

was associated with risk of composite outcomes (HR/OR
22.00 [7.02—-68.93)).

Biomarkers in combination

Nine out of 21 studies assessed different combinations
of biomarkers retrieved within the first 15 days (or
<15 days) following LT, accounting for 3815 patients
(Figure 3 and Supplemental Figure S3, http://links.lww.
com/LVT/A944). Concerning graft-related outcomes,
overall aHR/aOR was 1.03 (0.99-1.07), heterogeneity
?=91.9%, H?>=12.4. In this category, MEAF showed a
significant association in the development and valida-
tion cohorts, with aHR/aOR 3.74 (2.28-6.12) and 1.78
(1.27-2.49) for primary non-function. For mortality, none
of the combinations was significant, with an overall
aHR/aOR 1.10 (0.82-1.48), heterogeneity >=0.0%,
H?=1.0. Instead, prognostication of composite (graft
failure or mortality) outcomes had an overall aHR/aOR
437 (2.65-7.21), with a very low heterogeneity
P =13.4%, H*=1.2. This was feasible using in combi-
nation AST and ALT, revealing aHR/aOR 4.00
(2.09-7.67) or GGT/bilirubin ratio, revealing aHR/aOR
8.60 (2.94-25.18) for composite outcomes.

Late biomarkers

Five out of the 21 studies retrieved biomarkers after
the first 15 days post-LT (excluding day 15),

accounting for 914 patients. While early single
biomarkers and early biomarkers in combination were
analyzed separately, all the late biomarkers were
assessed together according to the reported outcomes
(ie, mortality, survival, graft failure or mortality;
retransplantation or mortality) (Figure 4 and Supple-
mental Figure S4, http://links.lww.com/LVT/A944).
Concerning mortality, the overall aHR/aOR was 1.02
(1.00-1.04), heterogeneity ”2=83.0% and H?=5.9.
Here, Creatinine Excretion Rate aHR/aOR 2.92
(1.47-5.81) and aHR/aOR 1.93 (1.07-3.49), Elastog-
raphy Grade aHR/aOR 1.11 (1.47-3.60), and NAFLD
(glucose, AST, ALT, platelets, and albumin) aHR/aOR
1.90 (1.27-2.84) were significantly associated with risk
of death after transplantation (Figure 4). For composite
outcomes, retransplantation or mortality and graft
failure or mortality were pooled together, with an
overall aHR/aOR 1.00 (0.99-1.01), heterogeneity
PP=73.3%, H>*=3.7. Here, APRI (AST and platelets)
aHR/aOR 3.10 (1.71-5.63), FIB-4 (AST, ALT, and
platelets) aHR/aOR 2.40 (1.30—4.42), and hemoglobin
aHR/aOR 3.84 (1.11-13.22) were associated with risk
of composite outcomes.

Analysis of a panel of biomarkers with
prognostic value for graft and patient survival
using KM-based IPD

To further assess the prognostic value of the biomarkers,
we here applied computationally reconstructed IPD
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Study Biomarker

Survival
Pfeiffenberger 2019  AST, platelets (APRI)
Pfeiffenberger 2019  ALT, AST, platelets (FIB-4)
Pfeiffenberger 2019  Elastography grade
Wannhoff 2017 ALT
Wannhoff 2017 ALP
Wannhoff 2017 VWF

Mortality

Mortality

Late Biomarkers HR/OR [95% CI] Weight

1.03[0.75, 1.41] 0.4
1.07 [0.90, 1.28] 13
1.11[1.04, 1.18] 8.5
1.01[0.99,1.03]  26.1
1.00[1.00,1.01] 319
1.01[1.00,1.02] 3038

Bhat 2015 AST, platelets (APRI) 2.20 [1.43, 3.38] 0.2
Bhat 2015 ALT, AST, platelets (FIB-4) 1.90[1.29, 2.79] 0.3
Bhat 2015 AST, ALT, platelets, albumin, glucose (NAFLD fibrosis score) 1.90 [1.27, 2.84] 0.3
Stam 2019 Creatinine excretion rate 2.92[1.47,5.81] 0.1
Stam 2019 Creatinine excretion rate 1.93[1.07, 3.49] 0.1
Overall Heterogeneity: |2 = 83.0%, H2 = 5.9 1.02 [1.00, 1.04]
Test of 81 = 8j: Q(10) = 58.7, P<0.01
Testof86=0:z=2.2, P=0.03
Graft failure or Mortality
Berger 2020 Bilirubin 1.17[0.93, 1.47] 0.2
Berger 2020 Hemoglobin 3.84[1.11,13.22] 0.1
Retransplantation or
Mortality Bhat 2015 AST, platelets (APRI) 3.10 [1.71, 5.63] 0.1
'™ Bhat 2015 ALT, AST, platelets (FIB-4) 2.40[1.30, 4.42] 0.1
D dE) Bhat 2015 AST, ALT, platelets, albumin, glucose (NAFLD fibrosis score) 1.30[0.70, 2.41] 0.1
23 Pfeiffenberger 2019 ALT . 0.99[0.98,1.00] 198
£g Pfeiffenberger 2019 ALP 1.00[1.00,1.01] 304
o° Pfeiffenberger 2019 AST 1.01[0.99, 1.03] 15.9
Pfeiffenberger 2019  Elastography grade 1.08 [1.00, 1.17] 1.8
Pfeiffenberger 2019  GGT 1.00 [1.00, 1.00] 31.7
Pfeiffenberger 2019  Bilirubin 1.12[0.85, 1.47] 0.1
Overall Heterogeneity: 12 = 73.3%, H2 = 3.7 1.00 [0.99, 1.01]
Test of 81 = 8j: Q(11) = 41.2, P<0.01
Testof 8=0:z=0.6, P=0.55
T T T T 1
0.70 1 2 4 8 16
log2
< L >
Decreased risk increased risk
FIGURE 4 Forest plot of prognostic biomarkers in combination from 5 studies (914 patients) collected after 15 days from LT assessing

mortality and composite outcomes. The vertical line centered at one expresses no association between biomarker and outcome; values <1

indicate a reduction in risk, >1 an increase in risk.

analysis from the reported KM curves. Six out of the 12
prognostic studies reported KM curves on early bio-
markers for 2 different outcomes: graft survival or patient
survival. Reconstructed patient data (time-to-event)
from different studies assessing the same outcome
or composite outcomes were then pooled together as
low-risk or high-risk groups. We then generated a matrix
of IPD data for graft survival (EAD, ALT, coagulation
factor V, HLA-DR13) and patient survival (EAD, coagu-
lation factor V, IGF-1), and assessed all the possible
permutations of 4, 3, 2, or 1 biomarker at the time
(Figure 5A).

Graft survival

When pooling all 4 biomarkers (EAD+ALT+coagulation
factor V+HLA-DR13), we were able to predict graft
failure, HR 1.06 [1.00—-1.11], log-rank p=0.03. Further-
more, the 3-biomarker panel composed of ALT+coag-
ulation factor V+HLA-DR13 showed association with
graft failure, HR 1.098 (1.04-1.16), log-rank p <0.001.
EAD+coagulation factor V+HLA-DR13 was still mildly
associated with graft failure HR 1.05 (1.00-1.11), log-
rank p=0.04. ALT+HLA-DR13 showed a significant
association, HR 1.08 (1.03-1.14), log-rank p<0.01.
Coagulation factor V+HLA-DR13 was associated with
graft failure, HR 1.10 (1.04-1.16), log-rank p <0.001.
Remarkably, the combination of coagulation factor V
+ALT was significantly associated with graft failure HR
2.12 (1.44-3.12), with a log-rank p < 0.001 (Figure 5B).

Of note, coagulation factor V alone displayed an
increased risk of graft failure HR 3.02 (1.75-5.20),
log-rank p<0.001 (Supplemental Figure S5A, http://
links.lww.com/LVT/A944). Liver transplanted patients
that presented the HLA-DR13 haplotype presented an
increased risk of graft failure, HR 1.08 (1.02—1.14) with
a log-rank p<0.01 (Supplemental Figure S5D, http://
links.lww.com/LVT/A944). Individually, the other bio-
markers (eg, ALT and EAD) were unable to show
association with graft failure (Supplemental Figures
S5B, C, http://links.lww.com/LVT/A944).

Patient survival

In contrast with graft failure, the 3-biomarker panel
composed of EAD+coagulation factor V+IGF-1 did not
predict mortality (HR 1.12 [0.84-1.50], log-rank
p=0.44) (Figure 5A). Interestingly, the combination
of coagulation factor V and IGF-1 presented a
significant association with mortality (HR 2.97
[1.79-4.91], log-rank p < 0.001) (Figures 5A—C). Coag-
ulation factor V alone was already associated with
survival (HR 2.89 [1.68-4.98], log-rank p<0.001)
(Supplemental Figure S5E, http://links.lww.com/LVT/
A944), but not IGF-1 (HR 3.86 [0.97-15.30], the log-
rank p=0.04) (Supplemental Figure S5F, http://links.
Iww.com/LVT/A944). EAD alone did not show an
association with mortality (aHR 0.97 [0.65-1.45], log-
rank p=0.02) (Supplemental Figure S5G, http://links.
Iww.com/LVT/A944).
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Prognostic potential of identified panels of biomarkers in liver transplanted patients. Forest plot for HR (95% ClI) (A) for different

combinations of biomarkers associated with graft-related or survival outcomes. Kaplan—Meier curves the combination of coagulation factor V+ALT
for graft survival (B) and coagulation factor V+IGF-1 (C) for patient survival.

DISCUSSION

This meta-analysis evaluated the prognostic performance
of biomarkers to predict EAD and hard outcomes (ie, graft
failure, retransplantation, or mortality) in LT patients. The
aggregated meta-analysis of 21 studies (34922 patients)
showed that single biomarkers sampled <15 days post-
LT were significantly associated with graft-related out-
comes but did not predict mortality or composite outcomes
(graft failure, retransplantation, or mortality). The assess-
ment of biomarkers in combination (GGT/bilirubin ratio,
ALT+AST, or ALT+AST+bilirubin+INR) predicted the risk
of developing composite outcomes (graft failure or
mortality). Biomarkers sampled at late stage (> 15 days
post-LT) did not show association with mortality or
composite outcomes. Furthermore, we performed a
computational reconstruction of individual patient data
from KM curves on 12 of the studies (30056 patients).
Serving as a complement to the aggregated results, the
IPD-based KM analysis corroborates the significance of
coagulation factor V as a prognostic marker for both graft
and patient survival when evaluated individually, as well

as in combination with ALT for graft survival and IGF-1 for
patient survival. Late biomarkers measured from day 15
onward after LT showed association with mortality and
graft failure for single biomarkers such as hemoglobin,
elastography grade (evaluated by ultrasound), and
creatinine excretion. Serum biomarker combination meant
to assess liver fibrosis (NFALD, FIB-4, and APRI) showed
an association with retransplantation or mortality.

Risk scores to predict outcomes in liver
transplantation

The application of scoring systems based on multiple
biomarkers has become a hallmark of modern out-
come prediction, particularly for estimating disease
progression, response to treatment, or mortality
rates.l'6.2223] |n the field of LT, various tools have
been developed for graft assessment, including the
MELD, MEAF, Olthoff criteria, and others, significantly
transforming clinical practices. These tools are not
only relevant for diagnosing and predicting graft-
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related outcomes but have also demonstrated the
ability to predict hard endpoints such as retransplan-
tation and mortality.'? However, challenges remain in
accurately performing risk stratification with precision
in LT patients.

The MELD score, in use since 2002, evaluates the
severity of chronic liver disease severity by consider-
ing total bilirubin, creatinine and sodium, and INR. It is
primarily employed to prioritize waiting lists for LT, and
has shown predictive value for short-term mortality.['2
Over the years, the MELD score has undergone
several modifications to enhance accuracy and reduce
bias[?4 Other scoring systems focus on assessing liver
dysfunction, a condition most often defined by the
Olthoff criteria of EAD. EAD is a major complication of
LT and serves as a surrogate marker for post-LT
complications.6-7:25 |n this condition, the injured,
dysfunctional liver maintains a certain level of function
that is sufficient for life.fl Although no uniform
definition has been established, the most accepted
description of this nosocomial entity is proposed by
Olthoff et al? as AST or ALT >2000 U/L within the
first week after LT, total bilirubin >10 mg/dL, or INR
> 1.6 on post-LT day 7.26]

In contrast, the more recent Model for Early
Allograft Function (MEAF) criteria, unlike the Olthoff
criteria, define EAD on a continuous scale calculated
on ALT, INR, and bilirubin levels.[®l Whereas multiple
studies suggest EAD is associated with adverse
outcomes after transplantation, within our data,
there is no difference in graft and patient survival
between the patients with and without EAD when graft
dysfunction was diagnosed with the Olthoff criteria.[27]
Among the scoring systems evaluated in this meta-
analysis, which includes MELD and Olthoff criteria,
MEAF was the only model capable of effectively
stratifying the risk of developing graft-related out-
comes such as primary non-function and graft failure.
In assessing hard clinical endpoints, the Olthoff criteria
did not outperform the MELD score in terms of
predicting mortality following LT. This finding is not
entirely unexpected, given the numerous factors that
influence LT mortality in the postoperative setting.
Indeed, Jochmans et all?”l directly compared the
predictive performance of MEAF and Olthoff criteria,
finding that the Harrell C-index statistical measure for
evaluating the predictive accuracy of prognostic
models fell below the necessary threshold required
for efficient and reliable mortality in LT. Furthermore,
the authors recommended that these scoring tools
should be used to complement clinical decision-
making rather than dictate it. Interestingly, our aggre-
gated meta-analysis data indicated that the Olthoff
criteria, along with GGT/bilirubin ratio, and ALT and
AST levels, performed well in stratifying the risk of
composite outcomes such as graft failure or retrans-
plantation, or mortality.

IPD as a further step toward the discovery
of new biomarker combinations

We have also appraised the clinical prognostic evidence
for multiple biomarkers available in the liver transplanta-
tion literature, many of which have been repurposed from
their original intended use in hepatology.[6:2526.28-341 Oyr
approach involved a combination of different analytical
tools, spanning from aggregated data meta-analysis to
assessment of various biomarkers—both individually or
in combination—across a large cohort of LT patients. In
addition, we conducted a meta-analysis on time-to-event
data at the IPD level.

We employed a novel strategy to reconstruct IPD
from KM curves, which enables the extraction of time-
to-event data at the patient level for each biomarker and
evaluates the overall pooled IPD prognostic perform-
ance, and even proposes the combinations of high-
performance biomarkers. Notably, some combinations
of biomarkers were able to predict outcomes after
transplantation: in particular, pooled data for coagula-
tion factor V+ALT predict graft survival with a 95% CI
that is narrower than that of coagulation factor V alone.
The combination of coagulation factor V+IGF-1 predicts
patient survival. These findings suggest novel combi-
nations of biomarkers for outcome prediction, different
from the graft dysfunction diagnostic tools (eg, Olthoff
criteria or MEAF) previously investigated in the included
studies.

Coagulation factor V

Coagulation factor V is a protein synthesized by the liver
involved in the coagulation cascade. With its short half-
life, coagulation factor V reflects liver function directly,
making it a potential candidate for early detection of
hepatic dysfunction and associated long-term out-
comes, regardless of the presence of clinically manifest
EAD.[26:35368] Another meta-analysis evaluated coagula-
tion factor V as a potential diagnostic biomarker for
EAD; however, in that study, the association with long-
term outcomes such as graft or patient survival was not
explored. Our combined aggregated and IPD results
suggest that this biomarker is significant for the
determination of graft and patient survival, which is
also supported by recent findings.[” Coagulation factor
V should be further investigated in larger clinical studies
on graft and patient survival.

Insulin-like growth factor 1

Serum IGF-1, synthesized by the liver after growth
hormone stimulation, mediates complex endocrine
regulation. The impairment of its biological pathways
is linked to the pathophysiology of diverse conditions
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such as cardiovascular diseases and cancer.[%-38-40]
Despite the endocrine interactions that influence the
synthesis, fluctuations in the hormone level can be
associated with dysfunction in cirrhotic livers and, for
this reason, the relationship with outcomes post-LT was
investigated.l®1% However, both our aggregate meta-
analysis and KM-based IPD results did not show a
significant association with mortality; however, this
could be due to the small sample size. In our IPD
analysis, the combination of coagulation factor V and
IGF-1 was significantly associated with patient survival,
however, larger clinical studies are required to further
investigate the prognostic significance of this biomarker.

At a later stage, our aggregated data meta-analysis
revealed that the assessment of biomarkers modestly
predicted mortality following LT (HR/OR 1.02 [1.00—1.04]).
In contrast, scoring systems designed to estimate liver
fibrosis (APRI, FIB-4, NAFLD, and elastography),2933
along with urinary creatinine excretion rate (used as an
indicator of muscle wasting during the postoperative
period)!! showed promising performance in stratifying
risk of mortality after LT.

Fibrosis scores

Non-alcoholic fatty liver disease fibrosis score
(NAFLD), fibrosis score 4 (FIB-4), and aspartate
aminotransferase-to-platelet ratio index (APRI) are
used as noninvasive combined markers to stage liver
fibrosis, a common complication of LT. Each of these
fibrosis scores combines a specific set of serum
biomarkers in an equation to yield a risk value: AST,
ALT, platelet count, glucose, and albumin in NAFLD,
AST, ALT, and platelet count in FIB-4, and AST and
platelet count in APRL2® We report 2 studies,
Bhatet all?® and Pfeiffenbergeret al3% assessing
whether biomarkers normally employed diagnostically
for liver-fibrosis staging could prognosticate hard
endpoints such as mortality or retransplantation.
Additionally, it has recently emerged that the use of
noninvasive imaging-based methods, such as liver
elastography, to assess liver stiffness as a surrogate
quantitative marker for fibrosis.*2 Performed by using
ultrasound or MRI, these methods have proven to be
convenient and reproducible in the diagnosis of
chronic liver diseases, but also in predicting clinical
outcomes. Here, we showed that even when assessed
on a later stage after LT, liver elastography grade
predicts mortality alone and combined outcomes (eg,
retransplantation or mortality).?3 In general, liver
fibrosis has a considerable impact on outcomes after
transplantation, particularly increasing the risk of
mortality and graft failure. Recipients with fibrotic
grafts exhibited a higher occurrence of specific causes
of death, including cancer and cardiovascular disease,
highlighting the need for additional clinical studies to

refine donor selection criteria. Future investigations
should focus on understanding the underlying mech-
anisms of fibrosis associated with transplantation and
developing approaches to mitigate its adverse effects
and, ultimately, improving long-term survival rates
and graft function for individuals undergoing liver
transplantation.?!

Study strengths and limitations

The strengths of this study include a comprehensive
systematic review of the literature across diverse
databases, the criterion-based inclusion of relevant
studies, and thorough quality assessment using differ-
ent questionnaires. This approach allowed us to
perform a meta-analysis in more studies and patients.
We successfully assessed multiple biomarkers, alone
or in combination, collected at different stages of post-
LT follow-up. We focused our analysis on the recipient
patients, excluding studies that investigated markers
from the donors, as well as rejection-related bio-
markers. Furthermore, we analyzed the prognostic
and diagnostic capacity of the included biomarkers for
different outcomes relevant for LT (eg, graft-related
outcomes, retransplantation, and mortality). Comple-
mentary, we employed a method to extract time-to-
event data from individual patients from KM curves,
allowing us to assess the prognostic performance of a
specific panel of biomarkers. The integration of all those
approaches confers one of the strengths of our meta-
analysis.

However, our investigation has some limitations
that reflect the status of the literature. First, most of
the included studies are retrospective (n=15, 53.6%),
single-center cohorts (n=25, 89.3%), performed on a
small number of patients, mostly coming from Europe
and North America (75.0%), conferring limited gen-
eralizability. Additionally, we observed substantial
heterogeneity associated with the overall aggregated
data meta-analysis. The main cause is the lack of
consistency when reporting the measure of effect
(aHR or aOR), which forced us to analyze together a
limited percentage of the data available, hence
reducing the sample and study size. Last, the
interpretation of the results on the identified panels
derived from the KM-based IPD analysis warrants
caution and should be the subject of further clinical
validation.

CONCLUSIONS

We showcase the functionality of a pipeline of analytical
tools developed to assess large, aggregate, and/or
individual patient datasets of biomarkers, aiming to
develop a prognostic panel of multi-modal markers with
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clinical relevance for risk stratification of early and late
outcomes in LT patients. We were able to identify
biomarkers that could be used for the prediction of graft-
related outcomes as well as mortality after LT. Here, not
only serum biomarkers could be included in a potential
outcome prediction algorithm, but also imaging data
such as ultrasound-based elastography grade, genetic
markers such as the HLA-DR13 haplotype, as well as
frailty and sarcopenia metrics.[3344451 Nevertheless, to
report results with low risk of bias, we stress the
importance of standardization of biomarker cutoffs and
units for the new clinical studies in the field. Also, we
deem it necessary that new clinical studies will provide
complete information on missing data and participant
dropouts as well as well as the criteria used to identify
the eligible population, which is critical when addressing
the differences in outcomes between circulatory and
brain death donors.
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