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Introduction: Early graft dysfunction (EAD) complicates liver transplantation (LT). The
aim of this analysis was to discriminate between the weight of each variable as for its
predictive value toward patient and graft survival.

Methods: We reviewed all LT performed at the Medical University of Innsbruck between
2007 and 2018. EAD was recorded when one of the following criteria was present: (i)
aspartate aminotransferase (AST) levels >2,000 IU/L within the first 7 days, (i) bilirubin
levels >10mg/dL or (jii) international normalized ratio (INR) >1.6 on postoperative day 7.

Results: Of 616 LT, 30.7% developed EAD. Patient survival did not differ significantly
(P = 0.092; log rank-test = 2.87), graft survival was significantly higher in non-EAD
patients (P = 0.008; log rank-test = 7.13). Bilirubin and INR on postoperative day 7 were
identified as strong mortality predictors (Bilirubin HR = 1.71 [1.34, 2.16]; INR HR = 2.69
[0.51, 14.31]), in contrast to AST (HR = 0.91 [0.75, 1.10]). Similar results were achieved
for graft loss estimation. A comparison with the Model for Early Allograft Function (MEAF)
and the Liver Graft Assessment Following Transplantation (L-GrAFT) score identified a
superior discrimination potential but lower specificity.

Conclusion: Contrarily to AST, bilirubin and INR have strong predictive capacity for
patient and graft survival. This fits well with the understanding, that bile duct injury and
deprivation of synthetic function rather than hepatocyte injury are key factors in LT.
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INTRODUCTION

Liver transplantation (LT) is the treatment of choice for patients
with liver failure and select cancer (1-4). Because of a consistent
shortage of available grafts, strategies to extend the donor pool
such as using organs from expanded-criteria donors or donation
after cardiac death (DCD) have evolved (5). The predictive value
of organ-quality assessment before transplantation is limited,
hence early predictors for the eventual outcome have received
attention (6, 7).

To evaluate post-operative organ quality and function, liver
function parameters, histology, as well as less invasive procedures
were established (8). Primary graft dysfunction can be subdivided
into early graft dysfunction (EAD) and primary non-function (9).
Several studies aimed to establish a valid definition of EAD and
to demonstrate the predictive value (9). Recipients developing
EAD experience a longer intensive care unit and hospital stay
and have increased mortality and graft loss rates (10). EAD
correlates with donor and recipient characteristics, but also with
the transplant procedure (11). The most widely used definition
of EAD was introduced by Olthoff et al. working from 300 LT
recipients at three different sites in the United States and includes
(i) bilirubin > 10 mg/dL on postoperative day 7; (ii) international
normalized ratio (INR) > 1.6 on postoperative day 7; (iii) alanine
aminotransferase (ALT) or aspartate aminotransferase (AST)
>2,000 IU/mL within the first 7 days (12). Since this definition of
EAD is used as an endpoint in clinical and translational studies,
it is important to determine the predictive value for the eventual
outcome. Primary graft dysfunction as defined by Olthoff et al.,
occurs in 5.2%—38.7 of liver transplants (11, 12). The relevance
of a binary categorization of patients on the long-term outcome
and the weighting and interpretation of the individual parameters
is lacking. This issue has recently attracted attention, since the
introduction of novel techniques to improve organ preservation
such as machine perfusion (5, 13), but also the increasing use
of livers from DCD donors require early clinical endpoints for
assessment of the benefit. Hence, the relevance of AST peak as an
important clinical endpoint needs to be reconsidered (9, 14, 15).
AST reflects hepatocyte damage but may be of limited value in
predicting bile duct injuries. Bile duct injuries, however, have
emerged as the most relevant factor determining the fate of
an organ in the DCD era (16, 17). A more recent assessment
identified lactate, bilirubin and synthesis of coagulation factors
as most sensitive clinical predictors for graft dysfunction (9).
Despite the large body of literature on EAD, analyses are mainly
based on data with short-term follow-up. Organ failure resulting
from cholangiopathies may not be captured in a 30- or 90-day
follow up period and may be missed in these assessments (9).
Moreover, significant knowledge regarding EAD is originated
in the early LT years prior to the current model for end-
stage liver disease (MELD) era. Thus, we hypothesize that the

Abbreviations: ALT, Alanine aminotransferase; AST, Aspartate aminotransferase;
BMI, Body mass index; CIT, Cold ischemia time; DCD, Donors after cardiac
death; DBD, Donors after brain death; DRI, Donor risk index; EAD, Early
graft dysfunction; INR, International normalized ratio; L-GrAFT, Liver Graft
Assessment Following Transplantation, LT, Liver transplantation, MEAF, Model
for Early Allograft Function, MELD, Model for end-stage liver disease.

relevance and significance of EAD has changed over the years
and that a reflection on the parameters defining EAD as well as a
comparison with other, emerging assessment tools is desired.

We herein aspire to discriminate the individual effect of
each variable on the clinical short and long-term outcome in
LT. Furthermore, we aim for the identification of potential risk
factors for EAD in a European transplant center.

METHODS

This study was conducted in compliance with the Declaration
of Helsinki and with local and national regulations. The study
protocol was approved by the Internal Medical Review Board
(protocol-number EK 1077/2018). The reporting of this study
conforms with the STROBE guidelines (18). All primary LT
performed between January 1st, 2007 and December 31st, 2017
at the Medical University of Innsbruck (Austria) were reviewed
retrospectively. Exclusion criteria were age < 18 years, living
donor transplantation and split grafts. Donor, recipient and
surgical data were obtained from an internal database. The
study population was divided into two groups (EAD and non-
EAD). According to the definition by Olthoff et al, EAD
was recorded when at least one of the following criteria was
present: (i) AST levels >2,000 IU/L within the first 7 days post-
transplant, (ii) bilirubin levels >10mg/dL on postoperative day
7, (iii) INR >1.6 on postoperative day 7 (12). Additionally,
in order to evaluate the impact of more recently validated
kinetic scores, allowing a more accurate, individualized survival
risk estimation, the predictive value of the Model for Early
Allograft Function (MEAF) score (14) and the Liver Graft
Assessment Following Transplantation (L-GrAFT) score (9, 19)
were compared to the binary less accurate EAD definition in
our cohort.

The following donor data were collected: donation after
brain or cardiocirculatory death (DBD/DCD), age, sex,
donor risk index (DRI), body mass index (BMI), blood
type, cause of death, length of intensive care unit stay,
vasopressor use, steatosis in time-zero biopsy, allocation,
arterial anatomy, serum parameters. Surgical procedure
data included cold ischemia time (CIT), anastomosis time,
simultaneous transplantation of more organs, preservation
solution, anhepatic phase, duration of surgery, arterial
lactate and surgical experience. Recipient data comprised
age, sex, BMI, blood type, indication for LT, hepatitis C virus
(HCV) status, biological MELD score, Child Pugh Score and
Surgical Risk Score at LT. Following post-operative factors for
clinical outcomes and complications were achieved: length
of hospital stay, Clavien Dindo post-operative complication
rate, transplant-related reoperations, vascular and biliary
complications, graft and patient survival. Transplant-related
reoperations were classified as re-interventions within 30 days
of the first surgery, including surgeries for intra-abdominal
bleeding or fluid collection and treatment of vascular or biliary
complications. Length of hospital stay was defined as the time
from LT to hospital discharge. Vascular complications included
hepatic artery thrombosis, stenosis, or dissection, portal vein
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stenosis, portal or supra-hepatic venous thrombosis. Biliary
complications included bile duct leakage, anastomotic and
non-anastomotic strictures.

Statistical Analysis

Data were presented as proportions (%), means =+ standard
deviation (SD) or medians as appropriate. Factors associated
with EAD were investigated using logistic regression analysis.
Results were expressed as estimated odds ratio (OR), 95%
confidence interval (CI) and P-value. Comparative analysis of
clinical outcomes of patients in the EAD and non-EAD group
was conducted using the Chi-square and Fisher’s Exact Test
for categorical variables and Mann-Whitney-U-Wilcoxon Test
for continuous variables. Mann-Whitney-Wilcoxon tests are
approximated by using the t or F distributions. Patient and
graft survival were evaluated at different time points: 1, 3, 5
years. Graft survival was calculated from the transplant date
until the date of re-transplantation or death (whichever came
first). The discriminant ability of individual components of
EAD definition was assessed by developing a Cox proportional
hazard model using the Wald test with backwards stepwise
selection. Results were expressed as Hazard Ratio (HR 95%CI)
and P-value. All information outside the periods of interest
was censored for the date of the end of the study period
or for the date of the last correspondence. Patient and

graft survival rates were compared using the Kaplan-Meier
method. The log-rank test was applied for comparative analysis
of EAD and non-EAD groups. For descriptive analysis and
survival curves, two tailed P-values <0.05 after adjustments
for confounding were considered significant throughout the
analysis. Discrimination (ability of the model to accurately
classify patients in predicting patient and graft failure free
survival) was assessed by computing the area under the
receiver operator characteristic curve (AUROC) and its 95%
confidence intervals. The AUROC and the differences in
AUROCs were estimated across the bootstrapped imputed
datasets and averaged. The 95% confidence intervals (CI) for
the point estimates were computed using the percentile method.
Sensitivity analyses were performed using complete cases where
not a single data point was missing and the results compared to
the imputed analyses. Statistical analyses were performed using
R statistical software (Team RC, R Foundation for Statistical
Computing, Vienna, Austria) (20).

RESULTS

Between January 2007 and December 2017, 616 LT with allografts
from DCD and DBD donors were performed at the Medical
University of Innsbruck. Recipient aged <18 years, living donors
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FIGURE 1 | Patient and Graft survival by EAD status. Difference in overall patient and graft survival between EAD and non-EAD groups (P = 0.092; log rank-test =
2.87; P = 0.008; log rank-test = 7.13). Levels of significance: P-values <0.05. EAD, Early allograft dysfunction; AST, Aspartate aminotransferase; INR, International
normalized ratio.
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and split liver grafts were excluded from the analysis. Hundred-
eighty-nine recipients (30.7%) developed EAD. This rate varied
between 12 and 21% in the early years (2007-2009), while
in the following years (2010-2018) a trend toward higher
rates (between 32 and 40%) was observed. The 1-, 3-, and
5-year patient survival rates were 91/86/83% vs. 86/78/76%
in patients without EAD vs. those with EAD (W = 2.84,
P = 0.092) respectively. Allograft survival rates in the non-
EAD group vs. the EAD group at 1, 3, and 5 years were
89/83/79% vs. 81/72/67%, respectively (W = 7, P = 0.008;
Figure 1; Table 1). Similar results were observed concerning
patient and graft survival after 1 year (Supplementary Figure 1).
The contribution of individual components to the diagnosis
of EAD in reference to mortality and graft loss are displayed
in Tables1, 2. Isolated elevated AST (78%) was mostly
determining EAD in our cohort, followed by bilirubin (8%). A
minority of recipients with EAD met more than one variable
requirement (13%). AST levels eventually returned to normal
in all patients at 1 year. Bilirubin values also decreased to

normal levels in the majority of patients at 1 year (6% vs. 1%
and 18% vs. 1%). Contrarily, INR values remained constantly
elevated (1% vs. 3% vs. 2% vs. 2%), respectively.

Survival rates and risk factors are shown in Table 1. EAD-
AST patients did not display a higher mortality risk compared to
non-EAD patients. In contrast, patients who showed an elevated
INR (EAD-INR) and total bilirubin (EAD-BILIRUBIN) on day
7 had a significantly inferior patient and graft survival. The
proportional hazard regression model allowed to assess single
variables for discrimination of 1-, 3-, and 5-year mortality.
While bilirubin was confirmed as the best predictor of mortality
(W = 12.64, P < 0.001 for patient survival; W = 13.17, P
< 0.001 for graft survival), AST did not serve to display a
significant discrimination (W = 0.31, P = 0.580 for patient
survival; W = 3.19, P = 0.074 for graft survival, Figure 1). As
additional information to estimate the probability of mortality
and graft loss, a Cox proportional hazard model was designed
(Figure 2). Comparing the Hazard Ratio (HR) of each variable,
bilirubin and INR were selected as strong mortality predictors

TABLE 1 | Patient and graft survival in years.

Patient n (% [95% CI]) Wald-test, P-value
N 1 3 5
EAD 189 23 [81%, 92%] 11 [72%, 85%] 2 [69%, 83%] W =2.84,p=0.092
Non-EAD 427 36 [88%, 94%] 14 [83%, 90%] 8 [79%, 87%]
AST < 2,000 444 42 [87%, 93%] 16 [81%, 89%] 8 [77%, 86%] W =0.31, p = 0.580
AST 2,000 172 17 [84%, 94%] 9 [75%, 88%] 2 [72%, 87%]
Bilirubin < 10 578 49 [88%, 93%] 21 [83%, 89%] 10 [79%, 86%] W =12.64, p < 0.001
Bilirubin > 10 38 10 [57%, 88%)] 4 [38%, 76%)] 0 [38%, 76%]
INR <1.6 611 57 [87%, 92%] 24 [81%, 88%] 10 [78%, 85%] W =6.82, p =0.009
INR > 1.6 5 2[29%, 100%] 1[14%, 100%] 0[14%, 100%)]
MEAF < 5 260 22 [87%, 94%] 10 [81%, 91%] 4 [78%, 89%)] W =4.32,p=0.038
MEAF > 7 87 9 [82%, 96%)] 6 [70%, 89%)] 2 [64%, 86%]
MEAF = [5,7] 269 28 [84%, 92%] 9[79%, 89%)] 4 [74%, 86%]
Graft N 1 3 5 Wald-test, P-value
EAD 189 33 [75%, 87%] 12 [65%, 79%] 4 [60%, 76%)] W =7.00, p = 0.008
Non-EAD 427 44 [86%, 92%] 19 [79%, 87%] 9[74%, 83%)]
AST < 2,000 444 50 [85%, 91%] 21 [78%, 85%] 9[73%, 82%)] W =38.19,p =0.074
AST > 2,000 172 27 [77%, 89%] 10 [67%, 82%)] 4[61%, 78%)]
Bilirubin < 10 578 65 [85%, 91%] 27 [78%, 85%] 13 [73%, 81%] W =13.17, p < 0.001
Bilirubin > 10 38 12 [52%, 84%)] 4 [35%, 72%) 0 [35%, 72%)]
INR<1.6 611 74 [84%, 90%] 30 [77%, 84%] 13 [72%, 80%] W =14.97, p < 0.001
INR > 1.6 5 3 [14%, 100%] 1[3%, 100%] 0 [3%, 100%]
L-GrAFT < =2 55 8 [74%, 95%] 3 [64%, 90%] 0 [64%, 90%)] W =54.55, p < 0.001
L-GrAFT > +2 27 12 [38%, 77%] 3[18%, 65%)] 0[18%, 65%]
L-GrAFT = [-2, 42] 534 57 [85%, 91%] 25 [78%, 86%] 13 [73%, 82%]
MEAF < 5 260 26 [85%, 93%] 13 [78%, 88%] 5 [74%, 85%] W = 11.39, p < 0.001
MEAF > 7 87 16 [72%, 89%] 7 [568%, 81%)] 2 [52%, 77%]
MEAF = [5,7] 269 35 [81%, 90%] 11 [75%, 85%] 6 [68%, 81%]

Proportional hazards regression model.

EAD, Early allograft dysfunction; AST, Aspartate aminotransferase; INR, International normalized ratio; MEAF, Model for Early Allograft Function; L-Graft, Liver Graft Assessment

Following Transplantation.
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TABLE 2 | Early allograft dysfunction univariate analysis for EAD risk factors.

TABLE 2 | Continued

Item Non-EAD EAD P-value Item Non-EAD EAD P-value
Recipient characteristics Donor sex p < 0.001
Recipient age (Years) 58 (IQR 14) 59 (IQR 10) p=0.074 Male 52% (223) 68% (129)

(median) Female 48% (204) 32% (60)

Body mass index (kg/m?) 2510 (QR5.80) 2590 (QR6.00)  p=0034  Bogy mass index (kg/m?) ~ 25.00 (QR4.80) 27.00 (QR4.30)  p < 0.001

(median) (median)

Recipient sex p =0.030 Donor height (cm) (mean) ~ 172.99 (SD 8.82) 175.68(SD8.52) p < 0.001
Male 76% (321) 83% (157) Donor weight (kg) (mean) ~ 75.97 (SD 13.96) 85.58 (SD 14.39) p < 0.001
Female 25% (106) 17% (32) Steatosis b <0001

MELD Score (mean) 21.11(SD9.06) 22.08(SD9.42) p=0.238 Nono 63% (267) 38% (71)

CT‘D Score . oot o1 p < 0.001 Mild 32% (139) 37% (70)

6 (76) 6 (61) Medium 5% (21) 20% (38)
B 54% (230) 41% (78)
Severe . 5% (10)
c 28% (121) 26% (50) o
Donor risk index (mean) 1.80 (SD 0.34) 1.93 (SD 0.51) p = 0.001
ABO p=0.795 0 0986
A 41% (173) 45% (84) onor artery . p=9
0
B 119% (46) 10% (18) Normal anatomy 81% (343) 84% (159)
1 0, 0,
0 41% (173) 40% (74) Variance 19% (83) 16% (30)
AB 6% (25) 5% (9) Allocation p =0.015
Hepatitis C p = 0.003 Local 43% (184) 34% (65)
Negative 91% (387) 97% (184) Regional 37% (159) 50% (94)
Positive 9% (40) 3% (5) National 20% (84) 16% (30)
Re-transplantation 4% (18) 11% (21) p = 0.001 Cause of death p=0.819
Acute liver failure 4% (15) 5% (9) p = 0.460 Trauma 24% (104) 22% (42)
Encephalopathy 23% (97) 20% (37) o =0.384 Anoxia 11% (48) 10% (19)
Cirrhosis 95% (407) 93% (176) p =0.265 Cardiovascular accident 63% (267) 65% (123)
Tumor 30% (127) 42% (80) p = 0.002 Other 2% (8) 3% (5)
Hepatocellular carcinoma 29% (123) 42% (79) p = 0.002 Sodium (U/L) (mean) 146.50 (SD 12.87) 147.74(SD7.81) p=0.579
Tumor entity p=0.029 Preservation solution p = 0.843
No tumor 70% (301) 58% (109) University of Wisconsin 23% (98) 23% (43)
Hepatocellular carcinoma 28% (120) 41% (78) Histidine-tryptophan- 75% (320) 74% (140)
Cholangiocellular <1% (3) <1% (1) ketoglutarate
carcinoma Other 2% (9) 3% (6)

Neuroendocrine tumor <1% (1) Operative data

Livler metastases of colon Simultaneous transplant p =0.185
malignancy N 94% (401 97% (184

Other <1% (2) <1% (1) o 0"( ) :( )

Tumor treatment 28% (118) 39% (73) p =0.007 Liver-kidney 6% (25) 3% (8)

Transarterial 15% (63) 21% (40) p = 0.049 Heart-liver -

chemoembolization Multi-organ <1% (1)

Radiofrequency ablation 14% (61) 21% (40) p=0.033 transplantation

Surgical risk score p = 0.746 (Anhep)anc phase (min) 52.89 (SD 11.91) 58.14(SD 13.92) p < 0.001

mean,

None 63% (269) 89% (111) S duration (min) 395.57 (SD 433.40 (SD 0.001

urgery duration (min . . p <O0.

Low 22% (94) 28% (44) (mean) 108.22) 123.14)

M.'dd'e 5% (22) 6% (12) Mass clamping ligamentum <1% (2) 1% (2) p = 0.401

High 10% (42) 12% (22) hepatoduodenale
Portal vein open p=0293 Anastomosis time (min) 44.49 (SD 10.78) 52.61 (SD 25.35) p < 0.001

Yes 85% (365) 83% (157) (mean)

partial obstruction of 12% (50) 1% (21) Cold Ischemia time (h) 8.55(SD2.50) 9.13(SD2.29) p =0.003

portal vein trunk (mean)

complete obstruction of 2% (9) 4% (7) Arterial lactate (mean) 24.74 (SD 21.59) 34.99 (SD 32.64) p < 0.001

portal vein trunk Surgical experience p =0.145

i 1 0 0

thrombosis right or left <1% @) 2% (4) <50 liver transplantations ~ 35% (148) 58% (109)

portal branch i lantati 65% (27 42% (80
Donor characteristics >50 liver transplantations 5% (279) 6 (80)

Donor age (years) (median) 51 (IQR 25) 53 (IR 19) p=0.163 Chi-square and Fisher’s Exact Test for categorical variables; Mann-Whitney-U-Wilcoxon

Test for continuous variables.
(Continued) EAD, Early allograft dysfunction; MELD, Model for end-stage liver disease.
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FIGURE 2 | Patient and Graft Cox proportional regression model. Comparison of Hazard Ratios (HR) for patient survival: bilirubin HR = 1.71; INR HR = 2.69, AST HR
= 0.91. Comparison of HR for graft survival: bilirubin HR = 1.44; INR HR = 2.37; AST HR = 1.11. Levels of significance: P-values < 0.05. EAD, Early allograft
dysfunction; AST, Aspartate aminotransferase; INR, International normalized ratio; HR: Hazard Ratio.

(Bilirubin HR = 1.71 [1.34, 2.16]; INR HR = 2.69 [0.51, 14.31]),
while AST did not reach significant effect (HR = 0.91 [0.75, 1.10])
suggesting a categorized discrimination potential of individual
variables in EAD status. Similar results were achieved for graft
loss estimation (Bilirubin HR = 1.44 [1.16, 1.79]; INR HR
= 2.37 [0.58, 9.72]; AST HR = 1.11 [0.93, 1.33] (Figure 2;
Supplementary Table 1).

As a next step, the predictive value of the MEAF score and
the L-GrAFT score were compared to the binary EAD definition
in our cohort. The L-GrAFT model had a C statistic of 0.629
with a superior discrimination of graft survival compared with
the existing EAD definition (C statistic: 0.542, P < 0.001) and
the MEAF score (C statistic: 0.551, P < 0.001), respectively.
Concerning patient survival, the MEAF score showed a superior
discrimination potential compared to the binary EAD definition
(C statistic 0.528 vs. 0.527, P = 0.038). Both scores revealed a

low specificity for patient and graft survival indicating a limited
capacity in correctly classifying outcomes in this cohort (Table 1;
Supplementary Figure 2; Supplementary Table 2).

Data concerning donor characteristics, surgical procedure
and recipient demographics are displayed in Table 2. The
mortality rate was 19% (114/616) and the re-transplantation
rate was 4% in the non-EAD compared to 11% in the EAD
group. Clinical outcomes and complications are displayed in
Table 3. EAD risk factor analysis is shown in Table 2. The
variables with the strongest significance in the single factor
regression analysis were included in the multiple regression
model (Table4). Child B Score (OR = 0.40, 95% CI: 0.26—
0.64, P < 0.001), Child C Score (OR = 0.50, 95% CI: 0.30-
0.82, P = 0.007), surgery duration (OR = 2.67, 95% CI:
1.27-5.63, P = 0.01) CIT (OR = 2.04, 95% CI: 1.01-4.19,
P < 0.049), donor risk index (DRI) (OR = 4.02, 95% CI:
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TABLE 3 | Clinical outcomes and complications.

Item Non-EAD EAD P-value
Intensive care unit length of stay 5.28 (SD 6.14 (SD p = 0.007
(days) (mean) 4.40) 4.69)
Length of stay (days) (mean) 24.91(SD 29.52 (SD p = 0.006
17.49) 22.85)

Clavien Dindo classification p =0.087

| 2% (9) 3% (6)

I 15% (64) 17% (32)

lla 12% (51) 10% (19)

b 20% (85) 16% (30)

lva 32% (137) 27% (51)

Vb 5% (21) 8% (15)

% 14% (60) 19% (36)
Arterial complications 9% (38) 12% (22) p=0.271
Arterial dissection 2% (8) 2% (4) p =0.827
Arterial thrombosis 2% (9) 4% (7) p=0.242
Avrterial stenosis 5% (21) 6% (11) p =0.625
Portal vein stenosis 2% (7) 4% (7) p=0.107
Venous thrombosis 3% (12) 4% (8) p =0.351
Re-operation rate 33% (140) 50% (94) p < 0.001
Re-operation <30 days 27% (116) 42% (78) p < 0.001
Bleeding 13% (55) 23% (43) p =0.002
Acute kidney failure 4% (15) 5% (9) p = 0.460
Bile duct leakage 14% (58) 22% (41) p =0.010
Bile duct non-anastomotic 11% (47) 16% (29) p=0.122
stricture
Bile duct anastomotic stricture 28% (121) 26% (49) p=0.575

Chi-square and Fisher’s exact test for categorical variables; Mann-Whitney-U-Wilcoxon
test for continuous variables.
EAD, Early allograft dysfunction.

1.42-11.61, P = 0.009) and donor BMI > 25 (OR = 2.43,
95% CI: 1.49-4.01, P < 0.001) were identified as independent
recipient-, surgery- and donor-related risk factors (Figure 3 and
Table 4).

Since our assessment indicated, that the clinical implication
of EAD is most significant when the criteria bilirubin and INR
are driving the condition, a logistic regression was performed
for the EAD cohort under the modification to exclude EAD-
AST patients. Despite the comparable statistical effect size, the
determination of the mathematical significance is limited due
to the resulting small EAD group (n = 17). However, analyzing
this subgroup descriptively, some relevant common aspects stand
out: the re-transplantation rate was 18 and 29% of the recipients
were classified as surgically high risk. The donor data revealed
that 59% had a mild steatosis and that the cause of death was
a cardiovascular event in 88%. Compared to patients without
EAD-BILIRUBIN/INR, the 1-, 3-, and 5-year patient survival
rate was very low (91% vs. 61%; 86% vs. 47% and 83% vs. 0%;
W = 11.64, P < 0.001). Allograft survival rates in the non-
EAD group and the EAD-BILIRUBIN plus EAD-INR group at
1, 3, and 5 years were 89% vs. 61%, 83% vs. 48% and 79% vs.
0%, respectively (W = 8.71, P = 0.003). Re-operation rate was

76% and amount of biliary complications in the first 30 days
reached 41%.

DISCUSSION

While EAD is a multifactorial clinical condition which
correlates with patient and graft outcome, the binary
readout does not well specify the type and severity of graft
dysfunction since it does not differentiate single parameters
(14). In the currently most widely used definition of EAD
(12) the combination of parameters for cell/hepatocyte
damage, synthetic liver function and bilirubin conversion
and excretion are combined into a single endpoint. The
considered variables play different roles for liver metabolism,
suggesting distinct influence on survival. While this composite
parameter summarized the core liver functions, it fails to
discriminate the individual parameters according to their clinical
impact (9, 19, 21).

Evolving trends suggest different interpretation of single liver
function tests. In this setting, machine perfusion is recognized
as one of the most significant improvements in the field of
transplantation over the past 20 years (15, 22). This development
and the need for reliable and robust endpoints for clinical
trials puts further emphasis on the necessity to refine the
definition for EAD. Recently, Pareja et al., (14) introduced
the MEAF score, which allows a continuous grading of EAD,
but does not assess the models’ accuracy in reference to graft
failure. Agopian et al., developed the L-GrAFT score (9) for
the individualized calculation of graft failure risk following
LT and compared its prognostic performance with the binary
EAD definition and MEAF score. The L-GrAFT risk score
model allows for highly accurate, individualized risk estimation
of 3-month graft failure following LT and is superior to the
existing binary EAD classification and MEAF score. Further
to this, it was recently validated in a multicenter analysis
(19). However, the mathematically more complex L-GrAFT
score requires data from the first 10 days post-LT and may
be cumbersome.

We observed an EAD incidence of 30.7% in our cohort.
This is in line with other reports identifying EAD rates
ranging from 5.2 to 38.7% (11, 12). Parenchymal injury as
measured by elevated transaminases alone (EAD-AST), did
not have a significant impact on patient and graft survival.
This indicated that hepatic damage with little involvement
of the biliary tree may cause liver tissue damage, but that
the clinical manifestation has a more benign phenotype when
compared to conditions that possibly cause cholangiopathy
(23). When hepatocyte injury occurs, the transaminase level,
especially AST, increases in the serum (24). The liver has
a regenerative capacity and can tolerate significant loss of
hepatocytes. Accordingly, a normalization of AST levels was
found in all EAD patients after 1 year. The relation between
EAD and the post-operative outcome after LT demonstrated
that EAD patients had a higher rate of vascular and bile duct
complications, more frequent transplant-related reoperations
and a prolonged hospital stay. Only INR and bilirubin contribute
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TABLE 4 | Logistic regression analysis for EAD risk factors.

Term B 95%-Cl T OR OR 95%-CI P-value
CHILD B score —0.906 [-0.458, —1.36] —3.91 0.40 [0.26, 0.64] <0.001
CHILD C score —0.698 [-0.194, —1.21] —2.70 0.50 [0.30, 0.82] 0.007
Anastomosis time (h) 0.458 [1.08, —0.127] 1.49 1.58 [0.88, 2.95] 0.135
Surgery duration (h) 0.981 [1.73, 0.241] 2.59 2.67 [1.27, 5.63] 0.010
Allocation regional 0.325 [0.774, —0.121] 1.43 1.38 [0.89, 2.17] 0.153
Allocation national -0.183 [0.389, —0.767] —0.62 0.83 [0.46, 1.47] 0.534
Donor risk index 1.39 [2.45, 0.354] 2.60 4.02 [1.42, 11.61] 0.009
Cold ischemia time (h) 0.711 [1.43,0.0112] 1.97 2.04 [1.01, 4.19] 0.049
Donor sex [female] -0.417 [0.207, —1.06] -1.30 0.66 [0.35, 1.23] 0.195
D-BMI >25 0.886 [1.39, 0.397] 3.51 2.43 [1.49, 4.01] <0.001
Donor sex [female]: donor BMI >25 —0.508 [0.293, —1.31] —-1.25 0.60 [0.27, 1.34] 0.212

Model: binomial; pseudo r-squared: McFadden = 0.11, r2ML = 0.13, r2CU = 0.19 Wald-Test.
EAD, Early allograft dysfunction; BMI, Body mass index.

1 1 I 1 | | | I 1 | | 1 I |
0.55 {7 I 0.35 - 0.7 =
0.50 + I ~ L
0.45 - - 0801 i 02 ] -
<Q: 0.40 - | i [ <Q: 0.25 = <D( 0:4 _ -
I 0.35 1 [ - < 03 B
0.30 - i I_ G20 = i 0.2 -
0.25 + -
0.15 4 - | -
T T T T T T T T T T 01 T T T T
A B C 01 2 3 4 5 6 5 10 15 20
CHILD Score Anastomosis Time (h) Surgery Duration (h)
| | | | | | | | | male female
h 1 1 1 1
0.40 + [ 0.8 - = D.BMI = <25|D.BMI = >25
0.35 - 0.5 - N 2
Ia) n 0.6 B i [ L
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CIT (h)
FIGURE 3 | Independent risk factors for EAD. Child B Score (P < 0.001), Child C Score (P = 0.007) and surgery duration (P = 0.010) were significant recipient and
operative donor risk factors in the logistic regression analysis. Cold ischemia time (CIT) (P < 0.049), donor risk index (DRI) (P = 0.009) and donor BMI > 25 (OR = 2.43,
95% Cl: 1.49-4.01, P < 0.001) were independent donor risk factors. Levels of significance: P-values < 0.05. EAD: Early allograft dysfunction; BMI: Body mass index.

to an inferior patient survival, confirming the relevance and  of EAD should be considered. The analysis of the patients
predictive capacity of these parameters toward hard endpoints.  fulfilling the EAD criteria based on bilirubin and INR revealed
Hence, the weight of different parameters in the definition a detrimental effect of these two parameters with respect
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to the biliary complications, long-term patient and graft
survival rates.

In line with other analyses (12, 25), the majority of patients
in our cohort met the AST criterion. However, when assessing
AST as a single factor, the sub-analysis showed similar patient
and graft survival rates implying a less relevant role of
transaminases regarding the outcome. Patients with elevated
bilirubin or INR displayed a significantly different patient
and graft survival. Biliary complications were mostly found in
patients matching the bilirubin criterion. Thus, parenchymal
damage seems to be overrated as a biomarker since the fate
of the organ is more often determined by biliary tree injuries
(23). Learning from the clinical application of new technologies
like machine perfusion, it seems that only substantial and/or
progressive hepatocellular damage is clinically relevant. The
intraoperative assessment of arterial lactate concentration at
the end of LT is an early biomarker for EAD (26). This
was confirmed in our cohort where arterial lactate was
significantly elevated in EAD patients compared to non-EAD
patients (34.99 vs. 24.74; P < 0.001).

The association of EAD with donor risk factors, recipient
characteristics and intra-operative events revealed an association
between BMI > 25 kg/m? and EAD. Recipient sex is weakly
associated with transplant outcomes. Sex may be indirectly
related to graft size and liver mass since the trend relates to male
recipient with BMI > 25 kg/m? displaying a higher rate of EAD.
Since graft steatosis also correlates with EAD, we hypothesize
that increased hepatocyte loss in larger steatotic livers is a
contributing factor to this finding. Future analyses might
consider to adjust for donor and recipient liver mass to accurately
identify EAD (8). EAD is linked to ischemia/reperfusion (I/R)
injury after transplantation (27). I/R injuries were mostly
related to DCD and graft steatosis (28). A recent meta-
analysis concluded that livers with mild steatosis are robust
liver grafts, while moderately and severely steatotic livers
require short CIT times for good outcomes (29). Although
histopathological I/R injury assessment was not analyzed in our
study, moderate and severe graft steatosis was found to play
a significant role with an increment to the relative risk for
EAD of 25-30%.

The DRI introduced by Feng et al, is based on selected
donor characteristics and permits quantitative graft dysfunction
risk assessment (30, 31). The predictive value was confirmed in
our study. The importance of surgery duration and ischemia
time was often highlighted in the early and late post-transplant
outcomes. Prolonged CIT >10h and anastomosis time >40 min
were associated with EAD (8). Our results confirmed prolonged
ischemia time as potentially relevant risk factor for EAD. In
this study, local donors accounted for 43% of the non-EAD
and 34% of the EAD, while regional donors corresponded
with 37% of non-EAD and 50% of EAD patients. One aspect
explaining these findings might be related to different center-
specific policies in coordinating the donor and recipient equips,
in order to keep the ischemic time as short as possible.
Moreover, patients who undergo a more complex hepatectomy
as a result of the anatomical condition or portal hypertension

are more likely to have prolonged ischemia times. Duration
of surgery was found as independent risk factor for EAD in
this analysis. In order to evaluate the influence of surgical
experience on duration of surgery and outcome, an auxiliary
differentiation between surgeons who performed more than
50 LT vs. <50 LT was added. This assessment did not show
significant differences (p = 0.145).

The strength of the analysis is the relatively large and
well documented cohort, the overall uniform practice within
our department regarding standardized surgical techniques,
medical treatment and postoperative management. However, the
retrospective study design should be considered as limitation.
Future multi-center studies are warranted to confirm our results.

In summary, this single center study provides new insights
into the utility of EAD as end-point in LT. Our findings
demonstrated a diverse impact of the single parameters
contributing to the EAD definition, indicating different clinical
conditions and possibly requiring different interventions.
While EAD was associated with inferior graft survival,
only bilirubin and INR weighted in on this correlation.
Individual discrimination of each variable provides more precise
information than current categorical classifications. This analysis
displayed a comparable patient survival, probably related to the
attenuation of the currently cited risk factors for EAD during
the last decades. Eventually, the redefinition of EAD as an early
endpoint with predictive value for patient and graft survival is
necessary to enable further advancement in LT (15). Pre-existing
endpoints such as EAD are gradually integrated by novel and
combined endpoints, or surrogate endpoints, still requiring
further confirmation before routine use. Since innovation in LT
is thriving again, the accurate validation of robust endpoints
in consideration of all stakeholders is of key importance and
demands a joining of forces, involvement of patients’ viewpoints
and close interaction with the regulatory bodies.
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