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IMPORTANCE Early allograft dysfunction (EAD) following a liver transplant (LT) unequivocally
portends adverse graft and patient outcomes, but a widely accepted classification or grading
system is lacking.

OBJECTIVE To develop a model for individualized risk estimation of graft failure after LT and
then compare the model's prognostic performance with the existing binary EAD definition
(bilirubin level of =10 mg/dL on postoperative day 7, international normalized ratio of =1.6
on postoperative day 7, or aspartate aminotransferase or alanine aminotransferase level of
>2000 U/L within the first 7 days) and the Model for Early Allograft Function (MEAF) score.

DESIGN, SETTING, AND PARTICIPANTS This retrospective single-center analysis used a
transplant database to identify all adult patients who underwent a primary LT and had data
on 10 days of post-LT laboratory variables at the Dumont-UCLA Transplant Center of the
David Geffen School of Medicine at UCLA between February 1, 2002, and June 30, 2015. Data
collection took place from January 4, 2016, to June 30, 2016. Data analysis was conducted
from July 1, 2016, to August 30, 2017.

MAIN OUTCOMES AND MEASURES Three-month graft failure-free survival.

RESULTS Of 2021 patients who underwent primary LT over the study period, 2008 (99.4%)
had available perioperative data and were included in the analysis. The median (interquartile
range [IQR]) age of recipients was 56 (49-62) years, and 1294 recipients (64.4%) were men.
Overall survival and graft-failure-free survival rates were 83% and 81% at year 1, 74% and 71%
at year 3, and 69% and 65% at year 5, with an 11.1% (222 recipients) incidence of 3-month
graft failure or death. Multivariate factors associated with 3-month graft failure-free survival
included post-LT aspartate aminotransferase level, international normalized ratio, bilirubin
level, and platelet count, measures of which were used to calculate the Liver Graft
Assessment Following Transplantation (L-GrAFT) risk score. The L-GrAFT model had an
excellent C statistic of 0.85, with a significantly superior discrimination of 3-month graft
failure-free survival compared with the existing EAD definition (C statistic, 0.68; P < .001)
and the MEAF score (C statistic, 0.70; P < .001). Compared with patients with lower L-GrAFT
risk, LT recipients in the highest 10th percentile of L-GrAFT scores had higher Model for
End-Stage Liver Disease scores (median [IQR], 34 [26-40] vs 31[25-38]; P = .005); greater
need for pretransplant hospitalization (56.8% vs 44.8%; P = .003), renal replacement
therapy (42.9% vs 30.5%; P < .001), mechanical ventilation (35.8% vs 18.1%; P < .001), and
vasopressors (22.9% vs 11.0%; P < .001); longer cold ischemia times (median [IQR], 436
[311-539] vs 401[302-506] minutes; P = .04); greater intraoperative blood transfusions
(median [IQR], 17 [10-26] vs 10 [6-17] units of packed red blood cells; P < .001); and older
donors (median [IQR] age, 47 [28-56] vs 41[25-52] years; P < .001).

CONCLUSIONS AND RELEVANCE The L-GrAFT risk score allows a highly accurate, individualized
risk estimation of 3-month graft failure following LT that is more accurate than existing EAD
and MEAF scores. Multicenter validation may allow for the adoption of the L-GrAFT as a tool
for evaluating the need for a retransplant, for establishing standardized grading of early
allograft function across transplant centers, and as a highly accurate clinical end point in
translational studies aiming to mitigate ischemia or reperfusion injury by modulating donor
quality and recipient factors.
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Evaluating Early Allograft Function Using the Liver Graft Assessment Following Transplantation Model

he success and durability of a liver transplant (LT), un-

equivocally the gold-standard treatment for all pa-

tients with irreversible liver failure,? critically de-
pend on the function of the liver allograft. Early allograft
dysfunction (EAD), a term used to describe initial poor func-
tion of the transplanted liver, represents the clinical pheno-
type of severe ischemia-reperfusion injury due to a variety of
recipient, donor, and perioperative factors.?>* Not only has EAD
been shown to result in inferior graft and patient survival fol-
lowing both cadaveric®® and living donor LT,° but it has also
been associated with short-term and long-term renal impair-
ment and increased use of resources.'%

The prognosticimportance of EAD is undeniable, but a uni-
versally accepted definition remains elusive. The earliest char-
acterizations of EAD relied primarily on peak serum amino-
transferase levels, which reflected graft injury,'?* and a
subsequent functional definition proposed by Deschénes and
colleagues® that incorporated posttransplant bilirubin level
and prothrombin time to reflect the metabolic and synthetic
functions of the allograft. In the Model for End-Stage Liver Dis-
ease (MELD) era,'® Olthoff et al® have validated what is now
the most widely used definition of EAD: the presence of 1 or
more of 3 variables, including (1) a peak serum aspartate ami-
notransferase (AST) or alanine aminotransferase (ALT) level
higher than 2000 U/L (to convert to microkatals per liter, mul-
tiply by 0.167) within the first 7 postoperative days (PODs), (2)
aserum bilirubin level of 10 mg/dL or higher (to convert to mi-
cromole per liter, multiply by 17.104) on POD 7, and (3) an in-
ternational normalized ratio (INR) of 1.6 or higher on POD 7.

Under this current definition, the binary categorization of
all patients as either having or not having EAD fails to capture
the continuum along which graft dysfunction manifests and
results in an inability to discriminate patients with EAD who
may experience early graft loss from most patients with EAD
who may enjoy long-term graft failure-free survival. Re-
cently, Pareja et al'” reported on the Model for Early Allograft
Function (MEAF) score (score range: O to 10, with higher scores
indicating increasing hazard ratio [HR] for patient mortality
at 3 months), which allows for the continuous grading of early
allograft dysfunction and more accurately assesses graft func-
tion compared with the categorical classifications of EAD, but
did not assess the model’s accuracy in estimating graft
failure.

With this study, we sought to develop a model—called the
Liver Graft Assessment Following Transplantation (L-GrAFT)—
based on posttransplant laboratory variables that allows for the
individualized calculation of graft failure risk following LT and
to compare the L-GrAFT’s prognostic performance with the ex-
isting binary EAD definition and MEAF score.

Methods

We retrospectively reviewed a prospectively maintained trans-
plant database to identify all adult patients (=18 years of age)
who underwent a primary LT and had available data on post-
transplant laboratory studies, including serum AST, ALT, and
total bilirubin levels, INR, and platelet counts. All LTs were per-
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Key Points

Question What are the important posttransplant variables
associated with graft outcomes after primary liver transplant?

Findings In this single-center analysis of 2008 adult recipients of
a primary liver transplant, measures of posttransplant aspartate
aminotransferase and bilirubin levels, international normalized
ratios, and platelet counts were highly associated with 3-month
graft-failure-free survival, which led to the creation of a risk
scoring model called the Liver Graft Assessment Following
Transplantation (L-GrAFT), designed for the continuous grading of
early allograft dysfunction following a liver transplant.

Meaning The L-GrAFT risk score may serve as a tool for the
standardized grading of early allograft function in transplant
centers and as a highly accurate clinical end point in translational
studies that aim to improve donor allograft quality and liver
transplant outcomes.

formed at the Dumont-UCLA Transplant Center of the David
Geffen School of Medicine at UCLA from February 1, 2002, to
June 30, 2015. The UCLA institutional review board ap-
proved the study and waived the patient consent require-
ment because of the retrospective, deidentified nature of the
study. Data collection took place from January 4, 2016, to June
30, 2016. Data analysis was conducted from July 1, 2016, to Au-
gust 30, 2017.

The primary objective of this study was to develop amodel
allowing for individualized estimation of graft failure (ie, need
for a retransplant or death) following an LT and then to com-
pare its prognostic performance to the existing binary EAD
definition® (bilirubin level of 210 mg/dL on POD 7, INR of 1.6
on POD 7, or AST or ALT level of >2000 U/L within the first 7
PODs) and to the MEAF score (ALT,, .« 3p0p> INRiax.3p0Ds
Bilirubin,pop).!” Variables for analysis included LT recipient de-
mographics (age; sex; primary end-stage liver disease diagno-
sis; and diabetes, hypertension, and coronary artery disease
status), laboratory results (physiological MELD score and pre-
transplant and posttransplant serum AST, ALT, total bilirubin
levels, INR, and platelet count), pretransplant acuity (require-
ment for hospitalization, renal replacement therapy, mechani-
cal ventilation, and vasopressors), and donor and operative
characteristics (age, sex, cold ischemia time [CIT], warm is-
chemia time [WIT], and operative transfusion of units of packed
red blood cells [uPRBCs]).

Statistical Analysis
Continuous variables were summarized as median values and
interquartile ranges (IQRs), and categorical variables were sum-
marized as percentages. Graft failure-free survival and over-
all patient survival curves were computed using Kaplan-
Meier methods and were compared using log-rank tests.
Laboratory studies in the first 10 post-LT days were sum-
marized to identify the variables most associated with graft fail-
ure, including measures of overall graft injury (AST and ALT
levels), serum bilirubin level, INR, and platelet count. These
candidate variables for AST and ALT levels included the over-
all 10-day mean (measured as the area under the curve [AUC)),
maximum post-LT value, and rate of normalization
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(slope = unit change/d); for INR, the maximum post-LT INR and
10-day AUG; and for bilirubin level and platelet count, the total
10-day AUC, rate of normalization, change from pre-LT to last
post-LT value, and post-LT days 7 and 10 values. All candi-
date laboratory measures were determined to be skewed on
the original scale and, thus, were transformed to the logarith-
mic scale where they displayed a normal distribution.

Hazard rate ratios for time to graft failure were computed
under a Cox regression model, allowing for interactions of each
specified candidate variable with interval of follow-up time.
The proportional hazards assumption for each variable was
evaluated by plotting the HR for graft failure stratified by time
interval of event (0-3 months, 3-6 months, 6-12 months, and
>1year). Amodel—the L-GrAFT—for calculating 3-month graft
failure was developed using a logistic regression analysis based
on the 18 post-LT candidate variables (eTable 1 in the
Supplement). The initial model allowed for nonlinear effects
using restricted cubic splines allowing for 3 knots (2 regres-
sion terms per variable), whereas the final multivariate model
was selected using the backward stepwise procedure for vari-
able selection and a liberal P < .15 as the retention criterion.
The nonlinear effects observed on the log odds scale for the
slope log AST, AUC log AST, and AUC log bilirubin were ap-
proximated by a quadratic curve and, hence, modeled by in-
cluding quadratic terms to the logistic model.

Model accuracy was evaluated using receiver operating
characteristic analysis under the logistic model, and the
AUC was compared with the accuracy of the EAD definition
and MEAF score, each of which was calculated for the UCLA
cohort. The AUCs were compared between each pair of
models nonparametrically using the method by DeLong et
al.'® Goodness of fit was assessed using the Hosmer-
Lemeshow method. The C statistic for the L-GrAFT model
was internally validated on 200 bootstrapped samples
taken with replacement from the original data, with each
bootstrapped sample containing the same number of obser-
vations as the original sample (n = 2008). A risk score was
calculated for each patient as the weighted sum of the
covariates, with weights equal to the parameter estimates
(log odds ratio) under the final multivariate model. Five risk
groups for 3-month graft failure were defined on the basis of
risk score distribution, including (1) very low risk: 50th per-
centile or less with a risk score lower than -3.23; (2) low
risk: greater than 50th percentile with a risk score of -3.23
or higher to the 90th percentile or less with a risk score
lower than -1.18; (3) moderate risk: greater than 90th per-
centile with a risk score of -1.18 or higher to the 93.3 percen-
tile or less with a risk score lower than -0.57; (4) moderate
to high risk: greater than 93.3 percentile with a risk score of
-0.57 or greater to the 96.6 percentile or less with a risk
score lower than 1.3; and (5) high risk: greater than 96.6 per-
centile with a risk score greater than 1.3. Mean profiles for
each laboratory measure were evaluated using the mixed-
effects regression model for the overall cohort and by risk
groups. Recipient, donor, and operative characteristics were
compared among low-risk groups (1 and 2) and moderate-
to-high risk groups (3-5) using the Wilcoxon rank sum test
(continuous variables) or the Fisher or x? test (categorical
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variables). Analyses were performed using SAS, version 9.4
(SAS Institute Inc), and R, version 3.0.2 (R Foundation for
Statistical Computing).

. |
Results

Of the 2021 patients who underwent a primary LT over the
study period, 2008 (99.4%) had available perioperative data
and were included in the analysis. Recipient, donor, and op-
erative characteristics are shown in eTable 2 in the Supple-
ment. Among the recipients, the median (IQR) age was 56 (49-
62) years, and 1294 (64.4%) were men. (Note that data for some
variables were missing for some patients. Thus, the numbers
and percentages reported here are based on only patients with
available information.)

The most frequent underlying cause of liver disease was
hepatitis C (38.5%), with diabetes, hypertension, and coro-
nary artery disease in 25.9%, 29.6%, and 7.0% of patients, re-
spectively. The median (IQR) recipient laboratory MELD score
was 31(25-38), with 46.1% of patients requiring pretransplant
hospitalization, 31.8% requiring renal replacement therapy,
19.8% requiring mechanical ventilation, and 12.2% requiring
vasopressors. Among the donors, the median (IQR) age was 41
(25-53) years, and 1294 (64.4%) were male. For this group, an
LT was performed with a median (IQR) CIT of 404 (304-511)
minutes, amedian (IQR) WIT of 40 (35-47) minutes, and a me-
dian (IQR) transfusion of 11 (7-18) uPRBCs. At a median (IQR)
follow-up of 36.8 (13.2-78.3) months, the overall patient and
graft failure-free survival rates were 83% and 81% at year 1, 74%
and 71% at year 3, and 69% and 65% at year 5, with an 11.1%
(n = 222) incidence of 3-month graft failure (eFigure 1 in the
Supplement). Of the 222 recipients, 180 (81.4%) died and 42
(18.9%) required a retransplant.

L-GrAFT Model Derivation
The ability of post-LT laboratory measures to prognosticate graft
failure was first assessed using Cox regression analysis. The pro-
portional hazards assumptions that each variable would have a
constant association with graft failure over time was evaluated
by plotting the HRs by interval of time for all 18 measures (eTable
linthe Supplement). As shown in Figure 1for 7 of these variables
included in the L-GrAFT model, the association of each labora-
tory variable with graft failure was most significant at 3 months
but diminished significantly thereafter, consistently approach-
ing nonsignificant HRs of 1at 1 year. Specifically, the cumulative
10-day post-LT exposure and the rates of normalization of AST
(ASTlog AUC [Figure 1A] and slope log AST [Figure 1D]) and bil-
irubin (bilirubin log AUC [Figure 1B] and slope log bilirubin
[Figure 1E]) levels and platelet count (platelets log AUC [Figure 1C]
and slope log platelets [Figure 1F]) and the maximum post-LT INR
(log max INR [Figure 1G]) significantly affected graft failure at 3
months, but each approached nonsignificant HRs at 1 year.
Based on the results of the Cox regression, the final multi-
variate L-GrAFT model was constructed as a logistic regression
evaluating the association of post-LT variables with the devel-
opment of 3-month graft failure. Multivariate factors in 3-month
graft failure are shown in Table 1 and include the total 10-day AST
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Figure 1. Association of Each Laboratory Variable With the Hazard Ratios (HRs) for Graft Failure Stratified
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Time Interval

exposure (AUC,, log AST: odds ratio [OR], 1.30 per SD increase;
95% CI, 1.05-1.60; P = .02) and early rate of normalization over
7 days (Slope, log AST: OR, 0.52 per SD decrease; 95% CI, 0.36-
0.75; P = .02), maximum INR within the 10 posttransplant days
(logmaximum INR,: OR, 1.22 per SD increase; 95% CI, 1.02-1.45;
P =.001), total 10-day bilirubin (AUC,, log bilirubin: OR, 1.90 per
SD increase; 95% CI, 1.54-2.34; P < .001) and rate of decrease
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(Slope,, logbilirubin: OR, 0.62 per SD decrease; 95% CI, 0.51-0.75;
P <.001), and total 10-day platelet count (AUC,, log platelets: OR,
0.80 per SD increase; 95% CI, 0.65-0.9; P = .040) and rate of in-
crease (Slope,, log platelets: OR, 0.73 per SD increase; 95% CI,
0.60-0.88; P = .001). Amodified L-GrAFT model based on 7-day
post-LT variables (L-GrAFT,) is shown in eTable 3 in the
Supplement.
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Table 1. Multivariate Factors in the 3-Month Post-LT Graft Failure Risk Assessment Used in the L-GrAFT Model®

Variable OR (95% Cl) P Value
AUC,, log AST level® 1.30 (1.05-1.60) .02
Slope, log AST level decrease, rate of change/d® 0.52 (0.36-0.75) .001
Log maximum INR 4 level 1.22 (1.02-1.45) .03
AUC,q log bilirubin level® 1.90 (1.54-2.34) <.001
Slope; ¢ log bilirubin level decrease, rate of change/d 0.62 (0.51-0.75) <.001
AUC,, log platelets count 0.80 (0.65-0.99) .04
Slope; o log platelets count increase, rate of change/d™< 0.73 (0.60-0.88) .001

Abbreviations: AST, aspartate aminotransferase; AUC, area under the curve
(over 10 post-LT days); INR, international normalized ratio; L-GrAFT, Liver Graf
Assessment Following Transplantation; LT, liver transplant; OR, odds ratio.

@ Cstatistic, 0.85 (200 bootstrapped C statistic, 0.84).

t

b For nonlinearly associated measures, reported odds ratios correspond to 1-SD

change relative to the median.

¢ Slope; indicates early rate of change over 7 days. Slope,q indicates rate of

change over a 10-day period.

Figure 2. Comparison of Model Accuracies as Measured by the Area Under the Receiver Operating Characteristic (AUROC)

Curve Among 3 Models of Early Allograft Dysfunction

@ L-GrAFT score AUROC curve

MEAF score AUROC curve

EAD score AUROC curve

1.0 1.0+
0.8 0.8
= = =
= 2 06 = 067
g Z 04 2 0.4
o e C statistic =0.85 2 C statistic =0.70 M C statistic =0.68
0.2 0.2 ot 0.2 ot
0+ ‘ ‘ ‘ ‘ okt ‘ ‘ ‘ ‘ 0 ‘ ‘ ‘ ‘ ‘
0 0.2 0.4 0.6 0.8 1.0 0 0.2 0.4 0.6 0.8 1.0 0 0.2 0.4 0.6 0.8 1.0
1-Specificity 1-Specificity 1-Specificity
@ Early GFFS by L-GrAFT risk group E| Early GFFS by MEAF risk group E Early GFFS by EAD risk group
—— L-GrAFTRG 1 L-GrAFT RG 4 —— MEAFRG 1 MEAF RG 4 No EAD
L-GFAFTRG2 s L-GrAFT RG 5 MEAFRG2 s MEAF RG 5 EAD
------ L-GrAFT RG 3 ------ MEAF RG 3
Wy o
o 0.8+ \\ ° o 0.8
3 oo 3 R
T o g
N i =1 T 0.6
o o o
g £ £ 0.4
> > >
E] E E]
« 0.2 0.2+
T T T T ] 0 T T T T T | 0 T T T T T |
2 3 4 5 6 0 1 2 3 4 5 6 0 1 2 3 4 5 6
Time After Liver Transplant, mo Time After Liver Transplant, mo Time After Liver Transplant, mo
No. at risk No. at risk No. at risk
RG1 997 990 978 966 937 918 896 RG1 1021 992 969 951 923 899 876 NoEAD 957 943 923 911 886 859 837
RG2 805 780 754 738 719 692 672 RG2 781 741 720 708 692 672 653 EAD 419 371 352 340 329 316 308
RG 3 68 53 46 45 43 41 39 RG 3 59 53 51 49 44 43 43
RG 4 65 41 34 30 27 26 26 RG 4 74 48 45 44 42 39 37
RG 5 67 4 3 3 3 2 2 RG 5 66 34 30 30 28 26 26

The Liver Graft Assessment Following Transplantation (L-GrAFT) score

(A; Cstatistic, 0.85) had the highest AUROC statistically significantly superior to
both the Model for Early Allograft Function (MEAF) score (B; C statistic, 0.70;

P < .001) and the early allograft dysfunction (EAD) score (C; C statistic, 0.68;

P < .001). The L-GrAFT model allowed for greater discrimination of 3-month
graft-failure risk (D) compared with the MEAF score (E) and the binary EAD

definition (F). Five risk groups (RGs) for 3-month graft failure for both L-GrAFT
and MEAF were defined on the basis of risk score distribution, including (1) very
low risk (=50th percentile), (2) low risk (>50th to =90th percentile), (3)
moderate risk (>90th to =93.3 percentile), (4) moderate-to-high risk

(>93.3to =96.6 percentile), and (5) high risk (>96.6 percentile). GFFS indicates

graft failure-free survival.

Comparison of L-GrAFT Model With Existing Models of Early
Allograft Dysfunction

The L-GrAFT model had good calibration (goodness of fit
P = .4]1; eFigure 2 in the Supplement) with an excellent C sta-
tistic of 0.85 (internally validated C statistic of 0.84), which is

JAMA Surgery May 2018 Volume 153, Number 5

significantly superior to the calculated MEAF score (C statis-
tic, 0.70; P < .001) and EAD (C statistic, 0.68; P < .001) in de-
termining 3-month graft failure in the entire cohort
(Figure 2A-C), and excellent discrimination of risk when strati-
fied by risk score groups (Figure 2D-F). The L-GrAFT risk score
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calculator was developed for individualized estimation of
3-month graft-failure risk; the higher the risk score, the greater
the risk for 3-month graft failure (Figure 3). The formula for
risk-score calculation is as follows: risk score = 11.27 - 0.429 x
(AUClog AST) + 0.005 x (AUClog AST?) + 4.607 x (early slope
log AST) + 4.413 x (early slope log AST?) + 0.890 x (log max
INR - 0.049 x (AUC log TBIL) + 0.004 x (AUC log
TBIL2) + 5.336 x (slope log TBIL) - 0.046 x (AUC log
PLT) - 5.249 x (slope log PLT) + 13.086 x (slope log PLT?),
where TBIL stands for total bilirubin and PLT stands for
platelets.

Post-LT Laboratory Profiles and Perioperative
Characteristics Among L-GrAFT Risk Groups

The mean post-LT laboratory profile plots for the 5 L-GrAFT
risk groups are shown in eFigure 3 in the Supplement. Com-
pared with patients in lower-risk score groups (L-Graft 1 and
2), patients with higher L-Graft scores (L-Graft 3, 4, and 5) had
increased overall AST (eFigure 3A in the Supplement) and ALT
(eFigure 3B in the Supplement) levels, higher bilirubin levels
with slower normalization (eFigure 3C in the Supplement),
higher maximum INRs (eFigure 3D in the Supplement), and
lower overall platelet counts with a slower rate of increase (eFig-
ure 3E in the Supplement). Evaluation of recipient, donor, and
operative characteristics among L-GrAFT risk score groups are
shown in Table 2. Compared with patients with lower
L-GrAFT scores (L-Graft 1 and 2), LT recipients with higher L-
GrAFT scores (L-Graft 3,4, and 5) had significantly greater me-
dian MELD scores (median [IQR] score, 34 [26-40] vs 31 [25-
38]; P = .005); higher pretransplant serum bilirubin levels
(median [IQR]level, 14.8 vs 6.4 mg/dL; P < .001); a greater need
for pretransplant hospitalization (56.8% vs 44.8% patients;
P =.003), mechanical ventilation (35.8% vs 18.1% patients;
P <.001), renal replacement therapy (42.9% vs 30.5% pa-
tients; P < .001), and vasopressors (22.9% vs 11.0%; P < .001);
longer CITs (median [IQR] time, 436 [311-539] vs 401 [302-
506]minutes; P = .04); more operative blood transfusions (me-
dian [IQR], 17 [10-26] vs 10 [6-17] uPRBCs; P < .001); and a
greater frequency of older donors (median [IQR] age, 47 [28-
56] vs 41 [25-52] years; P < .001).

|
Discussion

The durability of an LT in treating end-stage liver disease has
created a critical shortage of donor organs, with far more pa-
tients in need of organs than are currently available. Use of ex-
tended criteria donors as a strategy to expand the donor pool
may be effective in mitigating waitlist mortality,'° but use of
marginal grafts for an ever-increasing population of
higher-acuity recipients risks the development of EAD,?2°
which negatively affects post-LT outcomes.?"?? With an in-
creasing number of translational studies aiming to amelio-
rate the ischemia-reperfusion injury responsible for EAD,23-27
it is critical to have a reliable measure of EAD that allows for
comparison of meaningful graft-related outcomes across all
transplant centers. Based on our analysis of more than 2000
patients who underwent primary LT, we developed the L-
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Figure 3. Association of Estimated Risk for 3-Month Graft Failure With
Liver Graft Assessment Following Transplantation (L-GrAFT) Risk Score
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The mathematical formula for calculating L-GrAFT risk score can be found in the
Results section. The L-GrAFT scores corresponding to the 5 risk groups are as
follows: (1) very low risk (<=3.23), (2) low risk (=-3.23 to<-1.18), (3) moderate
risk (=-1.18 to<-0.57), (4) moderate-to-high risk (=-0.57 to <1.3), and (5) high
risk (>1.3).

GrAFTrisk score that allows for a highly accurate, individual-
ized calculation of 3-month graft failure.

Our L-GrAFT model incorporates 10 post-LT days of se-
rum AST levels, a marker of graft injury, and the INR and bil-
irubin levels as measures of graft synthetic and metabolic func-
tions. Most previous definitions of EAD have incorporated these
variables (eg, maximum value within 3-7 days for the serum
transaminase level and the INR, as well as the maximum value
at day 3 or 7 for the bilirubin level)®1215:17 35 a static measure
within a specified post-LT time frame. However, to our knowl-
edge, the L-GrAFT model is the first comprehensive measure
of EAD to also take into account the rate of change (slope) and
trend in these variables. We show that faster normalization of
both serum AST and bilirubin levels affect superior graft sur-
vival, independent of the absolute arbitrary values that have
been used in previous models. For example, the existing bi-
nary definition would categorize all patients with a bilirubin
level of 10 mg/dL or higher on POD 7 as having EAD; however,
there is clearly a difference in graft function between a pa-
tient with a pretransplant bilirubin level of 40 mg/dL whose
bilirubin is normalizing and a patient with liver cancer with a
physiological MELD 7 who has a normal pretransplant biliru-
bin level and has developed significant cholestasis 1 week fol-
lowing LT. In addition, the total exposure (AUC) of AST or bil-
irubin over 10 days was more of a determinant of graft failure
than any specific maximum or ultimate value, presumably be-
cause it reflects an average measure of graft assessment over
time. Finally, to our knowledge, our L-GrAFT risk score is the
first to incorporate postoperative platelet counts into a mea-
sure of EAD, with lower post-LT platelet counts and slower rates
of increase highly associated with greater post-LT graft fail-
ure. Our findings are consistent with those in recent reports
demonstrating an association with low postoperative plate-
let counts and delayed liver function following partial
hepatectomy,?® as well as increased post-LT complications and
decreased 90-day graft and patient survival following LT.29-3°
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Table 2. Comparison of Characteristics Among Low- and High-Risk Groups in the L-GrAFT Model

L-GrAFT Risk Group

Low High
Demographic (n=1808) (n =200) P Value
Recipient
Age, median (IQR), y 56 (49-62) 55 (48-60) .09
Male sex, % 64.7 62.5 55
Diagnosis, %
Hepatitis C 38.8 35.5
Cryptogenic cirrhosis 13.9 13.5
Alcohol abuse 133 17.0
Cholestatic/autoimmune disease 7.7 7.0 29
Nonalcoholic steatohepatitis 6.7 8.0 ’
Hepatitis B 6.9 6.0
Acute liver failure 6.3 7.0
Other 6.4 6.0
Hypertension, % 30.2 24.6 11
Diabetes, % 25.9 25.8 .97
Coronary artery disease, % 7.1 6.1 .60
Pretransplant acuity
Laboratory MELD score, median (IQR) 31 (25-38) 34 (26-40) .005
Serum bilirubin level, median (IQR), mg/dL 6.4 (2.0-23.2) 14.8 (2.9-36.6) <.001
INR, median (IQR) 1.6 (1.3-2.1) 1.7 (1.3-2.1) 46 Abbrewanons: DCQ, donatlgn after
TP cardiac death; INR, international
Hospitalization, % 44.8 56.8 -003 normalized ratio; IQR, interquartile
Renal replacement therapy, % 30.5 42.9 <.001 range; L-GrAFT, Liver Graft
Mechanical ventilation, % 18.1 358 <.001 Assessment Following
. Transplantation model; MELD, Model
Vasopressors, % 11.0 22.9 <.001 for End-Stage Liver Disease; uPRBCs,
Donor and operative units of packed red blood cells.
Donor age, median (IQR), y 41 (25-52) 47 (28-56) <.001 Note: Data for some variables were
BALer MEReEn. 64.7 625 55 missing for some patients. Thus, the
! - numbers and percentages reported
Nonstandard donor (DCD or split graft), % 9.8 9.5 .88 here are based on only patients with
Cold ischemia time, median (IQR), min 401 (302-506) 436 (311-539) .04 available information.
Warm ischemia time, median (IQR), min 41 (35-48) 40 (35-47) .35 Sl conversion factor: To convert
Transfusion of uPRBCs, median (IQR) 10 (6-17) 17 (10-26) <.001 serum bilirubin level to micromole

per liter, multiply by 17.104.

The L-GrAFT risk score, as a dynamic assessment of the
graft over 10 days, demonstrated far superior discrimination
of post-LT graft failure compared with both the EAD defini-
tion and the MEAF score. Based on the binary definition, 30.4%
patients in our cohort were characterized as having EAD, with
a modest discrimination of 3-month graft failure (AUC, 0.68)
when comparing patients with EAD (17.5%) with patients with-
out EAD (4.6%). Conversely, the individualized calculation of
3-month graft failure along a continuum of L-GrAFT risk scores
(AUC, 0.85) allowed for significantly superior discrimination
of risk compared with both the EAD definition (AUC, 0.68) and
the MEAF score (AUC, 0.70), which itself was not superior to
the binary EAD categorization. In fact, despite the MEAF score
allowing for continuous grading of EAD severity and its exter-
nal validation in an independent cohort of LT recipients, the
authors of that study did not report the MEAF model’s accu-
racy, limiting any objective assessment of added utility when
it is compared with the EAD definition.

Another notable finding was that the magnitude of the as-
sociation between post-LT laboratory variables and graft fail-
ure did not remain constant over time, with the largest asso-

JAMA Surgery May 2018 Volume 153, Number 5

ciation seen early (at 3 months) and subsequently diminishing
with HRs universally approaching 1 after 12 months. This em-
pirical rejection of the proportional hazards assumption was
the primary reason we developed the L-GrAFT risk score as a
logistic regression of 3-month graft failure. Not surprisingly,
an examination of factors associated with higher L-GrAFT risk
scores identified recipient acuity measures (ie, higher MELD
scores, higher number of patients who underwent pretrans-
plant renal replacement therapy, and greater need for intuba-
tion and vasopressors), as well as donor characteristics (in-
creased age) and operative characteristics (higher CITs and
uPRBC transfusions), that have strongly been associated with
inferior graft outcomes. The well-established Survival Out-
comes Following Liver Transplantation® and Balanced As-
sessment of Risk scores,>? which model 3-month patient sur-
vival, have identified similar recipient, donor, and operative
characteristics, but both scores demonstrate modest model ac-
curacy (C statistic, 0.70) compared with the L-GrAFT risk score
(Cstatistic, 0.85). This finding perhaps is not unexpected given
that potentially unknowable pretransplant variables not in-
cluded in these models ultimately affect the early graft func-
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tion or transplant phenotype, which is more accurately char-
acterized by post-LT laboratory studies.

Limitations

This study has several limitations. The requirement for 10 days
of post-LT variables may be more cumbersome compared with
the requirement for other measures of EAD that rely on only 3
or 7 days of laboratory values; however, the significantly su-
perior accuracy of the L-GrAFT in determining 3-month graft
failure may justify the inclusion of more data points. In fact,
the evaluation of the L-GrAFT score using only 7 days of post-LT
variables nonetheless yielded a C statistic of 0.83, which is far
superior to that achieved by existing models. The actual L-
GrAFT score is mathematically complicated, but an online L-
GrAFT calculator allows transplant providers to simply enter
the post-LT laboratory values to obtain an estimated risk of
3-month graft failure without the need for complex calcula-
tions. Finally, although our L-GrAFT model showed excellent
accuracy in determining 3-month graft failure in a cohort of
high-acuity recipients in a transplant center in the western
United States, its results may not necessarily be generalizable
to transplant recipients in different practice environments. To

Original Investigation Research

this end, external validation of the L-GrAFT risk score is nec-
essary to establish its role as an important tool for grading early
allograft function across all transplant centers and practice en-
vironments.

. |
Conclusions

The L-GrAFT risk score model allows for highly accurate,
individualized risk estimation of 3-month graft failure fol-
lowing LT and is superior to the existing binary EAD classifi-
cation and MEAF score. External multicenter validation
may lead to the adoption of the L-GrAFT as a tool for deter-
mining the need for a retransplant and for establishing a
standardized grading system of early allograft function
across transplant centers. Finally, with innumerable transla-
tional studies aiming to improve the quality of marginal
grafts to expand the donor pool, or to modify recipient fac-
tors to mitigate ischemia-reperfusion injury, the L-GrAFT
score, as a highly accurate measure of early graft failure,
may serve as an excellent clinical end point by which to
measure and compare the efficacy of interventions.
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Invited Commentary

Determinants of Failure in Hepatic Transplant

Jorge D. Reyes, MD

One of the most enduring truisms in transplantation of all or-
gans was written by Starzl almost 60 years ago: “The provi-
sion of a viable and minimally damaged homograft is undoubt-

edly the most important
[ single factor in the determi-
nant of success.”* Presently,
there are far more patients in
need of transplant than there are organs available, and the use
of expanded criteria donors has become an important source
of organs for an ever-increasing acuity of patients. Conse-
quently, the specter of graft failure and the ability to assess and
predict outcomes to better intervene with management strat-
egies has become the frontier in transplantation.

In thisissue of JAMA Surgery, Agopian et al® present a study
using the Liver Graft Assessment Following Transplantation
(L-GrAFT) model, which proposes to individualize predic-
tion of graft failure after liver transplant (ie, need for retrans-
plantation or death) and is based on posttransplant labora-
tory variables most predictive of graft failure, which included
serum aspartate aminotransferase level, alanine aminotrans-
ferase level, total bilirubin level, international normalized ra-
tio, and platelet counts, as well as donor and recipient vari-
ables. The hazard ratios for time to graft failure for each
predictor (allowing for interactions) were plotted by time in-
terval of event, and model accuracy was evaluated using re-
ceiver operating characteristic analysis and area under the
curve (AUC) analysis, comparing them with the accuracy of the
early allograft dysfunction (EAD) and Model for Early Al-
lograft Function scores. Using Cox regression analysis, the L-
GrAFT model was derived by plotting the hazard rate ratios by
interval for 18 variables found to be most significant at 3
months; the final multivariate model evaluated the effective-
ness of these predictors on the development of graft failure
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within 3 months. A risk score was calculated as a weighted sum
of covariates, and then 5 risk groups for graft failure within 3
months were defined based on the risk score distribution from
very low risk to high risk. The C statistic for the L-GrAFT model
was internally validated on 200 bootstrapped samples taken
with replacement from the original data. The authors report
on 2008 liver transplant recipients over a study period from
February 2002 to June 2015; at a median follow-up of 36.8
months, there was an 11% incidence (210 recipients) of 3-month
graft failure, of whom 170 (81.0%) died and 40 (19.0%) re-
quired retransplant.? The predictive performance of the L-
GrAFT model was compared with reports of EAD and several
validation studies of EAD, including the Model for Early Al-
lograft Function score.>”

The authors affirm that the strengths of this model are the
analysis of the rate of change (slope) and trend as well as analy-
sis of the total exposure (AUC) rather than maximums, thus
reflecting a better graft assessment. The L-GrAFT model (AUC,
0.85) demonstrated superior discrimination than the EAD score
(AUC, 0.68) and the Model for Early Allograft Function score
(AUC, 0.70), which are binary assessments as opposed to in-
dividualized prediction along a continuum. The effect of re-
cipient and donor characteristics comparing the Survival Out-
comes Following Liver Transplantation score® and the Balanced
Assessment of Risk score® also seemed to have modest accu-
racy compared with the L-GrAFT model proposed by
Agopian et al.?

Although this is an interesting study, one major concern
is using an internal validation set where 200 bootstrapped
samples were used on data already seen by the model (in the
validation set, some samples can be used many times); con-
sequently, the C statistic of the model can be artificially high
because it has seen the data. A better C statistic would be to
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