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INTRODUCTION

Accurate prediction of outcomes for those awaiting liver trans-
plant (LT) is important, as it allows for equitable organ allocation 
based on the “sickest first” principle.1 The majority of deceased 
donor programs rely on the model for end-stage liver disease 

(MELD) score, which is calculated from serum bilirubin, creati-
nine, and international normalized ratio (INR), or variations of the 
formula such as MELD-Na (MELD corrected for serum sodium) 
to prioritize potential recipients at the highest risk of death.
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Background. Controversy exists regarding the best predictive model of liver transplant waiting list (WL) mortality. Models 
for end-stage liver disease–glomerular filtration rate assessment in liver disease (MELD-GRAIL) and MELD-GRAIL-Na were 
recently described to provide better prognostication, particularly in females. We evaluated the performance of these scores 
compared to MELD and MELD-Na. Methods. Consecutive patients with cirrhosis waitlisted for liver transplant from 
1998 to 2017 were examined in this single-center study. The primary outcome was 90-d WL mortality. MELD, MELD-Na, 
MELD-GRAIL, and MELD-GRAIL-Na at the time of WL registration were compared. Model discrimination was assessed 
with area under the receiver operating characteristic curves and Harrell’s C-index after fitting Cox models. Model calibration 
was examined with Grønnesby and Borgan’s modification of the Hosmer-Lemeshow formula and by comparing predicted/
observed outcomes across model strata. Results. The study population comprised 1108 patients with a median age of 
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ing characteristic curves for the primary outcome (MELD 0.89, MELD-Na 0.91, MELD-GRAIL 0.89, MELD-GRAIL-Na 0.89; 
all comparisons P > 0.05). Youden index cutoffs for 90-d mortality were as follows: MELD, 19; MELD-Na, 22; MELD-GRAIL, 
18; and MELD-GRAIL-Na, 17. Variables associated with 90-d mortality on multivariable Cox regression were sodium, biliru-
bin, creatinine, and international normalized ratio. There were no differences in model discrimination using Harrell’s C-index. 
All models were well calibrated; however, divergence between observed and predicted mortality was noted with scores ≥25. 
Conclusion. There were no demonstrable differences in discrimination or calibration of GRAIL-based models compared 
with MELD or MELD-Na in our cohort. This suggests that GRAIL-based models may not have meaningful improvements in 
discriminatory ability when applied to other settings.
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Although MELD-based models are the current standard of 
care for LT waiting list (WL) prioritization, inherent weak-
nesses are still present.1,2 Despite being associated with mor-
tality, serum creatinine is a poor measure of renal function 
in patients with cirrhosis, particularly in females and in the 
presence of sarcopenia.3 Indeed, the difference between esti-
mated glomerular filtration rate (eGFR) calculated with the 
Modification of Diet for Renal Disease (MDRD) formula 
and the true GFR measured by radionuclide studies has been 
shown to be >20 mL/min/1.73 m2 in approximately 50% of 
patients with cirrhosis.3 As a result, the predictive capacity of 
MELD or MELD-Na is poorer at higher scores where correct 
organ allocation is of greatest consequence.2 Furthermore, 
these scores were developed over a decade ago on populations 
not reflective of current LT WLs, which consist of patients 
with higher MELD scores, older age, more comorbidity, and 
different liver disease etiologies.4-7

Recently, the Glomerular Filtration Rate Assessment in 
Liver Disease (GRAIL) model was generated using serum cre-
atinine, blood urea nitrogen, age, sex, race, and albumin to 
estimate GFR based on timing of measurement relative to LT 
and degree of renal dysfunction. It was found to have less bias 
and to be more accurate in predicting true GFR, compared 
with Chronic Kidney Disease Epidemiology Collaboration 
(CKD-EPI), MDRD-4, and MDRD-6 at time points before 
and after LT.8 The MELD-GRAIL and MELD-GRAIL-Na 
(MELD-GRAIL corrected for serum sodium) scores sub-
stituted GRAIL measurement for eGFR and were shown to 
improve prediction of WL mortality4; however, these scores 
have not been validated outside of the United States.

These scores were derived from a large national data set, 
and how these scores perform at an individual LT unit setting 
has not yet been quantified. We therefore aimed to evaluate 
the optimal model (MELD-GRAIL, MELD-GRAIL-Na, or 
MELD-Na) for predicting WL mortality in an Australian LT 
center.

MATERIALS AND METHODS

Patients
We performed a retrospective cohort study at a single state 

wide LT center. All adult patients (over 18 y of age) who 
were registered on the LT WL at our center for the indica-
tion of decompensated cirrhosis and/or hepatocellular carci-
noma (HCC) from January 1, 1998, to January 1, 2018, were 
included. Patients were excluded if they did not have cirrhosis, 
were listed for acute or subacute liver failure or under MELD 
exception criteria, had a prior LT, or required additional kid-
ney or another organ transplant. The study was conducted 
according to the Declaration of Helsinki and was approved 
by the Sydney Local Health District Human Ethics Research 
Committee with a waiver of informed consent (X19-0213 and 
2019/ETH11680). No organs from executed prisoners were 
used.

Liver organ allocation in Australia is state based. The 
Australian National Liver Transplant Unit services the state 
of New South Wales and the Australian Capital Territory and 
performs approximately 80 to 90 adult LTs annually. WL pri-
ority is primarily determined by MELD score, with MELD-Na 
and the clinical consensus of the LT team used to discriminate 
patients with similar MELD scores. HCC does not attract 
MELD exception points. Instead, patients are prioritized on a 

case-by-case basis at weekly consensus WL meetings based on 
the risk of delisting due to tumor progression or clinical dete-
rioration. Since February 2016, a “Share 35” policy has been 
implemented, where patients with MELD score ≥35 are given 
similar priority as United Network for Organ Sharing status 
2A patients and may access organs from any organ allocation 
jurisdiction across Australia and New Zealand.9,10

Data
Data were extracted from a prospectively maintained LT 

database and corroborated with electronic and paper medi-
cal records. Demographic data, laboratory values, and clini-
cal examination findings from the time of first registration on 
the LT WL were collected. Outcome data included reason and 
date for delisting, mortality, or transplantation. Patients were 
delisted if they had clinical improvement, clinical deteriora-
tion beyond medical suitability for LT (including HCC tumor 
progression), psychosocial factors deeming them unsuitable 
for LT, and/or transfer to another LT center.

Statistical Analysis
The primary outcome was death at 90 d after WL registra-

tion. The secondary outcomes were death at 30 d and at 1 y 
after waitlisting. Patients were censored if they underwent LT 
before 90 d for the primary outcome analysis or before 30 d 
or 1 y for the secondary outcome analyses. Death within 30 
d of delisting due to clinical deterioration was classified as 
mortality at the time of delisting.

Data were expressed as numbers and percentages, means 
with SD, or medians with interquartile range (IQR) as appro-
priate. Proportions were expressed as counts with percent-
ages. Baseline group comparisons between survivors and 
nonsurvivors were performed using Fisher exact and chi-
square tests for proportions, Student t tests for parametric 
data, and Wilcoxon rank sum tests otherwise. The follow-
ing scores were calculated at WL registration as previously 
described: MELD,11 MELD-Na,12 MELD-GRAIL, and 
MELD-GRAIL-Na.2 Simultaneous calculations for MDRD-4, 
MDRD-6, and CKD-EPI equations were also made.13,14

Model discrimination for the primary and secondary out-
comes was assessed. Discrimination is the ability of a model 
to correctly identify patients with different outcomes, for 
example, death or survival. We initially assessed discrimi-
nation using areas under the receiver operating characteris-
tic curves (AUROCs), which measure the performance of a 
binary outcome (death versus alive). Hence, patients who 
were transplanted before outcome of interest were excluded 
from this part of the analysis. Model AUROCs were then each 
compared to MELD using the DeLong method. The Youden 
index was calculated for each model to determine the opti-
mal cutoff for the outcomes of interest. Using these cutoffs, 
the sensitivity, specificity, and  positive and negative predic-
tive values (NPV) for each score were calculated for primary 
and secondary outcomes. Survival analysis was then per-
formed to include patients who had been transplanted before 
the outcome of interest (ie, the entire cohort including those 
who were excluded from the AUROC analysis). Variables 
associated with the primary outcome were identified with 
a multivariable Cox proportional hazards model that was 
constructed using stepwise forward selection and backward 
elimination of variables with P < 0.10 on univariable analysis. 
Cox models were then fitted for each of MELD, MELD-Na, 
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MELD-GRAIL, and MELD-GRAIL-Na and expressed as haz-
ard ratios (HRs) with 95% confidence intervals (95% CIs). 
Model discrimination was then compared using Harrell’s con-
cordance statistic (C-index), which accounts for the survival 
time of those transplanted before 90 d.

Calibration, or goodness-of-fit, is a measure of how closely 
the predicted outcomes of a model compare with observed out-
comes. We assessed calibration by comparing Kaplan-Meier 
mortality estimates (observed) with predicted Cox regression 
mortality across deciles of risk. We used a modification of the 
Hosmer-Lemeshow formula as described by Grønnesby and 
Borgan,15 with 9 df to assess differences between observed 
and predicted values (where P >  0.05 indicates a good fit). 
Additionally, we plotted observed and expected values over 
predefined MELD strata (6–14, 15–19, 20–24, 25–29, 30–34, 
35–40) to visually assess calibration. Analyses were repeated 
in 3 subgroups: exclusively in females, patients without HCC, 
and those with a low eGFR (CKD-EPI <90 mL/min/1.73m2). 
A threshold of P < 0.05 was considered statistically signifi-
cant. All statistical analyses were performed using Stata, ver-
sion 16.1 (StataCorp, TX).

RESULTS

Baseline Characteristics
Over the study period, 1108 patients were waitlisted with 

baseline characteristics and outcomes summarized in Tables 1 
and 2, respectively. Median age was 53.5 y (IQR 48–59), and 
there was a male predominance of 74.9%. The predominant 
primary etiologies for cirrhosis were hepatitis C virus (HCV, 

42.9%), alcohol-associated (17.0%), and hepatitis B virus 
(10.6%). HCC was present in 410 patients (37.0%). Median 
days on the WL were 143 (IQR 49–315), during which 853 
patients (77.0%) underwent LT, 176 (15.9%) died, and 79 
(7.1%) were delisted (Table 2). Baseline comparisons between 
survivors and nonsurvivors at 90 d are presented in Table S1 
ISDC, http://links.lww.com/TXD/A432). The number of 
transplant listings over the years of the study period is pre-
sented in Figure S1 (SDC, http://links.lww.com/TXD/A432).

Model Discrimination

AUROCs
The AUROCs of all models in predicting the primary out-

come approached or exceeded 0.90, indicating excellent per-
formance (Table 3). Using the DeLong method, there was no 
difference between the AUROC of MELD when compared 
with any other model (P > 0.05 for all comparisons). The opti-
mal cutoff score to predict death at 90 d was 19 for MELD, 
22 for MELD-Na, 18 for MELD-GRAIL, and 17 for MELD-
GRAIL-Na. Using these cutoffs, MELD-Na had the highest 
sensitivity (0.83), and MELD, MELD-GRAIL, and MELD-
GRAIL-Na were the most specific (0.85) for death at 90 d. All 
models had an NPV of over 97% using the aforementioned 
cutoffs.

In terms of secondary outcomes, the performance of all 
models was excellent for predicting death at 30 d; however, 
performance was lower for death at 1 y with AUROCs rang-
ing from 0.80 to 0.81 (Table 3). There was no difference in 
AUROC between MELD in comparison with other models 
for either secondary outcome. Optimal cutoff score values 
were higher for death at 30 d than at 90 d. Using these cut-
offs, all scores had an NPV of over 99% for death at 30 d. For TABLE 1.

Baseline characteristics of patients at registration on the 
liver transplant waiting list

Demographics

Median age, y (IQR) 53.5 (48–59.0)
Female, (%) 278 (25.1)
Caucasian, (%) 818 (73.8)
Primary indication for liver transplant, n (%)
HCV 475 (42.9)
ALD 188 (17.0)
HBV 118 (10.6)
NASH 88 (7.9)
PSC 87 (7.9)
PBC 49 (4.4)
Additionally with HCC 410 (37.0)
Laboratory values, mean (±SD)
Albumin (g/L) 32.9 (±6.9)
Bilirubin (mg/dL) 6.2 (±8.5)
Creatinine (mg/dL) 0.9 (±0.5)
Urea (mmol/L) 7.2 (±6.1)
INR 1.7 (±0.6)
Sodium (mmol/L) 136.2 (±5.2)
Prognostic scores, median (IQR)
MELD 16.4 (12.4–20.6)
MELD-Na 18.0 (12.7–23.4)
MELD-GRAIL 14.9 (11.4–19.3)
MELD-GRAIL-Na 13.8 (10.4–18.0)

ALD, alcohol-associated liver disease; GRAIL, GFR assessment in liver disease; HBV, hepatitis B 
virus; HCC, hepatocellular carcinoma; HCV, hepatitis C virus; INR, international normalized ratio; 
IQR, interquartile range; MELD, model for end-stage liver disease; NASH, nonalcoholic steato-
hepatitis; PBC, primary biliary cholangitis; PSC, primary sclerosing cholangitis.

TABLE 2.

Outcomes of patients on the liver transplant waiting list

Primary outcome

Outcome at 90 d, n (%)
On transplant waitlist 694 (62.6)
Died 66 (6.0)
Transplanted 336 (30.3)
Delisted 12 (1.1)
Secondary outcomes
Outcome at 30 d, n (%)
On transplant waitlist 913 (82.4)
Died 41 (3.7)
Transplanted 153 (13.8)
Delisted 1 (0.1)
Outcome at 1 y, n (%)
On transplant waitlist 228 (20.6)
Died 140 (12.6)
Transplanted 687 (62.0)
Delisted 53 (4.8)
Outcome at last follow-up
Time on waitlist, median days (IQR) 143 (49–315)
Time to death, median days (IQR) 96.5 (25–220)
Time to death or disease progression, median days (IQR) 143 (42–287)
Died, n (%) 176 (15.9)
Delisted, n (%) 79 (7.1)
Transplanted, n (%) 853 (77.0)

IQR, interquartile range.
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death at 1 y, optimal score cutoffs were lower than those for 
the primary outcome.

Table S2 (SDC, http://links.lww.com/TXD/A432), demon-
strates model performance for the primary outcome in each 
of the subgroups. There was no difference in AUROC between 
MELD and any other score in each of the subgroup analyses. 
Notably, AUROCs for females were lower, although the opti-
mal cutoffs to predict death at 90 d were similar compared 
with the overall cohort (20 for MELD, 22 for MELD-Na, 18 
for MELD-GRAIL, and 17 for MELD-GRAIL-Na).

Survival Analysis
The results of univariable and multivariable Cox regression 

are summarized in Table 4. Baseline predictors of death at 90 d 
on univariable Cox regression were bilirubin, creatinine, INR, 
sodium and urea. Of note, albumin, sex, and age were not 
associated with the primary outcome. On multivariable analy-
sis, a model (model 1) containing bilirubin (HR 1.06, 95% CI 
1.04-1.08), creatinine (HR 1.59, 95% CI 1.09-2.32), INR (HR 

1.74, 95% CI 1.32-2.29), and sodium (HR 0.93, 95% CI 0.89-
0.96) best predicted the primary outcome (Table  4). Model 
discrimination using Harrell’s C-index found no appreciable 
difference in the between existing models or model 1 (Table 5).

All calculated eGFR formulae were predictive of 90-d 
mortality on univariable Cox regression (Table S3, SDC, 
http://links.lww.com/TXD/A432). Substituting creatinine for 
MDRD-6 and GRAIL remained significant on multivariable 
analysis; however, other measures of eGFR were not (Table 
S4, SDC, http://links.lww.com/TXD/A432).

In the subgroups of patients with low eGFR (defined by 
CKD-EPI eGFR <90 mL/min/1.73 m²) and without HCC, 
there was no change in the variables associated with mortality 
up to 90 d on univariable Cox regressions. In females, sodium 
was the only additional variable not associated with mortal-
ity at 90 d (Table S5, SDC, http://links.lww.com/TXD/A432). 
Bilirubin, INR, and sodium were still associated with mortal-
ity for most subgroups on multivariable Cox regression; how-
ever, INR was not associated with mortality in the subgroup 

TABLE 3.

AUROC comparison of models to predict primary and secondary outcomes

Primary outcome

Death at 90 d (n = 762)

Score AUROC 95% CI P a Optimal cutoff (Youden index) Sensitivity Specificity PPV (%) NPV (%)

MELD 0.89 0.85-0.93 — 19 0.80 0.85 34.0 97.8
MELD-Na 0.91 0.87-0.94 0.28 22 0.83 0.84 32.4 98.1
MELD-GRAIL 0.89 0.85-0.93 0.83 18 0.82 0.85 32.7 98.0
MELD-GRAIL-Na 0.89 0.85-0.93 0.81 17 0.82 0.85 32.9 98.0
Secondary outcomes
Death at 30 d (n = 951)
MELD 0.90 0.84-0.95 — 20 0.87 0.80 15.2 99.3
MELD-Na 0.92 0.88-0.96 0.22 25 0.84 0.89 24.6 99.3
MELD-GRAIL 0.91 0.85-0.96 0.28 21 0.82 0.88 20.7 99.1
MELD-GRAIL-Na 0.91 0.85-0.96 0.30 19 0.82 0.88 20.5 99.1
Death at 1 y (n = 361)
MELD 0.80 0.75-0.85 — 17 0.69 0.77 63.2 81.6
MELD-Na 0.81 0.76-0.86 0.15 18 0.72 0.77 63.5 82.6
MELD-GRAIL 0.81 0.76-0.85 0.16 17 0.60 0.88 72.2 79.1
MELD-GRAIL-Na 0.81 0.76-0.85 0.16 14 0.69 0.79 64.3 81.5

aComparison with MELD AUROC using the DeLong method. 
AUROC, area under the receiver operating characteristic curve; CI, confidence interval; GRAIL, GFR assessment in liver disease; MELD, model for end-stage liver disease; NPV, negative predictive 
value; PPV, positive predictive value.

TABLE 4.

Cox regression for predictors of death at 90 d

 Univariable Multivariable

Variable  HR 95% CI P  HR 95% CI P

Age (per year increase) 1.00 0.97-1.03 0.90    
Etiology 0.93 0.81-1.05 0.23    
Male sex 0.86 0.48-1.53 0.69    
Creatinine (mg/dL) 3.01 2.31-3.92  <0.01 1.586 1.085-2.317       0.017
Bilirubin (mg/dL) 1.08 1.06-1.09 <0.01 1.060 1.043-1.077 <0.001
INR 2.48 2.04-3.02 <0.01 1.741 1.324-2.290 <0.001
Sodium (mmol/L) 0.88 0.84-0.92 <0.01 0.925 0.889-0.963 <0.001
Urea (mmol/L) 1.09 1.07-1.10 <0.01    
Albumin (g/L) 0.97 0.94-1.01 0.13    

CI, confidence interval; HR, hazard ratio; INR, international normalized ratio.

http://links.lww.com/TXD/A432
http://links.lww.com/TXD/A432
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of a low eGFR, creatinine was not associated with mortal-
ity in those without HCC, and both creatinine and sodium 
were not associated with mortality in females (Table S5, SDC, 
http://links.lww.com/TXD/A432).

Model Calibration
All scores were well calibrated according to the Grønnesby 

and Borgan chi-square test (P > 0.05 for all), excluding model 
1 (P = 0.002). Despite this, calibration risk deciles were dif-
ferent between scores (Figure S2, SDC, http://links.lww.com/
TXD/A432).

Visual assessment of predicted versus observed survival 
(Figure 1) revealed that all models were accurate in predicting 

mortality at lower scores. Divergence between predicted and 
observed mortality curves at scores above 25 was noted for 
MELD, MELD-GRAIL, and MELD-GRAIL-Na; however, 
this only occurred at scores above 30 for MELD-Na, suggest-
ing better calibration (Figure 1). Expected and observed mor-
talities for all models were divergent at a score of 35 to 40 
because of lower numbers of patients in this range and the 
high rate of transplantation within 90 d.

DISCUSSION

In our cohort of 1108 patients listed for LT, we found 
no significant difference between MELD-GRAIL, MELD-
GRAIL-Na, and MELD-Na compared with MELD in predict-
ing 90-d WL mortality. Moreover, there were no differences 
between models in predicting 30-d or 1-y mortality or in the 
subgroups of women, of  low eGFR, or excluding HCC. All 
models performed well with excellent discrimination and cali-
bration. Furthermore, we identified pragmatic cutoffs for each 
model to stratify those at high and low risk of death within 
30 and 90 d. To our knowledge, this is the first external vali-
dation study of the discrimination and calibration of MELD-
GRAIL and MELD-GRAIL-Na.

Our findings contrast with data from Asrani et al,2 who used 
a large Scientific Registry of Transplant Recipients cohort of 
over 17 000 patients from 2014 to 2015 to demonstrate that 
MELD-GRAIL-Na had better discrimination than MELD 

TABLE 5.

Model discrimination

Model HR (95% (CI) Harrell’s C-index 95% CI P a

MELD 1.19 (1.16-1.23) 0.86 0.82-0.90 —
MELD-Na 1.23 (1.18-1.27) 0.88 0.84-0.92 0.20
MELD-GRAIL 1.24 (1.20-1.28) 0.86 0.82-0.91 0.82
MELD-GRAIL-Na 1.24 (1.20-1.29) 0.86 0.82-0.91 0.79
Model 1 1.21 (1.-15-1.28) 0.86 0.81-0.91 0.81

aHarrell’s C-index pairwise comparisons to MELD, P > 0.05 for all other pairwise comparisons 
between models.
CI, confidence interval; GRAIL, GFR assessment in liver disease; HR, hazard ratio; MELD, model 
for end-stage liver disease.

FIGURE 1. Predicted and observed survival for model (A) MELD, (B) MELD-Na, (C) MELD-GRAIL, and (D) MELD-GRAIL-Na.  GRAIL, GFR 
assessment in liver disease; MELD, model for end-stage liver disease.



6 Transplantation DIRECT   ■   2022 www.transplantationdirect.com

and MELD-Na for 90-d WL overall mortality (C-index 0.83 
versus 0.82 versus 0.81, respectively, P < 0.001). This was 
also consistent for the subsets of sicker patients (defined as 
MELD ≥30) and females; however, important distinctions 
exist between study cohorts beyond the inherent differences 
of international registry data from another healthcare system. 
The Asrani et al cohort had a larger proportion of females 
(37.8% versus 25.1% in our cohort) and disparate propor-
tions of etiologies of cirrhosis (eg, for HCV: 18.3%, versus 
42.9% in our cohort). Despite this, we did not find any differ-
ences in the performance of any model in females and did not 
find etiology to be predictive of mortality on Cox regression 
in our cohort. Mortality in our cohort was higher than that 
of Asrani et al (6.8% versus 4.3%). Of note, the cohorts had 
similar ethnic diversity (73.8% versus 70.5% Caucasian), a 
similar median age (53.5 versus 57 y), and a similar median 
MELD score (16.4 versus 17). Additionally, Asrani et al used 
the primary outcome of WL mortality or delisting within 3 
mo of listing, compared with our more robust primary end-
point of mortality that also included those who died within 30 
d of delisting; however, when we used the primary outcome 
of  Asrani et al in our cohort, there remained no difference 
between any models at 30 d, 90 d, or 1 y (data not presented). 
Recently, Woods et al assessed gender-based differences in 
mortality prediction scores including GRAIL in a larger 
cohort from the Scientific Registry of Transplant Recipients; 
however, they did not specifically address discrimination 
or calibration.16

Our study cohort spans from January 1998 to July 2019. 
During this period, there have been some significant changes 
in LT WL management in Australia. The cohort studied by 
Asrani et al coincides with the period when interferon-free 
direct-acting antiviral (DAA) regimens for HCV were emerg-
ing in the United States.17 Universal access to DAAs in 
Australia began on March 31, 2016, and before this, com-
passionate access began from 2014 for those with MELD 
≥15. Hence, our cohort includes WL registrants both before 
and after access to DAA therapy. Furthermore a “Share 35” 
policy was initiated in the United States in June 201318 and 
in Australia in  February 2016.10,19 The implementation of 
the “Share 35” policy in our center has enabled patients with 
MELD score ≥35 to be nationally prioritized for organs across 
Australia in New Zealand, which has reduced WL mortal-
ity11,20; however, from February 2016 to the end of 2018, only 
55 patients had received LT in Australia under this policy.19

We found that MELD, MELD-Na, MELD-GRAIL, and 
MELD-GRAIL-Na scores of 19, 22, 18, and 17, respectively, 
optimally stratified patients in to high- and low-risk groups of 
death within 90 d. Specifically, scores below these cutoffs had 
an NPV of 97% or greater for 90-d mortality. The cutoffs for 
MELD and MELD-Na scores are consistent with prior stud-
ies.20,21 Similarly, score cutoffs below MELD 20, MELD-Na 
25, MELD-GRAIL 21, and MELD-GRAIL-Na 19 had a 99% 
NPV for death at 30 d. These cutoffs could be used to stratify 
patients for further prioritization on the WL, and those poten-
tially could wait longer than 90 d, provided the appropriate 
cutoff is used for the correct model.

We demonstrated that bilirubin, creatinine, INR, and 
sodium are associated with WL mortality, which is consist-
ent with prior studies.4,22-27 The additive effect of sodium with 
regard to mortality is consistent with other analyses, includ-
ing a recent analysis of the Eurotransplant registry.28 Indeed, 

MELD-Na appeared to be better calibrated in our cohort at 
scores above 25 than in other models on visual inspection 
of observed and predicted survival. Age has been proposed 
as a risk factor21,23 but has not consistently been shown22,24 
to be predictive of mortality. Similarly, female sex has been 
associated with an underestimation of mortality by MELD 
score, but the magnitude of this association is inconsistent.29,30 
Albumin has not been shown to be consistently predictive of 
WL mortality.31,32 MELD-GRAIL and MELD-GRAIL-Na 
scores use urea and albumin in the formula. In our cohort, 
urea was significant only on univariable Cox regression but 
was not independently associated with mortality on multi-
variable analysis. Conversely, albumin was not associated 
with mortality on univariable or multivariable Cox regres-
sion. Therefore, the fact that MELD-GRAIL and MELD-
GRAIL-Na scores did not improve the predictive capacity for 
mortality may be due to the limited predictive capacity of urea 
and albumin in our cohort.

We suspect that, as the GRAIL-based models were 
derived in a large registry, these models may indeed be over-
fitted or at least not have meaningful improvements in dis-
criminatory ability when applied to other settings. This is 
suggested by the aforementioned numerically small but sta-
tistically significant differences in Harrell’s C-index in the 
Asrani et al study. Furthermore, although the overall cali-
bration of all models was good, the GRAIL-based models 
appeared to align less with Kaplan-Meier observed survival 
at higher scores (≥25). We therefore suggest that the addi-
tional complexity of the GRAIL-based models does not add 
any additional specific prognostic value compared with that 
of MELD or MELD-Na in our setting. This has implications 
for the applicability of the GRAIL-based models in nonna-
tional organ allocation systems or in smaller organ sharing 
networks than United Network for Organ Sharing. Indeed, 
we would suggest that prognostic models derived from large 
registries undergo external validation before being applied 
in other settings.

This study has several strengths. We used data from well-
characterized patients listed over 20 y from a large volume 
single LT center. The cohort reflects contemporaneous trends 
in LT and WL management over this period, and therefore, 
our findings may be more generalizable to similar settings. 
Data were extracted from a robust database33 that is subject 
to quality audits by dedicated data managers, with no miss-
ing data from the 1108 patients included in this study. Data 
from a single LT center also remove center-level variation in 
practices and waitlist mortality, which has been shown to 
influence outcomes in candidates with the same biological 
MELD.34 Furthermore, we used thorough statistical methods 
to comparatively assess both the discrimination and cali-
bration of models in the overall cohort and in specific sub-
groups. Additionally, we identified model cutoffs to stratify 
those at higher risk of death. We found that variables associ-
ated with mortality in our cohort did not deviate from the 
literature.

However, our study has some limitations. First, as a single-
center study, our cohort was smaller than the initial MELD-
GRAIL cohort, which poses the question of type II error, and 
may suggest the study was underpowered to detect a differ-
ence. Nonetheless, with >1108 patients over 20 y, this still 
indicates either that there is no difference between the scores 
in our context or that the difference is so small that the benefit 
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is negligible from the point of view of a single-center alloca-
tion. Furthermore, our multivariate Cox model did not sug-
gest an independent risk associated with the additional factors 
included in MELD-GRAIL derivation (albumin and urea). As 
such, though it would be of interest to validate these findings 
in a multicenter study, we still feel this suggests that MELD-
GRAIL and MELD-GRAIL-Na need further validation and 
possibly calibration before they are adopted internationally, 
as do further models such as MELD 3.0.35 Second, because 
our cohort was predominantly male and of Caucasian ethnic-
ity, this limits the findings to other centers with distinct demo-
graphics and particularly the analysis of mortality in females 
and non-Caucasian ethnicities. Third, we did not attempt to 
derive our own calibrated predictive model because of the 
lack of unique variables associated with mortality on Cox 
regression and the lack of difference in performance between 
the existing models. Furthermore, we did not analyze the per-
formance of models over time, as all models had excellent dis-
crimination and calibration in the overall cohort, and because 
of the low numbers of patients with MELD score ≥35, we 
did not analyze this group as a subset. Of note, we did not 
attempt to account for informative censoring in our setting, 
which is in line with the MELD-GRAIL study and further 
risk-based scoring analyses.3,35

We comprehensively investigated the performance of 
MELD-GRAIL, MELD-GRAIL-Na, MELD-Na, and MELD 
scores and found that all models had excellent discrimination 
and calibration for predicting 90-d WL mortality. We found 
that there was no difference in the performance of these scores 
compared with MELD. Furthermore, there were no differences 
seen in subgroup analyses of women, those without HCC, 
and patients with low eGFR. The calculation of GRAIL-based 
models did not provide any additional prognostic benefit over 
MELD or MELD-Na in our setting. We suggest that prognos-
tic models derived from large registries should be externally 
validated to demonstrate superior discrimination and calibra-
tion to the standard of care before being routinely adopted in 
other settings.
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