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ABSTRACT 

Background: The model for end-stage liver disease (MELD) has been established as a reliable indicator of 

short-term survival in patients with end-stage liver disease.  The current version (MELDNa), consisting of 

INR and serum bilirubin, creatinine, and sodium, has been used to determine organ allocation priorities 

for liver transplantation in the United States (US).  The objective was to optimize MELD further by taking 

into account additional variables and updating coefficients with contemporary data.   

Methods: All candidates registered on the liver transplant waitlist in the US national registry from Jan 

2016 – Dec 2018 were included. Uni- and multivariable Cox models were developed to predict survival 

up to 90 days after waitlist registration. Model fit was tested using the concordance statistic and 

reclassification, and the liver simulated allocation model (LSAM) was used to estimate the impact of 

replacing MELDNa with the new model.  

Results: The final multivariable model was characterized by (1) additional variables of female sex and 

serum albumin, (2) interactions between bilirubin and sodium and between albumin and creatinine, and 

(3) an upper bound for creatinine at 3.0mg/dL. The final model (MELD 3.0, henceforth), had better 

discrimination than MELDNa (concordance statistic 0.869 versus 0.862, p<0.01).  Importantly, MELD 3.0 

correctly reclassified a net of 8.8% of decedents to a higher MELD tier, affording them a meaningfully 

higher chance of transplant, particularly in women. In the LSAM analysis, MELD 3.0 resulted in fewer 

waitlist deaths compared to MELDNa (7,788 versus 7,850, p=0.02).  

Conclusion: MELD 3.0 affords more accurate mortality prediction in general than MELDNa and addresses 

determinants of waitlist outcomes including the sex disparity. 

 

Keywords: End-stage liver disease, waitlist mortality, outcome prediction 
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Background 

Since its original description, the Model for End-Stage Liver Disease (MELD) has proven to be a 

reliable predictor of short-term survival in patients with end-stage liver disease.1  The current version of 

the MELD score, commonly referred to as MELDNa, incorporates serum concentrations of total bilirubin, 

creatinine and sodium, and the international normalized ratio (INR) of prothrombin time.  MELDNa has 

been utilized to determine priorities for allocation of livers for transplant in the US since 2016.2   

More recently, questions have been raised whether the accuracy of prediction of mortality by MELD 

may have decreased.3  There may be a number of potential reasons for the concern, ranging from 

changes in liver disease epidemiology and development of therapies that alter disease prognosis to 

changes in the distribution of MELD scores and increasing age and comorbidity in patients awaiting 

transplant.  In addition, there has been a growing concern that women are disadvantaged in the current 

system for a number of reasons, including serum creatinine overestimating renal function in women and 

thus underestimating their risk of mortality.4 

Even before these observations were reported, many attempts have been made to improve MELD.  

A common approach is to incorporate additional variables.  An important historical perspective is that a 

large part of the acceptance of MELD was the lack of variables that could be subjectively interpreted.  

Thus, while the Child-Turcotte-Pugh (CTP) score has proven to be a highly useful clinical tool to assess 

severity of hepatic decompensation, the advantage of MELD is that the data elements are verifiable and 

auditable for policy implementation.5  A relevant, recent example may be sarcopenia and frailty, which 

have been consistently associated with poor prognosis in patients with many chronic illnesses including 

end-stage liver disease.6  Similar to ascites and encephalopathy, however, these variables are not as 

objectively verifiable as laboratory data, making them difficult to be included for the purpose of 

allocation.   
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In this work, we set out to investigate whether the fit of the MELD score could be further optimized 

by considering alternate coefficients or by including additional variables in predicting short term 

mortality in the modern era.  Some of the principles that guided our work included (1) consideration of 

biomedical insight in addition to statistical significance in determining model parameters, and (2) 

incorporation of objective, generalizable and easily verifiable variables. Under the current urgency-

based liver allocation policy in the United States, the role of the MELD score is to inform the organ 

allocation system of the biological predictors of mortality, independent of the transplant policy and 

practices that could also affect waitlist outcome, such as donor-recipient size matching, geography, or 

healthcare access to transplant. 

 

Methods 

Patients and Data Elements 

The main portion of this analysis was performed on the OPTN Standard Transplant Analysis and 

Research (STAR) files with data curated as of 03/15/2019.  For the purpose of the analysis, the OPTN 

data, consisting of liver transplant candidates waitlisted in the United States, represent the population 

to which the results are directly applicable.  Out of the data set, we created a cohort of liver transplant 

candidates newly waitlisted between 01/15/2016 and 12/31/2018.  The primary inclusion criteria for the 

analysis were (1) adults aged 18 years or older (2) registered for primary liver transplant with (3) end-

stage liver disease.  Patients listed for (1) multi-organ transplant, other than simultaneous liver-kidney 

transplant, those with (2) history of previous liver transplant, and those with (3) exception points at the 

time of registration, were excluded. These inclusion and exclusion criteria were consistent with prior 

iterations of the MELD score. 

 The cohort was then randomly divided in a 70:30 ratio into model development and validation data 

sets.  A wide array of variables was extracted as potential predictors of waitlist survival, including 

Jo
urn

al 
Pre-

pro
of



 

 
 

 
 
 

7 

demographic information, components of MELD and CTP scores, and additional laboratory parameters.  

In the selection of the variables, the same principle was used as in the original MELD score that the 

variables must be measurable in an objective fashion and generalizable.  As such, ascites and 

encephalopathy were excluded from the model development. Age, sex, race, serum sodium, creatinine, 

INR, bilirubin, albumin, and height were considered for inclusion in the model. Estimated GFR (eGFR), as 

a better measure of renal function, was not considered, since the most common estimating equations, 

MDRD-4 and CKD-EPI, include race in addition to sex and serum creatinine.  While the latter two 

variables are already in the mix, the inclusion of race could be problematic — given the same serum 

creatinine, the estimated GFR in a black patient would be calculated to be higher, potentially 

underestimating the risk of death and magnifying racial inequity in access to liver transplantation.7,8 A 

non-race based measure such as cystatin C would be preferable but is not widely available.  

Given the prior literature on the potential impact of height on the probability of transplant and 

waitlist mortality, we conducted an exploratory analysis considering height and sex as potentially 

confounding variables. The overall result was that sex and height were collinear, which makes a model 

containing both terms suboptimal and the coefficients unreliable.  Among women < 175 cm, there was a 

higher risk of waitlist mortality that decreased linearly with increasing height — whereas among men, 

height had no effect (Supplementary Figure 1). In considering multivariable models with separate terms 

for height in both men and women, we determined that the effect of sex was larger and more 

consistent than that of height. With or without height in the model, the other variables remained 

remarkably consistent in terms of coefficients and statistical significance.  Thus, sex was selected over 

height for inclusion in the final model (Supplementary Table 1). 

For calculation of MELD and MELDNa, the following standard formulas were used as previously 

described: 
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MELD  = 9.57 x loge(creatinine) + 3.78 x loge(bilirubin) + 11.20 x loge(INR) + 6.43,  

where creatinine (mg/dL), bilirubin (mg/dL) and INR values below 1.0 were set to 1.0 and creatinine 

values to 4.0 mg/dL if serum creatinine was ≥4 mg/dL or the patient received 2 or more dialysis 

treatments within the prior week.1,9  The resulting score was rounded to the nearest whole number to 

yield the MELD score. 

 

MELDNa = MELD + 1.32*(137-Na) – [0.033*MELD*(137-Na)], where the serum sodium concentration 

(Na) is bound between 125 and 137 mmol/L, as defined by the OPTN.9  The resulting score was rounded 

to the nearest whole number to yield the MELDNa score.  For the purpose of organ allocation in the US, 

MELDNa is applied only if MELD is greater than 11. 

 

Data Analysis 

The main outcome variable in our time-to-event analysis was survival up to 90 days from the time of 

waitlist registration, a time frame used in prior work to develop and validate MELD and MELDNa.    

Waitlist mortality was defined as removal from the waitlist for death or being too sick.  Surviving 

patients were censored at (1) 90 days from waitlist registration, (2) waitlist removal for transplant or 

another reason than death or being too sick to transplant, (3) receipt of exception points for any reason, 

or (4) December 31, 2018, whichever occurred first.  This setup was similar to prior iterations of the 

MELD score. Survival was estimated using Kaplan-Meier methods. The Kaplan-Meier estimate and Cox 

proportional hazards model consider survival probability without transplant, which is appropriate in the 

context of developing a score to rank patients based on their mortality risk.  By contrast, a competing 

risk analysis, which treats liver transplantation as a competing event, would be relevant to analyze the 

survival probability in the presence of a transplant system, e.g. to investigate waitlist disparities or 

effects of organ allocation policy. 
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The initial approach was to evaluate individual variables that are associated with 90-day mortality by 

the univariate proportional hazard (Cox) regression analysis.  For laboratory variables found to be 

predictive of survival, a generalized additive model form of the Cox model was applied, which describes 

the relation between each variable and risk of death in a flexible shape via a smoothing spline.10 

Goodness of fit for each variable with and without logarithmic transformation was compared using 

partial likelihood ratio tests.   The resulting fit was assessed both visually and with formal tests for 

linearity and/or significance. These models were executed in a multivariable fashion — in determining 

the effect of one variable, all other variables in the model were considered simultaneously.  Thus, the 

relationship between the first variable and mortality can be identified as independent of the effects of 

the other variables.   

Using the smoothing splines, we examined the extent to which the relationship between each 

variable and the risk of death is linear and whether setting lower and upper bounds — the limits beyond 

which linearity of the relationship breaks down — would improve the fit.10  This was accomplished first 

by visual inspection, followed by formal testing for the non-linearity at the putative lower or upper 

bounds.  The presence/absence of the bounds and the cutoff values for each variable were examined in 

an iterative fashion until the optimal bounds were found. The final determination of the upper or lower 

bounds was not only based on statistical significance, but also on clinical interpretation of the data. 

Once individual variables with multivariable significance were identified, we considered possible 

two-way interactions between the variables.  The final multivariable Cox regression model consisted of 

independently significant variables and interaction terms. A risk score was created as sum of the 

products between the coefficients and variables (and relevant interactions).  The score then was 

rescaled to have a similar distribution compared to that of MELDNa.  We elected to set the 80th 

percentile on both MELDNa and the new score to coincide.  This was achieved by identifying the 80th 

percentile of MELDNa in the model development data set, subtracting the constant (i.e., 6), calculating 

Jo
urn

al 
Pre-

pro
of



 

 
 

 
 
 

10 

the multiplier needed to rescale the new model to equate its 80th percentile score with that of MELDNa 

(minus 6), and then finally adding back the constant.   

Once these models were constructed, we assessed their performance against MELD and MELDNa in 

the validation data set.  First, discrimination by the model, namely its ability to rank patients according 

to the risk of death within 90 days, was evaluated using the concordance (c) statistic.  Of the several 

methods to calculate concordance, methods by Harrell and Uno were used.12,13 Second, reclassification 

by MELD 3.0 vis-à-vis MELDNa was described for the number of patients, number of deaths and the 

proportion of deaths.  Patients were divided by the two scores in five tiers (6-9, 10-19, 20-29, 30-39, 

40+) and a 5x5 table was created for each of the metric above.  The proportions of decedents correctly 

(MELD 3.0 tier > MELDNa tier) and incorrectly (MELDNa tier < MELD 3.0 tier) reclassified were 

calculated. 

We conducted a sensitivity analysis in which the entire modeling procedure was repeated removing 

albumin as a candidate variable.  Since the inception of MELD, serum albumin has been considered as a 

potential variable in MELD.  While hypoalbuminemia is a well-known physiological consequence of liver 

dysfunction, there has been a concern that the serum albumin concentration may be temporarily raised 

by external administration and thus, incorporating hypoalbuminemia in liver allocation might discourage 

albumin infusion even when it is clinically indicated.14 A second temporal validation analysis was 

performed for liver transplant candidates listed in 2019, to test robustness of the model using more 

recent data.  From the STAR file, waitlist registrants between 1/1/2019 and 12/31/2019, not overlapping 

with the main analysis set, were selected using the eligibility criteria listed above.  Although some data 

were available, listings in 2020 and afterward were not considered due to the unpredictable impact of 

the COVID-19 pandemic. We also considered etiology of liver disease, given the recent rise in patients 

undergoing liver transplant for alcohol-related liver disease (ALD). 

Finally, MELD 3.0 with and without albumin was compared to MELDNa using the liver simulated 
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allocation model (LSAM) provided by SRTR, a discrete event simulator that uses historical data to model 

the US liver allocation system and can predict the effects of changes to liver allocation policy on waitlist 

outcomes. We ran 10 replications of liver allocation for the time period from July 1, 2013 to June 30, 

2016 under 3 allocations schemes: MELDNa, MELD 3.0, and MELD 3.0 without albumin. Results for the 

number of waitlist deaths were averaged across the 10 LSAM iterations over the 3-year study period and 

compared to MELDNa via matched pair t-tests.  

For all analyses, a p-value of < 0.05 was considered significant, and all tests were 2-tailed.  In 

descriptive analyses, variables were compared among groups using the t-test, the chi-square test, the 1-

way analysis of variance, and the Wilcoxon rank-sum test, as appropriate.  Statistical analyses were 

performed using SAS 9.4 (Cary, NC) and R 3.6.2 (Vienna, Austria).  The study, consisting of analysis of 

deidentified data, was deemed exempt from the Institutional Review Board at Stanford University. 

 

Results 

During the study period (2016-2018), there were 29,410 eligible patients listed for liver transplant. 

Supplementary Figure 2 describes formation of the cohort, which was then divided into a development 

set (n=20,587, 70%) and a validation set (n=8,823, 30%).  As expected, the two sets were similar to each 

other with no significant difference in age, sex, race, or liver disease severity (Table 1).   The median age 

of the development set was 58 years (interquartile range [IQR] 51-64) and 37% were women.  Ascites 

and hepatic encephalopathy were present in 73% and 60%, respectively.  The median MELD was 16 (IQR 

11-23), median MELDNa 18 (IQR 11-25) and median CTP score 9 (IQR 7-11). 

In the development set, the 90-day Kaplan-Meier survival was 91.3%.  Supplementary Table 2 

represents results of the univariate Cox model analyzing survival up to 90 days.  All of the variables 

considered were significantly associated with death within 90 days, including female sex, MELDNa and 

all of its components, and serum albumin.  
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Figure 1 illustrates smoothing splines for the five laboratory variables considered, namely total 

bilirubin, creatinine, INR, sodium and albumin.  Logarithmically transformed variables produced better 

fit for total bilirubin, creatinine and INR, whereas the natural scale was appropriate for sodium and 

albumin.  With total bilirubin and INR, the risk of death rose continuously with no apparent lower or 

upper limit.  Serum creatinine was linear up to a point, beyond which the risk did not increase further.  

Based on the p-spline and clinical insights, serum creatinine of 3.0 mg/dl was selected as the inflection 

point.  Consistent with prior versions of MELD, bilirubin, INR and creatinine values below 1.0 were set to 

1.0.  Both serum sodium and albumin displayed a U-shaped relation.  However, as hyponatremia and 

hypoalbuminemia are the main physiological consequences of worsening end-stage liver disease, we 

only modeled the lower aspects of the curves.  The lower and upper bounds of the current MELDNa for 

serum sodium, namely 125 mEq/L and 137 mEq/L, respectively, were still appropriate, whereas for 

serum albumin, lower and upper bounds of 1.5 g/dL and 3.5 g/dL, respectively, were selected.     

Taking into account these details of each predictor variable, we constructed a multivariable Cox 

model predicting mortality up to 90 days.  Considered in the model were not only the individual 

variables but also possible interactions between them.  Supplementary Table 3a summarizes the final 

model, which includes female sex, total bilirubin, INR, creatinine, sodium and albumin.  In addition, 

significant interactions were found between bilirubin and sodium and between creatinine and albumin.  

The resulting risk estimating equation, noted in the table, was then rescaled such that the lowest score 

would be 6 and the 80th percentile score 28, arriving at the following formula: 

 

MELD 3.0 = 1.33 (if female) + 4.56 * loge (bilirubin) + 0.82 * (137 - Na) – 0.24 * (137 - Na) * loge (bilirubin) 

+ 9.09 * loge (INR) + 11.14 * loge (creatinine)  + 1.85 * (3.5 - albumin) – 1.83 * (3.5 - albumin) * loge 

(creatinine) + 6, which is rounded to the nearest integer.   
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Supplementary Table 3b represents the survival function for the mortality prediction model: for a 

patient with the average risk score in the development set (MELD 3.0 = 20), predicted mortality was 

1.9% at 30 days and 5.4% at 90 days.  Examples in Supplementary Table 3c illustrate MELD 3.0 scores for 

men and women with laboratory variables at the 50th and 75th percentiles and their predicted survival.   

In the validation set, the median MELD 3.0 score was 19 (IQR 13-26) with 3.4% of subjects having 

scores of > 40.  Of 8,823 candidates in the set, 318 died within 30 days and 514 within 90 days.  The 

concordance statistic for 90 day mortality of MELD 3.0 was 0.8693 and that of MELDNa 0.8622 (Harrell’s 

method, Table 3).  Although the numerical difference appeared modest, the difference was statistically 

significant (p<0.01). 

Table 2 demonstrates reclassification between MELDNa and MELD 3.0.  The distribution of both 

MELDNa and MELD 3.0 scores was skewed to the right with 51% of the patients having both MELDNa 

and MELD 3.0 <20.  There were more patients up-categorized (n=890, 10.1%) in general than down-

categorized (n=306, 3.5%).  Out of the 514 decedents, 435 (84.6%) remained in the same score 

categories, while 62 (12.1%) were correctly reclassified (up-categorized) and 17 (3.3%) were incorrectly 

reclassified (down-categorized), with a net gain of 45 (8.8%).  The more meaningful shift may be in 

patients who were registered with MELDNa of 20-29 (n=195) and 30-39 (n=168) and died on the list.  As 

11.8% and 11.3% of those patients would have gained enough points to be up-categorized to the 30-39 

and 40+ categories, respectively, they would have had a meaningfully higher chance of receiving an 

organ, possibly averting death.  The proportion of deaths was higher for up-categorized patients and 

lower for down-categorized patients compared to those whose scores did not change category.  

Supplementary Tables 4 and 5 stratify the reclassification analysis by sex.  There were more women up-

categorized (n=543, 16.7%) in general than down-categorized (n=23, 0.7%).  Out of the 221 female 

decedents, a net of 33 (14.9%) would be correctly reclassified.  In men, the effect was less dramatic, yet 

still positive with a net gain of 12 decedents (4.1%).   
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The temporal validation set included 10,459 listings from 2019, of which 3,588 (34.3%) had ALD as 

the primary listing diagnosis. The distribution of MELD 3.0 score was similar (median 19, IQR 13-26). The 

concordance statistic for 90-day mortality was 0.8682 using MELD 3.0 overall, compared to 0.8641 using 

MELD-Na (p=0.02).  When the analysis was repeated by etiology, the concordance statistic of MELD 3.0 

was overall higher in ALD patients than those with other etiologies. Among ALD patients, concordance 

remained higher for MELD 3.0 than MELD-Na (0.8729 v. 0.8713), although its statistical significance was 

lost in this smaller subset (p=0.58, 194 deaths within 90 days), whereas the difference among patients 

with other etiologies of liver disease was maintained (0.8665 v. 0.8618, p=0.03). 

Finally, recognizing the potential concern of including albumin in an allocation model, we conducted 

a sensitivity analysis to construct a model without albumin.  The resulting model incorporates all of the 

variables of MELD 3.0 except albumin and the interaction between albumin and creatinine.  Table 3 

compares the MELD 3.0, MELD 3.0 without albumin, and MELDNa.  Compared to MELDNa (and the 

original MELD), the relative weight of serum bilirubin and creatinine increased in both MELD 3.0 and 

MELD 3.0 without albumin, whereas that of INR and sodium decreased.  Model discrimination, judged 

by the concordance statistic, was the best for MELD 3.0 and worst for MELDNa, with MELD 3.0 without 

albumin being intermediate.  The difference between concordance of MELD 3.0 and MELD 3.0 without 

albumin was significant (p<0.01 in both development and validation sets), as was that between MELD 

3.0 without albumin and MELDNa (p<0.01 in development set and p=0.03 in validation set). 

In the LSAM analysis, only MELD 3.0 resulted in fewer waitlist deaths compared to MELDNa.  Across 

replications, the mean number of deaths with MELDNa was 7,850, compared to 7,788 using MELD 3.0 

with albumin (p=0.02) and 7,814 using MELD 3.0 without albumin (p=0.12).  

 

Discussion 
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In this work, we present the third iteration of the MELD score, hence MELD 3.0, following the 

original and MELDNa versions of the score.  Compared to its predecessors, the current model is derived 

from a recent cohort of liver transplant candidates and characterized by the following new features: (1) 

addition of two variables, namely female sex and serum albumin, (2) lowered ceiling for serum 

creatinine from 4.0 mg/dL to 3.0 mg/dL, and (3) inclusion of two interaction terms between albumin and 

creatinine and between bilirubin and sodium.  The score was rescaled in a way to maintain “MELD 

intuition” that practitioners have developed over time so that a given numerical score of both models 

represents similar level of sickness and mortality risk.  The resulting model performed significantly 

better than MELDNa, the current gold standard, in ranking patients according to the risk of death.  We 

estimate that the new score would reclassify approximately 9% of patients who died while waiting and 

reduce at least 20 waiting list deaths per year. Applying MELD 3.0 to a contemporary validation cohort 

confirmed that the model was robust to potential shifts in liver transplant etiology, e.g. the increasing 

incidence of ALD. Finally, for the potential concern about a model containing albumin, we performed a 

sensitivity analysis excluding albumin.  As expected, the model without albumin performed not as well 

as the full model, but better than MELDNa.    

Table 4 illustrates several scenarios to demonstrate the impact of different variables on the scores 

presented in this analysis.  First, in the two low-risk patients with MELD of 12, the mild hyponatremia 

increases MELDNa by 6 points, whereas MELD 3.0 with and without albumin would give fewer additional 

points especially in a male patient.  Of the intermediate-risk cases who share the same bilirubin, sodium, 

INR and creatinine, severe hypoalbuminemia increases MELD 3.0 by 1 point, as the predicted 90-day 

mortality increases by 2.4 percentage points.  Female sex added another point to MELD 3.0 compared to 

a male patient with identical laboratory values, which was associated with another 3 percentage point 

increase in 90-day mortality.  The high-risk cases demonstrate the impact of creatinine.  With serum 

creatinine of 1.8 mg/dL and sodium of 128 mEq/L, MELDNa was 3 points higher than MELD, to which 
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MELD 3.0 added another point.  An increase in creatinine from 1.8 mg/dL to 2.8 mg/dL added 3 more 

points to MELDNa and 4 to MELD 3.0, reflecting the steeper rise in mortality in this range of creatinine.  

This difference was larger with the model without albumin, which may be attributed to the fact that 

with MELD 3.0, albumin has little impact once creatinine is elevated.  Similar to other scenarios, an 

identical female patient would receive one more MELD 3.0 point. 

These cases illustrate the strengths of the new score.  First, the current data point to the need to 

lower the ceiling for serum creatinine from the previous 4.0 mg/dL to 3.0 mg/dL.  Serum creatinine is 

intended to represent renal function, which can be underestimated in patients with malnutrition and 

sarcopenia.15 With MELDNa, in which serum creatinine is capped at 4.0 mg/dL, the maximum 

component score attributable to creatinine would be 13 points, whereas with MELD 3.0, the maximum 

creatinine of 3.0 mg/dL limits this to 12 points.  Critics of MELD-based allocation have argued that the 

weight given to creatinine in MELDNa is excessive, creating an unfair advantage, including access to 

simultaneous liver kidney transplantation, to patients with high serum creatinine.16 The lower impact of 

creatinine in MELD 3.0 is also relevant to the changing demographics of chronic liver disease, as 

abnormal creatinine in the increasing number of patients with NAFLD today with diabetic and/or 

hypertensive nephropathy may reflect chronic kidney disease rather than acute kidney injury that the 

creatinine term in the original MELD was purported to address.17  

It has been consistently reported that women are significantly less likely to receive a transplant 

compared to men with the same MELD score, which may be related to a number of factors.4  First, the 

predominant biological effect is that serum creatinine overestimates GFR and thus underestimates the 

risk of death in women compared to men with the same creatinine.18  It was estimated that women 

receive 1 to 2.4 fewer creatinine-derived MELD points than men with similar renal dysfunction. Second, 

women tend to have a smaller abdominal cavity, which limits their ability to receive larger organs.19 

Third, certain conditions may affect men and women differently (e.g., hepatocellular carcinoma), which 
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may confound priorities in liver allocation. In our data, female sex was associated with a significantly 

higher risk of death and MELD 3.0 credits an extra 1.3 points to women, which will help mitigate the 

gender disparity in access to transplantation. It is also important to note that the score does not simply 

add extra points for women; it improves prediction for the population overall. Third, with regard to 

albumin, the model incorporates the interaction term between creatinine and albumin in such a way 

that as the creatinine increases, albumin becomes less important. In fact, when serum creatinine is 2.7 

mg/dL or higher, hypoalbuminemia starts to lower the score, albeit by a small increment.  Given the fact 

that MELD 3.0 was superior in discrimination, we propose that albumin is a meaningful variable to be 

included in the model.   

These strengths notwithstanding, there may be concerns about the new score.  First, the 

improvement between MELDNa and MELD 3.0 may appear small. The concordance statistics (by Harrell) 

were 0.862 and 0.869, respectively. However, this difference is statistically significant, and similar to 

that observed between the original MELD and MELDNa (0.868 versus 0.877).9 Similarly, in our LSAM 

analysis the number of waitlist deaths would decrease by approximately 20 per year, which is 

approximately half of what was predicted for MELDNa compared to the original MELD.  Thus, in our 

view, MELD 3.0 represents a meaningful improvement, especially when we consider that the new score 

adds dimensions that are biologically and clinically relevant and addresses the inherent gender disparity 

created by the use of MELD or MELDNa for liver allocation. Second, as was pointed out earlier, a 

potential concern may be raised that adding albumin may discourage clinicians from infusing albumin, 

when doing so, as recommended by guidelines, would be beneficial to the patient.  In most of these 

circumstances, however, serum creatinine is likely to be elevated and would diminish, if not negate, the 

impact of albumin. Nonetheless, in case there is consensus that albumin should not be included, we 

provide a version without. Third, some predictors were not included in the final model. Differences in 

waitlist mortality based on race were observed, but the reasons why minorities, particularly black 
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patients, experience worse outcomes are often not genetic or biological, but rather due to external, 

largely socioeconomic factors rooted in structural racism. Thus, inclusion in a risk prediction score 

without fully understanding the underlying reasons for the racial disparity may have unintended 

consequences. Additionally, while the effect of sex was dominant, height also influences waitlist 

outcome and transplant probability. MELD 3.0 addresses individual urgency and the risk of waitlist 

mortality without transplant but does not account for potential size mismatch and access to size-

appropriate organs among shorter men and women.  The national allocation policy-making process by 

the OPTN is designed to address these issues.  Finally, in this analysis, we did not set a maximum score 

of 40 for MELD 3.0 (and other scores).  The cap was put in place when MELD was first implemented 

nearly two decades ago.  The proportion of patients with high MELD scores awaiting transplantation has 

increased over time, and it has been observed that patients with MELD >40 experience greater waitlist 

mortality compared those with MELD 40, leading some to advocate removing the cap.20 MELD 3.0 was 

scaled in such a way that the distribution of the score is similar to prior scores without a presumption 

that the score would be capped at 40.  

A recent study by Godfrey et al. suggested that the predictive accuracy of the MELD score has 

declined over time, attributed to the changing demographics of liver disease, with a c-statistic of 0.80 in 

2003 to 0.70 in 2015.21 Applying a time-dependent c statistic, which appropriately accounts for 

censoring and was used in the development and validation of MELD and MELDNa, to the same dataset, 

we reported a c-statistic of 0.839 for MELDNa in 2015, which is consistent with the findings of the 

present study.22 The demographics of liver disease have indeed changed since development of the 

original MELD score, and as shown in our study, recalibration using contemporary data and 

consideration of additional variables can further improve upon the prediction of waitlist mortality. 

In conclusion, based on recent data consisting of liver transplant candidates in the US, we identify 

additional variables that are meaningfully associated with short term mortality including female sex and 
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serum albumin.  We also found evidence to support lowering the serum creatinine ceiling to 3 mg/dL.  

Based on these data, we created an updated version of the MELD score, which improves mortality 

prediction compared to the current MELDNa model, including the recognition of female sex as a risk 

factor for death.  We believe that the new model represents an opportunity to lower waitlist mortality 

in the US and propose it to be considered to replace the current version of MELD in determining 

allocation priorities in liver transplantation. 
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Figure Legend 

 

Figure 1. Multivariable smoothing splines relating predictor variables with relative risk of death within 

90 days.  (A) Bilirubin (B) INR (C) Creatinine (D) Sodium (E) Albumin. 
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Table 1 

Baseline characteristics of liver transplant waitlist registrants  

 Overall 

(n=29,410) 

Development Set 

(n=20,587) 

Validation Set 

(n=8,823) 

Age (yr) 58.0 (51.0-64.0) 58.0 (51.0-64.0) 58.0 (51.0-64.0) 

Women, n (%) 10,835 (36.8) 7,592 (36.9) 3,243 (36.8) 

Race, n (%)    

    White 20,661 (70.3) 14,484 (70.4) 6,177 (70.0) 

    Hispanic 4,835 (16.4) 3,424 (16.6) 1,411 (16.0) 

    Black 2,185 (7.4) 1,490 (7.2) 695 (7.9) 

    Asian 1,214 (4.1) 832 (4.0) 382 (4.3) 

    Other 515 (1.8) 357 (1.7) 158 (1.8) 

Diabetes, n (%) 8,863 (30.2) 6,252 (30.5) 2,611 (29.7) 

Ascites, n (%)    

    Absent 7,870 (26.8) 5,537 (26.9) 2,333 (26.4) 

    Slight 13,502 (45.9) 9,450 (45.9) 4,052 (45.9) 

    Moderate 8,038 (27.3) 5,600 (27.2) 2,438 (27.6) 

Encephalopathy, n (%)    

    None 11,843 (40.3) 8,328 (40.5) 3,515 (39.8) 

    1-2 15,368 (52.3) 10,739 (52.2) 4,629 (52.5) 

    3-4 2,199 (7.5) 1,520 (7.4) 679 (7.7) 

Sodium 137.0 (133.0-139.0) 137.0 (133.0-139.0) 137.0 (133.0-139.0) 

Creatinine 1.0 (0.8-1.5) 1.0 (0.8-1.4) 1.0 (0.8-1.5) 

INR 1.4 (1.2-1.8) 1.4 (1.2-1.8) 1.4 (1.2-1.8) 

Bilirubin 2.5 (1.2-5.7) 2.5 (1.3-5.7) 2.5 (1.2-5.7) 

Albumin 3.2 (2.7-3.6) 3.2 (2.7-3.6) 3.2 (2.7-3.6) 

MELD 16.0 (11.0-23.0) 16.0 (11.0-23.0) 16.0 (12.0-23.0) 

MELDNa 18.0 (11.0-25.0) 18.0 (11.0-25.0) 18.0 (12.0-25.0) 

CTP Score 9.0 (7.0-11.0) 9.0 (7.0-11.0) 9.0 (7.0-11.0) 

 

Jo
urn

al 
Pre-

pro
of



 
 
 

 
 
 

 Table 2 

Reclassification of liver transplant candidates between MELDNa and MELD3.0 in the validation set. (A) 
the number of patients, (B) the number of deaths and (C) the proportion of death (B divided by A).  Red-
demarcated areas indicate up-scoring (MELD3.0 category higher than MELDNa) and blue-demarcated 
areas the opposite.   
 
 

A. Patients (n) 
MELD 3.0 

6-9 10-19 20-29 30-39 40+ 

MELDNa 

6-9 1047 334 - - - 

10-19 66 3093 341 - - 

20-29 - 150 2182 140 - 

30-39 - - 64 1007 75 

40+ - - - 26 298 

B. Deaths (n) 
MELD 3.0 

6-9 10-19 20-29 30-39 40+ 

MELDNa 6-9 6 4 - - - 

 10-19 - 45 16 - - 

 20-29 - 6 166 23 - 

 30-39 - - 8 141 19 

 40+ - - - 3 77 

C. Death (%) 
MELD 3.0 

6-9 10-19 20-29 30-39 40+ 

MELDNa 6-9 0.6% 1.2% - - - 

 10-19 - 1.5% 4.7% - - 

 20-29 - 4.0% 7.6% 16.4% - 

 30-39 - - 12.5% 14.0% 25.3% 

 40+ - - - 11.5% 25.8% 
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Table 3  
 
Comparison of coefficients and concordance for MELD 3.0, MELDNa and MELD 3.0 with no albumin. The 

concordance data are from the validation set. 

 

  MELD 3.0 MELDNa MELD 3.0 No Albumin 

Coefficient 

 loge (Bilirubin) 4.56 3.78 4.85 

 loge (INR) 9.09 11.20 9.66 

 loge (Creatinine) 11.14 9.57 10.47 

 Na 0.82 1.32 0.88 

 Albumin 1.85 NA NA 

 Female 1.33 NA 1.4 

Concordance  

 by Harrell 0.8693 0.8622 0.8665 

 by Uno 0.8378 0.8294 0.8342 

MELD 3.0 No Albumin = 1.40 (if female) + 4.85 * loge (bilirubin) + 0.88 * (137-Na) – 0.25 (137-Na) * 
loge (bilirubin) + 9.66 * loge (INR) + 10.47 * loge (creatinine) + 6. 
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Table 4.  Illustrative low-, intermediate- and high-risk cases with MELD, MELDNa and MELD 3.0 scores 
 

 
Risk Level 

Low Intermediate High 

Data 

Sex M F M M F M M F 

Bilirubin 2.5 2.5 6.0 6.0 6.0 12.0 12.0 12.0 

Na 131 131 131 131 131 128 128 128 

INR 1.0 1.0 1.5 1.5 1.5 2.2 2.2 2.2 

Creatinine 1.2 1.2 1.5 1.5 1.5 1.8 2.8 2.8 

Albumin 3.8 3.8 3.5 2.2 2.2 2.0 2.0 2.0 

Scores 

MELD 12 12 22 22 22 30 35 35 

MELDNa 18 18 26 26 26 33 36 36 

MELD 3.0 16 17 25 26 27 34 38 39 

Delta* -2 -1 -1 0 1 1 2 3 

MELD 3.0 no 
albumin 

16 18 25 25 27 34 39 40 

Predicted Mortality 

30 day 0.9% 1.1% 4.3% 5.3% 6.4% 19.8% 35.8% 41.8% 

90 day 2.6% 3.1% 12.1% 14.5% 17.5% 47.1% 72.3% 79.1% 

 
* Difference between MELDNa and MELD 3.0 (Delta score = MELD 3.0 - MELDNa) 
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Supplementary Table 1.  Comparison between MELD 3.0 (prior to rescaling) and a model with separate 

terms for height in men and women, adjusted for all other MELD 3.0 components. 

Supplementary Table 2. Univariate cox proportional hazards regression for 90-day mortality since 

waitlist registration (Development data set)  

Supplementary Table 3.  The final multivariable Cox proportional hazards regression for 90-day survival. 

(A) Variables and coefficients; (B) Survival function for MELD 3.0; (C) Examples  

Supplementary Table 4. Reclassification of female liver transplant candidates between MELDNa and 

MELD3.0 in the validation set. (A) the number of patients, (B) the number of deaths and (C) the 

proportion of death (B divided by A).  Red-demarcated areas indicate up-scoring (MELD3.0 category 

higher than MELDNa) and blue-demarcated areas the opposite.   

Supplementary Table 5. Reclassification of male liver transplant candidates between MELDNa and 

MELD3.0 in the validation set. (A) the number of patients, (B) the number of deaths and (C) the 

proportion of death (B divided by A).  Red-demarcated areas indicate up-scoring (MELD3.0 category 

higher than MELDNa) and blue-demarcated areas the opposite.   

Supplementary Figure 1. Multivariable smoothing spline describing relative hazard of 90-day mortality 

based on height, stratified by sex. 

Supplementary Figure 2.  Study subjects. 
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Supplementary Table 1. Comparison between MELD 3.0 (prior to rescaling) and a model with separate 

terms for height in men and women, adjusted for all other MELD 3.0 components. 

 

Model without height (MELD 3.0) Model incorporating height 

Parameter 
Parameter 
Estimate P_Value Parameter 

Parameter 
Estimate P_Value 

Female sex 0.236 <0.001 pspline (height_women), linear -0.01593  0.009 

   
pspline (height_women), 
nonlinear   0.127 

   pspline (height_men), linear -0.0012  0.789 

   pspline (height_men), nonlinear   0.261 

ln(bilirubin) 0.809 <0.001 ln(bilirubin) 0.812 <0.001 

137-Na 0.145 <0.001 137-Na 0.145 <0.001 

ln(bilirubin)*(137-Na) -0.042 <0.001 ln(bilirubin)*(137-Na) -0.042 <0.001 

ln(INR) 1.612 <0.001 ln(INR) 1.608 <0.001 

ln(creatinine) 1.976 <0.001 ln(creatinine) 1.962 <0.001 

albumin 0.328 <0.001 albumin 0.318 <0.001 

ln(creatinine)*albumin -0.324 0.010 ln(creatinine)*albumin -0.298  0.017 
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Supplementary Table 2. Univariate cox proportional hazards regression for 90-day survival since waitlist 
registration (Development data set). 
 

Variable Hazard Ratio (95% CI) P value 

Women 1.370 (1.219-1.541) <0.001 

MELD 1.172 (1.165-1.179) <0.001 

Sodium 0.940 (0.929-0.951) <0.001 

MELDNa 1.186 (1.178-1.195) <0.001 

Albumin 0.839 (0.766-0.920) <0.001 

Creatinine 1.130 (1.112-1.148) <0.001 

INR 1.768 (1.723-1.813) <0.001 

Bilirubin 1.076 (1.073-1.080) <0.001 
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Supplementary Table 3. The final multivariable Cox proportional hazards regression for 90-day survival. 
 
(A) Variables and coefficients 
 

Parameter Parameter estimate Standard error p 

Female 0.236 0.0598 <0.001 

Loge Bilirubin  0.809 0.040 <0.001 

(137-Na) 0.145 0.0163 <0.001 

Loge INR 1.612 0.0924 <0.001 

Loge Creatinine 1.976 0.0982 <0.001 

(3.5-Albumin) 0.328 0.0839 <0.001 

Loge Bilirubin * (137-Na) -0.042 0.0074 <0.001 

Loge Creatinine * (3.5-Albumin) -0.324 0.1249  0.010 

 

 
(B) Survival function for MELD 3.0 
 

t (days) 15 30 45 60 75 90 

So (t) 0.991 0.981 0.971 0.963 0.955 0.946 

 

Si(t) = S0(t) ^ exp(0.17698*MELD3.0-3.56) 
 
 
(C) Examples 
 

Lab values Sex MELD 3.0 Predicted survival 

15 30 45 60 75 90 

50th 
percentile† 

M 14 0.997 0.993 0.990 0.987 0.984 0.981 

F 15 0.996 0.992 0.988 0.984 0.981 0.977 

75th 
percentile‡ 

M 26 0.975 0.947 0.920 0.899 0.878 0.855 

F 28 0.963 0.922 0.883 0.853 0.823 0.791 

 
†Laboratory values at the 50

th
 percentile: Bilirubin 2.5 mg/dl, Na 137 mEq/L, INR 1.4, Creatinine 1.0 mg/dL, Albumin 3.2 g/dL   

‡Laboratory values at the 75
th

 percentile: Bilirubin 5.7 mg/dL, Na 133 mEq/L, INR 1.8, Creatinine 1.5 mg/dL, Albumin 2.7 g/dL 
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Supplementary Table 4. Reclassification of female liver transplant candidates between MELD-Na and 
MELD3.0 in the validation set. (A) the number of patients, (B) the number of deaths and (C) the 
proportion of death (B divided by A).  Red-demarcated areas indicate up-scoring (MELD 3.0 category 
higher than MELDNa) and blue-demarcated areas the opposite.   
 
 

A 
Patients (n) 

MELD 3.0 

6-9 10-19 20-29 30-39 40+ 

MELDNa 

6-9 274 187 - - - 

10-19 - 1034 213 - - 

20-29 - 11 838 98 - 

30-39 - - 7 417 45 

40+ - - - 5 114 

 
 

B 
Deaths (n) 

MELD 3.0 

6-9 10-19 20-29 30-39 40+ 

MELDNa 

6-9 - 1 - - - 

10-19 - 17 10 - - 

20-29 - 1 71 19 - 

30-39 - - 1 65 6 

40+ - - - 1 29 

 
 

C 
Death (%) 

MELD 3.0 

6-9 10-19 20-29 30-39 40+ 

MELDNa 

6-9 - 0.5% - - - 

10-19 - 1.6% 4.7% - - 

20-29 - 9.1% 8.5% 19.4% - 

30-39 - - 14.3% 15.6% 13.3% 

40+ - - - 20.0% 25.4% 
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Supplementary Table 5. Reclassification of male liver transplant candidates between MELDNa and 
MELD3.0 in the validation set. (A) the number of patients, (B) the number of deaths and (C) the 
proportion of death (B divided by A).  Red-demarcated areas indicate up-scoring (MELD3.0 category 
higher than MELDNa) and blue-demarcated areas the opposite.   
 

 

A 
Patients (n) 

MELD 3.0 

6-9 10-19 20-29 30-39 40+ 

MELDNa 

6-9 773 147 - - - 

10-19 66 2059 128 - - 

20-29 - 139 1344 42 - 

30-39 - - 57 590 30 

40+ - - - 21 184 

 
 

B 
Deaths (n) 

MELD 3.0 

6-9 10-19 20-29 30-39 40+ 

MELDNa 

6-9 6 3 - - - 

10-19 - 28 6 - - 

20-29 - 5 95 4 - 

30-39 - - 7 76 13 

40+ - - - 2 48 

 
 

C 
Death (%) 

MELD 3.0 

6-9 10-19 20-29 30-39 40+ 

MELDNa 

6-9 0.8% 2.0% - - - 

10-19 - 1.4% 4.7% - - 

20-29 - 3.6% 7.1% 9.5% - 

30-39 - - 12.3% 12.9% 43.3% 

40+ - - - 9.5% 26.1% 

 
 
 
  

Jo
urn

al 
Pre-

pro
of



 
 
 

 
 
 

 
Supplementary Figure 1. Multivariable smoothing spline describing relative hazard of 90-day mortality 

based on height, stratified by sex. 
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Supplementary Figure 2. Study subjects. 

 
 
 

Jo
urn

al 
Pre-

pro
of


