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1  | INTRODUC TION

Allocation of organs to children on the liver transplant waiting list 
in the United States is determined by the pediatric end-stage liver 
disease (PELD) score for children aged younger than 12 years and 
the model for end-stage liver disease (MELD) score for children aged 
12-17 years. MELD is based on an objective formula that accurately 
predicted 3-, 5-, 9-, and 12-month mortality in adults awaiting liver 
transplant for end-stage liver disease.1 MELD has gone through 

several iterations since its implementation in 2002, most signifi-
cantly the incorporation of MELD-Na2 in 2016.

The PELD score was derived separately in June 2000 using 
a cohort of 779 patients from the Studies in Pediatric Liver 
Transplantation (SPLIT) registry, which at the time included 29 North 
American pediatric liver transplant programs. In the PELD derivation 
cohort, the area under the curve of receiver operating characteristic 
(AUC ROC) at 90 days after listing was 0.92 for predicting death, 
and 0.82 for predicting death or intensive care unit admission.3 A 
validation study in a smaller cohort from Pittsburgh reported the 
AUC ROC for death as 0.89.4 However, recent analyses show that 
PELD significantly underestimates mortality in children awaiting 
liver transplant, particularly compared with the MELD score for 
adults.5 In addition, the current growth failure variable generates 
a problematic “growth failure gap,” in which children's weight or 
height z-scores can be more than 2 standard deviations below the 
norm, but they do not receive PELD’s “growth failure” points. This 
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particularly disadvantages infants and children at the older range of 
each 3-month age group.6

Despite these shortfalls, PELD has not been systematically 
re-reviewed or re-fit for children with chronic liver disease using an 
independent dataset since its derivation 18 years ago. We hypothe-
sized that, using data collected between PELD implementation and 
the present, PELD’s ability to discriminate medical urgency among 
pediatric candidates, to discriminate among candidates with vary-
ing levels of growth failure, and to address subsets of patients who 
are currently ignored (eg, those with low sodium levels) could be im-
proved. This study aimed to use national liver transplant databases 
over a 13-year period to assess whether PELD modification could 
improve prediction of 180-day mortality in children with chronic 
liver disease awaiting deceased donor liver transplant.

2  | METHODS

This study used data from the Scientific Registry of Transplant 
Recipients (SRTR). The SRTR data system includes data on all donors, 

waitlisted candidates, and transplant recipients in the US, submit-
ted by the members of the Organ Procurement and Transplantation 
Network (OPTN). The Health Resources and Services Administration, 
US Department of Health and Human Services, provides oversight 
of the activities of the OPTN and SRTR contractors.

2.1 | Cohort description

Children from the SRTR database who were aged younger than 
12 years at the time of listing and were active on the liver trans-
plant waiting list between January 1, 2005, and December 31, 2017, 
were included in the cohort. We excluded children whose first ac-
tive status was 1, 1A, or 1B (Figure 1). We excluded 968 (15.9%) 
listings with specific primary or secondary diagnoses that fit criteria 
for non-chronic liver disease diagnoses for transplant (Table S1). Six 
candidates were excluded due to incomplete data necessary for the 
PELD calculation, leaving 5111 listings of 4876 unique children. All 
analyses were based on pediatric candidate listings for transplant, 
and thus included more than one listing for children who underwent 

F I G U R E  1   Creation of the study 
cohort using Scientific Registry of 
Transplant Recipients standard analysis 
files (SAFs). The final analytic dataset 
included 5111 pediatric listings for liver 
transplant for 4876 individuals

All children aged younger than
12 years active on waiting list

2005-2017
n = 7695 child listings
6932 unique children 

6085 child listings 
5807 unique children

Excluded:
Status 1 (n = 124 listings)

Status 1A (n = 1116 listings) 
Status 1B (n = 370 listings) 

968 (15.9%) listings excluded with specific 
primary or secondary diagnoses fitting criteria 

for non-chronic liver disease diagnoses
(Table S1)

6 candidates excluded due to incomplete data

5111 child listings 
4876 unique children



224  |     HSU et al.

transplant and were re-listed. We included children listed for re-
transplant because we expected calculated PELD to accurately re-
flect their severity of illness.

2.2 | Statistical analysis

A Cox proportional hazards (Cox PH) regression modeled the effect 
of risk factors on time to waitlist mortality within 180 days after 
listing (n = 339). Waitlist mortality was defined as death on the wait-
ing list (n = 246) or removal from the list due to being too sick to 
undergo transplant (n = 93). Death after removal was not considered 
due to very limited follow-up data, as most children aged younger 
than 1 year are not tracked by Social Security or the Centers for 
Medicare & Medicaid Services. The cohort was followed from first 
active status and censored at transplant, removal for other reasons, 
or 180 days after date of first active listing, as MELD-Na studies 
used this interval for adult patients.7,8 All risk factors used the values 
at first active status.

2.3 | Model fitting

To refit PELD, we considered the following objective, verifiable 
variables: age, albumin, total bilirubin, international normalized ratio 
(INR), and the minimum of the height or weight Z-score based on 
2000 Centers for Disease Control and Prevention (CDC) growth 
charts.9,10 We plotted the non-linear association of each variable 
with mortality from a multivariable model (Figure S1). The factors, 
other than CDC Z-scores, used a natural-log transformation to ac-
count for extreme observations. Knots for splines were visually 
selected from inflection points in penalized splines. Backward selec-
tion with Cox PH regression was performed univariately for each risk 
factor and their associated splines with a retention P value of .05. 

Next, this process was repeated with creatinine (0.2-4.0 mg/dL) and 
sodium (up to 140 mmol/L), and their associated splines (Figure S1). 
For candidates on dialysis, creatinine was set to 4.0 mg/dL, as is done 
when calculating MELD-Na in adults.

All risk factors and splines were then combined into a multivari-
able model. Backward selection was again performed with a retention 
P value of .05. Since serum creatinine was missing from 180 listings 
(3.5%) at the time of first active status, 10 iterations of multiple impu-
tation were completed to fill in the missing data. The model was fit to 
each iteration of multiple imputation, and Rubin's rules were used to 
combine the beta coefficients and variances across the 10 iterations.11

2.4 | Model fit evaluation

The time-dependent AUC ROC at 180 days was used to measure 
the predictive accuracy of the original PELD and our updated PELD-
Na-Cr The time-dependent AUC ROC measures the probability that 
candidates who died by 180 days had higher PELDs than candidates 
who did not die. For the new PELD score, n-fold cross-validation es-
timated the time-dependent AUC ROC to avoid overfitting. We then 
performed bootstrap with 1000 resamples to estimate the P value 
for the difference between AUC ROC of PELD vs PELD-Na-Cr and 
the 95% confidence intervals of the AUC ROCs.

2.5 | Converting PELD model into a score

We then converted the PELD-Na-Cr model (the linear equation 
from the Cox regression) into a usable PELD-Na-Cr score in two 
steps. First, the linear model was standardized to have the same 
mean and standard deviation as the original PELD score: mean 
(standard deviation [SD]) = 11.5 (11.7). Second, we estimated the 
required shift in the standardized PELD-Na-Cr score to equalize 

F I G U R E  2   Mortality rates in person-
years, based on assigned allocation 
score. MELD-Na standardized for age 
represents the mortality rate in a given 
MELD range adjusted as if all adults 
were aged 18 years; it is lower than the 
PELD through scores of 35 and roughly 
equivalent at 35-39. PELD-Na-Cr is 
adjusted to scores that are similar to age-
standardized MELD-Na through the entire 
spectrum of scores. MELD, model for 
end-stage liver disease; PELD, pediatric 
end-stage liver disease
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the mortality rate of children with the age-standardized mortal-
ity rate for adults. Specifically, we estimated an initial mortality 
rate for each PELD-Na-Cr value and then smoothed the initial 
estimates to obtain a final mortality rate for each PELD-Na-Cr 
value. The required shift for ensuring that pediatric candidates 
had similar waitlist mortality rates as age-standardized adults was 
the average difference between the smoothed PELD-Na-Cr and 
MELD-Na for the same pediatric and age-standardized 180-day 
mortality rates (Figure 2). The age-standardized expected mortal-
ity rate was the mortality rate if every adult candidate had been 
aged 18 years, which was estimated from a Cox PH model that 
included age and MELD-Na, and used only adults waitlisted be-
tween January 11, 2016, and December 31, 2017. Analyses were 
conducted using SAS version 9.4 (SAS Institute) and R software 
version 3.5 (www.r-proje ct.org).

3  | RESULTS

The final PELD-Na-Cr derivation cohort included 5111 candidate 
listings from 4876 children (Table S2); 51.0% of the listings were for 
candidates aged younger than 1 year. The most common primary di-
agnosis was biliary atresia (45.7%). Mean (SD) albumin was 3.15 g/
dL (0.69); 31.4% of children had growth failure as defined by current 

United Network for Organ Sharing (UNOS) PELD calculations, and the 
mean (SD) minimum CDC height or weight Z-score was −2.04 (1.76).

Age, albumin, total bilirubin, INR, minimum CDC height or weight 
Z-score, creatinine, and serum sodium were significantly predictive 
of waitlist mortality in multivariable modeling. Since the factors in 
the PELD-Na-Cr model are all splines, use of the factors in calcula-
tion differs from use of factors in calculating the PELD. For example, 
the age effect is a spline that begins at 0.3 years. For children aged 
0.3 years or older, age is used directly in the equation, but children 
aged younger than 0.3 years would be treated in PELD-Na-Cr calcu-
lation as if they were aged 0.3 years. This is equivalent to a using a 
floor value of 0.3; ie, all values less than 0.3 are set to 0.3 (Table 1).

For PELD-Na-Cr, the AUC ROC at 180 days was 0.854 (95% CI 
0.832-0.878), significantly better than the AUC ROC for the original 
PELD score performed in our updated cohort, 0.799 (0.773-0.825), 
for a difference of 0.055 (95% CI 0.039-0.074), P < .001. The up-
dated PELD-Na-Cr score correctly ordered 5.5% more pediatric can-
didates by their risk of mortality at 180 days than the current PELD 
score. The discriminatory ability of PELD was thus notably improved 
by considering non-linear effects and by adding serum creatinine 
and sodium to the model.

After standardizing PELD-Na-Cr, matching the predicted mor-
tality rate to the age-standardized mortality rate for adults by 
MELD-Na required adding 9.44 points to the PELD-Na-Cr score. 

TA B L E  1   Calculating the PELD-Na-Cr score for young children on the liver waiting list and value contribution of different variables

 
Term in current PELD 
equation

Term in linear PELD-Na-Cr 
equation

If the child's 
value is:

Then the value's contribution
to PELD-Na-Cr is:

Age (years) 0.436 if age < 1 year
0 if age ≥ 1 year

−0.284 * ln(Age > 0.3 years) ≤0.3 −0.284 * ln(0.3)

>0.3 −0.284 * ln(age)

Albumin (g/dL) −0.687*ln(albumin) −2.017 * ln(albumin 2.3 to 4.4) <2.3 −2.017 * ln(2.3)

2.3-4.4 −2.017 * ln(child's albumin)

>4.4 −2.017 * ln(4.4)

Total bilirubin (mg/
dL)

0.480*ln(bilirubin) 1.127 * ln(bilirubin < 2.5)
+ 1.535* ln(bilirubin > 9.0)

<2.5 1.127 * ln(child's bilirubin) + 1.535 * ln(9)

2.5-9.0 1.127 * ln(2.5) + 1.535 * ln(9)

>9.0 1.127 * ln(2.5) + 1.535 * ln(child's Bili)

INR 1.857*ln(INR) 2.588 * ln(INR < 1.7) +
2.972 * ln(INR > 6.5)

<1.7 2.588 * ln(child's INR) + 2.972 * ln(6.5)

1.7-6.5 2.588 * ln(1.7) + 2.972 * ln(6.5)

>6.5 2.588 * ln(1.7) + 2.972 * ln(child's INR)

Minimum of height 
or weight Z-score

0.667 if Z < −2
0 if Z ≥ −2

−0.224 * (min Z-score −5 to 0) <−5 −0.224 * (−5)

−5-0 −0.224 * (child's minimum z-score)

>0 −0.224 * (0)

Creatinine (mg/dL) — 0.623 * ln(creatinine 0.2 to 4) <0.2 0.623 * ln(0.2)

0.2-4.0 0.623 * ln(child's creatinine)

>4.0 0.623 * ln(4.0)

Sodium (meq/L) — −29.05 * ln(sodium < 123) <123 −29.05 * ln(child's sodium)

≥123 −29.05 * ln(123)

PELD score PELD = sum of all terms * 
10 → rounded to nearest 
whole number

PELD-Na-Cr = (sum of all terms + 131.605)*7.62 + 20.98
→ rounded to nearest whole number

Abbreviations: Cr, creatinine; INR, international normalized ratio; Na, sodium; PELD, pediatric end-stage liver disease.

http://www.r-project.org
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The algorithm for determining the PELD-Na-Cr score for a specific 
candidate is thus as follows:

First, obtain the linear predictor from the Cox PH model:

−0.284 * ln(max(Age(years), 0.3))
–2.017 * ln(min(max(Albumin (g/dL), 2.3), 4.4))
+1.127 * ln(min(Total Bilirubin (mg/dL), 2.5))
+1.535 * ln(max(Total Bilirubin (mg/dL), 9))
+2.588 * ln(min(INR, 1.7))
+2.972 * ln(max(INR, 6.5))
–0.224 * min(max(CDC Minimum Height or Weight Z-score, −5), 0)
+0.623 * ln(min(max(Creatinine (mg/dL), 0.2), 4))
–29.05 * ln(min(Sodium (mEq/L), 123))

Next, add 131.605, then multiply by 7.62, and add 20.98. Finally, 
round to the nearest whole number.

For example, for a hypothetical candidate aged 1.2 years, an al-
bumin of 3.1 g/dL, a total bilirubin of 10.4 mg/dL, an INR of 2.7, a 
CDC height Z-score of −1.2, a CDC weight Z-score of −2.0, a serum 
creatinine of 1.0 mg/dL, and a sodium of 137 mEq/L, the linear pre-
dictor would be:

−0.284*ln(1.2)
–2.017*ln(3.1)
+1.127*ln(2.5)
+1.535*ln(10.4)
+2.588*ln(1.7)
+2.972*ln(6.5)
–0.224*(−2.0)
+0.623*ln(1.0)
–29.05*ln(123) = −130.116

PELD-Na-Cr Score = (−130.116 + 131.605)*7.62 + 20.98 = 32.3
2, which would be rounded to 32. The same candidate would have a 
PELD score of 22. We include sample cases (Table 2) to demonstrate 
calculation of the PELD-Na-Cr score and the relative contribution of 
clinical variables to the equation (Table 1).

In our derivation cohort, mean (SD) PELD score was 11.5 (11.7), 
and mean (SD) PELD-Na-Cr score was 21.0 (11.7). Most pediatric 
candidates had higher scores with PELD-Na-Cr than with PELD 
(Table 3). In Table 3, candidates in the diagonal (dark gray) boxes 
had similar values for both scores. Candidates in boxes above the 
diagonal line had PELD-Na-Cr scores higher than PELD scores, and 
those below the line had PELD-Na-Cr scores lower than PELD score. 
The 1787 (35%) candidates in the boxes above the diagonal line had 
PELD-Na-Cr scores higher than 25.

4  | DISCUSSION

Children die awaiting liver transplant in the United States. Over 
13 years, in a cohort of almost 5000 young children with chronic liver 
disease on the liver transplant waiting list, 7% died while waiting. TA
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Reducing pediatric waitlist deaths and ensuring that children have 
equitable access to liver transplant requires ongoing re-evaluation 
of our priority ranking system, which is based on the PELD score. 
This analysis provides an evidence-based approach for updating the 
PELD score based on more than a decade's worth of data, and for 
incorporating serum sodium and creatinine, well-known predictors 
of waitlist mortality. Our work (1) demonstrates that young children 
die on the waiting list, (2) illustrates a new model that improves the 
classification of all children at risk of dying on the waiting list, and (3) 
suggests the potential impact of this model for allocation outcomes 
for young children.

The strength of this analysis is that the data were comprehen-
sive and prospectively collected for children with chronic liver 
disease, from a national transplant database that identifies every 
individual listed for liver transplant in the United States with high fi-
delity and completion, and represents all programs and geographic 
areas. Only candidates registered on the waiting list under the cur-
rent allocation system were included, making this the largest, most 
inclusive dataset applicable to waitlisted children in the United 
States. This is the first work performed to re-examine the prognos-
tic factors that determine mortality of children aged younger than 
12 years on the liver transplant waiting list since implementation 
of the MELD/PELD scoring system in 2002, nearly 2 decades ago.

We found that discriminatory ability, ie, the ability to rank chil-
dren based on their risk of death on the list, was improved by up-
dating the coefficients used for PELD calculation and adding the 
variables creatinine and sodium. Mortality estimates in our model 
confirmed previously shown findings that PELD underestimates 
mortality in young children relative to adults. Equalizing mortality 
estimates to those of adults aged 18 years required adding almost 
10 points to every score.

By censoring for removal due to transplant, PELD estimates the 
cause-specific hazard of waitlist mortality or removal due to being 
too sick.12 There is no a priori reason for correlations among the 
cause-specific hazards of living donor transplant, deceased donor 

transplant, or waitlist mortality. However, the sub-hazard of waitlist 
mortality (ie, a Fine-Grey competing risks analysis) depends, by defi-
nition, on the likelihood of living and deceased donor transplant. As 
previously suggested,5 analyses of waitlist mortality in transplanta-
tion should account for competing risks. However, analyses focused 
on allocation should estimate the cause-specific hazard of waitlist 
mortality because a sub-hazard analysis may systematically under-
estimate the waitlist mortality of candidates at high risk of death and 
transplant.

Our study had a number of limitations. Due to the smaller num-
ber of children listed for liver transplant compared with the number 
of adults, the entire cohort was used for derivation, as opposed to 
“saving” part of the dataset for validating the PELD-Na-Cr system. 
This analysis did not investigate PELD as a predictor of survival bene-
fit, which is an important outcome in children and is incorporated into 
other solid organ allocation systems, such as kidney allocation. Survival 
benefit, which accounts for both pre- and posttransplant survival, is 
critical for children given their expected decades of posttransplant sur-
vival. Lastly, PELD-Na-Cr improves prediction for children, equalizing 
their predicted mortality rate to that of adults aged 18 years, but this 
analysis does not verify that implementation of PELD-Na-Cr as pre-
sented would be sufficient to ensure sufficient access to transplant for 
children. Our reclassification table demonstrates that most children 
would have PELD-Na-Cr scores higher than their current PELD scores, 
but many would still have scores lower than the median national PELD 
at transplant and the median regional MELD at transplant.

This analysis also excludes children listed as Status 1A and 1B; 
children in both categories--particularly those with decompensated 
chronic liver disease at Status 1B--are at the highest risk for death 
on the waiting list and will continue to be prioritized above children 
priority-ranked by their PELD score. The differentiation between 
children listed at Status 1B for inborn errors of metabolism and hepa-
toblastoma and those with decompensated chronic liver disease at 
Status 1B is not addressed in this work and remains an important 
issue facing pediatric liver allocation that needs to be assessed.

TA B L E  3  PELD vs. PELD-Na-Cr scoresPELD PELD-Na-Cr

<10 11-14 15-19 20-24 25-29 30-34 35-39 40-44 45-49 50+

<10 928 599 506 170 24 4 1 0 0 0

11-14 0 23 198 400 164 21 5 1 0 0

15-19 0 1 38 192 354 195 41 7 4 0

20-24 0 1 4 42 138 215 126 34 8 4

25-29 0 0 3 14 46 80 113 46 18 7

30-34 0 1 2 7 19 37 44 37 20 9

35-39 0 0 0 4 9 17 21 20 20 9

40-44 0 0 0 0 4 6 4 9 6 4

45-49 0 0 0 0 0 2 1 6 4 8

≥50 0 0 0 0 0 0 0 3 4 3

Note: Abbreviations: Cr, creatinine; Na, sodium; PELD, pediatric end-stage liver disease.

For PELD-Na-Cr, we used multiple imputations and the average of 10 imputations is displayed.
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All patients waiting for liver transplant deserve an allocation 
model that is optimized to reduce mortality. Young children on the 
liver transplant waiting list deserve an accurate allocation system 
that maintains equitable access to transplant while reducing waitlist 
mortality. As their advocates, physicians and surgeons are morally 
obligated to ask for vigilance and accuracy when optimizing alloca-
tion models. With the exception of the United States, most coun-
tries in the world with a formalized liver transplant process have 
definitively prioritized liver allocation to children. In Eurotransplant, 
Canada, and Brazil, modifications to allocation by MELD or PELD 
have been introduced in an effort to prioritize children and recog-
nize the necessity of prompt transplants for children with end-stage 
liver disease.13 These measures have resulted in low waitlist mor-
tality and excellent clinical outcomes for children, with increased 
likelihood of technical variant or split graft use for all candidates.

The PELD-Na-Cr increases accuracy. It will require further as-
sessment with simulations to determine its impact on equitable ac-
cess to transplant for all young children. Although further refinement 
and validation is necessary, updating PELD could potentially better 
discriminate young children with the greatest medical urgency while 
reducing barriers to access to life-saving transplants.
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