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ABSTRACT

BACKGROUND
Under the current liver-transplantation policy, donor organs are offered to patients
with the highest risk of death.

METHODS

Using data derived from all adult candidates for primary liver transplantation who
were registered with the Organ Procurement and Transplantation Network in 2005
and 2006, we developed and validated a multivariable survival model to predict mor-
tality at 90 days after registration. The predictor variable was the Model for End-
Stage Liver Disease (MELD) score with and without the addition of the serum sodium
concentration. The MELD score (on a scale of 6 to 40, with higher values indicating
more severe disease) is calculated on the basis of the serum bilirubin and creatinine
concentrations and the international normalized ratio for the prothrombin time.

RESULTS

In 2005, there were 6769 registrants, including 1781 who underwent liver trans-
plantation and 422 who died within 90 days after registration on the waiting list.
Both the MELD score and the serum sodium concentration were significantly associ-
ated with mortality (hazard ratio for death, 1.21 per MELD point and 1.05 per 1-unit
decrease in the serum sodium concentration for values between 125 and 140 mmol
per liter; P<0.001 for both variables). Furthermore, a significant interaction was
found between the MELD score and the serum sodium concentration, indicating that
the effect of the serum sodium concentration was greater in patients with a low
MELD score. When applied to the data from 2006, when 477 patients died within
3 months after registration on the waiting list, the combination of the MELD score
and the serum sodium concentration was considerably higher than the MELD score
alone in 32 patients who died (7%). Thus, assignment of priority according to the
MELD score combined with the serum sodium concentration might have resulted
in transplantation and prevented death.

CONCLUSIONS
This population-wide study shows that the MELD score and the serum sodium
concentration are important predictors of survival among candidates for liver trans-
plantation.
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HYPONATREMIA AND MORTALITY AMONG PATIENTS ON THE LIVER-TRANSPLANT WAITING LIST

HE ALLOCATION OF GRAFTS FOR LIVER

transplantation from deceased donors in the

United States is based on medical urgency,
which is estimated according to the Model for
End-Stage Liver Disease (MELD) score. The MELD
score is based on the results of three readily avail-
able, objective, and reproducible laboratory tests:
the total serum bilirubin concentration, the inter-
national normalized ratio (INR) for the prothrom-
bin time, and the serum creatinine concentration.**
In the United States, the MELD score has been
used in determining priorities for organ alloca-
tion in liver transplantation since 2002.

In addition to the MELD score, the serum
sodium concentration has been recognized as an
important prognostic factor in patients with liver
cirrhosis. For example, hyponatremia has been
associated with the hepatorenal syndrome,>* as-
cites,®1° and death from liver disease.>8:1°-14 The
serum sodium concentration, like the components
of the MELD score, is readily available, objective,
and reproducible; this makes the serum sodium
concentration a reasonable candidate for consider-
ation in a model of liver allocation. Several stud-
ies have shown that among patients on the wait-
ing list for liver transplantation, the serum sodium
concentration is an important predictor of mor-
tality, over and above the MELD score.'5"*® Fur-
thermore, it has been suggested that there may
be an interaction between the MELD score and
the serum sodium concentration in patients with
a very high MELD score and that, among these
patients, the addition of the serum sodium con-
centration may not have as important an effect on
mortality as it does among patients with a low
MELD score.’®1® The small size of the studies
conducted to date has precluded adequate exami-
nation of the interaction between the MELD score
and the serum sodium concentration. We used
the Organ Procurement and Transplantation Net-
work (OPTN) database to measure the effect of
the MELD score, the serum sodium concentra-
tion, and the interaction between the two in
predicting mortality among patients on a wait-
ing list for liver transplantation.

METHODS

STUDY DATA

Data on all patients who were registered on the
waiting list in the United States were obtained
from the OPTN. These data were available from
the Standard Transplant Analysis and Research

file as of May 1, 2007. The predictor variables in
this analysis consisted of the MELD score and
the serum sodium concentration at the time of
registration on the waiting list. The data file also
included the outcome of waiting (i.e., transplan-
tation, death, or withdrawal from the list for
other reasons), which was used to define the out-
come variable in the analysis — namely, death
before transplantation and within 90 days after
registration.

Since our data spanned 2 calendar years, we
adopted a strategy to build a prediction model
based on data from 2005 and to validate the
model using the 2006 data. Since we planned to
assign a prognostic score based on the MELD
score and the serum sodium concentration to
the current and future registrants on the waiting
list, it was important that a model derived from
one calendar year remain valid when it was ap-
plied to another year. Our target population was
all adults with cirrhotic liver disease in the
United States who were listed for a first liver
transplantation. Therefore, among all registrants
on the waiting list, we excluded those who were
younger than 18 years of age, those with liver
disease other than cirrhosis (e.g., acute liver fail-
ure or hepatocellular carcinoma), and those listed
for repeat liver transplantation, as well as patients
for whom complete laboratory data were not
available within 5 days after they had been placed
on the waiting list. In addition, since we were
interested in the effects of hyponatremia, a small
proportion of patients with hypernatremia (se-
rum sodium concentration >150 mmol per liter)
(24 of 6793 patients, or 0.4%) were excluded from
the model development. However, patients with
hypernatremia were included in the model valida-
tion in order to ensure that the new score could
be applied globally. In candidates listed at more
than one center concurrently, we identified the
first date of registration on the waiting list, using
a de-identified unique candidate code.

STATISTICAL ANALYSIS
The MELD score was calculated with the use of
the standard formula, which adds multiples of the
natural logarithm (In) of the values for the INR,
creatinine, and bilirubin as follows: 11.2 x In(INR)
+9.57 x In(creatinine, in milligrams per deciliter)
+3.78 x In(bilirubin, in milligrams per deciliter) +
6.43 (an intercept), with a lower limit of 1 for all
variables and with creatinine capped at 4; creati-
nine was set at 4 if the patient was receiving renal-
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replacement therapy. The MELD score (rounded
to the nearest integer) ranges from 6 to 40, with
higher values indicating more severe disease.

A multivariable Cox proportional-hazards
analysis of the 2005 data was conducted to de-
scribe the relationships among the MELD score,
the serum sodium concentration, and 3-month
mortality. Patients who were withdrawn from the
list and subsequently died were counted as hav-
ing died. The remaining patients were excluded
at the time of withdrawal from the waiting list, at
the time of liver transplantation, or 90 days after
registration on the waiting list. The Cox model
assumed that excluded patients had the same
risk as patients with the same covariate values
who were not excluded. In other words, the
model assumed that the selection of liver-trans-
plant recipients among candidates with an iden-
tical MELD score was random. Thus, once the
MELD score was taken into account in the model,
the concern about potential biases (e.g., informa-
tive censoring) in the analysis because of exclu-
sion at the time of liver transplantation was
minimized.

Generalized additive models with smoothing
splines were used to determine whether the se-
rum sodium concentration had a nonlinear effect
on the risk of death. The resulting smooth curves
permit depiction of the relationship between the
MELD score and mortality in several strata of
sodium values. The interaction between the MELD
score and the serum sodium concentration was
formally evaluated by means of multivariable Cox
regression analysis. To maintain consistency with
the MELD score, the final model was constrained
such that the new score (the MELD score com-
bined with the serum sodium concentration)
would have the lower and upper bounds of 6 and
40, respectively, for all strata of sodium values.

Once the prediction model had been final-
ized, it was applied to the 2006 data to examine
whether the calibration and discrimination of
the score based on the new model (the MELDNa
score) were superior to those of the MELD score.
Calibration describes how closely the predicted
probabilities agree numerically with the actual
outcomes.® To test the calibration of the MELDNa
score, for each decile of MELD scores for the
2005 data, we calculated the probability of death
at 90 days and compared that probability with
those predicted by the MELD score alone and the
MELD score combined with the serum sodium
concentration. We applied the Hosmer—Leme-

show statistic, as modified by D’Agostino and
Nam,?° as a measure of calibration (see the
Supplementary Appendix, available with the full
text of this article at www.nejm.org). Discrimi-
nation refers to the ability of the model to cor-
rectly distinguish between two classes of out-
comes such as death and survival.*° Statistical
measures of discrimination, including the con-
cordance statistics (C statistics) and integrated
discrimination improvement (see the Supplemen-
tary Appendix), were computed.??2 P values for
the comparison of C statistics were calculated
with the use of the bootstrap method. Finally, a
reclassification table was created to estimate the
magnitude of changes in ranking between the
MELD score alone and the MELDNa score.2*

RESULTS

CHARACTERISTICS OF THE PATIENTS
A total of 14,130 adults on the waiting list for
liver transplantation met the inclusion criteria in
2005 and 2006. Predictor and outcome variables
were complete for 13,940 patients (99%). Charac-
teristics of the patients are shown in Table 1. At
registration on the waiting list, the median MELD
score was 15 (range, 6 to 40) and the median
serum sodium concentration was 137 mmol per
liter (range, 112 to 168). Overall, 31% of the pa-
tients had hyponatremia (serum sodium concen-
tration <135 mmol per liter), and in 2.5% of the
patients, the serum sodium concentration was
less than 125 mmol per liter.

MELD SCORE, SERUM SODIUM, AND MORTALITY
In 2005, a total of 422 patients died and 1781
underwent liver transplantation within 90 days
after registration on the waiting list. As expected,
there was a near-linear relation between the MELD
score and mortality among patients on the wait-
ing list. On average, the risk of death increased
by 21% (hazard ratio, 1.21; 95% confidence inter-
val [CI], 1.20 to 1.22; P<0.001) per unit increase in
the MELD score.

Figure 1 shows that a decrease in the serum
sodium concentration was associated with an in-
crease in the risk of death while patients were on
the waiting list, even after adjustment for the
MELD score. The most meaningful differential
effect of hyponatremia on mortality appeared to
occur at a serum sodium concentration between
125 and 140 mmol per liter. This effect was veri-
fied by model fitting: a Cox model with these
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Table 1. Characteristics of Registrants on the Waiting List for Liver Transplantation.*

Variable Calendar Year Total (N=13,940)
2005 (N=6769) 2006 (N=7171)

Male sex — no. (%) 4397 (65) 4644 (65) 9041 (65)
Age —yr

Median 53 53 53

Range 18-83 18-79 18-83
Race or ethnic group — %7

White 75 75 75

Black 8 8 8

Hispanic 14 14 14

Other 17 17 17
Blood type — %

A 38 39 38

B 12 11 12

0] 46 46 46

AB 4 4 4
Diagnosis — %

Hepatitis C 40 40 40

Alcoholic liver disease 17 19 18

Cholestatic liver disease 8 8 8

Other 35 33 34
MELD score

Median 15 15 15

Range 6-40 6-40 6-40
Bilirubin, total — mg/dI

Median 2.5 2.5 2.5

Range 0.1-91.1 0.1-73.8 0.1-91.1
Creatinine — mg/d|

Median 1.0 1.0 1.0

Range 0.3-19.1 0.2-15.7 0.2-19.1
Prothrombin time — international normalized ratio

Median 1.4 1.4 1.4

Range 0.6-11.5 0.7-14.9 0.6-14.9
Sodium

Median — mmol/liter 137 137 137

Range — mmol/liter 112-149 112-168 112-168

<135 mmol/liter — no. (%) 2077 (31) 2233 (31) 4310 (31)

<125 mmol/liter — no. (%) 181 (3) 171 (2) 352 (3)
Status 3 mo after registration on waiting list — no. (%)

Underwent transplantation 1781 (26) 2159 (30) 3940 (28)

Died 422 (6) 477 (7) 899 (6)

Withdrawn from waiting list 50 (1) 64 (1) 114 (1)

3

To convert the values for bilirubin to micromoles per liter, multiply by 17.1. To convert the values for creatinine to micro-
moles per liter, multiply by 88.4. MELD denotes Model for End-Stage Liver Disease.

 Race and ethnic group were determined and reported by the health providers in the hospitals where the patients were

registered.
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upper and lower bounds for the sodium concen-
tration was superior to the model with continu-
ous, untruncated sodium values. The model fit
did not improve by allowing the risk for patients
with a serum sodium concentration of less than
123 mmol per liter to differ from the risk for
patients with a serum sodium concentration of
123 to 127 mmol per liter, or by allowing the risk
for patients with a serum sodium concentration
of more than 142 mmol per liter to differ from
the risk for those with a serum sodium concen-
tration of 138 to 142 mmol per liter (data not
shown). A Cox model, adjusted for the MELD
score, showed an increase in the risk of death of
5% (hazard ratio, 1.05; 95% CI, 1.03 to 1.08;
P<0.001) per unit decrease in the serum sodium
concentration when the serum sodium concentra-
tion was between 125 and 140 mmol per liter.

EFFECT OF SERUM SODIUM AT DIFFERENT
MELD SCORES

The result of the multivariable Cox regression
analysis for the interaction between the MELD
score and the serum sodium concentration (i.e.,
the MELDNa score) is summarized by the follow-
ing formula:

MELDNa=MELD —Na - [0.025 x MELD x
(140 — Na)] + 140,

where the serum sodium concentration (Na) is
bound between 125 and 140 mmol per liter. Like
the MELD score, the MELDNa score is rounded
to the nearest integer.

The result can also be depicted as the addi-
tional allocation points a patient would receive

Relative Risk of Death

10‘0:

mm [stimate
i 95% Cl

1.0

0.5

T T T T T T
120 125 130 135 140 145

Serum Sodium (mmol/liter)

Figure 1. Serum Sodium Concentration and the Relative Risk of Death
after Adjustment for the MELD Score.
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for a given MELD score and serum sodium con-
centration (Fig. 2). Patients with hyponatremia
could have up to 13 points added to their MELD
score, which would equate their risk of death to
the risk for patients with normal sodium con-
centrations. The majority of the patients in this
study (61%) had serum sodium concentrations
above 135 mmol per liter; for these patients, the
MELDNa score was essentially identical to the
MELD score. Similarly, for patients with MELD
scores above 30, the effect of hyponatremia was
quite small. However, for patients with moder-
ate MELD scores, the effect could be substantial.
For example, a patient with a MELD score of 10
and a serum sodium concentration of 125 mmol
per liter would have a MELDNa score of 21 (i.e.,
11 points added to the MELD score), because the
risk of death would be equivalent to the risk for
a patient with a MELD score of 21 and a normal
serum sodium concentration.

CALIBRATION AND DISCRIMINATION
OF THE MELDNa SCORE
A total of 2159 patients underwent transplanta-
tion and 477 patients died within 90 days after
registration in 2006; these data were used to ex-
amine the calibration and discrimination of the
MELDNa score. Figure 3 compares the calibration
of the MELD and MELDNa scores in predicting
the probability of death at 90 days. The observed
probability of death and the probability predicted
by the MELDNa score based on the 2005 data are
shown, as well as the observed probability of
death and that predicted by the MELDNa and
MELD scores based on the 2006 data. The prob-
ability of death predicted by the MELDNa score
was similar to the observed probability for both
data sets. As expected, the discrepancy was a bit
larger for the validation data from 2006. More im-
portant, the 2006 data show that the mortality
predicted by the MELDNa score matched the ob-
served mortality at 90 days better than did the
mortality predicted by the MELD score in virtu-
ally all deciles of MELD scores that were tested.
The Hosmer-Lemeshow statistic (as modified by
D’Agostino and Nam?° for survival data) was 17.8
for the MELDNa score and 51.3 for the MELD
score. There was less discrepancy between the ac-
tual and predicted probabilities with the MELDNa
score than with the MELD score (see the Supple-
mentary Appendix for details).

In this study, discrimination refers to the abil-
ity to rank patients correctly according to their
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140 | O

Serum Sodium (mmol/liter)

MELD Score

Figure 2. Computation of the MELDNa Score on the Basis of the MELD Score and the Serum Sodium Concentration.

The graph shows the allocation points a patient would receive for a given Model for End-Stage Liver Disease (MELD)
score and serum sodium concentration. Boxes of the same color share the same allocation points.

risk of death. Discrimination of the MELD and
MELDNa scores may be assessed by means of the
C statistic, a conventional metric of discrimina-
tion, which was modestly, yet significantly higher
with the MELDNa score than with the MELD
score (0.883 vs. 0.868, P<0.001). Assessment of
the integrated discrimination improvement (i.e.,
the average improvement in the predicted prob-
ability of death) indicated that the net improve-
ment in the risk score — although numerically
small and of uncertain clinical significance —
was statistically significant (integrated discrimi-
nation improvement, 1.1%; P<0.001) (see the Sup-
plementary Appendix).

The potential effect of the use of the MELDNa
score in liver allocation is shown in Figure 4,
which shows how the 477 patients who died
within 90 days after registration in 2006 would
have been reclassified if the MELDNa score had
been used instead of the MELD score. For 363
patients, the MELD and MELDNa scores were
similar, whereas for 110 patients (23% of the
patients who died), the difference between the

MELDNa and MELD scores was sufficiently large
that the priority for liver allocation might have
been altered if the MELDNa score had been used.
On the basis of the probabilities of transplanta-
tion with the use of the MELD score in 2006, we
estimated that if the MELDNa score had been
used for organ allocation, the incremental in-
crease in the number of transplantations would
have been 32, suggesting that 7% of the 477
deaths might have been prevented (Fig. 4).

DISCUSSION

Since the MELD score was adopted in 2002 as the
standard by which priority for liver allocation is
determined, mortality among patients on the wait-
ing list has decreased substantially in the United
States.?? However, the MELD score may not ac-
curately reflect the risk of death in some groups
of patients. Previous studies have shown that one
such group is patients with hyponatremia.t>1#
Our study involved the entire waiting list of reg-
istrants in the United States; this large sample
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A 2005 Data
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B 2006 Data
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with MELD ]

Decile

MELDNa Score <10 11-12 13-14 15-16 17-18 19-20 21-22 23-26 27-31 32-40

scores in 10 groups (deciles) of patients.

Figure 3. Observed and Predicted Probability of Death at 90 Days.

Panel A shows the observed probability of death for the 2005 data and the predicted probability according to the
Model for End-Stage Liver Disease—sodium (MELDNa) score in 10 groups (deciles) of patients. Panel B shows the
observed probability of death for the 2006 data and the predicted probability according to the MELDNa and MELD

provided sufficient statistical power to accurately
characterize and validate the interaction between
the MELD score and the serum sodium concen-
tration as predictors of mortality.*®® OQur data
show that the effect of hyponatremia gradually
diminished as the MELD score increased, as shown
in Figure 2.

The current approach to liver transplantation
in the United States is to prioritize the allocation
of liver grafts on the basis of urgency (i.e., the
estimated risk of death for a patient on the wait-
ing list).2#2° In this study, we found that as com-
pared with the MELD score, the MELDNa score
provides better calibration and discrimination of
the risk of death among candidates for liver
transplantation; thus, use of the MELDNa score
may reduce mortality among patients on the wait-

ing list. Since the MELDNa score differs substan-
tially from the MELD score only for patients with
hyponatremia, the proportion of candidates for
liver transplantation who would be affected by
the use of this combined score would be modest.
Among such patients, however, we found that the
magnitude of the difference between the MELD
score and the MELDNa score was often large
enough to make a real difference in the proba-
bility of receiving a liver transplant and averting
death (Fig. 4). Common measures of discrimina-
tion such as the C statistic are insensitive to this
difference, since they gauge only the proportion
of patients whose ranks change, without consid-
eration of the magnitude of the change in ranks.
Our analysis suggests that as many as 7% of
waiting-list deaths could be averted if the MELDNa
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score were used for liver allocation; this would
project to 90 lives saved (7% of 1291 patients
who died) for the period from 2005 to 2006.
Although this may be a modest number, we be-
lieve that the use of the MELDNa score could be
an important improvement in identifying a sub-
group of patients with cirrhosis who have severe
fluid retention and a high risk of death.

In our previous research in selected academic
transplantation centers, the effect of the serum
sodium concentration was modeled as a linear
variable, with a lower bound for the serum so-
dium concentration of 120 mmol per liter and
an upper bound of 135 mmol per liter.'® The
current study, with a large sample that permitted
formal testing of these lower and upper bounds,
updates the range to 125 to 140 mmol per liter.
This change is clinically preferable in consider-
ing the MELDNa score for liver allocation. Hy-
ponatremia at the time of liver transplantation
has been associated with increased morbidity
(e.g., due to central pontine myelinolysis3°-32?)
and mortality in the immediate postoperative
period.333* Whether this association is attribut-
able to hyponatremia itself or reflects the fact
that patients with hyponatremia tend to be ill in
general remains to be determined. Nonetheless,
an allocation system that excessively favors pa-
tients with severe hyponatremia may diminish
the overall outcome after liver transplantation.
Ultimately, once an organ is allocated to a pa-
tient with hyponatremia, it should remain the
responsibility of the individual physicians to de-
termine whether the patient is at too high a risk
to undergo liver transplantation.

Our analysis has limitations. First, the data
on serum sodium concentrations were obtained
at a single time point — when a patient was
placed on the waiting list. Serum sodium con-
centrations may vary depending on factors such
as the volume status and use or nonuse of diuret-
ics. Since the data from the waiting list were
collected without a specific protocol for these
variables, the data on serum sodium concentra-
tions may entail a significant degree of variabil-
ity. However, published data and common clini-
cal observations indicate that hyponatremia in
patients with cirrhosis is difficult to alter.353¢ In
addition, the consistency of the effect of the se-
rum sodium concentration on short-term mortal-
ity between the 2005 and 2006 data ensures the
validity of our observation. Second, this analysis
is based on a waiting-list registry, rather than on
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hSACEOI;E MELDNa Score Total
<10 | 10-19 | 20-29 | 30-39 | 40
no. of patients

<10 5 4 - - - 9
10-19 - 54 67 - - 121
20-29 - - 122 43 - 165
30-39 - - - 116 - 116

40 - - - - 66 66
Total 5 58 189 159 66 477

Who Died while on the Waiting List, 2006.

Figure 4. Distribution of MELD and MELDNa Scores among the 477 Patients

Dark orange cells represent patients in whom the Model for End-Stage Liver
Disease (MELD) score and the MELDNa score were similar. Light orange
cells correspond to the 110 patients with a MELDNa score that was higher
than the MELD score and in a range that might have made an organ avail-
able for transplantation. In 2006, the probability of receiving a liver trans-
plant increased from 18.5% for a patient with a MELD score from 10 to 19
to 58.4% for a patient with a MELD score from 20 to 29 and to 70.4% for a
patient with a MELD score from 30 to 39. If the MELDNa score had been used
for liver allocation, the expected number of transplantations would have in-
creased by 32, as calculated with the following formula: 67 x (58.4%-18.5%)
+43x (70.4%-58.4%). Thus, 7% of deaths (32 of 477) that occurred within
3 months after registration on the waiting list might have been prevented.

a database specifically created for the study, which
makes heterogeneity in the data inevitable.37-4°
Nonetheless, since the OPTN conducts periodic,
mandatory audits of data at each center, we be-
lieve that most of our data are accurate. Third, we
held the MELD score intact rather than refitting
coefficients for its components, since our primary
objective was to define the relationships among
the MELD score, the serum sodium concentra-
tion, and short-term mortality in our patients.
Having been validated and used extensively, the
MELD score is familiar to liver-transplantation
personnel. However, if the MELDNa score is to
be adopted for organ allocation, further adjust-
ment of the model may be required before im-
plementation.

Despite these shortcomings, we believe our
analysis shows that the MELDNa score may pro-
vide significantly better prediction of mortality
among registrants on the waiting list for liver
transplantation. We think that with the priority
for organ allocation based on urgency for liver
transplantation, adoption of the MELDNa score
should be tested to see whether it reduces mor-
tality among patients on the waiting list.
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