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Survival benefit of liver transplantation
and the effect of underlying
liver disease
Ana L. Gleisner, MD,c,f Alvaro Muñoz, PhD,g Ajacio Brandao, MD,d,e Claudio Marroni, MD,d,e
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Michael A. Choti, MD,h and Timothy M. Pawlik, MD, MPH,h Rio Grande do Sul, Brazil, St. Louis, MO,
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Background. The benefit of liver transplantation relative to initial degree of underlying liver disease and
time on the waiting list remains poorly defined. We sought to examine the survival benefit attributable to
liver transplantation across a wide range of Model for End-Stage Liver Disease (MELD) scores.
Methods. The study population included patients with end-stage liver disease enlisted in Rio Grande do
Sul, Brazil, between 2001 and 2005. Survival and hazard function for enlisted and transplanted
patients were estimated using parametric and nonparametric methods. MELD score was utilized to
account for underlying liver disease.
Results. Of 1,130 eligible patients, 520 (46.0%) were transplanted, 266 (23.5%) died on the waiting
list, 141 (12.5%) were excluded from the waiting list, and 203 (18.0%) remained enlisted and were
awaiting transplantation at the time of last observation. At 1 year after transplantation, a MELD score
of 15 represented a transition point in terms of overall survival benefit (MELD 10, 90% vs 83%;
MELD 15, 81% vs 80%; MELD 20, 63% vs 78%; MELD 25, 42% vs 74%; MELD 30, 21%
vs71%; enlisted vs transplant patients, respectively). MELD scores at which transplantation seemed to
be beneficial relative to the amount of follow-up time was MELD 23, 17, 15, and 12 at 6 months, and
1, 2, and 5 years, respectively, from time of transplantation/enlistment.
Conclusion. Although patients with greater MELD scores enjoy a pronounced and early benefit from
transplantation, patients with lesser MELD scores do gain from transplantation, although a greater
period of time is needed to realize the survival benefit. (Surgery 2010;147:392-404.)
From the Department of Surgery,a Department of Clinical Pharmacology,b Universidade Federal do Rio Grande
do Sul,c the Liver Transplantation Group, Complexo Hospitalar, Santa Casa, Porto Alegre,d Department of
Internal Medicine, Universidade Federal de Ciências da Saú de de Porto Alegre,e Rio Grande do Sul, Brazil;
Department of Surgery, St. Louis University,f St. Louis, MO; Department of Epidemiology, The Johns Hopkins
Bloomberg School of Public Health,g Baltimore; and Department of Surgery, The Johns Hopkins University
School of Medicine,h Baltimore, MD
OVER THE LAST 40 YEARS, LIVER TRANSPLANTATION has
evolved into the preferred therapy for a wide range
of patients with end-stage liver disease secondary to
fatal chronic hepatic diseases.1 The gap in the
number of patients waiting for transplantation ver-
sus the availability of organs, however, remains a
problem.2-4 Because donor organs are a limited re-
source, the timing of transplantation in the course
of the liver disease needs to be optimized. Optimal
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timing of liver transplantation in the course of dis-
ease is not only desirable to maximize organ re-
source utilization, but also to avoid harm from
intervention too early and futility from transplant-
ing too late.5 In essence, liver transplantation
should not be undertaken ideally in the circum-
stance where the nontransplant option is associ-
ated with a longer lifetime.6,7 Comparison of
mortality risk among listed transplant candidates
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versus mortality risk among transplant recipients
has been fraught with clinical and methodologic
difficulties.

Several studies have compared listed transplant
candidates with transplant recipients by matching
on time since initial listing.5,8 Although such an ap-
proach is appropriate because it includes only that
fraction of patients suitable for transplantation,
the comparison may be confounded by the fact
that severity of underlying liver disease is utilized
to prioritize certain patients for transplantation.
Specifically, pretransplant mortality risk has been in-
corporated into the liver allocation policy.9 The
Model for End-Stage Liver Disease (MELD), which
incorporates serum bilirubin, international normal-
ized ratio (INR) of prothrombin time and serum
creatinine, is an excellent predictor of mortality
on the waiting list.10-12 Hence, in most settings, pa-
tients with greater MELD scores are prioritized for
transplantation. As a consequence, patients remain-
ing on the waiting list represent, in general, a health-
ier select cohort of patients. Because severity of
underlying liver disease impacts both pre- and post-
transplant outcomes, assessment of the benefit of
transplantation among all suitable candidates
through direct comparison of patients on the
waiting list versus transplanted patients is
problematic.

In addition to clinical confounders such as
severity of underlying liver disease, there are other
potential methodologic problems in comparing
listed transplant candidates with transplant
recipients. As with most operative treatments, the
short-term hazard of death associated with trans-
plantation most likely increases sharply and then
decreases over time compared with listed recipi-
ents.13 The general assumptions of standard
survival analytic tools such as the Cox proportional
hazards model (eg, ratio of the hazard functions
for the 2 groups does not depend on time)14 are
not satisfied. Survival analyses comparing listed
transplant candidates with transplant recipients
require more sophisticated statistical modeling,
which has been lacking generally in the literature.

In 2001, Brazil legislated that organ allocation of
liver donations would be prioritized solely on the
length of waiting list time. Under this adopted
policy, no distinctions based on medical urgency
or severity of underlying liver disease/MELD score
were utilized in the liver allocation process.4,9 This
policy of liver allocation remained in place until
2006, when the Brazilian National System of Trans-
plantation adopted the MELD score to prioritize
liver allocation. Although the allocation system uti-
lized from 2001 to 2005 was controversial, it provides
a unique contemporary data set to compare listed
transplant candidates with transplant recipients
not censored based on the severity of liver disease.
As such, the objective of the current study was to uti-
lize this unique national data set to examine the sur-
vival benefit attributable to liver transplantation. In
addition, unlike many previous studies, we sought to
employ both nonparametric and parametric model-
ing to account for the shortcoming of standard sur-
vival analyses. In this manner, we were able to
scrutinize more fully the general belief that liver
transplantation provides a significant survival
benefit for all candidates on the waiting list, regard-
less of underlying degree of liver disease or MELD
score.

METHODS

The study population included patients $16
years of age listed for liver transplantation in the
state of Rio Grande do Sul, Brazil, between January
2001 and December 2005 (n = 1,172). Patients who
obtained judicial permission for transplant (n = 5)
and noncirrhotic candidates (n = 10) were ex-
cluded from subsequent analyses. In addition,
those patients listed as urgent transplants (eg,
acute liver failure or urgent retransplantation;
n = 27) were excluded because patients with acute
liver failure are known to have a unique natural
history and prognosis.15 For the remaining pa-
tients (n = 1,130), time on the transplant wait list
was the only criterion used for transplantation.
As such, variations in the length of time to trans-
plant were largely owing to ABO-compatible blood
donor availability.

Patients were listed through 3 different trans-
plant centers: Irmandade Santa Casa de Misericor-
dia de Porto Alegre (n = 789), Hospital de Clinicas
de Porto Alegre (n = 183), and Hospital Sao Vice-
nte de Paulo in Passo Fundo (n = 158). All patients
met criteria for inclusion on the transplant list af-
ter standard cardiovascular, pulmonary, psychiat-
ric, and social work evaluations verified their
suitability. Patients on the transplantation list in-
cluded those patients with underlying liver disease
classified as Child-Turcotte-Pugh16 B or C or those
with Child-Turcotte-Pugh A liver disease who had
$1 complication associated with liver disease (eg,
bleeding esophageal varices, spontaneous bacterial
peritonitis, encephalopathy, intractable ascites or
pruritus). Patients with hepatocellular carcinoma
(HCC) and underlying liver disease were also in-
cluded on the waiting list according to the Milan
Criteria,17 but were not given priority over other
patients. The allocation criteria and selection pro-
cess were defined by a national law in Brazil. The
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list was distinct for each geographic state in the
country where liver transplant was performed,
and each of the state’s department of health had
a division responsible for patient listing, harvest co-
ordination, and organ allocation/sharing. All pa-
tients on the waiting list were regularly followed
at the respective transplant centers.

Demographic, clinical, and procedure-specific
data were collected for each patient. Laboratory
information including bilirubin, creatinine, INR,
albumin, and serum sodium were recorded. In
addition, data on underlying liver disease/cirrho-
sis, initial Child-Turcotte-Pugh score, history of
liver-related complications, diagnosis of HCC,
date and cause of permanent or temporary exclu-
sion and re-inclusion dates, reason for transplan-
tation, as well as surgical details were collected.
MELD score at origin was calculated in accordance
with UNOS guidelines,18 with no extra ‘‘bonus’’
points being given for the presence of an HCC.

Within the cohort of patients on the waiting list,
the primary outcome event was considered to be
either death (n = 266; 23.5%) or ‘‘drop out’’ owing to
progression of HCC outside transplantation criteria
(n = 10; 0.9%). Enlisted patients were censored if
they removed themselves from the waiting list (n =
34; 3%) or if their underlying liver function im-
proved such that they were no longer considered
candidates for transplantation (n = 41; 3.6%). Pa-
tients were also censored administratively if they re-
mained on the waiting list at the time that the
Brazilian liver allocation policy changed to included
MELD score (n = 203; 18.0%) because this was the
defined conclusion of our longitudinal cohort anal-
ysis. Additionally, patients excluded from the wait-
ing list at the time of last follow-up owing to
medical reasons that precluded transplantation
(eg, active infections, treatment of non-HCC can-
cers) were censored at the time of list removal
(n = 56; 5%). For those patients undergoing trans-
plantation, transplant was treated as an internal
time-dependent covariate. The primary outcome
event in the transplantation cohort was death
(n = 144; 27.7%). Transplanted patients were cen-
sored if lost to follow-up (n = 2; 0.4%) or at the de-
fined time of conclusion of our longitudinal
analysis (n = 374; 71.9%). Because patients who
were transplanted obviously had spent time on the
waiting list, follow-up time for transplanted patients
was divided into 2 components that reflected a given
patient’s contribution to the waiting list (calculated
from time of list registration to time of transplanta-
tion) as well as to post-transplant survival estimates
(calculated from time of transplantation to date of
death or end of observation).
The protocol was reviewed and approved by the
ethics committee of all 3 institutions and the need
for informed consent was waived.

Statistical analyses. Summary statistics were ob-
tained using established methods and presented as
percentages, mean or median values, as appropri-
ate; variance was reported as ± standard deviation.
Cumulative survival was estimated initially using the
nonparametric product limit method (Kaplan and
Meier).19 For purposes of survival analyses, the
origin (eg, time ‘‘zero’’) for enlisted patients
(n = 1,130) was the date of initial inclusion on the
waiting list. Observation for each patient was termi-
nated at death (n = 266) or removal from the waiting
list owing to tumor progression (n = 10) and cen-
sored at transplantation (n = 520) or while enlisted
in the waiting list (n = 344). For the transplantation
cohort, the origin was date of transplantation. Stag-
gered entries for the transplantation cohort were
not used because all patients spent at least some
time on the waiting list (minimum, 40 days) and
the shorter waiting times were relatively infrequent.
Patients were followed until death (n = 144) or cen-
sored at the end of the study (n = 374) or at the last
date they were known to be alive (n = 2). Initial sur-
vival estimates confirmed that the assumption of
proportional hazards was not valid in comparing en-
listed transplant candidates versus transplant recip-
ients (Fig 1). In fact, over time the survival curves for
enlisted versus transplanted patients crossed,
thereby violating the Cox model requirement that
the ratio of the hazard functions for the 2 observa-
tions does not depend on time.13,20 The widely
used Cox proportional hazards regression model
for the analysis of survival data has limited utility in
such a setting. In contrast, parametric regression
models are an attractive option in such situations
with the generalized gamma (GG) distribution be-
ing a commonly used parametric distribution since
it includes most common types of hazard function.20

The GG distribution does not rely on the
proportional hazards assumption, but an underly-
ing probability distribution is assumed for the time
to primary outcome. Initially, only the 3 parame-
ters that describe the GG distribution---location
(b), scale (s), and shape (l)---were estimated for
both the enlisted and the transplanted patients
using maximum likelihood estimation. After this,
survival estimates derived from the Kaplan--Meier
estimates were compared with the GG distribution
to ensure an accurate fit of the parametric model
(Fig 2). The MELD score at the time of transplant
was the primary indicator of underlying liver dis-
ease severity among patients who underwent trans-
plantation. Specifically, because of the inability to



Fig 1. Kaplan--Meier survival curve comparing trans-
planted (n = 520) versus enlisted patients (n = 1,130)
from the time of transplantation (transplanted group)
or enlistment in the program (enlisted group).
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use staggered entries in the analysis, the location
parameter (b) was allowed to depend on the
MELD score at the origin (ie, date of placement
in the waiting list for the enlisted patients and
date of transplantation for the transplanted pa-
tients) in the pre- and post-transplant models as
a continuous covariate, thereby accounting for
any change in the severity of the liver disease while
on the waiting list.

The probability density function (PDF) of a
generalized gamma GG(b, s, l) is:
Fig 2. Nonparametric and GG-based estimates of sur-
vival for transplanted versus enlisted patients from the
time of transplantation (transplanted group) or enlist-
ment in the program (enlisted group). The parametric
GG distribution fit accurately the nonparametric Ka-
plan--Meier survival estimates.
f GGðtÞ¼ jlj
stðl�2Þ

h
l�2ðe�bt

�l=sil�2

exp
h
�l�2ðe�bt

�l=si

where:
b = b09 + b19x1 + b29 x2 + b39 x1 x2

s = s09 + s19 x1

l = l09 + l19 x1

x1 = 1 if transplanted, 0 otherwise
x2 = MELD score centered at 15, which was the

mean of the overall group
b09 = location parameter for the enlisted group

at MELD score of 15
b09 + b19 = location parameter for the trans-

planted group at MELD score equal to 15
b29 = change in the location parameter for 1-

unit increment in the MELD score for enlisted
patients

b29 + b39 = change in the location parameter for
1-unit increment in the MELD score for trans-
planted patients

s09 = scale parameter for enlisted patients
s09 + s19 = scale parameter for transplanted

patients
l09 = shape parameter for enlisted patients
l09 + l19 = shape parameter for transplanted

patients.
In other words, the survival times of the enlisted

group while waiting to be transplanted were de-
scribed by GG(b0 + b2 (MELD --15), s0, l0) and the
survival times of the transplanted group after trans-
plantation were described by GG((b0 + b1) + (b2 +
b3) (MELD -- 15), s0 +s1, l0 + l1). Parameters were
then used to generate estimates of the survival and
hazard functions and the cumulative hazards for
the different range of MELD values. The standard
errors for the derived quantities were computed
using the delta method.20

Identification of potential predictors of out-
come in the pre- and post-transplant survival
cohorts were additionally analyzed using the GG
model. While maintaining the shape and scale
parameters constant for each group, we investi-
gated the significant effects of predictors by allow-
ing them to change the location (b) component of
the model. Covariates associated with a P value
<.20 in the univariate analyses were included in
the multivariate analyses. The interpretation of
the regression coefficient in this model reflects
the effect of the explanatory variable multiplica-
tively on the time scale. To facilitate interpretabil-
ity, the parameter coefficients were converted to
percentage difference in median survival ([eb --
1] 3 100%). Therefore, values represent the per-
centage difference in the median survival
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associated with a 1-unit increment in the explana-
tory variable for continuous variables. For categor-
ical variables, values represent the difference
between each level and the reference median sur-
vival. Variables were not considered where >10%
of the data were missing. Otherwise, missing values
were imputed for inclusion into the multivariate
models.21,22

All statistical analyses were performed using
Stata 9 (Stata Corp., College Station, TX).
Graphics were produced by using the S-Plus 8
(Insightful Corporation, Palo Alto, CA) software.

RESULTS

The characteristics at the time of placement on
the waiting list of the 1,130 eligible patients are
shown in Table I. Most patients were $50 years
(n = 688; 60.9%), male (n = 730; 64.4%), and white
(n = 1,041; 92.1%). The most common diagnosis
was hepatitis C (n = 739; 65.4%) and only 8.9%
(n = 101) of patients had an underlying HCC. At
the time of listing, the overwhelming majority of pa-
tients had a MELD >10 (n = 976; 86.4%) with the
mean MELD score being 15.03 (SD 4.56). The dis-
tribution of MELD scores at the time of transplanta-
tion showed a shift toward higher scores. The
average increase in MELD score among trans-
planted patients was 1.19 ± 3.64 (paired samples
t test’s P < .0001) during a median waiting time of
10 months (interquartile range [IQR], 6--14
months). The mean ± standard deviation values
for total bilirubin, creatinine, INR, and albumin
at the time of transplantation were 3.12 ± 4.26,
1.16 ± 1.07, 1.59 ± 0.44, and 3.19 ± 0.66, respectively.
Few recipients had a MELD score <10 at enlistment
(12.2%) and even fewer at transplantation (7.7%).
The characteristics of the waiting list versus trans-
plantation populations were comparable except
for history of HCC and laboratory values on enlist-
ment (Table I). Specifically, enlisted patients had
a lesser albumin level and a greater MELD score
compared with the transplantation cohort. MELD
score at date of placement on the waiting list for
the enlisted patients and MELD score at date of
transplantation for the transplanted patients were
utilized for all survival analyses.

Donor’s were mainly Caucasian (88.3%), male
(55.8%), and #65 years old (95.8%). Most trans-
planted livers were reperfused within 12 hours
(83.7%). As a result, the donor risk index23 was
low, with a median of 1.21 (1.03--1.45). Up to
90% of the patients had a donor risk index <1.7.

Over the longitudinal follow-up period of 2001--
2005, of the 1,130 eligible patients, 520 (46.0%)
were transplanted, 266 (23.5%) died on the
waiting list, 141 (12.5%) were excluded from the
waiting list (n = 56 temporarily), and 203 (18.0%)
remained enlisted and were awaiting transplanta-
tion at the time of last observation. A total of 290
deaths per 1,000 patient-years in the waiting list
and 119 deaths per 1,000 patient-years posttrans-
plant were observed.

Several factors were associated with waiting list
survival. On univariate regression analysis, labora-
tory values including albumin, serum sodium, total
bilirubin, INR, and creatinine, were each associ-
ated with outcome (all P < .05; Table II). Specifi-
cally, a serum sodium level at the time of listing
<130 mEq/L was associated with a 44% (95% con-
fidence interval [CI], 15--63%) decrease in median
survival. In addition, 1-unit increments in serum al-
bumin were associated with a 4-fold increase in the
survival time (95% CI, 259--591%). MELD was also
a strong predictor of waiting list mortality. An in-
creasing MELD score was associated directly with
a decreasing median survival. There was an ap-
proximately 33-fold range of waiting list mortality
rates between patients with MELD scores 6--10
compared with patients with MELD scores >30. Pa-
tients with MELD score $20 had a mortality rate
that was >280% greater than that of the MELD
6--10 category. On multivariate analysis, MELD re-
mained the most powerful predictor of differences
in the median survival for enlisted patients. In fact,
after adjusting for competing risk factors, each in-
cremental increase in the MELD score was associ-
ated with a 16% (95% CI, 13--20%) decrease in
median survival.

Factors associated with survival after transplan-
tation included recipient age (9% change in me-
dian survival with each increasing year of recipient
age) and the pretransplant MELD score. Although
warm ischemia time was associated with survival on
univariate analysis, it failed to remain significant
on multivariate analysis. Other factors, including
underlying diagnosis, donor characteristics, as well
as cold ischemia time were not significant on
either univariate or multivariate analyses
(Table III).

Examining the entire cohort, survival estimates
revealed an overall survival benefit for liver trans-
plant recipients compared with candidates on the
waiting list (Fig 1); however, transplant recipients
did incur a short-term peri-operative decrease in
survival compared with enlisted patients. We,
therefore, sought to better assess the hazard of
liver transplantation relative to follow-up time
(eg, time since origin, enlistment, or transplanta-
tion) using the generalized parametric models. Ini-
tially, parameters from the unadjusted model



Table I. Clinicopathologic patient characteristics (n = 1,130)

Characteristics*
Enlisted

(n = 1,130)
Nontransplanted

(n = 610)
Transplanted

(n = 520) P valuey

Site
Irmandade Santa Casa de Misericordia

de Porto Alegre
789 (70) 379 (62) 410 (79)

Hospital de Clinicas de Porto Alegre 183 (16) 134 (22) 49 (9)
Hospital Sao Vicente de Paulo in Passo Fundo 158 (14) 97 (16) 61 (12) <.001

Age at enlistment, yrs (mean ± SD) 51.3 ± 11.2 51.8 ± 10.9 50.9 ± 11.3 .24
Gender

Male 730 (65) 405 (66) 325 (63)
Female 400 (35) 205 (34) 195 (37) .10

Race
Asian 2 (<1) 2 (<1) 0
Black 45 (4) 26 (4) 19 (4)
Caucasian 1041 (92) 558 (92) 483 (92)
Other 42 (4) 24 (4) 18 (4) .52

Diagnosis
Hepatitis C 739 (66) 397 (66) 342 (66)
Alcoholic cirrhosis 119 (10) 69 (11) 50 (10)
Hepatitis B 102 (9) 56 (9) 46 (9)
Cryptogenic 111 (10) 58 (9) 53 (10)
Noncholestatic cirrhosis (other) 24 (2) 12 (2) 12 (2)
Primary sclerosing cholangitis 13 (1) 7 (1) 6 (1)
Primary biliary cirrhosis 10 (1) 5 (1) 5 (1)
Cholestatic cirrhosis (other) 12 (1) 6 (1) 6 (1) .75

Diagnosis of HCC
Yes 101 (9) 65 (11) 36 (7)
No 1,029 (91) 545 (89) 484 (93) .04

Outcomes
Death 410 (36) 266 (44) 144 (28)
Alive and waiting 577 (51) 203 (33) 374 (72)
Removed from list/lost to follow-up 143 (13) 141 (23) 2 (<1) <.001

Laboratory values on enlistment
Total bilirubin in mg/ml (median; IQR) 2.1 (1.3–3.4) 2.1 (1.3–3.5) 2.0 (1.25–3.3) .137
Creatinine in mg/dl (median; IQR) 0.9 (0.8–1.1) 0.9 (0.8–1.1) 0.9 (0.8–1.1) .010
INR (median; IQR) 1.47 (1.31–1.66) 1.46 (1.29–1.66) 1.49 (1.32–1.66) .41
Albumin in g/dl (median; IQR) 3.2 (2.7–3.6) 3.1 (2.7–3.6) 3.2 (2.9–3.6) .001
Sodium <130 mEq/l 94 (8) 47 (8) 47 (9) .45
MELD score (mean ± SD) 15.03 ± 4.56 15.43 ± 5.08 14.64 ± 3.93 .01

MELD categories
6--10 154 (14) 91 (15) 63 (12)
11--20 856 (76) 432 (71) 424 (82)
21--30 108 (10) 76 (12) 32 (6)
>30 12 (1) 11 (2) 1 (<1) .001

*Values represent percentages unless stated otherwise.
yChi-square for frequency comparisons; Student’s t test (parametric data) or Mann--Whitney’s test (-parametric) for comparisons of continuous variables
between nontransplanted and transplanted groups.

HCC, Hepatocellular carcinoma; INR, international normalized ratio; IQR, interquartile range; MELD, Model for End-Stage Liver Disease.
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(Table IV) were used to assess the fit of this distri-
bution, which proved to be adequate (Fig 2). Pa-
rameters from a second model (Table IV),
adjusted for the severity of the liver disease, were
then used to generate the survival and hazard esti-
mates for the following comparisons.

To examine specifically the effect of time in a
homogenous group of patients, the MELD score
was held constant at 15 (the mean value). As noted
in Fig 3, the relative hazard of death in patients
with a MELD score of 15 was noted to be highest
immediately after transplantation but subsequently
decreased over time. Specifically, for these pa-
tients, the relative hazard of death after transplan-
tation was 7.12 (95% CI, 3.52--14.39) for recipient
patients versus enlisted patients. The hazard of



Table II. Univariate and multivariate accelerated time estimates of percentage differences in median
survival for enlisted patients

Univariate analysis Multivariate analysis

Characteristic P value
% difference in median

survival (95% CI)* P value
% difference in median

survival (95% CI)*

Female gender .69 7 (�24 to 51)
Age in years at enlistment .35 �1 (�2 to 1)
Race (Caucasian vs other) .71 �7 (�36 to 36)
Diagnosis

HCV Referent
Non-HCV noncholestatic cirrhosis .93 2 (�32 to 53)
Cholestatic cirrhosis .73 �15 (�68 to 122)
Hepatocellular carcinoma .78 9 (�42 to 108)

Laboratory values at originy
Total bilirubin (mg/ml) <.0001 �11 (�16 to �6) <.0001 �6 (�8 to �3)
Creatinine (mg/dl) .004 �34 (�50 to �12) <.0001 �39 (�54 to �21)
INR <.0001 �74 (�84 to �59) .05 �33 (�56 to �1)
MELD score <.0001 �16 (�20 to �13)
Albumin (g/dl) <.0001 398 (259 to 591) <.0001 253 (157 to 385)
Sodium < 130 mEq/l .006 �44 (�63 to �15) .759 �7 (�41 to 47)

*Value represents the percentage difference in the median survival associated with a 1-unit increment in the explanatory variable for continuous variables
or comparing 1 level with the reference level for categorical variables.
yFrom the time of transplantation (transplant group) or enlistment in the program (enlisted group).

CI, Confidence interval; HCV, hepatitis C virus; INR, international normalized ratio; MELD, Model for End-Stage Liver Disease.
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death became comparable at 3 months and de-
creased subsequently in a time-dependent manner.
For patients with a MELD of 15, the relative risk of
death comparing transplant versus enlisted pa-
tients was 0.53, 0.36, 0.24, and 0.16 at 6 months,
1, 2, and 5 years, respectively (Fig 3).

To assess outcome of liver transplantation more
accurately relative to the severity of underlying
liver disease, the survival benefit of transplantation
after 1 year of follow-up was examined across a
wide range of MELD scores (Fig 4). At 1 year of
posttransplant follow-up, a MELD score of 15
(95% CI, 12--17) represented a transition point
in terms of overall survival benefit. For example,
for patients with MELD scores <12, the cumulative
probability of death (eg, cumulative hazards) at
1 year post-transplant was significantly greater
compared with the probability of death from hav-
ing remained on the waiting list. In contrast, at
1 year transplantation was associated with a signif-
icant survival benefit at MELD scores >17. The
magnitude of the 1-year survival difference for en-
listed versus transplanted patients incrementally
increased with higher MELD scores (MELD 10,
90% vs 83%; MELD 15, 81% vs 80%; MELD 20,
63% vs 78%; MELD 25, 42% vs 74%; MELD 30,
21% vs71%; enlisted vs transplant patients, respec-
tively). All differences in survival were significant
(P < .05) except for the MELD 15 comparison
(P = .70). The cumulative hazards functions and
the differences in the cumulative hazards between
transplanted and enlisted patients 1 year from ori-
gin by MELD score are presented in Figure 4.

The relative interaction of MELD score and
time was investigated by examining mortality
across the range of MELD categories at varying
follow-up times. Using the GG regression model,
the survival for both transplant and enlisted
patients were plotted across MELD scores at 6
months, and 1, 2, and 5 years of follow-up (Fig 5).
The observed difference between post-transplant
and waiting list mortality varied significantly across
MELD scores in each of the stratified follow-up pe-
riods examined. In general, the apparent survival
benefit of transplantation increased as follow-up
time increased. In particular, at longer follow-up
times the benefit of transplantation for patients
with lower MELD scores became increasingly no-
ticeable. For example, enlisted patients with a
MELD score of #15 had an equal or worse survival
outcome compared with transplanted patients un-
til 2 years of follow-up. In effect, the survival bene-
fit of transplantation relative to remaining on the
wait list was only apparent after 2 years for patients
with MELD of #15. In contrast, patients with a
MELD score of $25 derived a survival benefit
from transplantation at 6 months compared with
enlisted patients. The MELD scores at which trans-
plantation became beneficial relative to the MELD
score and amount of follow-up time were MELD



Table III. Univariate and multivariate accelerated time estimates of percentage differences in median
survival for transplanted patients

Univariate analysis Multivariate analysis

Characteristic P value

% difference
in median survival

(95% CI)* Significant P value

% difference
in median survival

(95% CI)*

Recipient
Age in years at enlistment <.001 �11 (�16 to �5) .02 �9 (�16 to �2)
Age >65 years .04 �81 (�96 to �7)
Female gender .56 �35 (�85 to 179)
Race (Caucasian versus other) .86 23 (�87 to 1028)

Diagnosis
HCV Referent
Non-HCV noncholestatic cirrhosis .08 258 (�13 to 1370)
Cholestatic cirrhosis .45 353 (�90 to 2488)
Hepatocellular carcinoma .09 �77 (�96 to 27) .92 �10 (�89 to 633)

Laboratory values at originy
Total bilirubin (mg/ml) .13 �13 (�27 to 4)
Creatinine (mg/dl) .45 �41 (�85 to 133)
INR .19 �52 (�84 to 45)
MELD score .10 �8 (�16 to 2) .02 �12 (�20 to �2)
Albumin (g/dl) .17 98 (�25 to 420) .75 18 (�58 to 236)
Sodium <130 mEq/l .15 �66 (�92 to 45) .62 �32 (�85 to 207)

Donor
Age >65 years .15 �71 (�95 to 60) .79 �20 (�84 to 295)
Female gender .91 �7 (�76 to 255)
Race (Caucasian versus other) .31 �59 (�93 to 128)
Donor Risk Indexz .34 �64 (�94 to 297)

Procedure
Gender mismatch .76 �18 (�78 to 208)
Warm ischemia

time >50 min
.05 �73 (�93 to 0) .28 �58 (�92 to 107)

Cold ischemia
time >12 h

.12 �65 (�91 to 31) .15 �70 (�94 to 53)

*Value represents the percentage difference in the median survival associated with a 1-unit increment in the explanatory variable for continuous variables
or comparing 1 level with the reference level for categorical variables.
yFrom the time of transplantation (transplant group) or enlistment in the program (enlisted group).
zDonor Risk Index23: = exp[(0.154 if 40 # age < 50) + (0.274 if 50 # age < 60) + (0.424 if 60 # age < 70) + (0.501 if 70 # age) + (0.079 if COD = anoxia) +
(0.145 if COD = CVA) + (0.184 if COD = other) + (0.176 if race = black) + (0.126 if race = other) + (0.411 if donation after cardiac death) + (0.422 if
partial/split) + (0.066 ((170--height)/10)) + (0.105 if regional share) + (0.244 if national share) + (0.010 3 cold time)].

CI, Confidence interval; HCV, hepatitis C virus; INR, international normalized ratio; MELD, Model for End-Stage Liver Disease.
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23, 17, 15, and 12 at 6 months, and 1, 2, and 5
years, respectively, from time of transplantation/
enlistment.

DISCUSSION

Selection and management of patients awaiting
liver transplantation continue to be major areas of
clinical and research concern. Strategies to opti-
mize both patient selection and allocation of liver
organs is especially important given the scarcity of
donor livers, as well as the increasing number of
HCV patients.24 Optimal timing of liver transplan-
tation should aim at avoiding early intervention for
those patients who will derive only a marginal
benefit, while also not transplanting too late in
one’s clinical course when the situation may be fu-
tile. As such, there is a need to identify which pa-
tients derive survival benefit from transplantation
and what criteria should be utilized to help guide
when transplantation should take place. Assess-
ment of the survival benefit of liver transplantation
requires a direct comparison between transplant
recipients versus those listed as transplant candi-
dates. Comparisons involving the entire popula-
tion of patients with end-stage liver disease are
inappropriate, because only a small fraction of pa-
tients with end-stage liver disease are candidates to
be listed for transplantation, with those patients



Table IV. Parameters estimates and standard
errors from unadjusted and MELD-adjusted
generalized gamma regression models of survival
after enlistment and transplantation for liver
transplant candidates

Variable Parameter

Model
unadjusted
by MELD

Model
adjusted

by MELD*

Location
Enlisted b0 1.68 ± 0.14 1.72 ± 0.15
Transplanted b0+b1 1.36 ± 1.45 1.39 ± 1.34
MELD in enlisted b2 �0.18 ± 0.02
MELD in

transplanted
b2+b3 �0.08 ± 0.05

Scale
Enlisted d0 1.41 ± 0.38 1.59 ± 0.22
Transplanted d0 + d1 6.15 ± 0.43 6.07 ± 0.43

Shape
Enlisted l0 0.89 ± 0.37 0.48 ± 0.21
Transplanted l0 + l1 �1.69 ± 0.76 �1.71 ± 0.70

*MELD centered at 15.

MELD, Model for End-Stage Liver Disease.

Fig 3. Plot of the hazard functions (A) and relative haz-
ards of survival (B) for transplanted versus enlisted pa-
tients by time since origin (date of placement in the
waiting list for the enlisted patients and date of trans-
plantation for the transplanted patients) as estimated
by the GG model. Estimates were generated for patients
with a MELD score of 15 (population average). Solid line,
actual data available versus dashed line, data extrapolated
from model.
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not listed generally being sicker.8 Few studies5,25

have examined specifically the survival benefit at-
tributable to liver transplantation. In addition, al-
though these studies provided some insight, each
study suffered from shortcomings, including short
posttreatment follow-up. The current study is
novel in that we were able to utilize a unique, con-
temporary national dataset of patients who were
prioritized based solely on waiting list time. There-
fore, the potential for bias based on MELD priori-
tization was inherently absent from the dataset,
thereby allowing a better understanding of the nat-
ural course of liver disease and its impact on trans-
plantation. The current study is also important,
because we report the absolute benefit and corre-
sponding hazard of death associated with trans-
plantation across a spectrum of MELD scores and
follow-up times. Such data may have important im-
plications for informing liver allocation policy.

The MELD score has been shown to provide an
excellent predictor of mortality on the waiting
list.10,11 Although the ability of MELD to predict
mortality in patients with chronic liver disease
has contributed to the evolution of the liver alloca-
tion policy, patients are still transplanted across a
wide spectrum of MELD scores.26-28 Trotter and
Osgood26 reported that the proportion of patients
receiving transplants in small organ procurement
organizations (OPOs) with a MELD score >24
was significantly less than that in large OPOs. In
fact, in small OPOs only 20% of patients had a
MELD score >24 compared with 50% for large
OPOs. In another separate report,28 over one third
of transplanted patients had a MELD score of <15.
Our data demonstrate, however, that the mortality
risk of remaining on the wait list is not distributed
evenly across the range of MELD scores. In fact,
there was approximately a 33-fold range of waiting
list mortality rates between patients with a MELD
score of 6--10 compared with patients with MELD
scores >30. In addition, we noted a marked varia-
tion in the benefit of transplantation compared
with remaining on the wait list, not only across
the range of MELD scores, but also relative to
the follow-up time assessed. Specifically, patients
with a lesser MELD score required a greater



Fig 4. Cumulative hazard functions (A) and the differ-
ence in cumulative hazards (B) comparing transplanted
versus enlisted patients 1-year after enlistment/trans-
plantation across the spectrum of MELD scores at the
origin.
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follow-up time to experience the benefit of trans-
plantation. As such, the data presented herein
are useful particularly in quantitating the absolute
survival benefit of organ allocation among groups
of patient with varying MELD scores relative to
time.

In patients with greater MELD scores, the sur-
vival benefit of transplantation is clear. For those
patients on the waiting list, a MELD score of $20
was associated with a mortality rate that was >280%
greater than that of the MELD 6--10 category. For
patients with greater MELD scores, the relative
peri-operative risk of transplantation was minor
compared with the risk of death from remaining
on the waiting list. This finding was evidenced in
that, at 1 year, patients with a MELD of 25 and 30
had, respectively, a 32% and 50% absolute increase
in survival when comparing transplanted versus
enlisted patients. In fact, at the greatest end of the
MELD scale, the benefit of transplantation was
pronounced and readily apparent shortly after
transplantation (Fig 4). When analyzing the cumu-
lative hazard for transplanted versus enlisted pa-
tients by MELD, there did not seem to be a
MELD score above which the benefit of transplan-
tation was attenuated. Candidates with very high
MELD scores (>30) are more likely to be placed
on inactive status. Comparisons of the relative ben-
efit of transplantation in this cohort of patients
may, therefore, be subject to selection bias result-
ing from the removal of ‘‘sicker’’ patients from
the transplant group.6 Nonetheless, data from
the current study, as well as others,5 strongly sug-
gest that there is not an empiric MELD score above
which transplantation is futile.

In contrast with the clear benefit of transplan-
tation for patients with high MELD scores, the
benefit among patients with lesser MELD scores
was more modest. In fact, candidates with lesser
MELD scores had a marginal benefit from trans-
plant and were even affected adversely by trans-
plantation in the few years after transplantation.
For instance, at 1-year follow-up, posttransplant
mortality risk was significantly greater than waiting
list mortality for patients with a MELD score of
<12. These data suggest that for patients with a
MELD of <12, the risk at 1 year is greater having
undergone transplantation than having remained
on the waiting list. With greater follow-up, how-
ever, we were able to demonstrate a survival benefit
for patients with lesser MELD scores. Even patients
with a MELD score of 12 were found to have
survival benefit from transplantation, but only
when a 5-year follow-up was considered. In effect,
our data demonstrate that as follow-up time in-
creased the clinical benefit of transplantation for
patients with lesser MELD scores was more
pronounced.

These data have a number of important impli-
cations. First, the routine allocation of liver organs
to patients with lesser MELD scores needs to be
questioned, because transplantation in these pa-
tients appears not to be associated with a short-
term survival benefit and may even affect survival
detrimentally. This observation is particularly im-
portant in light of the fact that >40% of liver
transplants are currently given to patients with
MELD scores of <18.5 Second, our data are impor-
tant because they emphasize the interaction of
benefit relative to time. Specifically, our data dem-
onstrate that patients with lesser MELD scores may
benefit from transplantation, but the time to real-
ize that benefit is considerably longer (Fig 4).
These data reflect the reality that a patient with a
low MELD score has a reasonable life expectancy



Fig 5. Six-month (A), 1-year (B), 2-year (C), and 5-year (D) survival from enlistment/transplantation across the spec-
trum of MELD scores for enlisted and transplanted patients based on MELD at time of enlistment and transplantation,
respectively. Five-year survival data are extrapolated from parametric model estimations.
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without a transplant relative to the immediate risk
of transplantation. Given the ongoing scarcity of
organ procurement, these data may help inform
a minimum MELD score for placement on the
waiting list, or more important, may help in decid-
ing the timing of transplantation for those patients
on the waiting list to maximize overall benefit.

The comparison of survival among liver trans-
plant candidates and transplanted patients pre-
sented several challenges. Issues including
mandatory time spent on the waiting list, varying
follow-up times, and the nonproportionality of
hazard of death (Fig 1) required a sophisticated
statistical approach. Standard Kaplan--Meier log-
rank analysis would not be able to account for
disease progression while on the waiting list. In
addition, because the hazard ratio of transplanta-
tion varied over times, cumulative hazard needed
to be assessed rather than simple hazard ratios.
In situations where the hazard estimates are not
proportional over time, the Cox proportional haz-
ards model can be erratic and undependable.29 In
contrast, the GG model is better to estimate the
hazards, cumulative hazards, and survival. The
shape and scale parameters of the GG model are
determined by the observed data (Fig 2), as
opposed to modeling strategies using extensions
of the Cox regression model.30 In our analyses,
we were able to include MELD score as a covariate
in the GG model, thereby allowing for the determi-
nation of survival estimates across a wide spectrum
of MELD scores. In turn, this approach allowed us
to determine the survival benefit stratified over the
continuum of liver disease. Schaubel et al25 exam-
ined the survival benefit of deceased donor liver
transplantation as a function of donor quality uti-
lizing an extension of Cox regression in which stra-
tum were created to match patients according to
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their MELD score and waiting time. Interestingly,
this study reported results similar to the current
study with a detected survival benefit of transplan-
tation for patients with MELD scores 12--14, but
only with 3 years of follow-up time. The GG model,
however, utilized in the current study has several
advantages over the stratified Cox regression anal-
yses, including the ability to estimate and examine
the hazard function itself, the use of full likelihood
for estimation parameters, and the ability to model
outcome for enlisted patients who frequently lack
follow-up. The current study, therefore, has several
important methodologic advantages over previous
studies.

A number of limitations do need to be consid-
ered. The current data set allowed a unique
opportunity to analyze data based on waiting list
time independent of MELD score/underlying
severity of liver disease. Despite the Brazilian
policy from 2001 to 2005 to prioritize solely based
on duration of waiting list time, the extent of
underlying liver disease still may have influenced
the censoring of events when comparing enlisted
versus transplanted patients. Specifically, patients
with a slow increase in MELD scores may have
been more likely to be transplanted compared
with patients who had a rapid increase in MELD
score and who subsequently died before trans-
plantation. Although we sought to minimize the
effect of this potential survival bias by using the
MELD as a covariate in the parametric regression
model, residual bias needs to be considered when
interpreting our results. Another limitation of the
current study relates to generalizability. The study
population was drawn from 3 liver transplantation
centers in southern Brazil. Although this fact
resulted in a more homogeneous population
with gains in statistical precision, generalization
of our results may be limited. Specifically, our data
may only be applicable for those patients who
meet the enlistment criteria used in Brazil inclu-
sive of the study period (ie, Child class B or C or
complication related to liver disease). Nonethe-
less, our results were similar to other reports5,25

that have utilized the UNOS database lending cre-
dence to the fact that our conclusions have wide-
spread application.

In conclusion, we report data that should in-
form rationally the optimal timing of liver trans-
plantation in the course of a patient’s disease. In
patients with lesser MELD scores (#15), short-
term benefit of liver transplantation was marginal
and even associated with up to 7-fold increased risk
of death immediately after transplantation. With
regard to survival, patients with greater MELD
scores ($25) enjoyed a pronounced and early
benefit from transplantation. Data for patients
with lesser MELD scores were more nuanced.
Although patients with MELD scores of #15 did
not derive an immediate benefit from transplanta-
tion, with greater periods of follow-up, transplan-
tation did confer a survival advantage. The
transplant community at large must determine
what constitutes an acceptable ‘‘lag’’ in time to
realize the survival benefit of transplantation to
justify organ allocation to patients currently on the
waiting list. Data presented herein can inform
these discussions.

The authors thank Hugo Marques, MD, and Greyce
Berton, MD, for their critical review and assistance in
preparing the manuscript.
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