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Abstract

BACKGROUND—The effects of lung transplantation on the survival and quality of life in children
with cystic fibrosis are uncertain.

METHODS—We used data from the U.S. Cystic Fibrosis Foundation Patient Registry and from the
Organ Procurement and Transplantation Network to identify children with cystic fibrosis who were
on the waiting list for lung transplantation during the period from 1992 through 2002. We performed
proportional-hazards survival modeling, using multiple clinically relevant covariates that were
available before the children were on the waiting list and the interactions of these covariates with
lung transplantation as a time-dependent covariate. The data were insufficient in quality and quantity
for a retrospective quality-of-life analysis.

RESULTS—A total of 248 of the 514 children on the waiting list underwent lung transplantation
in the United States during the period from 1992 through 2002. Proportional-hazards modeling
identified four variables besides transplantation that were associated with changes in survival.
Burkholderia cepacia infection decreased survival, regardless of whether the patient underwent
transplantation. A diagnosis of diabetes before the patient was placed on the waiting list decreased
survival while the patient was on the waiting list but did not decrease survival after transplantation,
whereas older age did not affect waiting-list survival but decreased post-transplantation survival.
Staphylococcus aureus infection increased waiting-list survival but decreased post-transplantation
survival. Using age, diabetes status, and S. aureus infection status as covariates, we estimated the
effect of transplantation on survival for each patient group, expressed as a hazard factor of less than
1 for a benefit and more than 1 for a risk of harm. Five patients had a significant estimated benefit,
315 patients had a significant risk of harm, 76 patients had an insignificant benefit, and 118 patients
had an insignificant risk of harm associated with lung transplantation.

CONCLUSIONS—Our analyses estimated clearly improved survival for only 5 of 514 patients on
the waiting list for lung transplantation. Prolongation of life by means of lung transplantation should
not be expected in children with cystic fibrosis. A prospective, randomized trial is needed to clarify
whether and when patients derive a survival and quality-of-life benefit from lung transplantation.

End-stage lung disease causes about 80% of all deaths among patients with cys tic fibrosis. 1
The median age at death is approximately 25 years.1 Every year, many children with cystic
fibrosis die from respiratory failure.

Address reprint requests to Dr. Liou at the Division of Respiratory, Critical Care, and Occupational Pulmonary Medicine, 26 N. Medical
Dr., Salt Lake City, UT 84132, or at ted.liou@utah.edu.
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Lung transplantation is the most aggressive therapy available for end-stage lung disease, and
cystic fibrosis is the most frequent indication for lung transplantation in children.2 This high-
risk procedure is costly, and the associated effect on the patient’s quality of life is uncertain.
Complications associated with transplantation account for 12% of all deaths among patients
with cystic fibrosis, making transplantation the second leading cause of death after end-stage
lung disease.l

Several retrospective studies have evaluated the survival benefit of lung transplantation for
patients with cystic fibrosis.3~7 An analysis of data from 124 children with cystic fibrosis
referred for lung transplantation, including 47 children who underwent the procedure at the
Great Ormond Street Hospital in the United Kingdom during the period from 1988 through
1998, showed improved survival. More recently, our analysis of data from 205 children who
underwent transplantation and 1018 chlldren who did not undergo transplantation from the
United States showed no survival benefit.”

Possible explanations for the discrepancy between these findings include differences in patient
characteristics, patient-selection policies, and transplantation and analytic methods. 8970
address some of the issues, we analyzed a large data set of children with cystic fibrosis who
underwent lung transplantation. We used proportional-hazards modeling with time-dependent
covariates to consider the effects of multiple covariates before and after transplantation.lo‘13

METHODS

PATIENTS

We used data from the Cystic Fibrosis Foundation Patient Registry (CFFPR), which includes
longitudinal information on patients from 117 certified cystic fibrosis centers during the period
from 1992 through 2002. We also used data from the Organ Procurement and Transplantation
Network (OPTN) from 1988 through 2004. The OPTN data include information on all patients
ever placed on the waiting list for lung transplantation in the United States. We matched and
verified patients between these data sets using patient-specific identifiers, and we examined
each match for confirmation.

Our project was reviewed and approved by the investigational review board of the University
of Utah, the Cystic Fibrosis Foundation, and the OPTN. Informed consent specific to this study
was not required.

STUDY DESIGN

Because children who underwent lung transplantation were previously on the waiting list, we
could not directly compare the survival of patients on the waiting list with the survival of
patients after transplantation using, for example, Kaplan—-Meier statistics. However, with the
use of proportional-hazards methods with transplantation as a covariate that changed at the
time of transplantation, we could estimate how the procedure altered the risk of death.!

The modeling of transplantation as a time-dependent covarlate was introduced in 1977 to
analyze the effects of heart transplantation on survival.11 In the present study, we analyzed
lung transplantation as a time-dependent covariate. We derived hazard factors that reveal the
associated multiplicative change in the risk of death due to lung transplantation. Detailed
modeling procedures are described in the Supplementary Appendix, available with the full text
of this article at www.nejm.org.

STATISTICAL ANALYSIS

Using three different methods, we tested for a departure from the proportional-hazards
assumption that the effect of an explanatory variable on the hazard is constant in time. 14 First,
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with the use of S-plus 7.0 software (Insightful), we applied the S-plus procedure called cox.zph
to the final model. Second, we separated study patients into two roughly equal groups according
to the year of their placement on the waiting list (during the period from 1992 through 1998
or from 1999 through 2002), and we compared the resulting proportional-hazards models with
each other and with the final model. Finally, we tested for the effects of higher mortality
immediately after transplantation3 by introducing a time-dependent covariatel0 for survival
beyond the first 6 months after transplantation.

We performed two additional tests of model stability. We examined the effect of loss to
foIIowup15 in our final model (see the Supplementary Appendix), and we applied
bootstrapping techniques on our final model to rule out the possibility that a small number of
patients with unusual characteristics accounted for the results of our analysis.16

We examined potential markers of quality of life, including days of hospitalization and
complications of disease per year. For this analysis, we compared values in the year before
transplantation with those 1 and 2 years after transplantation among surviving patients.

The CFFPR for the period from 1992 through 2002 contains data on 31,394 patients with cystic
fibrosis. The OPTN has data for 21,679 patients who were on the waiting list during the period
from 1988 through 2004. We identified 3364 patients with cystic fibrosis who were placed on
the lung-transplantation waiting list during the period from 1992 through 2002; 602 of these
patients were younger than 18 years of age. We excluded 10 patients for whom lung-function
data were not available, 2 patients with missing microbiologic data, 4 patients with missing
data regarding acute exacerbations, 2 patients with recorded death dates that preceded their
placement on the waiting list, and 70 patients with missing data during the 2 years before
placement on the waiting list. After these patients had been excluded, there were 514 patients,
or 85% of all children with cystic fibrosis listed for transplantation in the United States during
the study period. The median survival for patients who died before transplantation was 223
days. The median time to transplantation for the 248 patients who underwent transplantation
was 427 days. The median survival after transplantation was 1037 days (Fig. 1).

Atotal of 141 patients who were on the waiting list died, and 120 patients died after undergoing
transplantation (Table 1). Respiratory failure caused 91% of the deaths among patients who
were on the waiting list. After transplantation, 60% of deaths were due to complications of
transplantation (primarily allograft rejection), 29% of deaths were due to respiratory failure,
and 11% of deaths were due to other causes.

PROPORTIONAL-HAZARDS MODELING

We began to develop our model with 26 covariates and their interaction terms with
transplantation (see Table A in the Supplementary Appendix). Backward selection resulted in
a final model with four covariates besides lung transplantation and three interaction terms.
Tests of the proportional-hazards assumption did not show a departure from proportionality.
10,12,14 Results were not affected by the method of determining loss to follow-up for the 85
patients on the waiting list who did not undergo transplantation before the end of the study and
the 128 patients who were alive at the end of the study. The coefficients and calculated hazard
factors were shown to be robust with bootstrapping. 6
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To facilitate interpretation, we recoded interaction terms to isolate effects before and after
transglantation, thus revealing how covariate effects changed with this procedure (Table 2).
12,13 o1 der age at study entry was associated with improved survival before transplantation
but decreased survival after transplantation. Diabetes in patients before study entry was
associated with reduced survival before transplantation but was not significantly associated
with survival after transplantation. Staphylococcus aureus infection was associated with
improved survival before transplantation but with greatly reduced survival afterward.
Burkholderia cepacia infection did not modify the effect of transplantation, but it was
associated with decreased survival for all affected patients.

Forward-selection procedures were used to reconsider the effects of lung function expressed
as the percent of the predicted value for forced expiratory volume in 1 second (FEV%) and
infections with Achromobacter xylosoxidans, methicillin-resistant S. aureus,
Stenotrophomonas maltophilia, Pseudomonas aeruginosa, mucoid P. aeruginosa, and other
pseudomonas species. None of the results were significant. Using the calendar date of
transplantation, we found some suggestion, short of statistical significance, that survival
prospects decreased in the later years of the study (see Table B in the Supplementary
Appendix). To determine specifically whether the effects of the patient’s age on the outcome
of transplantation persist into adulthood, we applied the final candidate model to the 2744
adults with cystic fibrosis whom we identified. We found no interaction of age with
transplantation (see Table C in the Supplementary Appendix).

Values for the partial pressure of carbon dioxide in arterial blood (PaCO5) were available for
only 299 of the 514 children studied; thus, this covariate was excluded from the main analysis
in order to preserve statistical power and avoid bias. In a subgroup analysis, PaCO» did not
have a significant effect on survival. Similarly, results of the patient’s 6-minute walk test and
serum creatinine level and hospitalization status had no effect. Dependence on supplemental
oxygen seemed to decrease survival. However, oxygen use was inconsistently recorded when
we compared CFFPR and OPTN data, so that the magnitude and significance of the result were
uncertain. Poorer functional status was associated with decreased survival among patients for
whom data on functional status were available but did not have an interaction with
transplantation. Data on pulmonary-artery pressure were sparse, and the number of patients
requiring mechanical ventilation at the time of placement on the waiting list was too small to
perform a meaningful analysis.

MODEL INTERPRETATION

Recoding covariates with interactions12:13 improves an understanding of covariate effects,
but understanding the clinical effect of lung transplantation requires adaptation of the model
as far as feasible to individual circumstances.8 Calculation of transplantation hazard factors
according to age, diabetes status, and S. aureus infection status at the time of placement on the
waiting list for each of the 514 children in the study showed hazard factors in four categories:
significant estimated benefit (5 patients), significant risk of harm (315 patients), insignificant
benefit (76 patients), and insignificant risk of harm (118 patients) (Fig. 2A). The distribution
of estimated effects was similar for the 248 patients who underwent transplantation: 1 patient
for whom transplantation was estimated to be beneficial, 162 for whom it was estimated to be
harmful, and 85 for whom benefit was indeterminate (Fig. 2B).

Because our patients had a wide range of Iun% function and prognoses, we examined results
for patients categorized according to FEV1% 7 and 5-year predicted survival.> 7 We found
no threshold of FEV1% or 5-year predicted survival below which the hazard factor for death
associated with transplantation was generally reduced (Fig. 3).
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QUALITY OF LIFE

We examined the data for changes in the number of days of hospitalization, number of
complications, and incidence of bronchiolitis obliterans. After transplantation, the number of
days of hospitalization appeared to decrease, but complications appeared to increase, resulting
in uncertain implications for quality of life (see Fig. A in the Supplementary Appendix).
Reporting biases, especially lack of reporting of bronchiolitis obliterans, further reduced the
applicability of these findings (see the Supplementary Appendix).

DISCUSSION

This retrospective study of children with cystic fibrosis who were selected for lung
transplantation showed that most of the children (509 of the 514 studied and 247 of the 248
patients who underwent transplantation) did not derive a significant estimated survival benefit.
Although the majority of patients (315) were at significant risk for harm, for 194 patients, the
procedure was not clearly harmful or beneficial. Less than 1% of patients had a significant
estimated survival benefit (Fig. 2). In contrast to earlier studies examining primarily adults
with cystic fibrosis, ! there was no lower threshold of 5-year predicted survival below which
children with cystic fibrosis had an estimated survival benefit due to lung transplantation.
Similarly, there was no such lower threshold for FEV1% (Fig. 3).

Our results reflect essentially the entire U.S. experience with pediatric lung transplantation for
cystic fibrosis during the period from 1992 through 2002. Actuarial survival for lung
transplantation for cystic fibrosis has not appreciably changed in the past several years2; thus,
the ability of our model to predict survival outcomes for patients undergoing transplantation
after 2002 is likely to be high.

On the basis of results of proportional-hazards modeling (Table 2), children with cystic fibrosis
could be categorized into four clinically identifiable groups that varied according to the
outcome of lung transplantation (Fig. 2). Within each group, outcomes of transplantation
worsened with increasing age, but the effect of age disappeared for patients who were 18 years
of age or older (see Table C in the Supplementary Appendix).

Children who were infected with S. aureus and children who were 12 years of age or older
were highly likely to be harmed, whereas younger children with S. aureus infection had no
clear benefit or risk of harm from transplantation. The results (Table 2) confirmed previous
results that showed that S. aureus infection improves survival among patients with cystic
fibrosis who have not undergone transplantation.4 The protective effect of S. aureus infection
is most likely due to active competition between S. aureus and more harmful P. aeruginosa
organisms in the airways of patients with cystic fibrosis (unpublished data). After
transplantation, S. aureus infection was nearly as hazardous as B. cepacia infection (Table 2),
perhaps as a side effect of immunosuppression.

The two youngest patients with diabetes may have had a significant survival benefit with
transplantation, whereas the remaining patients had no clear change in survival. The absence
of high hazard factors suggesting harm may reflect the tendency for diabetes to develop in
these patients after transplantation. In essence, patients with diabetes have already paid some
of the cost of transplantation and thus are less likely to be harmed (Fig. 2A). Of the 15 children
with both S. aureus infection and diabetes, none had a significant benefit from transplantation,
but 2 had a significant risk of harm.

Among 318 children with neither S. aureus infection nor diabetes, 192 were at risk for
decreased survival, 3 appeared to have had a significant survival benefit, and the remainder
had an uncertain effect of lung transplantation (see Table D in the Supplementary Appendix).
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However, the three patients with a survival benefit were at the extreme younger end of the age
spectrum, where there were relatively fewer data, raising the concern that the estimated benefit
results from the overextrapolation of data rather than a real reduction in hazard (Fig. 2A).

Many studies have analf/zed the survival effects of multiple covariates besides lung
transplantatlon 9 However, this study identifies covariates that create different
effects depending on transplantation status, which is the key issue for determining the
appropriateness of transplantation. In the presence of such effects, individual characteristics
determine the effect of transplantation, and it becomes possible to estimate the effect of
transplantation for precise clinical circumstances (Fig. 2) instead of havmg to rely on a single
generalized estimate (see Table E in the Supplementary Appendix).>:

Our study of children with cystic fibrosis most closely resembles the study by Aurora et alb
but our results suggesting that a survival benefit of lung transplantation is unlikely are seriously
discrepant. Reconciling the discrepancy requires consideration of differences in analytic
methods, methods of calculating survival after transplantation, characteristics of the patients
studied, and waiting-list management. However, this study involved four times as many
patients and transplant recipients as those in the study by Aurora et al.; this affords our study
much more statistical power (see the Supplementary Appendix).

The retrospective nature of our study raises the possibility of biases in patient selection for
transplantation. The proportional-hazards model corrects for these biases, provided that there
are no unobserved patient characteristics with a substantial effect both on the decision to
undergo transplantation and on survival. If, for example, healthier patients generally waited
longer for transplantation, the results would appear to be biased against transplantation.

Our analysis involved children with cystic fibrosis who were already selected for lung
transplantation, a subgroup that may not be representative of patients with cystic fibrosis and
severe lung disease. In the United States, patients are selected to undergo transplantation
because of low lung function, mcreasmg numbers of exacerbations, and other factors that may
indicate a poor progn05|s.17 20,21 The use of these specific factors to choose patients may
explain the absence of FEV1% and weight from the model (Table 2) as well as the absence of
a significant association between PaCO» and outcomes. Thus, our ability to derive selection
criteria for transplantation with broad applicability among children with cystic fibrosis might
have been limited. Nevertheless, the finding that only 1 of 248 children with cystic fibrosis
who underwent transplantation during the period from 1992 through 2002 had clearly improved
survival (Fig. 2B) suggests that the factors used to select candidates for transplantation could
not identify patients who were likely to have a survival benefit.

Our model has little similarity to the lung allocation score for prioritizing U.S. candidates for
lung transplantation.22 This score determines the order of transplantation for patients on the
waiting list with several dissimilar end-stage lung diseases, whereas our study focused on
selecting patients with cystic fibrosis for transplantation. We analyzed key variables in the
CFFPR and data from patients younger than 12 years of age that were unavailable or excluded
from the development of the lung allocation score. The OPTN will revise this scoring system
on the basis of accrued experience to improve management of the waiting list. However,
management of the list can be improved more effectively if there is improved initial patient
selection, the goal of this study.

We cannot comment on the effect of lung transplantation on the quality of life for children with
cystic fibrosis that is so severe that they are considered for this procedure. Two prospective,
cross-sectional studies of quality of life, involving 280 transplant recipients (61 with cystic
fibrosis) and 108 transplant remflents (10 with cystic fibrosis), showed quality-of-life
improvements for survivors. However, the benefits varied widely and were countered by

N Engl J Med. Author manuscript; available in PMC 2008 August 25.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Liou et al.

Page 7

increasing illnesses, especially bronchiolitis obliterans, a common form of allograft rejection,
and by decreased survival. Our analysis of indirect indicators of quality of life produced mixed
results of uncertain quality (see the Supplementary Appendix).

The results underscore that sustained, multi-disciplinary care rather than lung transplantation
is central to longevity in children with cystic fibrosis. Comprehensive, evidence-based
care2® maximizes survival and quality of life by preserving health and avoiding
transplantation. Lung transplantation in adulthood, if needed, can be undertaken with a greater
probability of increased survival.’

Our results suggest several choices: continuation of lung transplantation in children with cystic
fibrosis for potential improvement in quality of life, discontinuation of transplantation to avoid
decreased survival, or consideration of a prospective, randomized trial of lung transplantation
for children with cystic fibrosis, combined with an assessment of quality of life. The first option
entails permitting well-informed persons26 to seek uncertain quality-of-life improvement
despite the likelihood that lung transplantation will cause decreased survival. The second
option rules out the potential benefit for the sizable group of patients for whom our study could
not estimate a significant survival benefit or risk of harm. The last option requires overcoming
daunting logistical challenges and challenges in trial design, especially if quality of life is
included as an end point along with survival.26 Despite the challenges, we believe that the
burden of proof has shifted: a beneficial effect of lung transplantation can no longer be assumed,

9anda study is needed to show a survival or quality-of-life benefit for a well-defined group
of children with cystic fibrosis. Only a prospective trial can fully address potential biases,
search for additional selection criteria, thoroughly evaluate the effect of transplantation on
quality of life, and show the effect of the procedure on survival.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Survival after Lung Transplantation among 248 Children with Cystic Fibrosis Who Were
Younger than 18 Years of Age

The Kaplan—Meier curve (solid black line) is shown along with the upper and lower 95%
confidence limits (dashed blue lines). The median survival of these patients was 2.84 years
(1037 days). The upper confidence limit shown here roughly matches the post-transplantation
Kaplan—Meier survival curve in the report by Aurora et al.% The rate of survival at 5 years was
32.9% — somewhat less than the 46.9% reported by the Organ Procurement and
Transplantation Network for all recipients of lung transplants for cystic fibrosis.2
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Figure 2. Estimated Hazard Factors Due to Lung Transplantation

Panel A shows the estimated hazard factors due to lung transplantation calculated for each of
the 514 patients in the study, plotted as a function of age. Blue symbols denote the lack of
power to determine a significant risk of harm or benefit from transplantation. Red symbols
denote a significant risk of harm, and orange symbols a significant benefit. Patients are grouped
according to four curves that correspond to the presence of either, both, or neither of the binary
variables (S. aureus infection and diabetes). The variable of B. cepacia infection does not
interact with transplantation. The value of each hazard factor and the level of significance of
each factor within each group at both extremes of age, where the data are sparse, should be
viewed with caution, since they may have been the result of overextrapolation of the data.
Unfortunately, all five of the patients with an apparently significant decrease in hazard factors
(orange symbols) were included in this uncertain category. Panel B shows the estimated hazard
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factors due to lung transplantation for the 248 patients who underwent the procedure during
the study period. These hazard factors are plotted as a function of age. Blue symbols denote
the lack of power to determine a significant risk of harm or a significant benefit from
transplantation. Red symbols denote a significant risk of harm, and orange symbols denote a
significant benefit. A significant decrease in the hazard factor (orange symbol) is apparent for
only one patient.
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Figure 3. Estimated Hazard Factors for the 514 Patients in the Study According to Clinical Status
Panel A shows the estimated hazard factors calculated as a function of the percent of the
predicted value for forced expiratory volume in 1 second, but the data have been arranged as
a series of nine scatter plots in order to identify strata. Panel B shows the estimated hazard
factors as a function of the 5-year predicted survival probability, 4 expressed as the percent
likelihood of survival for 5 years after the date of the last clinic visit before placement on the
waiting list. The data are arranged as a series of nine scatter plots in order to identify 5-year
predicted survival strata. The hazard factor has no relationship with the 5-year predicted
survival (P = 0.87), but it decreases significantly with the FEV1% (P<0.001). Patients with
higher lung function appeared to have less harmful outcomes from lung transplantation,
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perhaps because of a significant decrease in the FEV1% with age. Neither FEV1% nor the 5-
year predicted survival probability is helpful for selecting patients who are likely to have a
benefit from lung transplantation from among children with cystic fibrosis who have already
been selected for the waiting list.
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Table 1
Characteristics of Patients at the Time of Placement on the Waiting List for Lung Transplantation.”
Variable Patients Who Received Transplants Patient Who Did Not Receive P Value
(N 248) Transplants (N = 266)
Age — yr 0.36
Median 14.63 14.31
Range 6.01to 17.99 6.39to 17.95
Female sex — % 56.4 61.3 0.30
Deaths — no. (%) 120 (48.4) 141 (53.0) 0.17
FEV, — % of predicted value' 32.7£10.8 35.1+11.9 0.006"
Acute exacerbations — no. 0.35
Mean 2.73 2.58
Range 0to>5 0to>5
Weight for age — z score —1.80+0.90 —1.75+0.91 0.63
Pancreatic sufficiency — % 1.6 1.8 0.91
Diabetes — %i 6.8 12.0 0.11
Burkholderia cepacia infection — % 7.7 5.3 0.26
Staphylococcus aureus infection — % 35.5 27.0 0.11
5-yr predicted survival — % 0.78
Mean 57.0+20.0 56.9+20.3
Range 8.31t095.2 12.6t098.8

*
Plus—-minus values are means +SD. Patients who did not receive transplants are those who did not receive a transplant before the end of the study.

7LThe proportional-hazards method of analyzing survival corrects for significantly different covariates among study patients — in this case, for a significant
difference in the forced expiratory volume in 1 second (FEV1) between transplant recipients and patients who did not receive a transplant.

~7£.Patients with diabetes were identified by the use of insulin.

§The 5-year predicted survival was calculated on the basis of age, sex, FEV1%, weight-for-age z score, diabetes status, pancreatic sufficiency status, S.
aureus infection and B. cepacia infection status, number of acute exacerbations of cystic fibrosis within 1 year, and an interaction term between B.
cepacia and the number of acute exacerbations. The predicted survival was calculated from the date of the last clinic visit before the patient’s placement

on the waiting list for transplantation.“v5v7
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