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Abstract

We sought to evaluate trends in overall and race-specific pediatric heart transplant (HT) wait-list
mortality in the United States (US) during the last 20 years. We identified all children <18 years
old listed for primary HT in the US during 1989-2009 (N=8096, 62% white, 19% black, 13%
Hispanic, 6% other) using the Organ Procurement and Transplant Network database. Wait-list
mortality was assessed in 4 successive eras (1989-1994, 1995-1999, 2000-2004, and 2005-2009).
Overall wait-list mortality declined in successive eras (26%, 23%, 18% and 13%, respectively).
The decline across eras remained significant in adjusted analysis (hazard ratio [HR] 0.70 in
successive eras, 95% confidence interval [C1] 0.67, 0.74) and was 67% lower for children listed
during 2005-2009 vs. those listed during 1989-1994 (HR 0.33, ClI 0.28, 0.39). In models stratified
by race, wait-list mortality decreased in all racial groups in successive eras. In models stratified by
era, minority children were not at higher risk of wait-list mortality in the most recent era. We
conclude that the risk of wait-list mortality among US children listed for HT has decreased by
two-thirds during the last 20 years. Racial gaps in wait-list mortality present variably in the past
are not present in the current era.
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INTRODUCTION

Early post-transplant survival has progressively improved in pediatric heart transplant (HT)
recipients during the last 2 decades.(1, 2) This improvement, often referred to as the “era
effect”, has benefited children of all racial/ethnic groups in the United States (US).(3) In
contrast, the trends in wait-list mortality among children listed for a HT have not been
characterized beyond brief comments in the reports of the Scientific Registry of Transplant
Recipients.(4, 5) Even less is known about racial differences in wait-list mortality among
children listed for a HT in the US,(6) in particular how these differences have evolved over
time.

Children on the HT wait-list in the US face a higher risk of death while waiting than
children listed for other solid organs or adults listed for a HT.(5, 7) Based on internal
analyses of risk factors, the United Network of Organ Sharing (UNOS) has periodically
modified the heart allocation policy for listed candidates with a goal to minimize their risk
of death while waiting.(8) Advances in heart failure management(9) and the recent
availability of ventricular assist devices for children as a bridge to HT(10, 11) are also likely
to have improved survival in children on the wait-list. We therefore hypothesized that the
risk of death on the HT wait-list among children in the US has progressively decreased
during the last 20 years and that this decrease has been observed in children of all racial/
ethnic groups. In this study, we sought to assess trends in overall and race-specific wait-list
mortality among children listed for a HT in the US during the last 20 years.

MATERIALS AND METHODS

Study Population

All children <18 years of age who were listed for a primary HT in the US between January
1, 1989 and June 30, 2009 were identified in the Organ Procurement and Transplant
Network (OPTN) database. The OPTN database includes demographic and clinical data on
all wait-listed candidates in the US as submitted by the transplant centers. The Health
Resources and Services Administration, US Department of Health and Human Services
provides oversight to the activities of the OPTN contractor, the United Network for Organ
Sharing (UNQS).

We excluded children who were listed for heart re-transplantation or for multi-visceral
transplantation. All children were followed from the time of listing for HT until transplant,
removal from the list, death or the day of last observation on November 20, 2009.

Study Design and Definitions

We tested the hypotheses that the risk of death while awaiting HT, adjusted for heart failure
severity and other risk factors, has decreased during the last 20 years in children in the US
and that all racial/ethnic groups have benefited from this progress. We compared baseline
characteristics and wait-list mortality in children listed for a HT during 4 successive eras
(those listed during years 1989-1994, 1995-1999, 2000-2004 and 2005-2009) in the OPTN
database. These eras were chosen to allow approximately equivalent number of wait-listed
children in each era. We defined time on the wait-list as the duration from initial listing to
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the date of removal from the wait-list due to transplant, death, deterioration or recovery.
Children who died while awaiting HT were considered to have reached the primary
endpoint. We also assessed a secondary, composite outcome of death on the wait-list or
becoming too sick to transplant (removal from the list due to clinical deterioration). All
clinical and demographic variables were defined at listing. Subjects were censored at the
time of transplant, recovery (removal from the list) or the last day of the study.

Patient race/ethnicity (a mandatory variable) was reported by the transplant center as one of
the following: white, black, Hispanic/Latino, Asian, American Indian/Alaska Native, Native
Hawaiian/Pacific Islander, Multiracial, and Other. Due to the small sample size of racial/
ethnic groups other than white, black or Hispanic, we categorized listed children into 4
groups: white, black, Hispanic and Other. The distribution of race/ethnicity among listed
children during the study years was compared to the concurrent racial distribution of US
children by extracting demographic data from the government web site childstats.gov.

To adjust for heart failure severity, we categorized listed children based on the level of
hemodynamic support. A child was defined to be on extra-corporeal membrane oxygenation
(ECMO) if supported on ECMO, on ventilator if on a ventilator but not on ECMO and on
inotropes, if supported by inotropes but not a ventilator or ECMO.

None of the children had any missing data for the variables age, gender, race/ethnicity,
diagnosis, blood type, hemodynamic support, dialysis and the dates of listing, death,
removal or transplant. For children with missing data on any other variable, we created the
corresponding indicator variable “variable not reported” to allow these children to contribute
their other risk factors in multivariable models.

Statistical Analysis

Summary statistics are presented as median (inter-quartile range (IQR), 25th to 75th
percentile) or number (percent). Baseline characteristics were compared among children
listed during the 4 eras and among racial/ethnic groups using the chi-square test for
categorical and the Kruskal-Wallis test for continuous variables. Univariable relationships of
baseline variables (Table 1) with wait-list mortality were assessed using the log-rank test.
Multivariable analyses were performed using a Cox proportional hazards model using
forward selection; variables (Table 1) significant at the 0.10 level based on a likelihood ratio
test were retained in the model to develop models of risk factors for primary and secondary
outcome. Interaction of demographic and clinical risk factors was assessed prior to
evaluation of era and race effect. Era effect was first assessed across race/ethnicity. Era
effect was modeled in two ways, as a continuous variable coded 1 to 4 from the earliest to
the most recent time period and using 1989-1994 as the reference group with binary,
indicator covariates for each subsequent period. To verify the proportional hazards
assumption, interactions between each risk factor and survival time were examined.

Race-era interaction terms, with era as a continuous variable, were added to the main-effects
models to assess whether there were racial differences in era effect for wait-list mortality.
Because race-era interaction terms appeared statistically significant, multivariable models
stratified by era were developed to assess racial differences in risk-adjusted wait-list
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mortality in the 4 eras. Similarly, stratified multivariable models for each racial/ethnic group
were developed to assess risk-adjusted era effect in each group. The data were analyzed
using statistical software SAS version 9.1 (SAS Institute Inc, Cary, NC) and STATA version
11.0 (StataCorp LP, College Station, TX).

The authors had full access to the data and take responsibility for its integrity. All authors
have read and agree to the manuscript as written.

Study Population

During the study period, 8987 children were listed for HT in the US. Of these, 867 children
were listed for heart re-transplantation and 24 for multi-visceral transplantation. These 891
children were excluded from further analysis. The remaining 8096 children formed the
analytic cohort. Of these, 5048 (62%) were listed as white, 1518 (19%) as black, 1080
(13%) as Hispanic and the remaining 450 (6%) were defined as “Other”. The OPTN
database reports race and ethnicity as two separate variables. For all white, black and
Hispanic children in the cohort, race and ethnicity variables in the database were concordant
(identical).

The baseline characteristics of study children by era of listing are summarized in Table 1. As
expected, white children represented a lower percentage and the three minority groups a
higher percentage of listed children in successive eras. This finding appeared to be in part
due to a higher proportion of black and Hispanic children in the US getting listed for a HT in
recent eras (Fig S1, online supplement). There was a progressive increase in the percentage
of listed children with a diagnosis of congenital heart disease and prior cardiac surgery
(P<0.001), in children supported by a ventricular assist device (P<0.001), in children on
dialysis (P<0.001) and in those on public medical insurance (P<0.001). Only 7% of children
listed during 1987-1994 had Medicaid insurance compared to 240% of children listed
during the 2 recent eras.

Black children were likely to be older and more likely to have cardiomyopathy as their
listing diagnosis (P<0.001 for distribution of age and diagnosis, see Table S1, online
supplement). White children were more likely to have congenital heart disease with previous
cardiac surgery as their listing diagnosis compared to other groups (P<0.001). Black and
Hispanic children were more likely to have blood type O and less likely to have blood type
A compared to white and other children (P<0.001 for racial distribution of blood type).
Black (50%) and Hispanic (52%) children were more likely than white (21%) and Other
(25%) children to have public medical insurance (P<0.001). Although there were
statistically significant differences in racial distribution of gender, listing status and
hemodynamic support, the differences appeared to be small and due to large sample size
rather than of clinical importance.

Era Effect for Wait-list Mortality

Of 8096 children in the study, 4969 (61%) received a HT, 1616 (20%) died on the wait-list,
263 (3%) were removed from the wait-list due to clinical deterioration, 1090 (13%) were
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removed due to recovery or other reasons and 158 (2%) were still waiting on the last day of
the study. Of 263 children who were removed from the wait-list due to clinical deterioration,
8 were re-listed, 5 died after re-listing, 2 were removed again due to deterioration and one
due to recovery. There was a progressive decline in overall wait-list mortality in successive
eras (26%, 23%, 18% and 13%, respectively). Wait-list mortality declined in all age-groups
during the study period. Wait-list mortality was 29%, 29%, 22% and 19%, respectively
during the four eras in infants less than 1 year of age. A similar trend was noted in the
secondary, composite outcome of death on the wait-list or removal from the list due to
clinical deterioration.

Figure 1 illustrates competing outcomes (proportion transplanted, died, removed due to
deterioration, removed due to recovery/other reasons, and still waiting) in wait-listed
children during the 12 months after listing for each of the 4 eras. There was a progressive
increase in percentage of children listed during each era who received a HT (57, 60, 61, and
68 percent respectively including those transplanted > 12 months after listing) and a
progressive increase in percentage of children who were removed from the list due to
clinical deterioration (0.1, 2.2, 4.7, and 6.0 percent, respectively). The percentage of children
who were removed from the list due to recovery appeared to be smaller with time whereas
the percentage of children who were still on the wait-list >12 months after initial listing
appeared to be higher in successive eras (Figure 2), however these trends were not consistent
across eras. The percentage of children supported on a VAD at the time of their transplant
increased progressively (2, 6, 7, and 13 percent, respectively) as did the percentage of
children transplanted with an ABO incompatible HT (<1, <1, 1, and 4 percent, respectively).

Overall wait-list mortality was 19% in white, 19% in Hispanic, 22% in black and 22% in
Other children. During 1989-1994, only 12% of Hispanic children died on the wait-list
compared to 26%, 31% and 34% of white, black and Other children, respectively. In the
most recent era (2005-2009), wait-list mortality was 13% in white, 13% in black, 14% in
Hispanic and 10% in Other children (Figure 2)

Predictors of Wait-list Mortality

In univariable analysis, a higher risk of wait-list mortality (shorter time to death) was
associated with younger age, congenital heart disease, listing status 1 or 1A, ECMO or
ventilator support, and dialysis support. Blood type A and the more recent eras were
associated with a lower risk of death on the wait-list. Compared to children listed during
1989-1994, the risk of death on the wait-list decreased by 36% during 1995-1999 (Hazard
ratio [HR] 0.64, 95% confidence interval Cl 0.56, 0.73), by 47% during 2000-2004 (HR
0.53, C1 0.46, 0.60) and by 59% during 2005-2009 (HR 0.41, CI 0.35, 0.47). Similar
associations were found for the secondary, composite outcome of wait-list mortality or
removal from the list due to clinical deterioration.

In a multivariable model of era effect across race/ethnicity, the decline in mortality across
eras remained significant after adjusting for age, race/ethnicity, diagnosis, blood type, listing
status, hemodynamic support and dialysis (hazard ratio [HR] 0.70 in successive eras, 95%
confidence interval [CI] 0.67, 0.74, P<0.001, Table 2). Wait-list mortality declined
significantly in infants < lyear of age (HR 0.74 in successive eras, P<0.001) as well as in
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older children (HR 0.66 in successive eras, P<0.001). The overall risk of wait-list mortality
was 67% lower in children listed during 2005-09 vs. those listed during 1989-94 (HR 0.33,
C10.28, 0.39, P<0.001) in adjusted analysis. A similar association was found for the
secondary outcome of death or de-listing due to deterioration in adjusted analysis (HR 0.78
in successive eras, 95% CI 0.74, 0.82, P<0.001). When race-era interaction terms were
added to the models for wait-list mortality or the secondary outcome in Table 2, statistically
significant interaction terms were identified, suggesting either that there were racial
differences in era effect or that there were racial differences in wait-list outcomes in one or
more eras. These findings were further evaluated by developing multivariable models of
wait-list outcomes for children in each era and in each racial group (stratified multivariable
models).

Stratified Multivariable Models

In multivariable models stratified by race (with era as a continuous variable), era effect was
present in all racial groups: white (HR 0.69, Cl 0.64, 0.74, P<0.001), black (HR 0.70, CI
0.63, 0.78, P<0.001), Hispanic (HR 0.82, Cl 0.71, 0.95, P=0.008) and Other (HR 0.64, ClI
0.52, 0.79, P<0.001). Era effect was also demonstrated for the secondary, composite
outcome in white (HR 0.77, 95% CI 0.72, 0.82, P<0.001), black (HR 0.75, 95% CI 0.68,
0.83, P<0.001) and Other (HR 0.73, 95% CI 0.61, 0.89, P=0.001) children but not in
Hispanic children (HR 0.93, 95% CI 0.82, 1.1, P=0.28).

Figure 3 illustrates risk-adjusted hazard ratios for wait-list mortality (with corresponding
95% confidence intervals) in minority children compared to white children derived from
multivariable models developed in wait-listed children in each era. Hispanic children listed
during 1987-1994 were at lower risk of wait-list mortality. All three minority groups were at
higher risk of wait-list mortality compared to white children during 2000-2004, however no
racial differences in wait-list mortality were present in the most recent era (2005-2009).
Similar results were obtained for the secondary, composite outcome in multivariable models
developed for children in each era.

DISCUSSION

In this study, we found that the risk of dying on the wait-list among US children listed for a
HT, adjusted for patient factors such as age, cardiac diagnosis, severity of heart failure and
blood type, has decreased by two-thirds during the last 20 years. The risk of wait-list
mortality has declined in infants as well as in older children. Importantly, the decline in
wait-list mortality is demonstrable in children of all racial/ethnic groups and racial gaps in
wait-list mortality, present variably in the past, are not present in the most recent era.

Although fewer deaths/patient-years of wait-list time among children listed for a HT have
been previously noted (4, 5), this is the first study to describe trends in risk-adjusted wait-list
mortality over a 20-year period. Because the annual HT procedures among US children were
rather constant during the 1990s (12) and have gone up only recently (5), these trends in
wait-list outcomes spanning 2 decades cannot be explained by a progressive increase in
availability of donor hearts. Potential mechanisms include advances in the care of children
with end-stage heart failure (9), better selection of transplant candidates and changes in
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donor allocation algorithm to ameliorate risk of death in high-risk groups. Recent
availability of ventricular assist devices for infants and young children in need of
mechanical support has allowed longer waiting times and may have contributed to the
decline in wait-list mortality (10, 11, 13) as suggested by a progressive increase in the
percentage of children receiving a HT while supported by a VAD in our analysis.
Publication of guidelines for listing for heart transplantation in children may have helped
centers improve their patient selection and timing of listing of children in heart failure.(14)
A progressive increase in percentage of children who were removed from the list due to
clinical deterioration (Figure 2) seems to have contributed to the decrease in wait-list
mortality and may suggest a higher vigilance with respect to ongoing transplant suitability
among listed children. Finally, allocation changes that may have helped improve outcomes
in wait-listed children (8, 15) include (a) allocation of hearts from blood type O donors to
type O recipients prior to their allocation to recipients of other blood types, (b) allocation of
hearts from donors < 18 years old to children <18 years old before their allocation to eligible
adults, (c) assigning a higher priority for donor hearts to sicker status 1A patients after
dividing status 1 patients into 1A and 1B, (d) allowing allocation of donor hearts to ABO
incompatible infants based on early success of this strategy (16—18) even as the long-term
outcomes of such transplants were still awaited, and (e) allowing broader regional sharing of
donor hearts to 1A and 1B candidates before directing them to less sick, local candidates.
Although some of these mechanisms such as increasing number of ABO incompatible HT in
infants have likely increased donor pool by allowing use of hearts that would otherwise be
discarded (19), others have re-directed hearts towards children more urgently in need
resulting in gains in risk-adjusted survival that are even more substantial than in simple
comparison of survival across eras. Some of the potential mechanisms discussed here are
speculative and are hypothesis-generating for future analyses.

Our analysis provides important insights into trends in racial gaps in wait-list mortality. We
previously analyzed racial differences in wait-list mortality among children listed fora HT
in the US during 1999-2006 and reported that all minority groups were at increased risk of
overall and risk-adjusted wait-list mortality.(6) These findings led us to ask whether racial
gaps in wait-list mortality have been present since the early years of HT and if so whether
they have narrowed with time. We were surprised by the finding that Hispanic children were
at a lower risk of risk-adjusted wait-list mortality vs. white children during 1987-1994. A
potential explanation for this finding is that during the early years of pediatric HT, Hispanic
children deemed to at high risk of poor post-transplant outcome were less likely to be listed.
This speculation is supported by a lower percentage of US Hispanic children listed during
that era (Figure 1B) and our previous analysis that showed better early post-transplant
survival in Hispanic children (vs. other groups) during early years of pediatric HT.(20) The
increased risk of wait-list mortality in minority children during 2000-2004 noted in the
current analysis is consistent with our previous work.(6) This era is characterized by
minority children representing a larger percentage of listed children compared to earlier eras
(Figure 1A and 1B). Minority children on ventilator support appeared to be at particularly
high risk for wait-list mortality during this era.(6)

The increase in percentage of black and Hispanic children listed for HT across eras appears
disproportionate to and cannot be explained solely by a higher percentage of minority
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children in the US. A potential explanation is a progressive increase in incidence of end-
stage heart failure in black and Hispanic children during the last 2 decades, a finding not
reported previously. Alternatively, minority children in heart failure may be more likely to
get listed for HT in the current era due to increased availability or acceptance of this therapy
among minorities. Because the percentage of HT candidates on Medicaid insurance has also
increased progressively, HT listing may have been determined by both medical and
socioeconomic factors in the earlier eras. If so, these trends may represent a true narrowing
of racial/ethnic gaps in access to HT among children in the US.

This study has limitations. First, it is a retrospective analysis of a national database with
potentially variable quality control of submitted data among transplant centers. However,
because these data are used by the UNOS to mediate real-time organ allocation in the US
and to subsequently evaluate center performance, certain safeguards to data quality are to be
expected. Second, race/ethnicity was analyzed as reported by the transplant centers and
some children may have been misclassified. However, such misclassification is likely to be
non-differential and not affect the study results because of the relatively large sample size.
Third, the study does not provide insights into health care access and variations, if any, in
clinical criteria for HT listing among racial/ethnic groups. Nonetheless, because of the
regulatory requirement to report all wait-listed candidates to UNOS, the study cohort
represents the entire population of interest and thus the best source for answering the study
question.

In conclusion, the risk of wait-list mortality among US children listed for HT has decreased
by two-thirds during the last 20 years. Racial gaps in wait-list mortality present variably in
the past are not present in the most recent era.

Supplementary Material
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Competing outcomes after wait-listing for HT in children listed during the four study eras
(1989-1994, 1995-1999, 2000-2004, 2005-2009) in the US.
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Figure 2A (White)
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Figure 2C (Hispanic)
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Figure 2.
Cumulative wait-list mortality during the study eras in white (3A), black (3B), Hispanic

(3C) and Other (3D) children.
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Figure 3.
Hazard ratios and 95% confidence intervals for wait-list mortality in Black, Hispanic and

Other children (vs. white children) during the four eras. Hazard ratios (CI) during each era
were derived from a multivariable model limited to children listed in that era.
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Multivariable Models of Primary (Wait-list Mortality) and Secondary (Composite of Wait-list Mortality and

Removal due to Clinical Deterioration) Outcome

Primary” Outcome P Value  secondary™ Outcome P Value
HR (95% CI) HR (95% CI)

Diagnosis (vs. CMP)
CHD 1.6 (1.4, 1.8) <0.001 1.7 (1.5, 1.9) <0.001
Other 2.7(2.3,3.1) <0.001 2.4(2.1,2.8) <0.001
Listing Status 1/1A 2.9 (2.5, 3.3) <0.001 2.8(2.5,3.2) <0.001
Hemodynamic Support (vs. No ECMO or Ventilator)
ECMO/Age<1 yr 3.6 (3.0,4.4) <0.001 4.4(3.7,5.2) <0.001
ECMO/Age=1 yr 1.9 (1.5, 2.4) <0.001 2.2(1.8,2.7) <0.001
Ventilator 1.9 (1.6, 2.1) <0.001 2.0 (1.8, 2.3) <0.001
Blood Type A 0.85 (0.77, 0.95) 0.004 0.88 (0.79, 0.97) 0.01
Dialysis 1.8(1.3,25) 0.001 1.8(1.4,2.4) <0.001
Race (vs. White)
Black 1.2 (1.0, 1.3) 0.01 1.2 (1.1, 1.4) 0.002
Hispanic 1.1(0.9,1.2) 0.44 1.1(1.0,1.3) 0.11
Other 14(11,17) 0.002 14 (1.1, 1.7) <0.001
Era (vs. 1989-94)
1995-1999 0.59 (0.51, 0.68) <0.001 0.60 (0.52, 0.69) <0.001
2000-2004 0.47 (0.40, 0.55) <0.001 0.54 (0.47, 0.62) <0.001
2005-2009 0.33(0.28, 0.39) <0.001 0.44 (0.38, 0.51) <0.001
Era (Linear) 0.70 (0.67, 0.74) <0.001 0.78 (0.74, 0.82) <0.001

*
The models include predictors prior to evaluation of a race-era interaction. Hazard ratios for the demographic and clinical variables are for the

model with era as a continuous (linear) variable. HR (hazard ratio), Cl (confidence interval), CHD (congenital heart disease), CMP

(cardiomyopathy), ECMO (extra-corporeal membrane oxygenation)
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