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Waiting List Mortality Among Children Listed for Heart
Transplantation in the United States

Christopher S.D. Almond, MD, MPH*; Ravi R. Thiagarajan, MBBS, MPH*; Gary E. Piercey, BS;
Kimberlee Gauvreau, ScD; Elizabeth D. Blume, MD; Heather J. Bastardi, NP;
Francis Fynn-Thompson, MD; T.P. Singh, MD, MS

Background—Children listed for heart transplantation face the highest waiting list mortality in solid-organ transplantation
medicine, We examined waiting list mortality since the pediatric heart allocation system was revised in 1999 to
determine whether the revised allocation system is prioritizing patients optimally and to identify specific high-risk
populations that may benefit from emerging pediatric cardiac assist devices.

Methods and Results—We conducted a multicenter cohort study using the US Scientific Reglstry of Transplant Rec1p1ents
All children <18 years of age who were listed for a heart transplant between 1999 and 2006 were included. Among 3098 -

- children, the median age was 2 years (inferquartile range 0.3 to 12 years), and median weight was 12.3 kg (interquartile
range 5 1o 38 kg); 1294 (42%) were nonwhite; and 1874 (60%) were listed as status 1A (of whom 30% were ventilated
and 18% were on extracorporeal membrane oxygenation). Overall, 533 (17%) died, 1943 (63%) received transplants,
and 252 (8%) rccovered; 370 (12%) remained listed. Multivariate predictors of waiting list mortality include
extracorporeal membrane oxygenation support (hazard ratio [HR] 3.1, 95% confidence interval [CI] 2.4 to 3.9),
ventilator support (HR 1.9, 95% CI 1.6 to 2.4), listing status 1A (HR 2.2, 95% CI 1.7 to 2.7), congenital heart disease
(HR 2.2, 95% CI 1.8 to 2.6}, dlalysm support (HR 1.9, 95% CI 1.2 to 3.0), and nonwhite race/ethmc1ty (HR 1.7, 95%

CI 1.4 to 2.0).

Conclusions—US waiting list mortality for pediatric heart transplantanon remains vnacceptably high i in the current era.
Specific high-risk subgroups can be identified that may benefit from emerging pediatric cardiac assist technologies. The
current pediatric heart-allocation system captures medical urgency poorly. Further research is needed to define the
optimal organ-allocation system for pediatric heart transplantation. (Cirenlation. 2009;119: 717 ~727.)
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f all patients wait-lisied for solid-organ transplantation

in the United Sates, children listed for heart transplan-
tation face the highest waiting list mortality regardless of
age.! To address this problem, in 1999, the United Network
for Organ Sharing (UNOS) implemented a major change in
the way donor hearts were allocated by assigning higher
priority to sicker status 1 patients? (ie, status 1A patients as

determined by circulatory support requirements) who were-

less likely to survive a prolonged wait period. Over the same
timeframe, after the landmark study by West and colleagues
in 20012 the practice of listing infants across all blood types
has increased steadily, a development that has the potential to
shorten wait times for infant candidates considerably?+
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The collective impact of these changes on present-day
waiting list mortality is unknown, in large part because earlier
studies were conducted primarily in the 1990s, before
changes in organ-allocation practice occurred.>12 In addition,
earlier studies were limited by smaller sample sizes or
single-institution experiences,®01213 (he findings of which
may not be generalizable owing to regional differences in
practice or may be underpowered to detect important national
trends. A contemporary analysis of the primary risk factors
associated with waiting list mortality . that included all US
patients would be useful for 3 specific reasons: (1) To help
policy makers determine whether the current organ-allocation
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Tahle 1. Characteristics of Patients by Gardiac Diagnosis

Variahles CHD (n=1494)  Myocardilis (n=178)  Cardiomyopathy (n=1186)  Other (n=240)  Total (n=3098) P*
Age, ¥ 1{0-7) 4 (1-12) 6 (0.8-13) 8 (0.9-14) 2{0.312) <0.001
Weight, kg 82 (3.5-223) 16 (9.1-44.9) 18.8 (7.6-49.5) - 28.2(8.2-504] 12.3(51-376)  <0.001
Body surface area, m? 0.42 (0.23-0.87) 0.72 (0.44-1.4) 0.78 (0.39-1.5) 1.0(041-15 057 0.3-1.26)  <0.001
Female, % 39 49 49 42 44 <0.001
Nonwhite race, % . ¥ 50 47 38 42 <0001
UNOS listing status, % ) ’ <0001

1A 63 77 56 59 60

1B 12 i1 15 : 15 13

2 ' % 12 29 % 26
Biood type, % 0.80

A . 37 38 33 .7 35

B 4 ' 5 4 4 4

B . 10 12 11 11

0 49 ' 47 50 51 49
Prostaglandin support, % 12 0 <1 2. 6 <0.001
Invasive hemodynamic support, % ] ' . <0.001

'ECMO support ' 23 28 11 16 18

Ventifator support : k7| A 29 ) 33 30

Other support (1A} 46 41 60 5 51
notropic support. 48 89" 54 - ) 51 <0.00%
Dialysis . 2 2 1 2 . 2 0.46

. Greatinine, mg/dL 086 {0.4 100.8) 0.6 (0.4100.9) 706 (0.4100.8) 0.7(0041010) 06(0.41008 <0.001

Values represent median (IQR)-or percentage. .
*+# Test or Kruskal-Wallis test.

system 1is serviné children with end-stage heart disease
_optimally, (2) to better define specific high-risk populations
that may benefit from emerging mechanical circulatory sup-
port technologies, and (3) to determine more precisely where
the national organ shortage for pediatric donor hearts is most
critical (especially with respect to age and size} as part of a
nationwide effort to establish pediatric-specific organ-
donation goals. . :

Methods

Study Population and Data Source

All pediatric subjects less than 18 years of age who were listed for
first orthotopic heart iransplantation in the United States between
January 20, 1999, and July 12, 2006, were identified retrospectively
through the US Scientific Registry of Transplant Recipients. The
Scientific Registry of Transplant Recipients is an intemally audited,
mandatory, government-sponsored, solid-organ transplant registry
that collects information on all solid-organ transplants in the United
States, Demographic and clinical information is reported by trans-
planting centers to the Organ Procurement and Transplantation
Network, sepplemented by data from the Social Security Adminis-
tration and the Center for Medicare and Medicaid Services. January
20, 1999, marks the point in time at which status 1 patients were
subdivided into status 1A and status 1B patients. July 12, 2006,
marks the point in time at which older status 1A children within 500
miles were given priority over status 1B children within the region,
Patients listed for heart retransplantation or multivisceral transplants
were excluded. All patients were followed up from the time of listing
for heart transplantation until death or the day of last observation on
August 3, 2007.

Study Definitions and Qutcome Measures

“The primary study hypothesis was that among children listed for

orthotopic heart transplantation, mechanical ventilation is associated
with reduced waiting list survival after adjustment for other patient
factors. Time on the waiting list was defined as time from initial
listing for heart ransplantation to the time of waiting list removal
due to transplant, death, or’ recovery. Subjects who died were
considered to have reached the primary end point (ie, had an event),
Subjects were censored at the time of transplantation or recovery. All
other subjects who remained on the waiting list were censored on
August 3, 2007. All clinical and demographic variables were defined
at the time of listing for heart transplant unless otherwise specified.
Racefethnicity data (categories included black, white, Hispanic,
Asian, American Indian/Alaska Native, Native Hawaiian/Pacific
Islander, multiracial, and other) were analyzed as reported by the
transplanting center. Glomerular filtration rate was estimated with
the Schwartz formula. !¢

Statistical Analysis

Summary statistics are presented as median {interquartile range
[IQR]) or number (percent). Patient characteristics were compared
across cardiac diagnostic subgroups with the ¥ test for categorical
variables and the . Kruskal-Wallis test for continuous variables.
Survival time on the waiting list was estimated by the Kaplan-Meier
method. Univariate relationships between patient characteristics and
waiting list mortality were evaluated with the log-rank test. Multi-
variable analysis was performed with the Cox proportional hazards
model and a stepwise selection technique. Only risk factors that were
statistically significant at the 0.05 level were retained in the final
multivariable models. These models were then reevaluated with
control for UNOS region. Analyses were performed with SAS
version 9.1 and Stata version 10.0.
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The authors had full access to and take full responsibility for the -
integrity of the data. All authors have read and agree to the

manuscript as written.

Results

Study Cohort

Of 3416 pediatric patients listed for heart transplant during
the study period, 3098 met the inclusion criteria (308 were
excluded owing to heart retransplantation and 10 owing to
multivisceral transplantation), The baseline characteristics of
the study cohort are suramarized in Table 1. Of 3098 children
listed for first orthotopic heart transplant, the median age was
2 years (IQR 0.3 to 12 years), and the median weight was
12.3 kg (JQR 5 to 38 kg); 1359 (44%) were female, and 1294
{(42%) were nonwhite. The primary cardiac diagnosis that Ied
to heart transplant listing was congenital heart disease (CHD)
in 1494 (48%), cardiomyopathy in 1186 (38%), and myocar-
ditis in 178 (6%). '

Overall, 1874 children (60%) were listed as status 1A, 418
(13%) as status 1B, and 806 (26%) as status 2. Among
children listed as status 14, 570 (30%) were supported:with
mechanical ventilation, 346 (18%) were supported by extra-
‘corporeal membrane oxygenation (ECMO), and 958 (51%)
did not receive either type of support. Overall, children listed
because of CHD were "younger (P<<0.001) and smaller
(P<0.001 for both weight and body surface area) than
children listed because of cardiomyopathy or myocarditis.

Children with cardiomyopathy were less likely to be sup-

ported with ECMO or mechanical ventilation than children
with CHD or myocarditis (P<0.001). '

Survival '

Among 3098 children listed for heart transplants, 533 (17%)
died, 1943 (63%) received a tramsplant, 252 (8%) were
removed from the waiting list because of recovery, and 370
(12%) remained alive on the waiting list on August 3, 2007.
Table 2 summarizes the univariate predictors of waiting list
moitality. )

Table 3 summarizes the multivariable predictors of waiting
list mortality. Among all children lisied, independent predic-
tors of waiting list mortality included ECMOQ support, venti-
tator support, CHD, listing status 1A, dialysis support, and
nonwhite race, A glomerular filtration rate <50 mL - min™" +
1.73 m™* was also found to be an independent predictor of
mortality but was collinear with dialysis and thus was not
included in the final model. Age, weight, and body surface
area were not statistically significant predictors of waiting
list mortality after adjustment for other covariates in the
model. All of the variables in the final model remained
statistically significant after adjustment for region and year
of transplantation. )

Because a large majority of the 533 deaths occurred among
children listed as status 1A, we performed a secondary
analysis to determine the risk factors associated with mortal-
ity among children listed as status 1A (Table 3). Except for
listing year (1999 fo 2002 versus 2003 to 2006), which
became significant in the 1A subgroup analysis, the multi-
variate predictors, hazard ratios, and 95% confidence inter-

Table 2. Univariate Prediciors of Waiting List Mortality

Univariate Predictors

Variable Survived (n=2565}  Died {(n=533) P
Age, ¥ ’ 3(0.3-12) 1(01-9)
Weight, kg 13.4 (5.5-30.5) 8.8 (3.7-24.8)
Weight categories <0.001
<10 kg . 42 |54
1019 kg - 17 17
20-32 kg 16 iz
40-59 kg 14
=60 kg 11
Female 44 44 0.74
Nonwhite race 40 . 51 <0.001
UNOS listing status <0.001
1A ' 58 74
1B N 15 8
2 28 18 .
Cardiac diagnosis, % <0.001
GHD _ 45 64
Cardiomyopathy 4 23
Myocarditis 8 . 5
Other . 8 - 8
Blood type : 0.10
A ’ 37 27
0 48 57
B 11 i1
AB 4
Prostaglandin support 6 g <0.001
Invasive hemaodynamic ’ <0.001
support _
ECMO support 16 28
Ventilator support 29 ) 37
Other support {14) . 55 - 36
" lnotropic suppart 50 57 <0.061
Dialysis 1 S <0.001
Creatinine, mg/dL 0.6 {0.4-0.8) 0.6 [0.4-0.9]
GFR <50 17 33 <0.001
mL-min~"1.73 m~2 '
Year, of listing . 024
1999-2002 52 58
2003-2006 48 42

Values represent median {|OR) or percentage. GFR indicates glomerular
filtration rate.
. *Log-rank test

vals were essentially unchanged compared with the overall
analysis, ' '
Figure 1 shows the estimated survival for all children listed
for heart transplant according to UNOS listing status (Figure
1A) and for all children listed as status 1A according to the ..

-level of invasive hemodynamic support (Figure 1B). No

appreciable difference was found in overall waiting list
mortality for patients listed as status 2 versus status IB
(11.7% versus 10.5%). By conlrast, among patients listed as

Downloaded from eirc.ahajournals.org by on August 7, 2010
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_Table 3. Multivariate Predictors of Waiting List Mortality*

Adjusted HRs
All Patients Sta;us 1A Only

Variable HR igs% ol P HR (35% CI) ) P
ECMO 3.1 (2.4-3.9) <0.001 3.0(23-3.8) <0.001
Ventilator sﬂppbrt 1.9(1.6-24) <0.001 1.9(1.5-2.4) <0.001
Cardiac diagnosis of CHD 2.2 (1.8-2.6) <0:001 2.1 (1.7-2.6) <0001
Dialysis 1.9(1.2-3.0 0.006 2.0(1.3-3.2} 0.004
UNDS listing status 1A 22(0.7-2.7) <3001 .. o
Nonwhile race, % 1.7 (1.4-2.0) <0.001 1.7 (1.4-2.0) <0.001
Year of listing 1999-2002 1.2 (1.0-1.5) . 0.040

*Cox proportional hazards modsl.

status 1A, a substantial difference was found in risk of
waiting list mortality based on the level of invasive hemody-
namic support (ie, required ECMO, mechanical ventilation,
or neither), '

Status 1A Risk Stratification

. Table 4 summarizes the observed waiting list morfality of
stalus 1A patients with risk stratification by subgroup.
Among children listed as UNOS status 14, a.7-fold differ-

A 1.00 «.
Status 2
0.404
™
E1
E
g‘ 6.80- Status 1A
=
a  0.404
&2
5 .
o
. 0.204
Dluu' ! T T - L)
: 0 30 60 80 .10 180 180
' Days on Wailing Lls;
1A 1B - 2}
B 4.00
- 080 er ECMO nor Ventilator
=
: .
g, .60 Ventilator
=
S 0404
=
e
a ., .
0.20
0.00 .
1] 30 80 90 f20 7 150 180
Days on Wailing Usl
[ e ECMO Yentilator Neimerl

Figure 1. Kaplan-Meier survival for all children listed for heart
transplant according to listing status (A} and for those chil-
dren listed as status 1A according to invasive hemodynamic
. support (B).

ence was found in the 90-day risk of death on the waiting list -
on the basis of patient characteristics, with a range from 5%
to 39%. The 14- and 30-day waiting list mortality variation
for patients listed as status 1A was even more striking. For
example, a child weighing <10 kg who was supported on
ECMO for CHD (n=155) had a 12-fold higher risk of death
by 14 days without transplantation (20.7% versus 1.5%) and
an 8-fold higher risk of death by 30 days without transplan-
tation (32% versus 4%) than a child weighing >10 kg with
cardiomyopathy who was supported with inotropes alone

" (n=263). Figure 2 shows the competing outcomes for wait-
listed children based on UNOS status at the time of listing and
competing outcomes for children listed as status 1A accord-
ing to their level of invasive hernodynamic support.

Among those listed as status 1A, the following subgroups
of children were found to be at 30% or greater risk of waiting
list mortality based on observed mortality (Table 4): (1)
Children weighing <10 kg who were listed becaiise of CHD
and who required mechanical ventilation (mortality 32%,
n=231), and (2) children weighing <10 kg who were listed
because of CHD and who required ECMO (mortality 36.1%;
n=135). Children with a predicted risk of waiting list
mortality of =20% included most children listed as status 1A
for CHD and most children who required either mechanical
ventilation (waiting list mortality 25%, n=570) or ECMO
(waiting list mortality 31.5%, n=346). ‘ _

Figure 3 summarizes the weight distribution of children
who died while on the waiting list in the current era. Overall,
10% of patients weighed <3 kg, 34% weighed <5 kg, 54%
weighed <10 kg, 64% weighed <15 kg, and 71% weighed
<20 kg.

Discussion
In this study, we found that over a 6-year period, 533 US .
children with severe heart failure died while on the heart
transplant waiting list before a suitable donor heart could be
identified. Expressed as a rate, children awailing heart trans-
plantation experience the single highest waiting list mortality
compared with all other age groups and all other solid organs
in transplant medicine.! Although the average status 1A
‘pediatric patient is at higher risk of waiting list mortality
statistically, status 1A patients as a group represent a large

. and heterogeneous population whose risk of. waiting list

Downloaded fiom circ.ahajoumals.org by on August 7, 2010
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Table 4. Risk Sirafification of Status 1A Candidates Based on Observed Waiting List Mortality for Patient Subgroups

. 7 Days 14 Days* 30 Days 60 Days 90 Days 6 Maonths Overall
. All status 1A candidates (n=1874) 49 85 137 18.0 -~ 189 203 211
ECMO {n=346) 16.1 179 257 29.8 304 306 315
" Cardiomyopaty . 57 114 15.7 214 ‘214 T 214 243
Weight =10 kg (1=34) 0 8.8 147 235 - 235 235 26.5
Weight <10 kg =36 - 111 . 139 16.7 194 194 19.4 222
Myocarditis . 7.7 128 205 23.1 231 256 256
Welght =10 kg {n1=26) Y 7.7 154 - 154 154 192 19.2
Weight <10 kg (n=13) 15.4 231 30.8 38.5 385 385 385
CHD I B 196 285 32.7 33.6 336 . 338
Weight =10 kg (1=56) 5.4 14.3 17.9 214 25,0 25.0 25.0
Weaight <10 kg [n==155) 13.6 20.7 316 361 36.1 36.1 36.1
Mechanical ventilation {n=570) 6.0 ©104. 17.0 221 235 25.1 25.4
Cardiontyopathy . 4B 83 16.0 17.0 18.0 196 196
Weight =10 kg (n=69) 401 17.4 275 29.0 29.0 29.0 " 290
<10 kg (1=122) 16 33 9. 98 115 139 139
‘Myocarditis - . 24 7.1 7.1 95 95 95 115
Weight =10 kg 1=20) . 5.0 150 1540 15.0 15.0 15.0 20.0
<10 kg (1=22) 0 0 0 - 45 . 48 45 46
CHD 73 125 198 . - 274 - 292 . " a9 31.3
Weight =10 kg (1=55) 91 14,6 164 255 273 - 273 7.3
Weight <10 kg (n=231) 69 121 04 277 29.4 316 32,0
No ventilation or ECMO (n=958) 23 41 74 BEERTE: 12.1 138 14.7
- Cardiomyopathy : 1.3 23 43 .83 6.8 71 7.6
Weight =10 kg (=263) 0.8 15 38 Y 57 57 6.1
Weight <10 kg (n=127) 2.4 : 39 55 95 95 - 10.2 110
Myocarditis 18 36 IA 10.7 10.7 125 143
Weight =10 kg (n=45) 22 44 6.7 11.1 111 133 156
Weight <10 kg (1="10} 0 0 100 . 100 10.0 100 10,0
CHD : : " 35 58 108 166 18.0 21.0 221
Weight <10 kg, no PGE 19 . 44 8.2 12.6 145 164 17.0
- {n=159) : .
Weight =10 kg [@==161) 4.4 6.8 130 186 19.9 242 . . 248
Weight <10 kg, PGE (1=107) a7 5.6 12 19,6 20,6 24 . 262

Values represent percentage of eligible patients who were removed from the waiting fist due te death during the specified time frame. PGE indicates prostaglandin

E infusion.

*14 Days is the standardized time interval for stalus 1A justification by UNOS.

mortality vancs by as much as 10-fold or more based on
patient-specific factors. The single most important patient
factor predictive of waiting list mortality is the level of
invasive hemodynarmic support, as defined by ECMO versus
mechanical ventilation versus inotropic support alone. Other
patient factors associated with waiting list mortality include
cardiac diagnosis, dialysis, and nonwhite race/ethnicity.
These findings are consistent with earlier reports from the
1990s that found that ECMO, former listing as stams 1
(predetessor of the 1A/1B classification system), and CHD
were associated with waiting list mortality in child-
ren3-72.10.13% however, no studies have analyzed waiting list
outcomes since the pediatric heart-allocation system was
revised in 1999. Consequently, the present report has 2
advantages over earlier reports in that (1) it analyzes out-

comes since 1999, which permits a focused look at waiting
list mortality under the present allocation system and practice
conditions, and (2) it captures all children officially listed for
a heart transplant in the United States, which provides the
necessary statistical power to identify several important
national trends for the first time. Specifically, this is the first
published repert (1) to identify nonwhite race and mechanical
_ventilation as powerful independent risk factors for waiting

- list mortality across the pediatric age spectrum, (2) to dé- -

scribe the striking variability in waiting list mortality ob- -
served among children listed as status 1A, and (3) to exclude
blood type as an independent factor associated with waiting
list mortality in the current era.

Our finding that the level of invasive hemodynamic
support (ie, ECMO support versus mechanical ventilation
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Figure 2. Competing outcomes for wait-listed children according to UNOS status at the time of listing {4, B, and C}, and for children
listed as status 1A according to their level of invasive hemodynamic support: ECMO (D), mechanical ventilation (E), and neither ECMO

nor mechanical ventilation {F).

versus inotropic support alone) is associated with waiting
list survival is reasonably intuitive; however, we were
- surprised at the magnitude of effect, specifically, that the
level of invasive Hemodynamic support appears to be a
much stronger predictor of waiting list mortality and
therefore a more accurate reflectioni of medical urgency
than UNOQS listing status itself, the current system used to
categorize children according to medical urgency.?’ We

believe the relatively poor correlation between UNQOS
listing status and medical urgency in pediatrics stemns
largely from the heterogeneity of the status 1A patient
cohort resulting in greater waiting list mortality variability
within UNOS listing groups than between listing groups.
‘This heterogeneity is likely driven by 2 factors: (1) Greater
numbers of high-risk children are listed as status 1A
because of more widespread use of technologies like
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ECMO’¢ in pediatrics, combined with fewer absolute
contraindications’ to transplant,’? and (2) greater numbers
of low-risk patients are listed as status 1A because of less
stringent status 1A criteria for children. (NB: Adult status
1A criteria generally necessitate pulmonary artery catheter
placement, whereas pediatric status 1A criteria can be met
with as little as minor dosing adjustments in intravenous
medications.) Tt is likely that the Jess stringent status 1A
* criteria in pediatrics are largely responsible for the dispro-

portionately large number of children who gualify for the
highest tier of medical urgency (>60% of children at the
time of listing and nearly three quarters [72%] by the time
of transplantation). ' . )
The findings of the present study have several implica-
tions. First, our findings raise questions about whether the
current allocation system is structured optimally to reduce
pediatric transplant mortality. Because the current system
captures medical urgency poorly, children facing markedly
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different shori-term mortality risks are forced to compete
directly for the same scarce donor organs. For exainple,
under the current system, a child actively listed for heart
transplant who is on ECMO support with days to live must
compete directly with a child being supported by inotropes
"alone, who, according to our data, has a relatively low
imminent risk of death. Consequently, an available heart is
offered first to the child who has accumulated more status
1A wait time, rather than to the child who is likely to die

without transplant. Ultimately, becanse the majority of
pediatric patients and virtually all at-risk pediatric patients
are listed as status 1A, “first come, first served” has
functionally supplanted medical urgency as the primary
determinant of pediatric donor heart allocation for the
majority of children awaiting heart transplantation.

The disciepancy between medical urgency and waiting list
seniority, a major problem in solid-organ transplantation
historically, raises the possibility that some pediatric deaths
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Figure 3. Number of children who died while on the walting list according to weight at listing (1=533). The numbers above each bar
denote the total number of children who were listed for heart transplant within each weight category.

could be prevented by moving ‘away ffom an allocation
‘ system that relies heavily on waiting time toward an alloca-
tion system that better reflects medical urgency while also
incorporating potential transplant benefit. Such a shift would
be consistent with the Final ‘Rule on Organ Allocation
published by the US Department of Health and Human
Services,!S which discourages the use of waiting time as a
criterion for organ allocation and encourages organ sharing
based on medical urgency (while avoiding futile transplanta-
tions) with the use of objective medical criteria that cannot be
manipulated by patients or physicians. Accordingly, the US
allocation systems for liver and lung allografts!®-2* have
undergone major revisions recently to bring them into cor-
pliance with contermnporary standards. We believe a similar
reappraisal is warranted for pediatric hearts, not only because
of the excessively high waiting list mortality! but also
because of better data on the factors that drive pretransplan-
tation and posttransplantation attrition. 2425 Because some
_ factors such as ECMO may be associated with both pretrans-
plantation>7.10 and posttransplantation242% mortality, revis-
ing the cument systemn will require complex simulation
analyses to balance competing - risks, as has been done
successfully with the lung-allocation score recently.26
Second, the present findings suggest that specific high-
risk subgroups of patients can be identified who may be
suitable candidates for emerging pediatric mechanical
support devices. By the same token, our findings suggest
that low-risk subgroups can also be identified for whom
investigational devices should generally not be used at the
present time. Because of this heterogeneity, clinicians and
investigators will need to use caution in selecting patients
for evolving- mechanical circulatory support devices?$2?

and in developing selection criteria for clinical trials to
obtain regulatory approval.252® For example, patients with
an estimated waiting list mortality of less than 10% (eg,
stable children with cardiomyopathy who are on inotropes)
are unlikely to benefit from device therapy if the device
itself carries a risk that could be higher. The use of such
devices in such patients could not only expose childreh to_
unnecessary risks but could also undermine the interpret-
ability of data in support of a regulatory claim of efficacy
or probable benefit, the legal threshold for Food and Drug
Administration approval in the United States.

Third, although age and size were not independently

-associated with waiting list mortality, the present findings

indicate that the vast majority of children dying while on
the waiting list weigh <10 to 15 kg (Figure 3). The skewed
weight distribution draws needed attention to precisely
where the national organ shortage for pediatric donor
hearts is most critical: among infants and toddlers. Creat-
ing greater public awareness is a key first step for
organ-donation advocates who are looking for high-impact
strategies to reduce pediatric waiting list mortality.30
Although it would be beneficial to improve organ donation
among children of all ages and sizes, the present findings
suggest that the greatest benefit would come from a
successful campaign to increase organ donation among
infants and toddlers. The disproportionate number of
deaths among infants and toddlers further underscores the
need to develop reliable miniaturized mechanical circula-
tory support devices for infants and smatler children,26.27
similar to the approved ventricular assist devices that are
widely available for larger children and adults,31-3¢

We were surprised to find that nonwhite race/ethnicity was
associated with waiting 'list mortality, particularly among
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children listed as statns 1A, a group that is uniformly
hospitatized and usually under the watchful eye of intensiv-
ists. Contributing factors may include differences in timing of
presentation, access to care, delivery of medical treatment,
disease progression, regional heterogeneity, misclassification
of racefethnicity by centers, or some combination thereof.
. Adult studies of waiting list mortality have reported mixed
findings on the relationship between race/ethnicity and wait-
ing list mortality.?>35 Purther research is needed to explore
the effect ‘of racefethnitity on waiting list mortality in
transplant candidates across all ages.
The findings of the present study should be interpreted
" within the context of the study design. First, the analysis did
not account for changes in listing status while patients were
on the waiting list; however, changes in status would be
expected to result in misclassification of risk factor assign-
ment, which would lead to an underestimate of the true
effects of a given risk factor, which in this analysis were all
highly significant. Second, the primary analysis did not
account for patients who were removed from the waiting list
because of clinical deterioration rather than death; however,
secondary analyses using the combined outcome of -death or
delisting due to clinical deterioration yielded similar results.
Lastly, all retrospective studies are inherently susceptible

to selection bias that could skew findings if a nonrandom °

population of patients were selected for analysis; however,
because the Scientific Registry of Transplant Recipients
captures all patients officially listed for transplant in the
United States, it is unlikely that patient selection bias
would'play a major role in the findings of this retrospective
analysis.

In summary, despife improvements in pediatric heart allo-
cation over the past decade, pediatric heart transplant waiting
list mortality remains unacceptably high in the current era and
is an outlier in transplant medicine. The current pediatric
heart-allocation system captures medical urgency . poorly,
which raises the possibility that the current allocation system
may not be prioritizing scarce donor-hearts optimally. Al-
though status 1A patients are at higher risk of waiting list
mortality statistically, status 1A patients as a group represent
‘a large and heterogeneous population. Independent risk fac-
tors for waiting list mortality can be used to risk-stratify
children, which can help facilitate patient selection of emerg-
ing pediatric cardiac assist devices and guide pediatric donor
allocation in a manner that is consistent with contemporary

" organ-allocation standards. Lastly, most children who die
while on the waiting list are those who weigh <10 kg, which
underscores the tremendous need for reliable pediatric me-
chanical support devices for the smallest children. Targeted
efforts to expand infant donation through expanded neonatal
intensive care unit donation or more widespread acceptance
of donation after cardiac death®® are urgently needed.
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CLINICAL PERSPECTIV E

Desplle 1mprovements in pediatric heart allocation over the pasi decade, children listed for heart transplantatlon face the
highest waiting list mortality in solid-organ transplant medicine. Data on waiting list outcomes since the pediatric
heart-allocation system was revised in 1999 are limited. This study examines waiting list outcomes from all 3098 children
<18 years of age listed in the United States for primary heart transplant during the period from 1999 to 2006. Overall, 533
children (17%) died, whereas 63% received transplanis and 8% recovered. Although status 1A patients were at higher risk .
of waiting list mortality than status 1B or statns 2 patients, waiting list mortality varied by a greater degree within status
1A and was best predicted by the level of invasive hemodynamic support (defined as extracorporeal membrane
oxygenation versus ventilator versus neither). The study thus demonstrates that the current pediatric heart-allocation system
captures medical urgency among those waiting for a heart poorly. Because patients'on a higher level of invasive support
at listing may also be at higher risk of posttransplantation death, further research is needed to determine what changes in
the current pediatric allocation systemn will reduce overall (pretransplantation and postiransplantation) mortality in children
listed for a heart transplant. Lastly, the study demonstrates that the vast majority of children who die on the waiting list
weigh <10 to 15 kg, which underscores the need to develop and refine new technologies to support the smallest children
with advanced heart failure and to expand opportunities for infant organ donation,
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