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ABSTRACT
OBJECTIVES The goal of this study was to delineate outcomes of children weighing <10 kg supported with the Berlin
Heart EXCOR Pediatric Ventricular Assist Device (EXCOR Pediatric, Berlin Heart Inc., The Woodlands, Texas) and to
identify factors that increased the risk of all-cause mortality in this population.
BACKGROUND Ventricular assist devices have been shown to be an effective bridge to transplant, with improved
outcomes compared with use of extracorporeal membrane oxygenation. Smaller patients may be at greatest risk for
poor outcomes, but it remains unclear if mortality is uniform across all smaller candidates.
METHODS Patients included in the analysis were part of a multicenter prospective cohort study examining the use of
the Berlin Heart EXCOR Pediatric Ventricular Assist Device as a bridge to transplant. All children who received the device
between May 9, 2007 and December 31, 2010, and who were enrolled in the sponsor’s U.S. regulatory database, were
identiﬁed and analyzed. Multivariable analysis was performed to determine risk factors associated with mortality.
RESULTS A total of 97 children weighing <10 kg were included (median age 6.2 months; median weight 6.2 kg; median
duration of support 26 days). Successful outcomes were achieved in 56.7% of patients. Independent risk factors for
mortality in smaller children included pre-existing congenital heart disease (odds ratio: 4.8 [95% conﬁdence interval: 1.5
to 15.0]; p ¼ 0.007) and an elevated bilirubin level (odds ratio: 5.3 [95% conﬁdence interval: 2.0 to 14.3]; p ¼ 0.001).
CONCLUSIONS Overall results for children weighing <10 kg were inferior to those of their larger counterparts.
This outcome was primarily inﬂuenced by congenital heart disease and presence of elevated pre-implant bilirubin levels.
These factors should be taken into consideration at decision making because reasonable outcomes can be achieved in
a select population of children weighing <10 kg. (J Am Coll Cardiol HF 2015;3:70–7) © 2015 by the American College of
Cardiology Foundation.

C

ardiac transplantation is a well-established

infants safely to transplant have included both

approach for end-stage heart failure from

medical and device therapy. Traditionally, extracor-

cardiomyopathies and some forms of con-

poreal membrane oxygenation (ECMO) has been the

genital heart disease (CHD) in the pediatric popula-

predominant support strategy, but its use remains

tion. However, infants remain at the highest risk for

limited due to the ongoing risk of complications

death while on the waitlist (1). Strategies to support

and associated mortality (2,3). The mortality burden
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an independent clinical events committee for
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the age spectrum, with those patients weighing <10

the patients in the IDE study but not for the
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kg, especially in the context of CHD, being at greatest

entire cohort. Each center’s institutional re-

risk (1,2,4). Alternatively, ventricular assist devices

view board approved the study protocol, and

(VADs) have been shown to be an effective bridge to

written informed consent was obtained for all

transplant with improved outcomes compared with

patients.

ECMO (2,3,5–10). Similar to experiences seen with

DATA COLLECTION. Pre-implant demographic

support on ECMO, smaller patients (<10 kg) may be

and clinical characteristics were collected

IDE = investigational device

at the greatest risk for severe complications and mor-

within 48 h of implantation unless otherwise

exemption

tality on VAD support (8,11,12); these ﬁndings, how-

CHD = congenital heart disease
ECMO = extracorporeal
membrane oxygenation

GFR = glomerular ﬁltration

speciﬁed. Patients were followed up from the

rate

INTERMACS = Interagency

ever, have not been consistent (13,14). Currently, it

time of EXCOR Pediatric implant until 1 of 3

remains unclear if mortality risk is uniform across

possible outcomes: transplant, death, or re-

all smaller candidates or if there are identiﬁable risk

covery. Patients were censored at the time of

factors that may guide patient selection to improve

transplant or recovery. At the time of this analysis, all

overall survival and reduce associated complications

patients had achieved 1 of 4 outcomes (deﬁnitions

in these smaller patients.

Registry for Mechanically
Assisted Circulatory Support

VAD = ventricular assist device

were taken from the original IDE trial): “successful”

The primary aim of the present analysis was

outcomes, 1) transplantation or 2) being weaned from

to delineate the survival outcomes of children

the device with a good neurological outcome within

weighing <10 kg supported with the Berlin Heart

30 days of explant; “unsuccessful” outcomes, 3) death

EXCOR Pediatric Ventricular Assist Device (EXCOR

on the device, or within 30 days of weaning or before

Pediatric, Berlin Heart Inc., The Woodlands, Texas)

hospital discharge after weaning (whichever was

and to identify factors that increased the risk of

longest); or 4) weaning failure, deﬁned as an unac-

all-cause mortality in this population.

ceptable neurological outcome within 30 days of
weaning or before hospital discharge, whichever was

METHODS

longer (10). Adverse event deﬁnitions after implantation have been previously reported and are also used
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AND

DATA

SOURCE. The

in this analysis (10,11). In addition, renal dysfunction,

EXCOR Pediatric is a pneumatically driven, para-

estimated according to the glomerular ﬁltration rate

corporeal blood pump capable of providing pulsatile

(GFR) adjusted for age by using the formula of

ﬂow as a left, right, or biventricular device with

Schwartz et al. (18), was deﬁned as abnormal if the

different pump sizes, suitable for newborns to ado-

GFR was #59 ml/min/1.73 m 2 for those <2 years of age

lescents (8,15–17). Patients in the present analysis

and #89 ml/min/1.73 m 2 for those 2 to 16 years of age.

participated in a multicenter prospective cohort
study examining the use of the EXCOR Pediatric as a
bridge to transplant. All children who received the
EXCOR Pediatric from May 9, 2007, to December 31,
2010, and whose data were included in the sponsor’s
US regulatory database, were identiﬁed and analyzed.
A total of 47 pediatric centers from the United
States and Canada participated in the study, with
17 being part of the investigational device exemption
(IDE) trial. Centers in the United States who were not
part of the IDE trial had access to the device through
compassionate use regulations. The study design and
results for the 48 children in the original IDE trial
have been reported previously (10), as have the
overall results for the entire cohort (11). All patients
whose data were previously captured were included
in this study, with a speciﬁc focus on those with a
weight <10 kg.

An abnormal pre-implant bilirubin level was deﬁned
as $1.2 mg/dl.
STATISTICAL

ANALYSIS. Data

are

presented

as

medians with ranges or frequencies with percentages
as appropriate. Statistical signiﬁcance of differences
between groups was assessed by using the chi-square
or Fisher exact test for discrete variables and the
Kruskal-Wallis test for continuous variables. Odds
ratios with 95% conﬁdence intervals were calculated
for the logistic regression. Logistic regression models
were used with stepwise backward elimination with a
p value of 0.025 to retain variables.
Kaplan-Meier methods were used to produce
the survival curves, and the log-rank test was used
to examine the differences between the survival
distributions.

RESULTS

All data were collected by using a database adapted
from the Interagency Registry for Mechanically

PATIENT DEMOGRAPHIC CHARACTERISTICS. A total

Assisted Circulatory Support (INTERMACS). Etiology

of 204 patients were included in this analysis, with

of death and adverse events were adjudicated by

47.5% (97 of 204) of these patients weighing <10 kg.
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Baseline demographic and clinical characteristics

with a 10-ml pump; the remainder (21.7%) were

are outlined in Table 1. For those children weighing

implanted with either a 25- or 30-ml pump.

<10 kg, the median weight was 6.2 kg (range: 2.8 to

When children weighing <10 kg were further

9.9 kg) and median age was 6.2 months (range: 0.2 to

analyzed

33.1 months) at the time of implant. CHD, previous

weighed <5 kg and those weighing 5 to <10 kg, a few

and

dichotomized

into

patients

who

cardiac arrest, and infections before transplant were

differences were observed. A greater proportion of

distributed in children weighing <10 kg comparably

children weighing <5 kg had CHD (39.4% vs. 20.3%;

to those seen in larger patients. However, the smaller

p ¼ 0.04) and were implanted as an INTERMACS

patients were not similar in all aspects, with a higher

proﬁle 1 (66.7% vs. 46.9%; p ¼ 0.06). Online Table 1

proportion

before

outlines the CHD diagnosis and previous surgeries

implantation, with a pre-implant creatinine level

in all patients weighing <10 kg. Children weighing

>1 mg/dl reported more frequently in the larger pa-

<5 kg were more likely to have an abnormally high

tients. Although the majority of patients in both

pre-implant bilirubin level compared with those

experiencing

abnormal

GFR

cohorts were classiﬁed as INTERMACS proﬁle 1 at the

weighing 5 to 10 kg (66.7% vs. 29.5%; p < 0.001) and

time of implantation, patients weighing <10 kg

be supported on ECMO before implantation (63.6%

were more likely to have received a blood trans-

vs. 40.6%; p ¼ 0.03). All children with a weight <5 kg

fusion (92.8% vs. 78.5%; p ¼ 0.004), been ventilated

received a 10-ml pump; an isolated left ventricular

(85.6% vs. 69.2%; p ¼ 0.005), or required ECMO

assist device was used in 66.7% of these implants.

(48.5% vs. 33.6%; p ¼ 0.03) before VAD insertion.
The majority of patients weighing <10 kg under-

OUTCOMES. In general, smaller patients were sup-

went an isolated left ventricular assist device inser-

ported for a shorter duration of time before reaching a

tion, with rates similar to those found in larger

ﬁnal outcome. The median duration of support for

patients (65% vs. 61%; p ¼ 0.54). Seventy-eight

those children weighing <10 kg was 26 days (range

percent of patients weighing <10 kg were implanted

0 to 232 days) compared with 56 days (range 1 to

T A B L E 1 Demographic and Clinical Characteristics Stratiﬁed According to Weight

Category

Overall
(N ¼ 204)

Age, months

18.6 (0.2–192)

Weight, kg

10.0 (2.8–60.0)

Male

Weight Group
$10 kg
(n ¼ 107)

60 (1.9–192)
16.3 (10.0–60.0)

Weight Group
<10 kg
(n ¼ 97)

Weight Group
<5 kg
(n ¼ 33)

6.2 (0.2–33.1)

1.3 (0.2–11.3)

6.2 (2.8–9.9)

3.7 (2.8–4.8)

107 (52.5%)

57 (52.3%)

50 (51.6%)

18 (54.6%)

107 (52.5%)

55 (51.4%)

52 (53.6%)

22 (66.7%)

CHD

55 (27.0%)

29 (27.1%)

26 (26.8%)

13 (39.4%)

Yes

49 (24.0%)

25 (23.4%)

24 (24.7%)

6 (18.2%)

Pre-implant infection

Yes

49 (24.0%)

24 (22.4%)

25 (25.8%)

7 (21.2%)

eGFR

Abnormal

54 (26.5%)

20 (18.7%)

34 (35.0%)

15 (45.5%)

INTERMACS proﬁle

1

Primary diagnosis
Pre-implant cardiac arrest

Pre-implant creatinine

>1 mg/dl

25 (12.3%)

19 (17.8%)

6 (6.2%)

2 (6.1%)

Pre-implant bilirubin

$1.2 mg/dl

86 (44.3%)

46 (46.0%)

40 (42.6%)

22 (66.7%)

Yes

174 (85.3%)

84 (78.5%)

90 (92.8%)

31 (93.9%)

Ventilator

Yes

157 (77.0%)

74 (69.2%)

83 (85.6%)

29 (87.9%)

VAD pre-EXCOR

Yes

7 (3.4%)

5 (4.7%)

2 (2.1%)

0

Inotropes

Yes

187 (91.7%)

98 (91.6%)

89 (91.8%)

28 (84.9%)

ECMO

Yes

83 (40.7%)

36 (33.6%)

47 (48.5%)

21 (63.6%)

ECMO >10 days

Yes

19 (9.3%)

6 (5.6%)

13 (13.4%)

Comorbidities
Transfusion history
Support before EXCOR

Time on ECMO, days

6.0 (0–38)

5.0 (2–23)

6.0 (0–38)

6 (18.2%)
6.0 (2–38)

Implant characteristics
Device type

LVAD

128 (62.8%)

65 (60.8%)

63 (65.0%)

Concomitant surgeries

None

107 (52.4%)

66 (61.7%)

41 (42.3%)

12 (36.4%)

159 (71–599)

159 (71–599)

153 (75–365)

166 (75–365)

Cardiopulmonary bypass time, min

22 (66.7%)

Values are median (interquartile range) or n (%).
CHD ¼ congenital heart disease; ECMO ¼ extracorporeal membrane oxygenation; eGFR ¼ estimated glomerular ﬁltration rate; EXCOR ¼ Berlin Heart EXCOR
Pediatric Ventricular Assist Device; INTERMACS ¼ Interagency Registry for Mechanically Assisted Circulatory Support; LVAD ¼ left ventricular assist device; VAD ¼ ventricular
assist device.
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435 days) for those weighing $10 kg (p < 0.001). For
patients weighing <10 kg, 56.7% (55 of 97) achieved a

T A B L E 2 Clinical Outcomes Stratiﬁed According to Clinical Characteristics for

Children Weighing <10 kg

successful outcome: 53 underwent transplantation
and 2 were weaned from the device with a good
neurological outcome (Table 2). Death occurred in

n

Wean
Success

Death

Wean
Failure

97

53 (54.6%)

2 (2.1%)

37 (38.1%)

5 (5.2%)

38% (n ¼ 37) of this cohort, and 5.2% (n ¼ 5) were

No ECMO

50

34 (68.0%)

1 (2.0%)

15 (30.0%)

0

weaned unsuccessfully. A successful outcome was

No ECMO/no CHD

41

30 (73.2%)

1 (2.4%)

10 (24.4%)

0

achieved less often in the lighter-weight cohort

No ECMO/no CHD/normal bilirubin

32

27 (84.4%)

1 (3.1%)

4 (12.5%)

0

compared with those weighing $10 kg (56.7% vs.

CHD

26

8 (30.8%)

0

18 (69.2%)

0

83.2%; p < 0.001). Figure 1 illustrates the Kaplan-

ECMO

47

19 (40.4%)

1 (2.1%)

22 (46.8%)

5 (5.2%)

ECMO þ CHD

17

4 (23.5%)

0

13 (76.5%)

0

ECMO þ [ biliriubin

29

9 (31.0%)

0

18 (62.1%)

2

ECMO þ CHD þ [ bilirubin

14

2 (14.3%)

0

12 (85.7%)

0

Meier

survival

curve,

highlighting

the

greater

freedom from death in the larger patients (p < 0.001).
As shown, death occurred early after implantation,

Overall

Transplant

Clinical outcomes stratiﬁed by clinical characteristics for children <5 kg

with the most common cause of death being neuro-

Overall

33

9 (27.3%)

0

21 (63.6%)

3 (9.1%)

logical events, followed by respiratory, bleeding, and

No ECMO

12

6 (50.0%)

0

6 (50.0%)

0

multisystem organ failure (Table 3).

No ECMO/no CHD

10

5 (50.0%)

0

5 (50.0%)

0

6

4 (66.7%)

0

2 (33.3%)

0

When subcategorized according to weight, the
outcomes for those weighing <5 kg were signiﬁcantly
worse (Figure 2). Only 27.3% (9 of 33) experienced a
successful outcome; 63.6% (21 of 33) died, and 9.1%
(3 of 33) were weaned unsuccessfully (Table 2). These

No ECMO/no CHD/normal bilirubin
CHD

13

1 (7.7%)

0

12 (92.3%)

0

ECMO

21

3 (14.3%)

0

15 (71.4%)

3 (14.3%)

ECMO þ CHD

11

0

0

11 (100%)

0

ECMO þ[ biliriubin

17

2 (11.8%)

0

13 (76.5%)

2 (11.8%)

On ECMO þ CHD þ [bilirubin

10

0

0

10 (100%)

0

ﬁndings were signiﬁcantly different from those in
patients weighing between 5 and 10 kg; 71.9% of this
cohort achieved a successful outcome (p < 0.001),

Values are n (%)
Abbreviations as in Table 1.

and there was a 25% mortality rate. Of note, the
majority of patients weighing <5 kg were supported
by ECMO before VAD implantation (64% [21 of 33]),
with only 3 of the patients on ECMO transplanted and
15 dying after withdrawal of device support. Of the
15 patients who died who were also supported by
ECMO before VAD implantation, 11 had CHD. None
of the patients weighing <5 kg and on ECMO preimplantation with CHD survived (Table 2). This

ratio: 4.8 [95% conﬁdence interval: 1.5 to 15.0]; p ¼
0.007) and an elevated bilirubin level (odds ratio: 5.3
[95% conﬁdence interval: 2.0 to 14.3]; p ¼ 0.001)
before implant. Online Figures 1 and 2 illustrate the
freedom from death in those patients weighing <10 kg
stratiﬁed according to the presence of CHD and
elevated pre-implant bilirubin levels, respectively.

ﬁnding differed from patients weighing between 5
and 10 kg with CHD who were supported on ECMO, in
whom 66.7% underwent transplantation. The median
duration of VAD support was signiﬁcantly shorter in
those weighing <5 kg compared with those weighing
between 5 and 10 kg (16 days [0 to 232 days] vs. 33
days [0 to 230 days]; p ¼ 0.01).
RISK FACTOR ASSESSMENT. Table 4 outlines the

univariable predictors of death in children weighing
<10 kg. Children who died were more likely to be
younger and smaller at the time of device implantation, with an elevated bilirubin level, abnormal GFR
ﬁndings, and had been supported for a signiﬁcantly
shorter period of time. The majority of these patients
were classiﬁed as INTERMACS proﬁle 1, with nearly
50% having CHD. Those patients who died were
supported for a signiﬁcantly shorter duration of time

F I G U R E 1 Kaplan-Meier Survival Curve, Stratiﬁed According to Weight Group

Kaplan-Meier survival curves illustrating a signiﬁcant difference in survival, with those

compared with the survivors. On multivariable anal-

patients weighing <10 kg experiencing a worse outcome. EXCOR ¼ Berlin Heart EXCOR

ysis (Table 5), the only independent risk factors for

Pediatric Ventricular Assist Device.

mortality identiﬁed were pre-existing CHD (odds
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not supported on ECMO and did not have an

T A B L E 3 Etiology of Death (N ¼ 37)

elevated bilirubin level underwent transplantation.

Neurological events

9 (24%)

Respiratory failure

8 (22%)

Bleeding

8 (22%)

In addition, for the subset of patients weighing <5 kg
with

the

aforementioned

characteristics,

66.7%

(4 of 6) were successfully transplanted.

Multisystem organ failure

5 (14%)

Infection

2 (5.4%)

POST-IMPLANT COMPLICATIONS. The occurrence of

Right ventricular failure

1 (2.7%)

serious adverse events during support, including

Renal failure

1 (2.7%)

bleeding, neurological dysfunction, and infection, did

Other/unknown

3 (8.1%)

not differ between those children weighing <10 kg

Values are n (%).

and those weighing $10 kg (Online Table 2).

DISCUSSION
Because the patients weighing <5 kg had inferior
outcomes compared with those weighing between 5
and 10 kg, an attempt was made to identify risk
factors for mortality in this group. Those patients who
died were more likely to die early after device
implantation, with the median duration of support
being 9 days and the maximum duration of support
being 2 months. This was signiﬁcantly shorter
compared with the rest of the patients weighing <5 kg
(9 [0 to 60] days vs. 28 [7 to 232] days; p ¼ 0.012). In
addition to duration of support, the only univariable
predictor of death was the presence of CHD with
only 1 patient with CHD weighing <5 kg surviving to
transplant (Table 2).
Table 2 highlights the various outcomes in patients weighing <10 kg, and those weighing <5 kg
depending on their diagnosis, degree of support, and
bilirubin level. In those patients weighing <10 kg,
84.4% (27 of 32) of patients without CHD who were

The EXCOR Pediatric has allowed children who
otherwise would not have survived to transplant to
be bridged, with reasonable outcomes (8,10,11).
However, as with ECMO, the study ﬁndings suggest
that this survival advantage may not be equal across
the spectrum of pediatric patients, with the smallest
patients being the most vulnerable.
The

present

analysis,

representing

a

cohort

of children weighing <10 kg supported with an
EXCOR Pediatric, found that patients weighing <10 kg
had

inferior

outcomes

compared

with

patients

weighing $10 kg, but that reasonable outcomes could
be achieved. These ﬁndings support a previously
published multicenter retrospective review in which
younger age was deemed an independent risk factor
for death (8). It differed, however, from the study of
Karimova et al. (13), which was a single-center report
in which children weighing <10 kg had a 91% survival
to transplant. This discrepancy in outcomes may be
explained by differences in the patient cohorts used
within the studies, with the single-center study
including patients who were slightly older and
including no patients with CHD.
Although children weighing <10 kg are at higher risk
of mortality post-implant, this risk is not uniform with
CHD, and a pre-implant bilirubin level $1.2 mg/dl
increased the risk of death. This differs slightly from
the overall cohort of 204 patients that was previously
reported (in which CHD was not identiﬁed as a risk
factor for early or late mortality [11]) but supports other
previously published reports (19,20). It is well recognized that there are numerous challenges in supporting children with CHD to transplant with mechanical
methods (21–25). These challenges are especially
difﬁcult in smaller patients due to their complex

F I G U R E 2 Kaplan-Meier Survival Curve, Stratiﬁed According to Weight >5 kg to

10 kg and <5 kg

Kaplan-Meier survival curves illustrating a signiﬁcant difference in survival, with those

physiology and hemodynamics, immaturity of the
coagulation system, infection risk, and previous surgical correction. These factors may explain the iden-

patients weighing <5 kg experiencing a worse outcome. EXCOR ¼ Berlin Heart EXCOR

tiﬁcation of CHD as a risk factor for mortality in this

Pediatric Ventricular Assist Device.

analysis. In the absence of CHD, w70% of patients
weighing <10 kg have undergone transplantation.
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In addition to CHD, elevated pre-implant bilirubin
levels were also identiﬁed as a risk factor for mor-

T A B L E 4 Univariable Predictors of Mortality in Subjects Weighing <10 kg

tality, with w70% of patients who died having an

Survivor
(N ¼ 60)

Nonsurvivor
(N ¼ 37)

ﬁndings conﬁrm previous reports that also identiﬁed

Age, months

6.9 (0.4–26.8)

2.9 (0.2–33.1)

Weight, kg

7.0 (3.0–9.9)

4.4 (2.8–9.7)

elevated bilirubin level as a risk factor for mortality in

BSA, m2

both adult (26–29) and pediatric (11) studies. Although

Cardiopulmonary
bypass time, min

elevated bilirubin level before the implant. These

it is understood that bilirubin often serves as a surrogate for right heart failure, it is unclear if this fully
explains the role of elevated bilirubin in younger

Category

0.37 (0.20–0.46)

Days on support
< 5 kg
5–10 kg

Weight group

children. Almost 70% of patients weighing <5 kg had

Male

an elevated bilirubin level at the time of implanta-

INTERMACS proﬁle

0.27 (0.19–0.53)

148.0 (75–315)

178.0 (96–355)

36.0 (1–232)

15.0 (0–172)

12 (20.0%)
48 (80.0%)

1

21 (56.8%)
16 (43.2%)

p Value

0.003
<0.001
<0.001
0.053
0.002
<0.001

32 (53.3%)

18 (48.7%)

0.65

27 (45.0%)

25 (67.6%)

0.03
<0.001

tion, but bilirubin levels are higher after birth and

Primary diagnosis

CHD

8 (13.3%)

18 (48.7%)

decrease over time post-natally (30–33). In some pa-

eGFR

Abnormal

15 (25.0%)

19 (51.3%)

0.01

Pre-implant creatinine

>1 mg/dl

3 (5.0%)

3 (8.1%)

0.67

tients,

elevated

bilirubin

may

reﬂect

ongoing

Pre-implant bilirubin

$1.2 mg/dl

14 (24.6%)

26 (70.3%)

<0.001

Pre-implant cardiac arrest

Yes

16 (26.7%)

8 (21.6%)

0.58

Pre-implant implant

Yes

19 (31.6%)

6 (16.2%)

0.09

ECMO. In the <5-kg weight group, 21 (63.6%) patients

Ventilator

Yes

51 (85.0%)

32 (86.5%)

0.84

were supported on ECMO before the implant, and

VAD

Yes

2 (3.3%)

0

0.52F

17 of those patients had an elevated bilirubin level

Inotropes

Yes

57 (95.0%)

32 (86.5%)

0.25F

pre-implant. Of note, only 11.8% of these patients

ECMO

Yes

25 (41.7%)

22 (59.5%)

0.09

ECMO >10 days

Yes

8 (13.3%)

5 (13.5%)

Device type

BVAD

18 (30.0%)

16 (43.2%)

0.18

Pump size 10 ml

Yes

43 (71.7%)

33 (89.2%)

0.04

hemolysis or serve as a surrogate marker for inadequate decompression of the right ventricle during

survived to transplantation.
Few reports have examined the impact of ECMO
as a bridge to implantation in the pediatric popu-

1.00F

lation, but several studies have shown increased

Values are median (interquartile range) or n (%).

waitlist mortality in children and decreased survival

BSA ¼ body surface area; BVAD ¼ biventricular assist device; eGFR ¼ estimated glomerular ﬁltration rate;
F ¼ Fisher exact test; other abbreviations as in Table 1.

post-transplant (1,2,34,35). Therefore, it was somewhat surprising that ECMO was only identiﬁed as a
univariable

patients

Although overall survival was decreased for those

weighing <10 kg. Although not speciﬁcally analyzed

predictor

of

mortality

in

patients weighing <10 kg, there was a similar pattern

in this study, there was a strong signal that in a sub-

of adverse events after implantation compared with

group of patients, ECMO does pose an increased risk

the larger patient cohort. Neurological complications

as illustrated by the fact that no child weighing <5 kg

were seen in one-third of the patients and accounted

with CHD on ECMO survived post-implant.

for the most deaths in this patient cohort. Both the

The risk of death in patients with lower body

incidence and pattern of neurological complications,

weight was not found to be equal across the weight

with ischemic strokes being more common, were

spectrum, with >60% of patients weighing <5 kg

similar to those patients >10 kg. The lack of differ-

dying post-implant. Although weight was not an

ence in neurological outcomes in these smaller pa-

identiﬁed risk factor for mortality when analyzed as a

tients has been previously shown in a single-center

continuous variable, when dichotomized into those

report (13) but does differ from 2 other reports in

weighing <5 kg versus those weighing 5 to 10 kg,

which children weighing <10 kg were at higher risk

weight <5 kg was an independent risk factor for early

(19,36). This variability in reporting may stem from

mortality (results not shown), and pre-implant bili-

differences in duration of support, as both this patient

rubin level was found to be no longer signiﬁcant.
Furthermore, examination of those weighing <5 kg
suggests that these patients were a higher risk group,
with a number of patients having CHD (42.4%) and a

T A B L E 5 Multivariable Predictors of Death in Subjects

Weighing <10 kg

majority being supported on ECMO (63.6%) at imOdds Ratio

95% Conﬁdence
Interval

p Value

CHD

4.8

1.54–15.04

0.007

Pre-implant bilirubin
level $1.2 mg/dl

5.3

1.95–14.26

0.001

plantation. It is clear from this analysis that the
presence of CHD in children weighing <5 kg portends
a poor prognosis, especially in those supported with
ECMO. These ﬁndings do raise the question as to
whether there is any survival advantage in this group
of children.

Abbreviation as in Table 1.
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cohort and the cohort reported by Polito et al. (36)

structurally normal hearts, and without use of ECMO.

were supported for a signiﬁcantly shorter duration,

Therefore, caution is advised using the EXCOR Pedi-

whereas others have shown that neurological com-

atrics as a salvage strategy for patients with CHD

plications increase with duration of support. Fur-

(especially those on ECMO and weighing <5 kg)

ther analysis is required to examine time-dependent

and with end-organ dysfunction. Although there is

outcomes post-implantation, both in the overall

growing interest in the use of other types of me-

cohort of patients and the smaller-weight patients,

chanical support (e.g., continuous ﬂow pumps) for

to determine ongoing risk of morbidity.

smaller children, few data exist addressing outcomes

STUDY LIMITATIONS. The present study had several

limitations inherent in a retrospective analysis,

and complication proﬁles.

CONCLUSIONS

including the analysis of data that was not prespeciﬁed in the clinical trial protocol. However, we

The factors discussed here should be taken into

believe that the medical community is in need of

account when making decisions regarding candidacy

information for this smaller group of patients and

and timing of VAD implantation. Favorable outcomes

suggest care be taken in the interpretation of these

can be achieved in those smaller children without

results.

analysis

CHD, mild end-organ dysfunction, and without ECMO

focused on pre-implant factors, and therefore the

support. Conversely, the role of patient selection and

effects on post-implant management and complica-

optimizing patients before implantation is likely

tions on survival were not analyzed. Lastly, adjudi-

paramount for the overall outcomes in these smaller

cation of the causes of death and complications only

children. Lastly, alternative management strategies,

occurred for the 109 patients in the IDE cohort, and it

including palliative care, should be discussed with

is therefore possible that some patients may have

families, especially when implantation is proposed as

been incorrectly classiﬁed.

a salvage strategy in those smaller children with CHD

In

addition,

the

multivariable

Although outcomes of children being bridged to

and end-organ dysfunction due to the poor outcomes.

transplant are encouraging, this study does highlight

Further efforts are required to improve outcomes in

several facts. Most important, we showed that the

these smaller patients through the generation of

overall results for children weighing <10 kg are infe-

newer devices and alternative management strategies

rior to those of their larger counterparts, with an

for heart failure.

impact of CHD and elevated pre-implant bilirubin.
Although the numbers are small, there are differences
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