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Abstract

Background: Hypoplastic left heart syndrome and single ventricle variants with aortic hypopla-
sia are commonly classified as severe forms of CHD. We hypothesised patients with these severe
defects and reported genetic abnormalities have increased morbidity and mortality during the
interstage period.

Methods and Results: This was a retrospective review of the National Pediatric Cardiology
Quality Improvement Collaborative Phase I registry. Three patient groups were identified:
major syndromes, other genetic abnormalities, and no reported genetic abnormality. Tukey
post hoc test was applied for pairwise group comparisons of length of stay, death, and combined
outcome of death, not a candidate for stage 2 palliation, and heart transplant. Participating
centres received a survey to establish genetic testing and reporting practices. Of the 2182
patients, 110 (5%) had major genetic syndromes, 126 (6%) had other genetic abnormalities,
and 1946 (89%) had no genetic abnormality. Those with major genetic syndromes weighed less
at birth and stage 1 palliation. Patients with no reported genetic abnormalities reached full oral
feeds sooner and discharged earlier. The combined outcome of death, not a candidate for stage 2
palliation, and heart transplant was more common in those with major syndromes. Survey
response was low (n = 23, 38%) with only 14 (61%) routinely performing and reporting genetic
testing.

Conclusions: Patients with genetic abnormalities experienced greater morbidity and mortal-
ity during the interstage period than those with no reported genetic abnormalities. Genetic test-
ing and reporting practices vary significantly between participating centres.

Patients with hypoplastic left heart syndrome and other single ventricle variants with aortic arch
hypoplasia are palliated with three staged procedures. The first procedure, most commonly a
variation of the Norwood, is typically performed during the first week of life and is one of the
highest risk congenital heart procedures, with mortality ranging between 7 and 19%.! Similarly,
the interstage period, the time between stage 1 palliation discharge and admission for stage 2
palliation, is high-risk with a mortality of 4-15%." Risk factors for mortality during the inter-
stage period include lower birth weight, younger gestational age, confirmed or suspected genetic
abnormality, race, and longer length of stay following stage 1 palliation.? Due to these risk fac-
tors, most cardiac programs have implemented Home Monitoring Programs to follow feeding,
growth, oxygen saturations, and other clinical parameters more closely during the interstage
period.

Genetic abnormalities can be identified in 20-30% of patients with CHD. Identification of a
genetic defect in a patient with CHD can help determine prognosis, guide evaluation for extrac-
ardiac anomalies, and assess risk for neurodevelopmental delay.’ The combination of CHD and
genetic abnormalities is more likely to lead to pregnancy termination and postnatal comfort
care? and patients with all forms of CHD and genetic defects experience greater morbidity
and mortality following neonatal surgery.” Despite this, genetic testing practices vary among
surgical centres and is reported to occur in as few as 25% of infants undergoing cardiac surgery.®
How genetic testing is utilised in patients who will be palliated with a variation of the Norwood
procedure and the impact genetic abnormalities have on morbidity and mortality in this pop-
ulation during the interstage period is not well described.

The major aim of this study is to investigate the association between genetic abnormalities
and interstage survival using data from phase I of the National Pediatric Cardiology Quality
Improvement Collaborative registry database. The secondary aim is to compare comorbidities
during the interstage period in those with and without reported genetic abnormalities. Finally,
we aim to establish genetic testing and reporting practices of participating centres.
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This study was a multicentre retrospective chart review of infants
with hypoplastic left heart syndrome and other single ventricle
lesions with systemic outflow obstruction following a variation
of the Norwood or stage 1 hybrid procedure. Data were gathered
from the National Pediatric Cardiology Quality Improvement
Collaborative registry database. This registry is a secure, web-
based system (REDCap, Vanderbilt University) with a standard
data set with data definitions, online web-based data entry, and
data quality checks. The data are housed in a secure server at
Cincinnati  Children’s Hospital Medical Center. Local
Institutional Review Board approval was obtained for data entry
and centre participation in the collaborative. This study was
determined to be exempt from review by the Institutional
Review Board of the University of Iowa as it did not fit definition
of human patients’ research.

The National Pediatric Cardiology Quality Improvement
Collaborative is a voluntary registry that receives data from over
60 paediatric cardiac centres across the United States whose
stated mission is to “decrease mortality and improve quality
of life for infants with single ventricle CHD and their families.”
Phase 1 of the collaborative was singularly focused on the inter-
stage period. Since initial patient enrolment began in 2009, the
collaborative has expanded its focus and grown in participation.
All patients from phase 1 of the collaborative, who underwent
stage 1 palliation and survived to hospital discharge between
2013 and 2017 were included in this analysis.

Demographic data, cardiac diagnosis, type of stage 1 palliation,
nutrition and feeding information, and genetic testing results were
evaluated. Patients were divided into three groups based on
reported genetic testing results: major genetic syndrome, other
genetic abnormalities, and no reported genetic abnormality.
Major genetic syndromes were defined in the NPCQIC database
as Trisomy 21, Turner syndrome, CHARGE syndrome,
DiGeorge syndrome, Jacobsen syndrome, VATER syndrome,
and heterotaxy syndrome. Other genetic testing abnormalities
was defined as any abnormal genetic testing results not included
in the major genetic syndromes group. No reported genetic abnor-
mality was defined as either no reported genetic testing result or
normal genetic testing. In addition, a brief survey was distributed
through email by the collaborative to participating centres to estab-
lish testing and reporting practices for genetic abnormalities in the
database.

Demographic and clinical variables were compared among
groups of infants with major genetic syndromes, other genetic
abnormalities and no genetic abnormalities using Pearson
Chi-square test for the categorical variables, and one-way
ANOVA or Kruskal-Wallis test for continuous variables.
Tukey post hoc test was applied to adjust p-values for the pair-
wise group comparisons. The outcome of days to discharge
(Iength of stay) was analysed using survival analysis methods
to identify covariates, specifically log-rank test for association
with categorical variables and Cox proportional hazard regres-
sion for association with continuous variables. Cox proportional
hazard regression was used to compare days to discharge among
the genetic abnormality groups adjusted for covariates. For the
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outcome of death (or combined outcome of death/not a candi-
date for stage 2 palliation/heart transplant), test of association to
identify covariates used Pearson Chi-square test for categorical
variables, and t-test or Wilcoxon rank-sum test for continuous
variables. Logistic regression analysis was used to compare
mortality outcome among the genetic abnormality groups
adjusted for covariates. Variables selected for regression analy-
sis were thought to be clinically relevant or have been previously
associated with interstage morbidity and mortality.? All the stat-
istical analyses were performed using SAS (version 9.4; SAS/
STAT 14.3).

A total of 2182 patients were identified from the National Pediatric
Cardiology Quality Improvement Collaborative Phase 1 database
from 2013 to 2017. Female patients accounted for 37.8% (825
total). Major genetic syndromes were identified in 110 patients,
and 126 patients had reported other genetic abnormalities. The
remaining 1946 patients either had normal genetic testing or no
comment was made about genetic testing in the NPCQIC database.
Characteristics of the three groups can be found in Table 1. There
was a significantly greater proportion of females (p < 0.001) with
major genetic syndromes compared to the other two groups. Mean
birthweight of those with major genetic syndromes was signifi-
cantly lower than those with no genetic abnormality. While hypo-
plastic left heart syndrome was the most common primary cardiac
in all three groups, the diagnosis of unbalanced AV canal was sig-
nificantly more common in the major syndrome group. In addi-
tion, when evaluated as the combined outcome of “other
secondary cardiac diagnosis,” the presence of moderate to severe
atrioventricular valve regurgitation, moderate to severe ventricular
dysfunction, or arrhythmia requiring therapy was more common
in those with major genetic syndromes or other genetic abnormal-
ities than those with no genetic abnormality.

Infants with any genetic abnormality had a higher rate of major
anomalies of other organ systems compared to those with no
genetic abnormality (Table 1). Major gastrointestinal abnormal-
ities were the most common non-cardiac diagnoses and were sig-
nificantly more common among those with major genetic
syndromes (19%) compared to those with other genetic abnormal-
ities (2%), or no genetic abnormality (1.1%). Major anomalies of
other organ systems (genitourinary, central nervous system, ear-
nose-throat, musculoskeletal, endocrine, or pulmonary) were rel-
atively infrequent overall.

A significantly higher percent of patients with no genetic abnor-
mality were on full oral feeds at discharge than either the major
genetic syndrome or other genetic abnormality groups (75% versus
59% and 62%, respectively) and were also discharged following
stage 1 palliation at a younger age (median age of 35 days of life
versus 45 and 43 days, respectively). Those with no genetic abnor-
mality also reached full enteral feeds following stage 1 palliation
significantly faster compared to those with other genetic abnor-
malities (19 days versus 24 days), shown in Table 2.
Comparison of age at discharge among the three groups, adjusted
for covariates, showed a significantly longer length of stay in those
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Table 1. Patient demographics and characteristics.

2001

Pairwise comparison

Major Other Normal
syndrome genetics genetics Major versus Other versus Major versus
Variable (n=110) (n=126) (n=1946) p-value Normal Normal Other
Sex (Female) 67 (61%) 47 (37%) 711 (37%) <0.0001 <0.0001 0.985 0.001
Birthweight (kg) (n=108) (n=125) (n=1929)
3.04 (0.49) 3.13 (0.56) 3.22 (0.54) 0.0007 0.002 0.170 0.374
Gestational age (weeks) (n=109) (n=1937)
38.3 (1.5) 38.3 (1.6) 38.5 (1.5) 0.223
Primary cardiac dx (n=109) (n=125) (n=1939) <0.0001 <0.0001 0.122 <0.0001
HLHS 39 (36%) 82 (66%) 1363 (70%)
Double inlet LV 5 (5%) 2 (2%) 90 (5%)
Unbalanced AV canal 31 (28%) 8 (6%) 82 (4%)
Other cardiac dx 34 (31%) 33 (26%) 404 (21%)
Secondary cardiac dx
Restrictive atrial septum 7 (6%) 21 (17%) 329 (17%) 0.015 0.015 0.997 0.048
Other cardiac 48 (44%) 42 (33%) 402 (21%) <0.0001 <0.0001 0.003 0.236
Major anomalies other
organs
Gl 21 (19%) 3 (2%) 21 (1.1%) <0.0001 <0.0001 0.401 0.001
Any major, other than Gl 30 (27%) 37 (29%) 144 (7%) <0.0001 <0.0001 <0.0001 0.933
Fetal cardiac diagnosis (n=1943)
84 (76%) 93 (74%) 1558 (80%) 0.155
Age initial discharge after (n=1945)
newborn admission (days) 45 [28-62] 43 [31-70] 35 [24-52] <0.0001 0.001 <0.0001 >0.99
Last weight prior to (n=1937)
discharge (kg) 3.66 (0.80) 3.81 (0.96) 3.70 (0.69) 0.179
Length at discharge (cm) (n=68) (n=289) (n=1327) -
50.8 (7.1) 52.9 (4.8) 52.2 (4.5)

Patients categorised based on presence of a major genetic syndrome, other genetic abnormality or no genetic abnormality with comparisons of different patient characteristics
AV = atrioventricular; Gl = gastrointestinal; HLHS = hypoplastic left heart syndrome; LV = left ventricle

with major genetic syndromes compared to those with no
genetic abnormality, with hazard ratio of 0.78 (95% CI: 0.63,
0.97; p = 0.026).

The covariates in the Cox proportional hazard regression model
included birthweight, secondary cardiac diagnosis, other major
organ anomalies, age and weight at Norwood surgery, and age
at initial full enteral feeds (Table 3). For the outcome of death only,
there was no significant difference among the groups, even after
adjusting for covariates (OR 1.55). However, the combined out-
come of death, not a candidate for stage 2 palliation, and heart
transplant was more likely in those with a major syndrome after
adjusting for covariates, (odds ratio 1.77, 95% CI 1.03, 3.03; p
=0.039). Other risk factors for the combined outcome included
female sex, younger gestational age, and major anomalies of other
organ systems other than gastrointestinal. Those who underwent
stage 1 hybrid were more likely to experience the combined out-
come compared to those who had Norwood with Blalock
Taussig shunt (odds ratio 0.55, 95% CI 0.37, 0.81; p =0.003) or
Norwood with Sano (odds ratio 0.34, 95% CI 0.23, 0.5; p = 0.0001).
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Twenty-three of 60 centres responded to the questionnaire about
genetic testing and reporting practices. There was significant varia-
tion between responding centres with 61% (n = 14) routinely per-
forming genetic testing on all single ventricle infants. The type of
genetic testing performed also varied with 84% (n = 19) of centres
doing a chromosomal microarray, 47% (n=11) doing fluores-
cence in situ hybridisation, 42% (n=9) doing Karyotype, and
10% (n=2) reporting other. The reporting of genetic testing
results in the REDCap database also varied by centre. Most centres
responding to the survey (65%, n=15) only reported abnormal
genetic testing results if one of the major syndromes listed in
REDCap was detected, 25% (n = 5) documented all abnormal tests
(including copy number variants), and 10% (n=2) had variable
reporting practices.

This large multicentre study utilising the National Pediatric
Cardiology Quality Improvement Collaborative database sought
to identify how genetic abnormalities affect morbidity and
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Table 2. Nutrition and feeding comparison.

A. R. Pierick et al.

Pairwise comparison

Major Other Normal
syndrome genetics genetics Major versus Other versus Major versus

Variable (n=110) (n=126) (n=1946) p-value Normal Normal Other
Age initial full enteral feeds (n=109) (n=1945)
(days) 21 [15-32] 24 [17-37] 19 [14-28] <0.0001 0.293 <0.0001 0.150
Route of nutrition, (n=109) (n=1938)
discharge plan

Oral (only/with NG/NJ or 64 (59%) 78 (62%) 1449 (75%) <0.0001 0.0008 0.005 0.872

G-Tube)

NG/NJ (only/with Oral) 38 (35%) 46 (37%) 788 (41%) 0.337

G-Tube (only/with Oral) 41 (38%) 45 (36%) 450 (23%) <0.0001 0.002 0.005 0.951
Type of nutrition, discharge (n=125) (n=1937) 0.499
plan

Breastmilk 12 (11%) 12 (10%) 259 (13%)

Formula 52 (47%) 55 (44%) 790 (41%)

Breastmilk and Formula 46 (42%) 58 (46%) 888 (46%)

Patients categorised based on presence of a major genetic syndrome, other genetic abnormality or no genetic abnormality with comparisons of initiation of feeds following stage 1 palliation

and type/route of nutrition at discharge
G-tube = gastrostomy tube; NG = nasogastric; NJ = nasojejunal

Table 3. Cox proportional hazard regression model.

Variable 0Odds ratio (95% CI) p-value
Sex (F) 1.38 (1.04, 1.83) 0.025
Gestational age (weeks) per +1 week 0.90 (0.83, 0.98) 0.017
Secondary cardiac diagnoses
Restrictive atrial septum 1.36 (0.95, 1.95) 0.09
Other cardiac 1.29 (0.94, 1.77) 0.123

Major anomalies other organs
Gl 0.34 (0.10, 1.17) 0.086
Any major, other than Gl 1.67 (1.10, 2.54) 0.016

Type of Norwood procedure <0.0001
Norwood/DKS BT shunt 0.55 (0.37, 0.81) 0.003
Norwood RV-PA conduit 0.34 (0.23, 0.50) <0.0001
Hybrid Norwood/Other -ref-

Major syndrome 0.051
Major 1.77 (1.03, 3.03) 0.039
Other genetics 0.69 (0.36, 1.34) 0.275
Normal genetics -ref-

Cox proportional hazard regression model for a combined outcome of death, not a candidate
for S2P or heart transplant. Other cardiac diagnoses included the presence of moderate to
severe AV valve regurgitation, moderate to severe ventricular dysfunction or arrhythmia
requiring therapy

BT = Blalock-Taussig; DKS = Damus-Kaye-Stansel; Gl = gastrointestinal; RV-PA = right
ventricle-pulmonary artery

mortality during the interstage period. We identified differences in
the demographics, feeding, hospital course and outcomes when
genetic abnormalities are present in this population. In addition,
we identified variation in the genetic testing and reporting practi-
ces of participating centres.
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In this cohort of patients, those with any genetic abnormality
weighed less at birth, had delayed oral feeding, and were more
likely to have non-cardiac abnormalities than those with no
reported genetic abnormality. Many of our findings in infants with
major genetic syndromes agree with previous studies. Others have
reported lower birth weights in infants with hypoplastic left heart
syndrome and major genetic syndromes.”"!! The female prepon-
derance is likely due to the association between Turner syndrome
and hypoplastic left heart syndrome and the increased incidence of
CHD in females with Trisomy 21.>13 Finally, the diagnosis of
unbalanced atrioventricular canal defect is known to be more
common in patients with Trisomy 21 and heterotaxy syndrome
than in non-syndromic patients.!*!®

We have shown an increased rate of gastrointestinal abnormal-
ities in patients with major genetic syndromes. This finding is not
surprising when one considers the common non-cardiac malfor-
mations seen in the major genetic syndromes as defined in this
study. Children with Trisomy 21 have increased risk of duodenal
and anal atresia,'® those with Turner syndrome have increased risk
of gastrointestinal vascular abnormalities,'® and heterotaxy syn-
drome is associated with a diverse array of gastrointestinal malfor-
mations. Not surprisingly, any infant with abnormal genetic testing
also had higher rates of non-cardiac malformations.

Infants with single ventricle heart disease and aortic hypoplasia are
at risk for oral feeding problems early in life. Factors that contrib-
ute to poor oral feeding in this population include delay in initia-
tion of oral feeds, vocal cord dysfunction, prolonged intubation,
gastroesophageal reflux, and non-cardiac abnormalities.!”
Initiation of feeding prior to the first procedure has been an area
of contention due to concerns for reduced splanchnic blood flow
and potential risk of necrotising enterocolitis. In contrast, initia-
tion of early trophic feeds has been associated with shorter length
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of intubation and earlier feeding tolerance after stage 1 palliation.'®
Our findings suggest that infants with any genetic abnormality are
slower to reach full enteral feeds and less likely to be on full oral
feeds at discharge. These findings are multifactorial in nature.
As shown, infants with a major genetic syndrome were more likely
to have gastrointestinal anomalies than the other two groups.
Many of these anomalies, such as duodenal atresia, are independ-
ently linked to a delay in feeds and need for gastric feeds.'” In addi-
tion, infants with genetic abnormalities have increased risk of other
major anomalies, such as ear, nose, and throat or nervous system
anomalies that may also interfere with initiation of enteral feeds
and delay oral feeding opportunities.

Prior to nutrition and growth interventions made by the
National =~ Pediatric =~ Cardiology = Quality =~ Improvement
Collaborative, growth in infants during the interstage period was
suboptimal and varied widely between institutions.” Following
the implementation of a nutrition algorithm from the collabora-
tive’s feeding work group, there was improvement in change in
weight-for-age z-scores consistent with all participating centres
having a positive change. These algorithms involved specific guide-
lines for the initiation of feeding following stage 1 palliation,
sequential advancements to goal feedings, and ongoing evaluations
of growth during the interstage period.?! A follow-up study per-
formed by Slicker et al revealed that although most institutions
did not use these exact feeding guidelines, a majority used modified
guidelines written by their institutions.?? During the postoperative
period, most centres participating in the National Pediatric
Cardiology Quality Improvement Collaborative recommend a
consistent weight gain goal of 20 g/day for these infants, regardless
of genetic abnormality. This growth parameter may explain why
this cohort had no statistical difference in weight at hospital dis-
charge between the three groups.

The combined outcome of death, not a candidate for stage 2 pal-
liation, and heart transplant was more likely in those with a major
syndrome after adjusting for covariates. Others have defined long-
term outcomes in this patient cohort similarly due to low numbers
of patients in each category.?*?* The reason for poorer outcomes in
those with major genetic syndromes is likely multi-factorial. Those
with major genetic syndromes in our cohort were more likely to
have previously described risk factors for death during the inter-
stage period including lower birth weight, supplemental tube feeds,
and non-cardiac abnormalities.”>*¢

Other risk factors for death, not a candidate for stage 2 pallia-
tion, and heart transplant in this cohort included female sex, major
non-cardiac anomalies (other than gastrointestinal), and younger
gestational age. This combined outcome was significant in female
infants, OR 1.38 (1.04, 1.83), which may be related to both
increased incidence of CHD in females with Trisomy 21 and the
high-risk nature of stage 1 palliation in infants with Turner syn-
drome.!>?” These two syndromes, and other major genetic syn-
dromes, lead to increased risk of the combined outcome, with
an OR of 1.77 (1.03, 3.03).

Stage 1 palliation is typically a Norwood with a Blalock-Taussig
shunt or a right ventricle to pulmonary artery conduit (Sano
shunt), but a hybrid procedure for stage 1 palliation is performed
routinely at some centres with practice variation among centres
and individual surgeons. Our data show decreased odds of this
combined outcome of death, not a candidate for stage 1 palliation,
and heart transplant in patients treated with a Blalock-Taussig or
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Sano shunt in comparison to a hybrid procedure, in agreement
with prior studies showing decreased survival following the hybrid
procedure. 2830

Limitations of our current study are multifold. First, inherent in
this study are the limitations present in all retrospective chart
reviews. Second, as seen in our survey results, there was significant
variation in the type of genetic testing performed and in how the
results of the testing were entered into the collaborative database.
Survey response rate was also low at 38%. As a result, it is likely that
the number of patients with abnormal genetics was included in the
normal genetics cohort, and therefore overall underreported.
Lastly, some patients with a major genetic syndrome or abnormal
genetic testing may not have been entered into the National
Pediatric Cardiology Quality Improvement Collaborative phase
1 database due to a primary heart transplant, palliative care path-
way, or not discharged prior to stage 2 palliation due to complica-
tions or increased risks for discharge.

The care of patients during the interstage period continues to
evolve. Our finding that the combined outcome of death, not a can-
didate for stage 2 palliation, and transplant is more likely in those
with a major syndrome may impact how this group is cared for in
the future. This finding also supports the use of routine genetic
testing for this population. Based upon survey results, there is sig-
nificant practice variation between centres in what genetic testing
is performed and reported in the NPCQIC collaborative database.
Standardisation of genetic data collection and reporting will be
important for future evaluations of this cohort.

None.
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(#U19HS021114 AHRQ). The content is solely the responsibility of the authors
and does not necessarily represent the official views of the Agency for
Healthcare Research and Quality.
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