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Abstract

Objective—To investigate the trends of 1-year mortality and neonatal morbidities in preterm
infants with serious congenital heart disease (CHD).

Study design—This cohort study used a population-based administrative dataset of all liveborn
infants of 26-36 weeks gestational age with serious CHD born in California between 2011 and
2017. We assessed 1-year mortality and major neonatal morbidities (ie, retinopathy of prematurity,
bronchopulmonary dysplasia, necrotizing enterocolitis, intraventricular hemorrhage grade >2, and
periventricular leukomalacia) across the study period and compared these outcomes with those in
infants without CHD.

Results—We identified 1921 preterm infants with serious CHD. The relative risk (RR) of death
decreased by 10.6% for each year of the study period (RR, 0.89; 95% CI, 0.84-0.95), and the

RR of major neonatal morbidity increased by 8.3% for each year (RR, 1.08; 95% ClI, 1.02-1.15).
Compared with preterm neonates without any CHD (n = 234 522), the adjusted risk difference
(ARD) for mortality was highest at 32 weeks of gestational age (9.7%; 95% ClI, 8.3%-11.2%), that
for major neonatal morbidity was highest at 28 weeks (21.9%; 95% Cl, 17.0%-26.9%), and that
for the combined outcome was highest at 30 weeks (26.7%; 95% CI, 23.3%-30.1%).

Conclusions—NMortality in preterm neonates with serious CHD decreased over the last decade,
whereas major neonatal morbidities increased. Preterm infants with a gestational age of 28-32
weeks have the highest mortality or morbidity compared with their peers without CHD. These
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results support the need for specialized and focused medical neonatal care in preterm neonates
with serious CHD.

Methods

In neonates with congenital heart disease (CHD), advances in surgical techniques allow
surgeons to perform congenital heart surgery in smaller and more preterm infants. In

the past, mortality of preterm infants born at <32 weeks of gestation with CHD was

high,! but recent studies have shown a higher rate of survival.2 Although a decrease

in mortality is encouraging, it is important to also take neonatal morbidities into

account. Major neonatal morbidities—bronchopulmonary dysplasia (BPD), retinopathy

of prematurity (ROP), intraventricular hemorrhage (I'\VVH), periventricular leukomalacia
(PVL), and necrotizing enterocolitis (NEC)—are strong predictors for longer-term health
and neurodevelopmental outcomes.3 Advances in neonatal medical care have decreased
the incidence of major neonatal morbidities in preterm infants without other congenital
malformations, although significant morbidities remain a concern for infants born at <28
weeks of gestational age.* Data on the burden of neonatal morbidity in preterm neonates
with CHD are sparse. Our group has shown that the prevalence of neonatal morbidities is
higher in neonates with CHD compared with their peers of the same gestational age without
CHD even in early term and term infants, although this was based on a population sample
from more a decade ago and did not specifically look at preterm neonates.

The aim of the present study was to investigate the trends in 1-year mortality and burden
of neonatal morbidities in preterm infants born at <37 weeks of gestational age with and
without CHD in a contemporary (2011-2017) population-based cohort. We hypothesized
that the increased survival of preterm neonates with CHD would be offset by an increase in
major neonatal morbidities.

The sample was drawn from all California live-born infants between 2011 and 2017. Birth
and death certificates (up to age 12 months) from California Vital Statistics were linked

to hospital discharge, emergency department, and ambulatory surgery records from the
California Office of Statewide Health Planning and Development. The linkage algorithm
included such variables as Social Security number (often missing), date of birth, sex, ZIP
code, and race/ethnicity. In addition, discharge and admission dates and transfer status were
used to build the sequence of records. The records were matched based on dates, transfer
status, and 2 of the aforementioned variables. Among matched records based on the 2
variables, other variables were compared, and a “match score” was calculated. The final
match was done for the records with the best match score. A subset of all records was
reviewed manually to ensure correct application of the algorithm. The combined dataset
included information on maternal and infant characteristics derived from birth and death
certificates, as well as diagnosis and procedure codes available from hospital discharge
records (birth hospitalization and readmissions) from birth to age 1 year. The diagnosis and
procedure codes are based on the /nternational Classification of Diseases, Ninth and Tenth
Revisions, Clinical Modification (1ICD-9/10-CM). Gestational age was determined by best
obstetric estimate from ultrasound and/or last menstrual period.

J Pedliatr. Author manuscript; available in PMC 2024 February 14.
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All linked live-born infants with a gestational age of 26-36 completed weeks were included
in this study (n = 248 958). All infants with ICD-9-CM or ICD-10-CM diagnostic

or procedure codes consistent with CHD present in the birth, transfer, or readmission
records were identified. We used the framework proposed by the National Quality Forum
(PCS-021-09; http://www.qualityforum.org/Home.aspx) and cross-referenced with ICD-9-
CM and ICD-10-CM codes to correctly classify infants with multiple ICD codes. A
pediatric cardiologist and a pediatric cardiac intensivist reviewed cases to ensure the correct
classification of infants with multiple diagnostic or procedure codes. The final diagnosis was
reached by consensus.

Serious CHD was defined according to the criteria suggested by Ewer et al as a congenital
heart lesion that either required surgery or would have been expected (in the event of early
death) to require surgery within the first year of life.6 We excluded infants with only minor
CHD (mainly consisting of diagnoses of ventricular septal defect without procedure codes
and codes for atrial septal defect). We further excluded neonates with ICD-9/10-CM codes
consistent for major structural birth defects other than CHD and those consistent with major
chromosomal anomalies or genetic syndromes (ie, ICD-9-CM 758; ICD-10-CM Q90-99).
We considered a structural birth defect “major” for the purposes of exclusion if determined
by clinical review to result in mortality or significant morbidity associated with that specific
birth defect.” The purpose of this exclusion was to define a cohort of infants with isolated
serious CHD for determining the mortality and morbidity associated with CHD.

The outcomes assessed were 1-year mortality (determined by death certificate or death as
the hospital discharge status) and major neonatal morbidity (determined from ICD-9-CM
and ICD-10-CM codes). These included BPD (ICD-9-CM 770.7, ICD-10-CM P27.1), NEC
(ICD-9-CM 777.5, ICD- 10-CM P77), IVH grade >2 (ICD-9-CM 772.13 and 772.14,
ICD-10-CM P52.2), PVL (ICD-9-CM 779.7, ICD-10-CM P91.2), and ROP stage >2. To
define ROP stage >2, we used diagnostic or procedure codes (ICD-9-CM 362.25-7 or 14.2,
14.5,14.7, 14.9; ICD-10-CM H35.14-6 or any procedure code for surgery on the retina or
choroid plexus).

Descriptive statistics are presented for maternal and infant characteristics of preterm infants
with and without serious CHD. The XZ test was used to compare proportions, and the
rank-sum test was used to compare medians. Observed proportions are presented with 95%
Cls.

To assess the live-born prevalence of serious CHD by gestational age, a Poisson regression
model was fitted with serious CHD as the outcome and gestational age in weeks as the
predictor to calculate relative risk (RR) and 95% CI. Similarly, to assess mortality, major
neonatal morbidity, and the composite outcome of mortality or major neonatal morbidity
over time, Poisson regression models were built for each of these outcomes, with year as a
continuous predictor to calculate RR and 95% CI.

We compared preterm neonates with serious CHD and those without CHD by calculating
gestational age—specific adjusted RR with 95% CI. For this purpose, we used logistic models
for each of the binary outcomes. The models were adjusted for sex, z-score for birth weight,

J Pedliatr. Author manuscript; available in PMC 2024 February 14.
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and multiple gestation, and an interaction term between isolated CHD and gestational age
was fitted. To obtain the adjusted risk difference (ARD), the difference between predicted
outcome probabilities of neonates with CHD and those without CHD was calculated by
gestational age using the “margins” command in Stata (StataCorp)® while keeping the
covariates at their mean values.

All analyses were performed using Stata version 16.1 (StataCorp). The study was approved
by the Committee for the Protection of Human Subjects of the California Health and Human
Services Agency.

Out of 248 958 preterm infants born at 26-36 weeks of gestational age between 2011 and
2017, we identified 2361 infants with serious CHD (0.95%). Of these, 440 had another
major birth anomaly or genetic syndrome and were excluded from the analysis, leaving 1921
neonates with isolated serious CHD (0.77%) (Figure 1; available at www.jpeds.com). The
distribution of specific cardiac lesions in this cohort is provided in Table I (available at
www.jpeds.com).

Maternal and infant characteristics in preterm neonates with and without isolated serious
CHD are summarized in Table Il (available at www.jpeds.com). Mothers of preterm infants
with serious isolated CHD were older (P< .001) and more likely to be insured by public
insurance (ie, Medi-Cal) (P=.013). Maternal education level did not differ between the

2 groups (P=.46). In terms of comorbidities, mothers of preterm infants with isolated
serious CHD were more likely to be obese (P < .001) and to have hypertensive disorders

of pregnancy (P < .001) and diabetes (P < .001). The causes of preterm birth did not differ
between the groups with and without isolated serious CHD; the majority in both groups had
preterm labor (P =.17). Infants with CHD were more likely to be born by cesarean delivery
(P<.001) and more likely to be growth-restricted (P < .001). Multiple gestation pregnancy
was not different between the 2 groups (£ =.36) (Table II).

The prevalence of serious CHD was highest at 26 weeks (3.5%; 95% Cl, 2.7%-4.4%) and
lowest at 36 weeks (0.5%; 95% CI, 0.4%-0.6%) (Figure 2; available at www.jpeds.com).
The RR of having serious CHD was decreased by 17.9% with each week of gestational age
(RR, 0.82; 95% Cl, 0.81-0.84).

In the cohort of premature infants with CHD, mortality decreased from 19.1 % (95%

Cl, 14.7%-24.5%) in 2011 to 11.6% (95% ClI, 8.5%-15.5%) in 2017 (Table I1I). The RR

of death decreased by 10.6% for each year across the study period (RR, 0.89; 95% ClI,
0.84-0.95; £<.001); however, the proportion of those with major neonatal morbidities
increased from 12.4% (95% ClI, 8.8%-17.1%) in 2011 to 21.6% (95% Cl, 17.5%-26.4%) in
2017. The RR of major neonatal morbidity increased by 8.3% for each year across the study
period (RR, 1.08; 95% ClI, 1.02-1.15; £=.006). Thus, the proportion of preterm neonates
with CHD with the composite outcome of mortality or major morbidity was similar in 2011
(28.2%; 95% Cl, 23.0%-34.2%) to that in 2017 (29.2%; 95% ClI, 24.5%-34.3%). There was

J Pedliatr. Author manuscript; available in PMC 2024 February 14.
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no significant trend for this composite outcome from 2011 to 2017 (RR, 0.98; 95% Cl,
0.94-1.03; P=.48) (Figure 3).

Regarding specific morbidities, BPD was the only major morbidity that increased
significantly over the study period (£ =.006) (Table Il1). There was a trend toward increases
in NEC and IVH/PVL that did not meet statistical significance.

In preterm neonates without CHD, mortality also decreased over the study period, from
1.2% (95% Cl, 1.1%-1.4%) in 2011 to 1.0% (95% CI, 0.9%-1.1%) in 2017 (RR, 0.98, 95%
Cl, 0.96-0.99). However, in contrast to preterm neonates with CHD, the proportion of infants
with major neonatal morbidities also decreased over the study period, from 2.0% (95% ClI,
1.9%-2.2%) in 2011 to 1.5% (95% Cl, 1.4%-1.6%) in 2017 (RR, 0.96; 95% CI, 0.94-0.97).

The mortality rate for infants with serious CHD was 24.4% (95% Cl, 15.3%-37.3%) at

26 weeks of gestation and 11.2% (95% Cl, 8.8%-14.1%) at 36 weeks of gestation (Table
IV). The proportion of neonates with serious CHD who experienced any major neonatal
morbidity was 62.7% (95% CI, 50.4%-74.6%) at 26 weeks of gestation and decreased to
4.8% (95% Cl, 3.3%-7.0%) at 36 weeks of gestation (Table 1V). Compared with neonates
without serious CHD, the ARD for mortality was highest at 32 weeks of gestational age
(9.7%; 95% ClI, 8.3%-11.2%), that for major neonatal morbidity was highest at 28 weeks
(21.9%; 95% Cl, 17.0%-26.9%), and that for the composite outcome for mortality or major
neonatal morbidity was highest at 30 weeks (26.7%; 95% CI, 23.3%-30.1%) (Table IV and
Figure 4, A). Figure 4, B plots the predicted proportions and the ARDs of BPD, ROP, NEC,
and IVH/PVL for neonates with CHD and those without serious CHD.

Discussion

In this study of a contemporary population-based cohort of preterm neonates with serious
CHD, we found an encouraging trend of declining mortality, from 19.1 % in 2011 to 11.6%
in 2017. However, this is offset by a significant increase in major neonatal complications in
this patient population. The proportion of major neonatal morbidity increased from 12.4%
in 2011 to 21.6%, resulting in a RR increase of 8.3% for each year across the study

period. Compared with peers without serious CHD of the same gestational age, the greatest
discrepancy in mortality and morbidity was seen between 28 and 31 weeks of gestation.

It is well established that the prevalence of CHD is higher in preterm infants compared with
their term counterparts. Chu et al reported a prevalence for severe CHD of 7.4 per 1000 in
preterm neonates born between 25 and 32 weeks of gestation compared with 1.5/1000 in
term births.? Our study adds to this body of work by presenting the prevalence of CHD by
week of gestational age. We found a linear relationship between the prevalence of CHD and
gestational age; for each week increase in gestational age, the RR of CHD decreased by
17.9%. The reason for this increase with lower gestational age is not completely clear. In
previous studies, women carrying a fetus with a CHD of any type had a 7-fold increase

in the risk of early preeclampsia, which was attributed to the commonality of shared
angiogenic imbalance in the mother and fetus.1%:11 It could be speculated that this might at
least contribute to an increased risk of extremely premature births in this patient population.

J Pedliatr. Author manuscript; available in PMC 2024 February 14.
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Mortality for CHD has continued to decrease over the last 3 decades!?; however, large
population-based studies investigating trends in mortality for CHD do not report mortality
for preterm infants separately. In this study, we examined the trend in mortality for preterm
neonates with CHD and found a decrease in mortality over time, with the RR of death
decreasing by 10.6% for each year across the study period. This significant decrease in
mortality is encouraging and may reflect advances in surgical techniques and perioperative
care. It also may represent a shift in the dogma of congenital cardiac care, with more centers
offering interventions for preterm infants with CHD in the current era, whereas previously
cardiac interventions were not considered a viable option for extremely preterm infants.

However, these findings are offset by the increase in major neonatal morbidities across

the study period. Major neonatal morbidities are well defined and extensively studied

in the neonatal literature.#14-16 They are strong surrogate markers for long-term health,
neurodevelopmental outcomes, and quality of life.14 Given the challenges that even full-term
infants with major CHD face in terms of neurodevelopment and quality of life,17 it is critical
to focus on reducing morbidities in preterm neonates with CHD to prevent a compound
effect of both preterm birth and CHD on long-term outcomes.

The concern about improving survival at the cost of increasing major neonatal morbidities
has been a long-standing discussion among neonatologists, and the literature on this topic
offers several important lessons. First, there is widespread consensus that the aim of neonatal
care should be to focus on resuscitation of infants with a reasonable likelihood of an
acceptable quality of life.16 Second, results of studies showing a decrease in mortality

at the expense of increased morbidity have pointed out the importance of systematic
approaches and interventions aimed at decreasing neonatal morbidity, including the adoption
of consensus guidelines on how to manage respiratory distress syndrome or provide
neuroprotective care.18 The result has been a sharp decline in neonatal complications among
those without major congenital anomalies, with only the most immature infants being at
considerable risk in the modern era.3:19 In the present study of preterm infants with CHD,
the increase in major neonatal morbidity was related mainly to the observed increase in
BPD. However, for each morbidity, the difference in incidence between infants with CHD
and those without CHD was large and extended to later-preterm infants (gestational age
34-36 weeks).

It is reasonable to assume that some of the same interventions that were successful in
preterm infants without CHD also might be beneficial in preterm infants with CHD if
consistently applied in the preoperative and postoperative periods. In particular, respiratory
management is critically important for neonates with CHD. In addition to cardiopulmonary
bypass reducing pulmonary surfactant activity,20 these infants also often need prolonged
respiratory support in the postoperative period. Evidence-based strategies to reduce lung
injury of prematurity include less aggressive ventilation strategies, noninvasive respiratory
support, 2122 minimally invasive surfactant therapy,22 and early administration of caffeine
for central stimulation to facilitate weaning from the ventilator.242> Neurally adjusted
ventilatory assist is another newer strategy to facilitate postextubation respiratory support
and avoid reintubation, although currently there is no literature available on neonates with
CHD and the benefit of this strategy. In addition, it has been shown that the range of partial

J Pedliatr. Author manuscript; available in PMC 2024 February 14.
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pressure of oxygen variation is one of the main risk factors for ROP, and that fluctuations
in oxygen administration should be avoided whenever feasible in this patient population.2’
Although it appears that cardiac operations are technically feasible in preterm and small
neonates with CHD and may result in survival, our findings illustrate the need to develop
interdisciplinary clinical guidelines and evidence-based protocols specific to the premature
infant with CHD to minimize morbidities and optimize long-term outcomes.

The data from our study suggest an inflection point in gestational age of 28-31 weeks
during which medical changes in treatment can make the greatest difference. The ARD

for major neonatal morbidity was highest at 28-31 weeks, ranging from 19.5% to 21.9%
between those with CHD compared with peers of the same gestational age without CHD.

A potential explanation for this finding might be that extremely immature neonates have a
high risk of neonatal morbidity independent of CHD, and that preterm infants of gestational
age >32 weeks are more resilient with fewer morbidities even if they have CHD. Although
the implementation of evidenced-based neonatal interventions for preterm infants with CHD
might benefit all age groups, the infants born at 28-31 weeks should be the primary target.

This study has several important limitations. First, case ascertainment of CHD and
definitions of neonatal morbidities rely on ICD-9-CM and ICD-10-CM codes, and it is
possible that we could have missed cases or morbidity outcomes if the ICD coding was
incomplete. However, if this were the case, we would have expected to see nondifferential
misclassification, which would bias our results toward the null. During the study period,
coding was changed from ICD-9-CM to ICD-10-CM codes, which could have led to bias
when assessing morbidities over time. However, given the opposite trends observed between
premature infants without CHD and those with CHD, this bias seems unlikely. Regarding
the type and timing of cardiac interventions, the lack of granularity of cardiac diagnoses, the
complexity of cardiac procedure codes, and the lack of complete procedure codes for every
case prevented us from performing analyses with regard to the type and timing of surgical
repairs. Future studies should focus on the ideal surgical strategies in the preterm population
with CHD, including the approach (ie, palliative vs complete) as well as timing of the first
surgery. Along the same lines, we might have underestimated the incidence of severe ROP
owing to missing ophthalmologic procedure codes in both groups.

Despite the limitations inherent in an administrative dataset, these data allowed us to study
a population-based data sample, which is crucial in this patient population because CHD
registries include only infants who were either treated in a cardiac intensive care unit or
underwent surgery for CHD. Preterm infants who were treated in the intensive care nursery
and never underwent surgery because of a palliative strategy would not be included in CHD
registries. The other unique advantage is that this dataset allows us to compare outcomes in
preterm neonates with CHD to their peers without CHD and to study other outcomes, such
as major neonatal morbidities, that are not consistently captured in the CHD registries.

In California, mortality in preterm neonates with serious CHD decreased and major neonatal
morbidity increased over the last decade. Preterm infants with a gestational age of 28-31
weeks have the highest morbidity rates compared with their peers of the same gestational
age without CHD. Evidence-based strategies that are successfully used in very preterm

J Pedliatr. Author manuscript; available in PMC 2024 February 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Steurer et al.

Page 8

infants without CHD in an attempt to reduce neonatal morbidity should be systematically
implemented for all preterm neonates with CHD, to reduce the burden of neonatal morbidity
in this patient population.

Glossary
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Figure2.
Prevalence of serious CHD by gestational age in preterm infants. The vertical bar represents
95% CI.
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Figure 3.

Linear trends for outcomes of preterm infants with serious CHD over time. Shaded area
represents 95% ClI.
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Figure 4.
Predicted adjusted outcomes of preterm infants with and without critical CHD. A, Mortality

or/and any major neonatal morbidity. B, Major neonatal morbidities. The shaded area
represents 95% CI.
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