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Damaging Variants in Proangiogenic Genes Impair Growth in Fetuses with
Cardiac Defects
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Objective To determine the impact of damaging genetic variation in proangiogenic pathways on placental function,
complications of pregnancy, fetal growth, and clinical outcomes in pregnancies with fetal congenital heart defect.
Study design Families delivering a baby with a congenital heart defect requiring surgical repair in infancy were
recruited. The placenta and neonate were weighed and measured. Hemodynamic variables were recorded from
a third trimester (36.4 � 1.7 weeks) fetal echocardiogram. Exome sequencing was performed on the probands
(N = 133) and consented parents (114 parent-child trios, and 15 parent-child duos) and the GeneVetter analysis
tool used to identify damaging coding sequence variants in 163 genes associated with the positive regulation of
angiogenesis (PRA) (GO:0045766).
Results In total, 117 damaging variants were identified in PRA genes in 133 congenital heart defect probands with
73 subjects having at least 1 variant. Presence of a damaging PRA variant was associated with increased umbilical
artery pulsatility index (mean 1.11 with variant vs 1.00 without; P = .01). The presence of a damaging PRA variant
was also associated with lower neonatal length and head circumference for age z score at birth (mean �0.44 and
�0.47 with variant vs 0.23 and �0.05 without; P = .01 and .04, respectively). During median 3.1 years (IQR
2.0-4.1 years) of follow-up, deaths occurred in 2 of 60 (3.3%) subjects with no PRA variant and in 9 of 73
(12.3%) subjects with 1 or more PRA variants (P = .06).
Conclusions Damaging variants in proangiogenic genes may impact placental function and are associated with
impaired fetal growth in pregnancies involving a fetus with congenital heart defect. (J Pediatr 2019;213:103-9).
See editorial, p 8
espite dramatic improvements in surgical outcomes, early mortality for complex congenital heart defects remains as
Dhigh as 20% for some defects with greater than one-third of infants experiencing a major complication and prolonged
hospitalization.1 Improvement in outcomes depends on identifying risk determinants and developing treatment
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strategies to mitigate those risks. Previous studies have identified premature
birth, age, and weight at the time of surgery, preoperative comorbidities, the
presence of a genetic syndrome, and operative complexity as risk factors for
adverse outcomes after surgery for congenital heart defect.2 These risk factors,
however, only account for approximately 30% of between-patient differences
in mortality.1 Therefore, there remains a critical need to identify as yet
unrecognized factors that impact morbidity and mortality to improve
preoperative risk assessment and develop appropriate therapeutic strategies.
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CPR Cerebroplacental ratio

ENG Endoglin

FGR Fetal growth restriction

GHTN Gestational hypertensionl

HLHS Hypoplastic left heart syndrome

UA Umbilical artery

PI Pulsatility indices

PRA Positive regulation of angiogenesis

TGA Transposition of the great arteries

UA Umbilical artery

VEGF Vascular endothelial growth factor
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One emerging risk factor for adverse clinical outcomes in
infants with critical congenital heart defects is the effect of
impaired placental function and pregnancy complications.
Prior studies have determined that pregnancies involving
a fetus with congenital heart defect are at a higher risk of
complications (including gestational hypertension [with or
without preeclampsia], and preterm and small for
gestational age births)3,4 and that these complications lead
to worse outcomes after cardiac surgery in infancy.5 The
effect of fetal congenital heart defect on pregnancy
complications is likely due at least in part to abnormal
placental vascular development and function caused by
the alterations in vascular flow dynamics and tissue oxygen
delivery resulting from the cardiac defect.6 However, not all
pregnancies involving a fetus with critical congenital heart
defect have complications suggesting that modifying factors
have an important role.

Based on previous studies noting the effects of genetic
variation on the incidence of pregnancy complications7,8

and the contribution of genetic variation in vascular signaling
pathways on clinical outcomes in infants with congenital
heart defect,9,10 we anticipated that genetic variants in the
fetus, and potentially the mother, that affect vascular
development would modify the effects of fetal congenital
heart defect on placental function and on fetal growth and
development. Specifically, we hypothesized that the presence
of genetic variants that compromise angiogenesis would
impair in utero hemodynamics, prenatal growth, and
development and clinical outcomes in patients with
congenital heart defect requiring surgery in infancy.
Therefore, in this study, we examined the effects of damaging
genetic variants in an annotated set of genes determined to
promote angiogenesis. The gene set, positive regulation of
angiogenesis (PRA) (Gene Ontology [GO]database:
GO:0045766), was selected for the analysis because it met
the following criteria it contained genes critical to
angiogenesis, it contained only positive regulators thereby
enhancing the likelihood that a “damaging” variant would
reduce protein function and therefore reduce angiogenic
signaling, and the number of genes and variant frequency
in the gene set yielded sufficient numbers of subjects with
and without variants to allow for a robust comparison.
Methods

The study cohort has been previously described.5 The
inclusion criterion was congenital heart defect necessitating
cardiac surgery with cardiopulmonary bypass prior to
45 weeks postconception age. Exclusion criteria were a
known genetic syndrome, a major extracardiac anomaly,
and language other than English spoken in the home. The
protocol was approved by the Institutional Review Board at
the Children’s Hospital of Philadelphia. Informed, written
consent was obtained from parents or guardians of all the
participants. Details of the prenatal course and perioperative
outcomes were abstracted from the medical record.
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At the time of delivery, the placental weight was measured
using standard approaches.11 The newborn length, weight,
and head circumference was measured, and the z score of
each growth measurement was calculated using World
Health Organization standards for full-term infants and the
Fenton growth chart for preterm infants.12,13 Survival data
and vital status were obtained from the medical record and
family contact.
For this study, gestational hypertension (GHTN) was

defined as 2 blood pressure measurements in excess of
140/90 mm Hg at least 4 hours apart at >20 weeks of
gestational age. Preeclampsia was defined as GHTN with
proteinuria or end-organ (liver or kidney) injury. Fetal
echocardiography data were obtained from the medical
record. The middle cerebral artery and umbilical artery
(UA) pulsatility indices (PI) were measured in accordance
with standard practice. The cerebroplacental ratio (CPR)
was obtained by dividing the middle cerebral artery-PI by
the UA-PI. The UA-PI and CPR vary by gestational
age; they were converted to z scores using a web-based calcu-
lator (https://fetalmedicine.org/research/doppler). Placental
weights were not available for infants born at other
institutions or lacking a prenatal diagnosis of congenital
heart defect (24/133; 18%).
Although subjects with a known genetic syndrome

(including eg, Down, DiGeorge, vertebral, anorectal, cardiac,
tracheo-esophageal, renal, limb abnormalities [VACTRL],
Noonan, coloboma, heart anomalies, atresia of the choanae,
retardation of growth/development, genital and/or urinary
defects, ear anomalies and/or deafness [CHARGE], and Kabuki
syndrome) were excluded prior to enrollment, many anomalies
are not diagnosed by usual prenatal care and recognition of
dysmorphic features can be difficult in neonates, thus, some
subjects with unrecognized syndromes were enrolled. Patients
were evaluated by a genetic dysmorphologist at the 18-month
neurodevelopmental evaluation, and some previously
unrecognized anomalies were identified. Genetic testing was
performed as clinically indicated. Patients were classified as
“abnormal/suspect” if they had a definite or suspected genetic
syndrome or chromosomal abnormality.
To determine if PRA variants were more common in

subjects with congenital heart defect, exome sequences from
a control population of 200 subjects without congenital heart
defect were analyzed using the same analysis pipeline and
variant adjudication approach. The control cohort is
composed of healthy parents of children evaluated at the
Children’s Hospital of Philadelphia for noncardiac conditions.
The controls are unrelated to any of the cases but have very
similar demographic and racial/ethnic composition.
Whole exome sequencing was performed on 133 subjects

and all consented parents (114 parent-child trios, 15
parent-child duos, and 4 child only). Exons were captured
from fragmented and adaptor ligated genomic DNA samples
using the SureSelect Human All Exon v 5 containing 51 Mb
(Agilent Technologies, Santa Clara, California). Paired-end 2
�101-base massively parallel sequencing was carried out on
the Illumina HiSeq2500 platform (Illumina, San Diego,
Russell et al
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California), according to the manufacture’s protocols. Base
calling was performed by the Illumina CASAVA software
(v.1.8.2) with default measures. Sequencing reads passing
the quality filter were aligned to the human reference genome
(GRCh37-derived alignment set used in 1000 Genomes
Project) with Burrows-Wheeler Aligner (v.0.7.12) and
Dragen (Illumina Inc, San Diego, California).14 polymerase
chain reaction (PCR) duplicates were removed using
Picard (v.1.97, Broad Institute, Boston, Massachsetts). The
Genome Analysis Toolkit (v.2.6–5, Broad Institute, Boston,
Massachsetts) was used to generate variant calls.15

The GO database was used to identify the target gene set.
The GO term “positive regulator of angiogenesis” or PRA
(GO:0045766) was selected to minimize potential opposing
effects of damaging variants in positive and negative
regulators. The PRA gene set contains 163 genes (Data in
Brief article).

Damaging variants in the PRA gene set were identified using
the GeneVetter program,16 a web-based analysis tool designed
to improve the accuracy of pathogenicity prediction for single
nucleotide variants identified by exome sequencing. To be
adjudicated as damaging by using the program’s default
settings, a variant must meet all of the following criteria:
(1) have a maximum allele frequency in the sample
population of <0.05, (2) be adjudicated as “damaging” by at
least 2 of 3 of the following algorithms: PolyPhen2, SIFT,
andMutationTaster, and (3) have amaximum allele frequency
across European Americans and African Americans of <0.005.

Data are reported as frequency with percentage for
categorical variables and mean � SD or median (IQR) for
continuous variables. Patient characteristics, growth, and
outcomes measures by presence/absence of damaging PRA
variants were evaluated using c2 test or Fisher exact test for
categorical variables and Wilcoxon rank-sum test or
2-sample t test for continuous variables. Similarly, univariate
associations of patient and clinical characteristics with each
of fetal growth z scores at birth, and UA-PI and CPR z scores
were examined using 2-sample t test. Factors found to be
associated with each of fetal growth z scores at birth and
CPR z score in univariate analysis (P < .1) were included in
the multivariable analysis. Multivariable linear regression was
performed to evaluate an independent association of patient
characteristics identified from the univariate analysis with
each of fetal growth z scores at birth and CPR z score. Least
square mean � SE from multivariable regression was also
reported. Survival was examined using Kaplan-Meier curve
and compared between subjects with and without presence of
a damaging PRA variant using log-rank test. All of the statistical
analyses were performed using SAS v 9.4 (SAS Institute Inc,
Cary, North Carolina). A P value of <.05 was considered
statistically significant.
Results

Of the 133 subjects in the study, 81 (60.9%) were
male (Table I). Gestational hypertension was identified in
Damaging Variants in Proangiogenic Genes Impair Growth in Fet
10 pregnancies (7.5%) and was associated with
pre-eclampsia in 7 of those cases (5.3%). The most
common cardiac diagnoses were hypoplastic left heart
syndrome (HLHS) in 41 subjects (30.8%) and
d-transposition of the great arteries (TGA) in 48 subjects
(36.1%). The median age at operation was 4 days. During
median 3.1 years (IQR 2.0-4.1 years) of follow-up, there
were 11 deaths (8.3%) in the cohort at a median of
4.5 months after surgery.
GeneVetter identified 113 pathogenic variants in the 163

PRA genes in 73 subjects (see Data in Brief article for sum-
mary of specific variants); there were 60 subjects (45%)
with no identified pathogenic variants. All variants were in-
herited or inheritance could not be assessed (affected 19 of
133 subjects because of lack of sequence from one or both
parents). GeneVetter analysis of exome sequence from 200
control individuals without known congenital heart defect
revealed a similar prevalence of damaging PRA variants
(197 pathogenic variants identified in 125 subjects; there
were 75 subjects [37.5%] with no identified pathogenic var-
iants) (data not shown).
The clinical characteristics, growth, and outcomes

measures of subjects with and without PRA variants are
summarized in Table I. The prevalence of GHTN was not
significantly different in pregnancies with or without a
damaging PRA variant in the fetus (occurring in 7 of 73
pregnancies with and 3 of 60 pregnancies without a
damaging PRA variant; P = .51). Presence of a damaging
PRA variant in the child with congenital heart defect was
not associated with placental weight (median 488 g with
PRA variant vs 422 g without; P = .93) or placental
weight/birth weight ratio (median 13.8% with PRA variant
vs 12.9% without; P = .36).
The impact of damaging angiogenic variants on fetal

growth was determined by assessing weight, length, and
head circumference z scores at the time of birth. In both uni-
variate and multivariable analyses, there was a trend toward
reduced birth weight z score in subjects with at least one
damaging PRA variant (Table II). The presence of a
damaging PRA variant was significantly associated with
lower length z score at birth in the univariate analysis
(mean �0.44 with PRA variant vs 0.23 without; P = .01)
and remained independently associated with lower length
z score at birth in multivariable analysis (P = .01)
controlling for GHTN (Table II). The presence of at least
1damaging PRA variant was also associated with lower
birth head circumference z score in both univariate and
multivariable analyses (Table II). Although we noted that
the infants with TGA tended to be larger than those with
HLHS at birth, we found that there was an effect of PRA
variants on fetal growth regardless of the type of heart
defect (at least with respect for HLHS and TGA for which
there were sufficient numbers to evaluate).
The presence of a damaging PRA variant in the fetus was

associated with an increased UA-PI z score (mean 1.2 with
PRA variant vs 0.62 without; P = .03) (Table III).
Although there was a trend toward reduced CPR z score in
uses with Cardiac Defects 105



Table I. Patient characteristics (N = 133)

Clinical variables All (N = 133)

Variants

P value†0 (n = 60) 1 or 2+ (n = 73)

Male sex 81 (60.9) 40 (66.7) 41 (56.2) .22
Non-white race 30 (22.6) 14 (23.3) 16 (21.9) .85
Genetic anomaly .049‡

None 100 (75.2) 50 (83.3) 50 (68.5)
Suspect 20 (15.0) 7 (11.7) 13 (17.8)
Abnormal 13 (9.8) 3 (5.0) 10 (13.7)

Small for gestational age 16 (12.0) 3 (5.0) 13 (17.8) .02
Preterm birth (gestational age <37 wk) 10 (7.5) 4 (6.7) 6 (8.2) 1.00
Gestational hypertension (with or without preeclampsia) 10 (7.5) 3 (5.0) 7 (9.6) .51
Birth weight, kg 3.2 � 0.51 3.3 � 0.46 3.2 � 0.54 .049
Placental weight, g (n = 109) 442 (376-504) 422 (380-520) 448 (364-504) .93
Placental weight/birth weight, % (n = 109) 13.5 (12.0-15.2) 12.9 (11.3-15.3) 13.8 (12.1-15.0) .36
Birth length, cm 49.1 � 3.1 49.9 � 2.8 48.4 � 3.2 .005
Birth head circumference, cm 33.7 � 1.6 34.1 � 1.6 33.4 � 1.6 .02
Weight z score �0.09 � 0.94 0.08 � 0.86 �0.22 � 0.98 .06
Length z score �0.14 � 1.45 0.23 � 1.36 �0.44 � 1.46 .01
Head circumference z score �0.28 � 1.17 �0.05 � 1.20 �0.47 � 1.12 .04
Diagnosis .35§

HLHS 41 (30.8) 16 (26.7) 25 (34.2)
IAA/Arch 6 (4.5) 2 (3.3) 4 (5.5)
TGA 48 (36.1) 30 (50.0) 18 (24.7)
TOF 10 (7.5) 2 (3.3) 8 (11.0)
Truncus 6 (4.5) 1 (1.7) 5 (6.8)
Other 22 (16.5) 9 (15.0) 13 (17.8)

Single ventricle .15
Yes 51 (38.3) 19 (31.7) 32 (43.8)
No 82 (61.7) 41 (68.3) 41 (56.2)

Age at the first operation, d 4 (3-6) 4 (3-5) 5 (3-7) .04
Weight at the first operation, kg 3.3 � 0.63 3.4 � 0.64 3.2 � 0.60 .02
Duration of follow-up, y 3.1 (2.0-4.1) 3.2 (2.0-4.2) 3.0 (1.7-4.0) .25

IAA, interrupted aortic arch; MCA, middle cerebral artery; TOF, tralogy of Fallout.
P values < .05 are in bold to indicate statistical significance.
*Data are presented as n (%) for categorical variables and median (IQR) or mean � SD for continuous variables.
†P value for a comparison of variant 0 vs 1 or 2+ from c2 test or Fisher exact test for categorical variables and Wilcoxon rank-sum test or 2-sample t test for continuous variables.
‡Comparison was made as suspect or abnormal vs none.
§Comparison was made as HLHS vs all others.
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the fetus with a damaging PRA variant, this association did
not reach statistical significance in univariate or
multivariable analysis (Table III).

Presence of a damaging PRA variant was also
associated with a trend toward reduced survival based on
Kaplan-Meier analysis (log-rank test; P = .06); deaths
occurred in 2 of 60 (3.3%) subjects with no PRA variants
and 9 of 73 (12.3%) subjects with at least 1 variant. Because
8 of 11 deaths occurred in subjects with HLHS, we examined
that subset of patients specifically and noted that deaths
occurred in 1/16 HLHS subjects (6.3%) with no damaging
PRA variants and 7 of 25 HLHS subjects (28.0%) with at least
1 damaging variant, but this did not reach statistical
significance (log-rank test; P = .09).

Because maternal angiogenesis is also required for
placental development and maturation, we assessed whether
maternal PRA variants, either inherited or not inherited by
the fetus, had a greater effect on placental function and fetal
growth than a paternal PRA variant. Although the numbers
were small, inherited PRA variants affected height and head
circumference at birth if they were inherited from the mother
(Data in Brief article). Damaging PRA variants inherited
from the father demonstrated a reduced length and head
circumference in the fetus but this did not reach statistical
106
significance in this cohort. In contrast, variants present in
either parent that were not inherited by the child had no sig-
nificant effect on fetal growth or placental function (see Data
in Brief article for more detailed analysis).
After we completed our analysis, we performed similar

analyses with several other gene sets to make sure that these
findings were specific to the PRA gene set and did not simply
reflect a higher damaging variant burden across multiple
pathways. We examined 6 other pathways, 3 related to
angiogenesis (GO:0001525; GO:0048010; GO:0001938) and
3 unrelated (GO:0045927; GO:0045862; GO:0042088), and
found no significant association with any of the fetal growth
measures with damaging variant burden in 5 out of the 6
other gene sets (data not shown). Only the angiogenesis
gene set (GO:0001525), which has 478 genes including the
163 genes of the PRA gene set, showed an effect on fetal
growth (weight for age z score and head circumference for
age z score).
Discussion

In this study, pathogenic variants inPRAgeneswere associated
with impaired fetal growth, as determined by length and head
Russell et al



Table II. Factors associated with each of fetal growth measure

Clinical variables Weight z score Height z score Head circumference z score

Unadjusted Mean ± SD P value† Mean ± SD P value† Mean ± SD P value‡

Sex .25 .93 .92
Male �0.16 � 0.99 �0.13 � 1.54 �0.29 � 1.19
Female 0.03 � 0.85 �0.15 � 1.32 �0.27 � 1.15

Race .02 .12 .01
White 0.01 � 0.92 �0.03 � 1.51 �0.14 � 1.18
Non-white �0.42 � 0.96 �0.50 � 1.18 �0.75 � 1.05

Genetic anomaly .53 .43 .55
None �0.06 � 0.92 �0.17 � 1.44 �0.31 � 1.22
Abnormal/suspect �0.17 � 1.01 �0.04 � 1.49 �0.17 � 1.02

Gestational hypertension .01 .02 .051
Yes �0.82 � 0.90 �1.18 � 1.85 �0.97 � 1.14
No �0.03 � 0.92 �0.05 � 1.39 �0.22 � 1.16

Diagnosis .46 .16 .98
HLHS �0.18 � 0.95 �0.40 � 1.41 �0.28 � 1.24
Others �0.04 � 0.94 �0.02 � 1.46 �0.28 � 1.15

Single ventricle .39 .16 .65
Yes �0.17 � 1.00 �0.36 � 1.37 �0.34 � 1.20
No �0.03 � 0.90 �0.01 � 1.49 0.24 � 1.15

PRA gene variants .06 .01 .04
0 0.08 � 0.86 0.23 � 1.36 �0.05 � 1.20
1 or 2+ �0.22 � 0.98 �0.44 � 1.46 �0.47 � 1.12

Adjusted LSMean ± SE P value‡ LSMean ± SE P value‡ LSMean ± SE P value‡

Race .04 .02
Caucasian �0.27 � 0.16 N/A N/A �0.38 � 0.20
Non-Caucasian �0.66 � 0.20 �0.95 � 0.25

Pregnancy-induced hypertension .03 .03 .13
Yes �0.81 � 0.29 �1.05 � 0.44 �0.95 � 0.36
No �0.13 � 0.10 �0.03 � 0.13 �0.37 � 0.12

PRA gene variants .08 .01 .04
0 �0.33 � 0.18 �0.23 � 0.27 �0.46 � 0.23
1 or 2+ �0.61 � 0.16 �0.85 � 0.25 �0.86 � 0.21

LSMean, least squares mean.
P values < .05 are in bold to indicate statistical significance.
*Data are presented as Mean � SD from univariate analysis and LSMean � SE from multivariable analysis.
†P value from 2-sample t test.
‡P value from multivariable linear regression.
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circumference z scores at birth. The growth deficiency may be
secondary to placental dysfunction as there was also an
increase in the UA-PI, an indicator of placental insufficiency.

The findings are consistent with what is known
about placental development and the relationship between
placental development and fetal growth. The placenta is a
highly-vascularized organ, with vessels of maternal and fetal
origin.17,18 Dysregulation of angiogenesis in the maternal-
fetal circulation is one of the main pathophysiological corre-
lates of pregnancy-induced hypertension, preeclampsia, and
fetal growth restriction (FGR).18,19 Angiogenic factors,
including vascular endothelial growth factor (VEGF),
angiopoietins, placental growth factor, and endoglin (ENG)
regulate placental vasculogenesis and angiogenesis.18 Alter-
ations in these factors lead to impaired angiogenesis resulting
in ischemic placental disease with preeclampsia and FGR.18,20

Mothers with preeclampsia and FGR show antiangiogenic
profiles characterized by elevated plasma levels of soluble
Flt-1 and ENG with reduced placental growth factor and
VEGF levels.8,21 Based on these studies, enhancement of
placental angiogenesis through overexpression of VEGF has
been proposed as a therapeutic approach to FGR.22
Damaging Variants in Proangiogenic Genes Impair Growth in Fet
Vascular signaling in pregnancy is influenced by genetic
factors. Variation in genes which modulate angiogenesis,
including VEGF-A protein (VEGFA), VEGF-C protein
(VEGFC), Flt-1, hypoxia inducible factor 1a, and ENG,
have been associated with the risk of preeclampsia, preterm
birth and FGR.7,8,23-26 Variants upstream of the Flt-1 gene,
which encodes for a VEGF receptor, were associated with
late-term preeclampsia in a large genome-wide association
study.26 In addition, presence of the VEGF-T936 allele
(associated with reduced VEGFA expression) in both the
mother and fetus increases the risk of GHTN and
preeclampsia.8 When both the mothers and newborns
were carriers, there was an antiangiogenic profile with lower
maternal VEGF and higher soluble Flt1 levels and mothers
with GHTN and severe preeclampsia had a greater risk of
preterm birth (<37 weeks of gestation) and FGR.8

How these genetic factors may modify the effects of other
conditions which influence fetal growth and development
has not been well studied. Recent studies have noted
impaired fetal growth and development in pregnancies
involving fetal congenital heart defect. Infants with
congenital heart defect are more likely to be small for
uses with Cardiac Defects 107
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Table III. Factors associated with UA- PI z score and
MCA/UA-PI (CPR) z score*

Clinical variables UA-PI z score CPR z-score

Unadjusted Mean ± SD P value† Mean ± SD P value‡

Sex .26 .32
Male 1.06 � 1.19 �1.29 � 2.01
Female 0.73 � 1.57 �0.91 � 1.74

Race .99 .17
White 0.93 � 1.32 �1.28 � 1.93
Non-white 0.93 � 1.49 �0.68 � 1.82

Genetic anomaly .76 .29
None 0.91 � 1.40 �1.01 � 1.74
Abnormal/suspect 1.00 � 1.21 �1.60 � 2.42

Diagnosis .62 .04
HLHS 1.02 � 1.12 �1.67 � 1.96
Others 0.88 � 1.47 �0.86 � 1.83

Single ventricle .58 .14
Yes 1.01 � 1.14 �1.46 � 1.90
No 0.87 � 1.50 �0.91 � 1.90

PRA gene variants .03 .055
0 0.62 � 1.42 �0.76 � 1.79
1 or 2+ 1.20 � 1.25 �1.47 � 1.97

Adjusted LSMean ± SE P value‡ LSMean ± SE P value‡

Diagnosis .0495
HLHS N/A N/A �1.61 � 0.31
Others �0.85 � 0.22

PRA gene variants .08
0 N/A N/A �0.90 � 0.28
1 or 2+ �1.56 � 0.25

*Data are presented as Mean� SD from univariate analysis and LSMean� SE from multivari
able analysis.
†P value from 2-sample t-test.
‡P value from multivariable linear regression.
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gestational age,27 an effect that may be even more
pronounced when the fetus has a single ventricle heart defect.
The fact that the damaging PRA variants had an effect on
growth of both HLHS subjects and TGA subjects in our study
 heart
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al 
c 
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r d

ent
suggest that the variants’ effects on growth are not dependent
on the type of heart defect (and the associated differences in
fetal blood flow and tissue oxygenation patterns).
The mechanism for the growth impairment may be due to

relative placental vascular insufficiency regardless of
congenital heart defect subtype in the presence of a damaging
PRA variant in the fetus. The increased UA-PI in the presence
of damaging PRA variant in the fetus indicates altered
placental flow dynamics with increased placental vascular
resistance. High resistance reduces diastolic flow velocity,
increasing the difference between systolic and diastolic flow
velocity and increasing UA pulsatility.
In utero growth and development is an important

emerging contributor to clinical outcomes in patients with
congenital heart defect. Infants who are small for gestational
age at birth, which can result from reduced growth
potential and/or fetal growth restriction, have increased
operative mortality, and an increased rate of major
complications including prolonged mechanical ventilation
and hospital length of stay, postoperative cardiac arrest,
and infection. In a cohort of infants undergoing cardiac
surgery, 30-day mortality was greater in small for gestational
age infants, even in those with normal birth weight
(>2500 g).27 In our cohort, we did note a trend toward
increased post-operative mortality in subjects with a
damaging PRA variant that may result from its effects on fetal
growth and development. The potential effects merit further
study.
The emerging model from this study and others is that

there are maternal and fetal factors that affect placental health
and function in pregnancies involving fetal congenital heart
defect (Figure). Impaired placental function, in turn,
impacts fetal growth and development. The incidence and
severity of the effects of fetal congenital heart defect on
growth and development can be modified by an array of
Modifying GeneƟc 
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(ex. Damaging PRA 
Variants)
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in pregnancies involving fetal CHD and the resulting impact on
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maternal and fetal factors including genetic variation
affecting angiogenesis.

There are some important study limitations. First, because
of the limited sample size, a specific biologic process was
examined. It may not be the most important process regu-
lating fetal growth. An undirected examination of all patho-
logic variants and adjudication of the pathways and processes
most affected will be required to determine if there are pro-
cesses with an even more substantial effect on fetal growth
in subjects with congenital heart defect. Furthermore, there
are multiple signaling pathways that promote angiogenesis;
which of these are most important and might be most suit-
able for therapeutic targeting cannot be determined in a
cohort of this size.

The findings advance the understanding of how individual
genetic factors may have an important impact on placental
function and on fetal growth and development in
pregnancies affected by fetal congenital heart defect. Of partic-
ular relevance will be how genetic variant-mediated vulnera-
bility of or reduced capability for angiogenesis may impact
the ability of the fetus with congenital heart defect to grow
and develop in utero and, potentially, affect their intermediate
term survival after cardiac surgery in infancy. n
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