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Abstract

Objective—Despite standardization in care, heterogeneity in outcomes persists for infants with
hypoplastic left heart syndrome (HLHS). One potential factor is in utero stressors. Uteroplacental
insufficiency (UPI) induces systemic vascular and myocardial adaptations in the absence of
structural heart disease. The effect of UPI in HLHS is unknown.

Methods—We retrospectively analyzed infants undergoing Norwood palliation for HLHS from
2007 to 2012. We compared the umbilical artery systolic to diastolic (SD) ratio to growth
outcomes and post-operative right ventricular (RV) function.

Results—Forty three infants met our inclusion criteria. Fetuses without a declining SD ratio with
advancing gestational age had asymmetric birth biometry, defined as birth weight minus head
circumference z scores (0.9 vs. —0.05, p<0.01). The SD ratio near the end of gestation negatively
correlated with asymmetric birth biometry (R=-0.521, p<0.01) and interstage growth (R=-0.49,
p=0.04). Males with higher SD ratios had a greater post-operative incidence of abnormal RV
function.

Conclusions—A higher umbilical artery SD ratio was associated with asymmetric prenatal
growth, poor weight gain and decreased myocardial performance in infants with HLHS. Better
understanding UPI's effects on cardiovascular development and metabolism in HLHS will help
identify new strategies for targeting morbidity in this high risk population.

INTRODUCTION

Despite improvements in surgical technique and standardization of clinical practice,
heterogeneity in outcomes persists for apparently similar infants undergoing staged
palliation of hypoplastic left heart syndrome (HLHS). One potential, unidentified risk factor
may be explained by the Developmental Origins of Disease Theory which proposes that
adaptations to the in utero environment affect post-natal outcomes. Epidemiologic evidence
across multiple organ systems supports this theory.1~# In the cardiovascular system, the in
utero insult of uteroplacental insufficiency (UPI), in the absence of structural heart disease,
is associated with higher blood pressures in childhood® and increased aortic stiffness in
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infancy.® How these vascular adaptations to placental resistance affect outcomes in the
single ventricle physiology of HLHS is unknown.

In severe UPI, regional changes in systemic vascular resistance (SVR) preserve cerebral
blood flow in what has been termed head-sparing circulation. An increase in splanchnic and
placental resistance with a concomitant decrease in cerebral resistance discrepantly alters the
afterload of the two ventricles hypothetically providing increased nutrient delivery to the
head thereby preserving brain growth.”: 8 Single ventricle physiology has its own set of
regional vascular adaptations that occur in utero. Pulsatility and resistance indices (PI, RI) in
the middle cerebral artery (MCA) as well as the cerebral to placental resistance ratio (CPR)
are decreased in fetuses with left sided obstructive lesions.®-12 This relatively low cerebral
artery resistance may represent a similar head-sparing circulation, but neonates with HLHS
have disproportionately small heads suggesting the adaptation is inadequate.10: 13-16 How
the vasculature and myocardium in HLHS adapt to the additional insult of UPI may further
complicate outcomes in this high risk population.

The umbilical artery systolic to diastolic (SD) ratio is often a reliable marker of
uteroplacental health’- 18 but can be altered by regional vascular adaptations to HLHS. The
aim of this study was to describe the variability in SD ratio in HLHS and its association with
growth and myocardial performance outcomes.

METHODS

Study Design and Population

In this retrospective, cohort study we reviewed all consecutive infants who underwent stage
| palliation for hypoplastic left heart syndrome (HLHS) at our institution between January of
2007 and January of 2012. The study was approved by the institutional review board of both
the University of Utah and Primary Children’s Medical Center. A waiver for consent was
obtained from the review boards. Inclusion criteria were anatomy of HLHS or HLHS variant
(including double outlet-right ventricle with mitral atresia and critical aortic stenosis) and a
prenatal echocardiogram that included Doppler interrogation of the umbilical artery.
Exclusion criteria included anatomy of unbalanced atrioventricular septal defect, known
chromosomal abnormality and surgical or catheter intervention prior to stage | palliation.

Echocardiography

All pre- and post-natal imaging was performed on commercially available systems (Acuson
Sequoia 512, Siemens Medical Solutions, Mountain View, CA, USA,; and Phillips 1E33,
Royal Phillips Electronics, Amsterdam, The Netherlands). All images were stored digitally
and reviewed on our digital archiving system (Syngo, Siemens Medical Solutions, Mountain
View, CA, USA). All fetal echocardiograms performed on a given subject were reviewed.
The umbilical artery SD ratio that was calculated at the time of the study was utilized. If no
SD ratio was calculated, it was retrospectively measured by a single reviewer (TM), while
blinded to the patient’s outcome. We analyzed outcomes based on both the SD ratio at the
time of the latest fetal echocardiogram as well as the SD ratio trend with advancing
gestational age. The trend was based on whether there was a decline or there was no decline
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between the earliestand the latest fetal echocardiogram. For analysis of dichotomous
outcome variables, an SD ratio of >3 at the time of the latest fetal echocardiogram was
chosen because it is at the cut-off for the 75™ percentile for the average gestational age of
our cohort,19 and has been considered abnormal in late gestation in other reports.2% Velocity
vector imaging was used to determine fetal right ventricular (RV) strain as previously
described.?! The latest fetal echocardiogram with an adequate four chamber view was
utilized for this analysis. The postoperative RV performance was determined from the
subject’s routine post-Norwood complete study that was performed prior to hospital
discharge. The subjective findings of abnormal RV function and greater than mild tricuspid
regurgitation were based on the report of the reading echocardiographer at the time of the
study.

Biometry and Clinical Data

Estimated fetal weight and fetal head circumference to abdominal circumference ratio were
taken from the referring obstetrician’s records. Birth weight, birth length and head
circumference were taken from the record of the delivering neonatal intensive care unit.
Ponderal index was calculated as (birth weight (kg))/(birth length (m)3). Biometrics-for-age
z-score were calculated using the WHO anthropometric calculator. Weight for gestational
age was determined from recently published, gender-based normative data.22 Interstage
growth was defined as the change in weight-for-age z-score from Norwood discharge to the
pre-Glenn evaluation.

Statistical Analysis

RESULTS

Chi-square test was used to compare categorical variables. Pearson correlation coefficients
were used to assess the linear association between continuous variables. Comparison of two
un-paired groups was performed with a t-test for normally distributed populations and a
Mann-Whitney test for non-normally distributed populations. Statistical significance was set
at p<0.05. Statistical analysis was performed with SAS 9.2 (SAS Institute Inc., Cary, NC,
USA) and Graph Pad Prism (Graph Pad Software, San Diego, CA, USA).

Study Population

There were 43 infants (24 males) who met our inclusion criteria. The most common
anatomical diagnosis was hypoplastic left heart syndrome (HLHS) with aortic and mitral
atresia (44%). Hypoplastic left heart variants comprised 17% of our population with 5% of
the cohort having critical aortic stenosis and 12% having double outlet right ventricle with
mitral atresia. The average gestational age at the time of the latest fetal echocardiogram was
33 5/7 (£2.1) weeks. The mean gestational age at birth was 38.3 (+0.9) weeks and mean
birth weight was 3.1 (£0.5) kilograms. The vast majority of patients (93%) underwent
Norwood with Sano conduit while the small remainder underwent Norwood with modified
Blalock-Taussig shunt (7%). Stage | palliation was performed at a mean age of 4.3 (£1.9)
days of life with 145 (£39) minutes of cardiopulmonary bypass and 58 (£17) minutes of
cross-clamp time. The average intensive care unit and hospital length of stay was 20 (£17)
and 28 (+22) days, respectively. Survival to hospital discharge was 81%.
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Umbilical Artery Systolic to Diastolic (SD) Ratio

The umbilical artery SD ratio declined with advancing gestational age for the cohort (Figure
1A). When examining this trend for individuals, 11 of the 38 fetuses showed no SD ratio
decline over the course of gestation (Figure 1B).The average umbilical artery SD ratio at the
time of the latest echocardiogram for the entire cohort was 3.05 (range 1.61 — 4.83). The SD
ratio at the time of the latest echocardiogram was >3 in 16 (37%) of the fetuses. There was
no significant difference in gestational age at time of evaluation for those with SD ratio >3
and 3 (33.2 £2 and 34.0 £2 weeks gestational age, respectively, p=0.2). There was no
difference in the average SD ratio in those with aortic atresia (3.03, £0.65) and those with
aortic stenosis (3.39, £0.92) (p=0.21).

Umbilical Artery SD Ratio and Biometry

There was no correlation between the umbilical artery SD ratio at the time of the latest fetal
echocardiogram and estimated fetal weight, fetal head circumference:abdominal
circumference ratio, birth ponderal index, absolute birth weight, birth weight for age z-score
or birth weight percentile for gestational age. There was a negative correlation between the
umbilical artery SD ratio and asymmetric birth biometry as defined by the birth weight for
age z-score minus the birth head circumference for age z-score (Figure 2, R=-0.51,
p<0.01). The 11 gestations that did not demonstrate a decline in SD ratio with advancing
gestational age had a lower birth weight, birth weight percentile for gestational age and
asymmetric birth biometry (Figure 1C, D). The difference in birth weight for age z-score did
not reach statistical significance (p=0.06). There was a negative correlation between
umbilical artery SD ratio at the latest echocardiogram and interstage growth (R= -0.36,
p<0.05) (Figure 3).

Umbilical Artery SD Ratio and Myocardial Performance

In the study cohort, there were 35 patients who survived to hospital discharge (81%). Their
routine discharge echocardiogram was performed on post-operative day 15 (£18). Of those
infants, 17% had abnormal right ventricular (RV) systolic function and 23% had greater than
mild tricuspid regurgitation (TR) at the time of their routine discharge echocardiogram.
Forty-five percent were discharged on afterload reduction. Abnormal ventricular function or
TR at some point during the hospital stay was the indication for afterload reduction on all
patients. No patients were started on afterload reduction for the indication of hypertension.
Using an SD ratio cut-off of 3, a disproportionate percentage of males with the higher SD
ratio at the time of their latest fetal echocardiogram had decreased RV systolic function
(40%), greater than mild TR (40%) and were discharged on afterload reduction (60%)
(Figure 4). This is similar to the association between weight for gestational age and these
surrogates for myocardial performance. Small for gestational age males, but not females,
had a disproportionate percentage of decreased RV systolic function (50%), greater than
mild TR (25%) and likelihood of being discharged on afterload reduction (75%) (Figure 5).
These differences were not statistically significant, in either the SD or SGA pairings, with
this small sample size. The effect of shunt type on myocardial performance was not
evaluated given that all males who survived to hospital discharge had a Sano conduit. While
there was no difference in global RV longitudinal strain (at the time of discharge echo)
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based on weight for gestational age, gender or umbilical artery SD ratio, fetal RV strain was
increased in females who had a higher umbilical artery SD ratio (R=-0.702, p=0.005).

DISCUSSION

In this small, retrospective cohort, we have found that there is heterogeneity in the umbilical
artery SD ratio in fetuses with HLHS. In patients with HLHS, a higher umbilical artery SD
ratio was associated with asymmetric prenatal growth and worse weight gain following
Norwood palliation. The males with a higher SD ratio had worse myocardial performance
following Norwood palliation compared to those with a lower SD ratio. These findings
suggest that adaptations in in utero vascular physiology affect post-natal outcomes in
HLHS. .

While there is no universally accepted standard cut-off for a normal umbilical artery SD
ratio, it is known that the SD ratio decreases with gestational age.1”- 18 Abnormal umbilical
artery hemodynamics have been seen in both UPI and structural heart disease. In fetuses
with HLHS, there is an abnormal cerebral artery to umbilical artery pulsatility index ratio
(CPR) implicating a vascular autoregulatory mechanism attempting to preserve brain
growth. Hypothetically, an increase in umbilical artery vascular resistance is a major
contributor to this CPR balance. However, in a series of fetuses with decreased CPR, only a
fraction had evidence of elevated umbilical artery pulsatility index.11 Control of the
umbilical artery resistance, therefore is likely multifactorial. One unexplored factor is the
contribution of placental pathology or UPI to vascular adaptations in CHD. The effects of
UPI may compound the single ventricle vascular adaptations and alter post-natal outcomes.
The heterogeneity within our cohort suggests that factors beyond the cardiac lesion
contribute to fetal vascular regulation.

In regards to somatic growth, others have speculated that newborns with HLHS have
proportionally smaller heads because of decreased cerebral perfusion secondary to a
hypoplastic aortic arch.14 15 Smaller head circumference is present even in the setting of
decreased MCA-PI in utero.® 10 Traditionally, this finding of smaller head circumference
has been reported as an average across the cohort compared to controls. In these studies, the
degree of individual anthropomorphic asymmetry is not reported. In our HLHS population,
many of our patients had proportionally larger heads compared to body weight at birth
suggesting that there is heterogeneity in the success of brain sparing fetal circulatory
adaptations. Concordant with the Developmental Origins of Disease Theory, however, a
successful fetal adaptation may be deleterious post-natally (as evidenced by poor interstage
weight gain). Our finding of smaller body weight for head circumference with higher SD
ratios is consistent with the pattern seen in asymmetric [IUGR. That is to say, increasing
placental resistance was associated with preserved head growth and smaller body weights.
With severe IUGR this growth pattern is thought to be secondary to an adaptive circulation.8
Whether or not the asymmetric growth in our population is secondary to vascular
adaptations requires further investigation. Placental health also affects metabolism 23 and it
may be that the head growth potential is relatively fixed in HLHS and the outcomes
observed in our population are due to the metabolic effects of UPI that persist post-natally.
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The pattern of decreased myocardial performance following Norwood palliation in males
with higher SD ratios that mimics the pattern in SGA males, parallels the findings of
myocardial recovery in animal models of UPI and ischemia-reperfusion injury.24-26 The
long bypass and cross-clamp times needed to perform Norwood palliation represent a form
of ischemia-reperfusion injury. We found that males with UPI (as defined by the SD ratio)
had impaired tolerance of this insult. Whether the effect is primarily from changes within the
myocardium, however, is unknown. UPI also induces sex-specific changes in the renin-
angiotensin system in the rat.2” It may be that the myocardial changes are secondary to
differences in vascular reactivity between the two groups. Our finding of increased
myocardial deformation in female fetuses with increasing SD ratio suggests that the females
may perform better post-nataly due to preconditioning adaptations in utero.

This study is limited by its retrospective nature and small size. Given that the outcomes in
this study are associative, conclusions regarding causation must be speculative. Despite
these limitations, this study is the first that we are aware of which extends findings of the
Developmental Origins of Disease Theory into the congenital heart disease population.
There is clinical, epidemiologic and experimental evidence that in utero stressors increase
the risk of post-natal cardiovascular and metabolic disease in the absence of structural heart
disease. It is also known that low birth weight and premature infants with HLHS endure
increasing rates of morbidity and mortality.28-30 We propose that more subtle in utero
stressors, that may not be severe enough to cause IUGR, also impact the morbidity and
mortality of this high risk population.

CONCLUSION

Despite standardization of care, there still exists marked heterogeneity in outcomes for
infants with HLHS. In this retrospective study, we have found that a higher umbilical artery
SD ratio was associated with asymmetric prenatal growth, poor weight gain and decreased
myocardial performance in infants with HLHS. Better understanding of vascular and
metabolic adaptations to in utero stressors and their interplay with fetal adaptations to
structural heart disease may help us to better understand and treat the heterogeneity in
outcomes.
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