Pediatric Cardiology (2018) 39:1181-1187
https://doi.org/10.1007/s00246-018-1878-8

ORIGINAL ARTICLE

@ CrossMark

Impact of Fetal Somatic Growth on Pulmonary Valve Annulus Z-Scores
During Gestation and Through Birth in Patients with Tetralogy of Fallot

Alisa Arunamata'® - Sowmya Balasubramanian' - Rajesh Punn' - Amy Quirin' - Theresa A. Tacy'

Received: 30 December 2017 / Accepted: 3 April 2018 / Published online: 9 April 2018
© Springer Science+Business Media, LLC, part of Springer Nature 2018

Abstract

Previous studies have suggested reduced pulmonary valve annulus (PVA) growth and progression of pulmonary outflow
obstruction in fetuses with tetralogy of Fallot (TOF). The goals of this study were to (1) investigate the trajectory of PVA
growth in utero, and (2) compare two methods of z-score determination for fetal and postnatal PVA size by echocardiogra-
phy in order to improve prenatal counseling for patients with TOF. Fetal echocardiograms (FE) at a single institution with
a diagnosis of TOF between 8/2008 and 12/2015 were retrospectively reviewed. Patients included had at least 2 FEs and 1
immediate postnatal echocardiogram (TTE). Fetal and postnatal demographic, clinical, and echocardiographic data were
collected. Fetal body surface area (BSA) was calculated by estimating fetal weight and height; z-scores were determined
based on fetal gestational age (GA) and BSA for both FEs and TTEs. Fetal PVA z-scores by GA or BSA were then compared
to postnatal PVA z-scores by BSA. Twenty-two patients with 44 FEs and 22 TTEs were included. GA at the first FE was
23 weeks +3.4 and 32 weeks + 3.1 at the second FE. There was no difference in PVA z-scores (by BSA) between the first and
second FE (p=0.34), but a decrease in PVA z-scores (by BSA) between the second FE and TTE (—1.6+0.5 vs. —2.0+0.7;
p=0.01). Repeat comparison with fetal PVA z-scores indexed to GA revealed no difference in z-scores between the first and
second FE, but an increase in PVA z-scores between the second FE (by GA) and TTE (by BSA) (—4.1+1.0 vs. —2.0+0.7;
p<0.0001). The rate of PVA growth between the two FEs (23 um/day +9.8) and between the second FE and TTE (28 um/
day +42) remained comparable (p=0.57); however, the rate of BSA increase was greater in later gestation (9 cm?/day + 3 vs.
20 cm?/day + 11; p=0.001). In patients with TOF, the rate of PVA growth appears to remain consistent through gestation;
however, somatic growth rate increases in late gestation. Fetal PVA z-scores indexed to GA are thus inaccurate in predicting
postnatal PVA z-scores typically indexed to BSA. This observation should be considered during prenatal consultation and
delivery planning.
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Abbreviations Introduction

BSA Body surface area

FE Fetal echocardiogram Tetralogy of Fallot (TOF) remains the most common form
GA  Gestational age of cyanotic congenital heart disease, accounting for approxi-
PS Pulmonary stenosis mately 7-10% of all congenital cardiac malformations [1].
PVA Pulmonary valve annulus The diagnosis of TOF is commonly made in utero during
TOF  Tetralogy of Fallot mid-gestation with a high degree of accuracy [2, 3].

TTE Transthoracic echocardiogram Earlier studies have suggested reduced pulmonary valve

annulus (PVA) growth and progression of pulmonary out-
flow obstruction in fetuses with TOF [4—6], with impli-
cations on fetal counseling and delivery planning. As a
result, an additional fetal echocardiogram (FE) in the third
trimester is often performed to evaluate for progression of
Division of Pediatric Cardiology, Department of Pediatrics, right ventricular outflow tract obstruction [7]. Typically,
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postnatal z-scores are indexed to body surface area (BSA)
[8, 9]; this practice difference in z-score estimation may
render the fetal z-score inaccurate in predicting postnatal
PVA z-scores, which play an extremely important role in
determining surgical strategy [10, 11].

There is limited information on longitudinal assessment
of PVA growth and the relationship of PVA to somatic
growth through gestation in this patient population. This
study aimed to investigate PVA growth in utero, and evalu-
ate fetal and neonatal z-scores for PVA size indexed to both
BSA and GA in order to improve prenatal counseling for
patients with TOF.

Methods
Patient Population

The Lucile Packard Children’s Hospital (Stanford Children’s
Health) Heart Center database was queried retrospectively
to identify all fetal patients diagnosed with TOF with pul-
monary stenosis (PS) between August 2008 and December
2015. Criteria for inclusion were singleton pregnancies fol-
lowed longitudinally at our institution with at least 2 FEs and
1 postnatal transthoracic echocardiogram (TTE). Patients
with TOF and pulmonary atresia on first FE, in utero fetal
demise or termination, and those confirmed on postnatal
TTE to have a diagnosis other than TOF with PS, includ-
ing patients with double outlet right ventricle with subaortic
ventricular septal defect (with no anterior deviation of the
conal septum) and isolated valvar PS were excluded. The
distinction between TOF and double outlet right ventricle
was made on the basis of loss of mitral-aortic valve fibrous
continuity.

Data Collected

Fetal and postnatal demographic and clinical data were col-
lected, including each patient’s gender, GA at the time of
echocardiogram, date of birth, underlying chromosomal
anomalies, and date and type of surgical repair. GA was
calculated according to results of first trimester crown—rump
length measurements and used for dating in subsequent FEs
[12, 13]. Fetal biometric data included cardiothoracic ratio
(by circumference), abdominal circumference, head circum-
ference, biparietal diameter, and femur length. Fetal weight
was calculated using the standard Hadlock formula combin-
ing abdominal circumference, femur length, and biparietal
diameter [14, 15]. Femur length was used to estimate fetal
length, as previously described [16]. BSA in square meters
(m?) was then calculated using the Haycock formula with
estimated weight and length [17].
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Echocardiographic studies were performed in all patients
as part of their routine pre- and postnatal evaluations. The
ultrasound equipment used for the echocardiographic stud-
ies was the Sequoia C512 (Siemens Medical Solutions USA
Inc., Mountain View, CA), Acuson SC2000 (Siemens Medi-
cal Solutions USA Inc., Mountain View, CA), or the Philips
iE33 (Philips Medical Systems, Bothell, WA).

A single pediatric cardiologist specializing in fetal cardi-
ology (AA) retrospectively re-measured the following fetal
echocardiographic variables using the syngo Dynamics
workstation (Siemens Medical Solutions USA Inc.; syngo
Dynamics Solutions, Ann Arbor, MI): PVA diameter, main
pulmonary artery diameter, left and right proximal pulmo-
nary artery diameter, and aortic valve annulus diameter in
the standard views (during systole from inner-edge to inner-
edge) [18, 19]. Direction of flow across the ductus arterio-
sus, middle cerebral artery, and umbilical artery pulsatil-
ity indices were recorded. The presence of atrioventricular
valve regurgitation, ventricular dysfunction, and hydrops
was noted. Fetal echocardiographic characteristics were then
examined in the subpopulation of neonates who required
surgery at <30 days of age.

The same pediatric cardiologist (AA), blinded to clinical
outcomes, retrospectively re-measured PVA diameter, main
pulmonary artery diameter, left and right proximal pulmo-
nary artery diameter, and aortic valve annulus diameter on
the postnatal TTE using the syngo Dynamics workstation
(Siemens Medical Solutions USA Inc.; syngo Dynamics
Solutions, Ann Arbor, MI) [8, 9].

Statistical Analysis

Descriptive statistics were calculated, with continuous
data presented as mean + standard deviation (SD), medians
[range], and 95% confidence intervals (CI). Parametric test-
ing was used to compare data with normal distributions;
paired comparisons were performed using the t-test and
repeated measures analysis of variance (ANOVA) with
post-hoc Bonferroni correction. Non-parametric testing was
used to compare data with non-normal distributions; paired
comparisons were performed using the Wilcoxon signed-
rank test.

Z-scores were calculated using normative data adjusted
to GA and BSA for both FEs and TTEs [8, 9]. Fetal PVA
z-scores based on GA or BSA were compared to postnatal
PVA z-scores based on BSA. Longitudinal assessment of
PVA and pulmonary artery growth was performed using
the initial FE and last FE prior to delivery for each patient.
Change in PVA diameter and PVA z-score over gestation
were calculated using the difference between the first FE
and last FE, and last FE and first postnatal TTE. The change
in PVA diameter was divided by the difference in GA (in
days) to obtain a rate of change in micrometers (um)/day
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of gestation. Similarly, rate of BSA increase was calculated
using the difference in BSA between the first FE and last FE,
and last FE and first postnatal TTE divided by the difference
in GA (in days) to obtain a rate of change in square centim-
eters (cm?)/day. Regression analysis was used to compare
PVA diameter with fetal weight, femur length, abdominal
circumference, and head circumference.

A second investigator (SB) performed measurements
of fetal PVA size by the same methodology on a subset
of 10 patients selected via random number generator in a
Microsoft Excel © spreadsheet (Microsoft Corporation,

Table 1 Patient demographics

Patients (n=22)

GA (wks) at FE #1 23+34
GA (wks) at FE #2 32+3.1
Age at TTE (days) 3+125
Male 16 (73%)
Chromosomal abnormalities

22q11.2 deletion 1 (5%)

Trisomy 21 5(23%)
Neonatal surgery < 30 days old 5(23%)

Data are presented as number (percentage) or mean + standard devia-
tion

FE fetal echocardiogram, TTE transthoracic echocardiogram, wks
weeks

Redmond, WA) to determine inter-observer variability and
reproducibility.

A p value of less than 0.05 was considered statistically
significant. All analyses were performed using IBM SPSS
Statistics version 23.0 (IBM Corporation, Armonk, NY).
The study protocol was approved by the Stanford University
Institutional Review Board.

Results
Patient Population

Twenty-two fetuses diagnosed with TOF with PS met
inclusion criteria (Table 1). Average GA at the first FE was
23+3.4 and 32+ 3.1 weeks at the follow-up FE prior to
delivery. Initial TTE was performed at 3 + 12.5 days of life,
with 2 patients born at outside institutions and returning
for subsequent care. Only 1 patient (5%) was found to have
22q11.2 deletion, and 5 patients (23%) had Trisomy 21. No
fetus demonstrated ventricular dysfunction or hydrops dur-
ing gestation.

Assessment of Interval PVA Growth

The echocardiographic measurements through gestation
are summarized in Table 2. Mean PVA diameter increased
between the first and second FE (2.7 +0.9 vs. 4.1 + 1.2 mm;
p <0.0001) and between the second FE and initial postnatal

Table 2 Echocardiographic

. . FE #1 FE #2 FE #1 versus FE#2 TTE FE #2 versus TTE
measurf':n.lefnts durlng gestatlon p value p value
and on initial postnatal
echocardiogram Estimated weight (g) 5154312 1237+410 <0.0001 2761+633 <0.0001

BSA (m?) 0.06+0.02 0.12+£0.02 <0.0001 0.19+0.03 <0.0001
PVA size (mm) 27409  41+12 <0.0001 51+13 <0.0001
PVA z-score (BSA) —14+04 —16+05 034 -20+07  0.01
PVA z-score (GA)  —3.7+1.0 —41+10  0.07 —42+13 10
MPA size (mm) 29409  44+11 <0.0001 5015  0.02
MPA z-score (BSA) —1.8+0.8 —20+09 1.0 —27+12 <0.0001
MPA z-score (GA)  —3.0+1.1 —37+08  0.02 —40+1.1  0.04
RPA size (mm) 22404  32+05 <0.0001 3.7+0.7  <0.0001
RPA z-score (BSA) —0.9+0.8 —0.8+05 1.0 -13+07  0.06
RPA z-score (GA)  —0.6+13 —17+07  0.01 -20+09 07
LPA size (mm) 2.1+£06  32+0.7 <0.0001 3.7+0.7  0.003
LPA z-score (BSA) —0.8+0.5 —07+08 1.0 -13+08  0.01
LPA z-score (GA)  —0.8+03 —14+03  0.07 -18+03  0.17
MCA PI 18405  2.0+04  0.08

UA PI 13£03 12403 <0.0001

Data presented as mean =+ standard deviation; bolded values represent statistically significant comparisons

AoV aortic valve, BSA body surface area, FE fetal echocardiogram, GA estimated gestational age, LPA left
pulmonary artery, MCA middle cerebral artery, MPA main pulmonary artery, PVA pulmonary valve annu-
lus, RPA right pulmonary artery, TTE postnatal echocardiogram, UA umbilical artery
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TTE (4.1+1.2 vs. 5.1+ 1.3 mm; p <0.0001). When indexed
to GA, PVA z-score did not change through gestation or
postnatally; however, when indexed to BSA, PVA z-score
demonstrated a decrease in z-score between the second
FE and initial postnatal TTE (- 1.6 +£0.5 vs. —2.0+0.7;
p=0.01).

Similarly, absolute main pulmonary artery diameter
increased during gestation, but demonstrated a decrease in
z-score by BSA between the second FE and initial postnatal
TTE (—2.0+0.9 vs. —2.7+1.2; p<0.0001).

While rate of PVA growth remained linear during gesta-
tion at 23 +9.8 um/day between FEs and 28 +42 um/day
between the second FE and postnatal TTE (p =0.57; Table 3;
Fig. 1), BSA increased significantly in the immediate peri-
natal period (p=0.001; Table 3; Fig. 1).

After excluding fetuses with Trisomy 21, results
remained similar with linear PVA growth through gesta-
tion at 23 + 1.0 uym/day between FEs and 37 +£4.0 um/day
between the second FE and postnatal TTE (p=0.11), but
significantly increased somatic growth during later gesta-
tion (9.2 + 3.1 cm%day between FEs vs. 17 +6.2 cm*/day
between second FE and postnatal TTE; p=0.002).

Table3 Assessment of interval PVA growth and BSA increase
through gestation

Time 1: between Time 2: between FE  p value

FE#1 and FE #2 #2 and TTE
Rate of PVA 23+9.8 28 +42 0.57
growth (um/
day)
Rate of BSA 9.1+34 20+11 0.001
increase
(cm?/day)

Data presented as mean + standard deviation; bolded values represent
statistically significant comparisons

BSA body surface area, FE fetal echocardiogram, TTE postnatal
echocardiogram

Z-Scores by BSA Versus GA

At the first FE, PVA z-scores based on BSA were sig-
nificantly larger than z-scores by GA (—1.4+0.4 vs.
—3.7+1.0; p<0.0001); z-scores by BSA for main
(-1.8+0.8 vs. =3.0+1.1; p<0.0001), left (p <0.0001),
and right pulmonary arteries (p <0.0001) were also signif-
icantly larger than z-scores by GA. This finding remained
true through gestation on the second FE and postnatal TTE
(Table 2).

While postnatal PVA z-scores based on BSA demon-
strated a marked increase from fetal z-scores by GA at the
second FE (—2.0+0.7 vs. —4.1 £1.0; p <0.0001; Fig. 2a),
postnatal PVA z-scores based on BSA conversely demon-
strated a decrease compared to fetal z-scores by BSA at
the second FE (Fig. 2b).

Similar results were obtained after exclusion of fetuses
with Trisomy 21, with a marked increase in postnatal PVA
z-scores by BSA compared to fetal z-scores by GA at the
second FE (—2.1+0.8 vs. —4.1 +1.1; p<0.0001).

PVA Compared to Fetal Biometric Data

Figure 3 shows PVA diameter compared with fetal weight
and biometric measurements. PVA diameter demonstrated
a linear relationship with increasing measurements of
fetal size, including fetal weight (R=0.74, R2=0.54:
p<0.0001), femur length (R=0.81, R?>=0.65; p<0.0001),
abdominal circumference (R=0.76, R>=0.57; p<0.0001),
and head circumference (R =0.80, R>=0.64; p<0.0001).

Reproducibility

Inter-observer agreement for fetal PVA between two inves-
tigators was excellent, with an interclass correlation coef-
ficient of 0.91 (95% CI 0.47-0.98).
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First FE Second FE TTE

First FE Second FE TTE

Fig.2 a PVA z-scores indexed to GA on the first and second FE,
compared to pulmonary valve z-scores indexed to BSA on postnatal
echocardiogram (TTE). b PVA z-scores by BSA on the first and sec-
ond FE, and postnatal echocardiogram (TTE)

Neonatal Surgery at < 30 Days of Age

Five infants (23%) required neonatal surgery (<30 days of
age); none had documented chromosomal anomalies. One
of five infants had an absent ductus arteriosus, two of the
remaining four infants documented retrograde (left-to-right)
flow across the ductus arteriosus through gestation. One of
the five infants presented with discontinuous pulmonary
arteries with a left pulmonary artery arising from the aorta.

Of the infants who required neonatal surgery, PVA
z-scores by BSA (—2.0+0.2 vs. —1.5+0.6; p=0.05) and
GA (-4.9+0.9 vs. —=3.9+0.9; p=0.03) were significantly
smaller at the last FE than those infants who did not require
neonatal surgery. The ratio of absolute PVA size to aortic
valve annulus size at the second FE was also significantly
smaller in the group of infants requiring neonatal surgery
(0.5+0.1 vs. 0.6 +0.2; p<0.0001). There were no statisti-
cal differences in branch pulmonary artery z-scores, aortic
valve z-scores, MCA or UA pulsatility indices at the last
FE between neonates who required surgery and those who
did not.

Five fetuses demonstrated more than trace tricuspid
regurgitation on the second FE, with 3 (60%) requiring

neonatal surgery (including the patient with discontinuous
pulmonary arteries). All 5 patients underwent complete sur-
gical repair including ventricular septal defect patch closure,
infundibular muscle bundle resection, and right ventricular
outflow transannular patch repair.

Discussion

In our study of 22 fetuses with TOF with PS, the abso-
lute rate of PVA growth remained linear through gesta-
tion; however, somatic growth rate increased in late gesta-
tion contributing to smaller postnatal PVA z-scores when
indexing to BSA. The findings of consistent PVA growth
in our study differ from previously published studies sug-
gesting decreased PVA growth through gestation in fetuses
with TOF with PS [4-6]; of note, no fetus in our study had
progression of right ventricular outflow tract obstruction
to pulmonary atresia. The exponential increase in somatic
growth through late gestation is well known, with peak fetal
weight gain around 36 weeks of gestation [20]; however, no
previous study has taken somatic growth into account when
indexing z-scores in this fetal population.

Our study highlights the discrepancy between fetal
z-scores by GA and BSA throughout gestation, leading to
challenges in data interpretation when comparing typical
fetal z-scores by GA to postnatal z-scores indexed to BSA.
Reporting fetal PVA z-scores indexed to BSA overestimates
postnatal z-scores likely due to accelerated somatic growth
but linear PVA growth in late gestation. However, reporting
fetal PVA z-scores indexed to GA will substantially under-
estimate postnatal BSA-indexed z-scores, as demonstrated
in Fig. 2a. This practice may lead to an exaggeration during
prenatal counseling of the likelihood of requiring a transan-
nular patch (or earlier surgery) over potential valve-sparing
repair [10, 11].

Calculating fetal BSA is not typically performed as the
Haycock formula requires a height and weight, which is only
an estimation in fetal life [17]. However, estimations of fetal
weight based on the Hadlock formula have demonstrated
reliability at predicting birth weights of infants [14, 15].

As expected, infants who required neonatal surgery prior
to hospital discharge (with the exclusion of the patient with
discontinuous pulmonary arteries) had smaller PVA and
main pulmonary artery z-scores (by BSA and GA) than
those infants who did not require neonatal surgery; how-
ever, genetic anomalies and presence of a ductus arteriosus
did not predict neonatal surgery. Moreover, the ratio of pul-
monary to aortic valve annulus size through gestation was
found to be smaller in the group of infants requiring neonatal
surgery; this ratio may be useful when discussing possible
postnatal trajectory. Of note, all 5 patients requiring neonatal
surgery at our site underwent primary complete repair for
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Fig.3 PVA size compared with fetal weight, femur length, head circumference, and abdominal circumference

TOF; at other institutions, neonatal intervention may instead
include a modified Blalock—Taussig shunt, leaving the pos-
sibility for a pulmonary valve-sparing repair (as opposed to
transannular patch) at an older age [21].

Fetal cardiologists should consider these observations
when providing prenatal consultation to families of fetuses
with TOF. Fetal BSA-based reference values should be
established on a larger scale; however, even with limited
data use in fetal imaging, z-scores indexed to BSA (rather
than GA) may result in a closer approximation to postna-
tal PVA z-scores based on our findings. Prospective studies
involving serial echocardiographic evaluation of fetuses with
TOF with PS are needed to determine whether our find-
ings remain true in a larger population and whether a future
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z-score model can be created to encompass both prenatal and
postnatal measurements.

Limitations

This study was subject to the inherent limitations of a sin-
gle-center retrospective study, and we were confined to ana-
lyzing only patients with available images. The power to
detect differences in our study was also limited by our small
sample size. Nevertheless, our findings lend more weight to
the significant differences we did identify within the limited
sample.
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