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Fetal Cerebral Vascular Response to Maternal Hyperoxia in
Congenital Heart Disease: Effects of Cardiac Physiology

Whitnee J. Hogan, Anita J. Moon-Grady, Yili Zhao, Nicole M. Cresalia, Hythem Nawaytou,
Emilio Quezada, Michael Brook, Patrick McQuillen, Shabnam Peyvandi

The University of California, San Francisco Department of Pediatrics, Division of Pediatric
Cardiology

Abstract

Objectives: Fetal cerebral vascular resistance is influenced by several factors in the setting of
intact autoregulation to allow for normal cerebral blood flow and oxygenation. Maternal hyperoxia
(MH) testing allows for acute alterations in fetal physiology and can be a tool to test cerebral
vascular reactivity in late gestation fetuses. We utilized MH testing to evaluate cerebral vascular
reactivity in fetuses with specific congenital heart disease (CHD).

Methods: This cross-sectional study compares fetuses with complex CHD to controls without
CHD. CHD cases were grouped by physiology: left-sided obstructive lesion (LSOL), right-sided
obstructive lesion (RSOL), and d-transposition of the great arteries (d-TGA). Subjects underwent
MH testing during the 3'd trimester fetal echocardiogram. The pulsatility index (P1) was calculated
for the middle cerebral artery (MCA), umbilical artery (UA) and branch pulmonary artery (PA).
Comparisons were made between each CHD group and the control group at baseline and
following MH.

Results: 60 pregnant women enrolled (CHD, n= 43; Control, n= 17). There were 27 fetuses with
LSOL, 7 with RSOL and 9 with d-TGA. Mean gestational age was 33.9 weeks (95% CI:
33.6-34.2). At baseline, the MCA PI Z-score was lowest in the LSOL group (-1.8, 95% CI: -2.4,
-1.2) compared with the control group (-0.8, 95% CI: -1.3, 0.3). In response to MH, the MCA PI
Z-score increased significantly in the control and d-TGA groups but remained unchanged in the
LSOL group and declined in the RSOL group. The change in MCA PI Z-score was significantly
higher in the control group than the LSOL group (control= 0.9, 95% CI: 0.42, 1.4; LSOL=0.12,
95% ClI: —0.21, 0.45; p= 0.03). This difference was more pronounced in the LSOL subgroup with
retrograde aortic arch flow. In all groups, the PA Pl decreased at the same rate with MH and the
UA PI was unchanged.

Conclusions: The fetal cerebral vascular response to MH varies based on underlying CHD
diagnosis, suggesting that cardiovascular physiology may influence autoregulatory capacities of
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the fetal brain. Further studies are needed to determine clinical implications of these findings on
long-term neurodevelopment in these at-risk children.

Keywords

congenital heart disease; maternal hyperoxia; middle cerebral artery pulsatility index; fetal
cerebrovascular resistance; fetal echocardiogram

Introduction:

Cerebral vascular resistance, or impedance, is influenced by several factors including
perfusion pressure,1-3 metabolic activity,*> carbon dioxide (CO2) 6-8 and oxygen.910 The
ability of the cerebral vasculature to respond to these factors reflects an autoregulatory
function to titrate cerebral blood flow and oxygen delivery to oxygen consumption. Absence
of cerebral autoregulation has been shown to be associated with increased risk of brain
injury in premature neonates and is thus an important component of brain health.1 Fetal
hypoxia, that may occur in intrauterine growth restriction, leads to a decrease in fetal
cerebral vascular resistance, which is thought to be a “brain-sparing” effect to compensate
for decreased oxygen content and maintain adequate oxygen delivery to the brain.12

In the setting of complex congenital heart disease (CHD), abnormal underlying
cardiovascular physiology may also influence cerebral vascular reactivity and overwhelm
autoregulatory mechanisms,13:14 which may contribute to brain immaturity and acquired
brain injury observed in this population.15-17 It remains unclear if compensatory
mechanisms are adequate to maintain normal cerebral blood flow and oxygenation to the
developing fetal brain. Similar to adult human studies, a prenatal provocation test can be
useful to measure fetal cerebral vascular reactivity, which may shed light on the
autoregulatory capacity of the fetal brain in the setting of various fetal disease states.

Brief administration of maternal hyperoxia (MH) is known to cause acute changes in fetal
cardiovascular physiology based on both invasive and non-invasive measures.18:19 Invasive
studies have shown an increase in arterial oxygen content in the umbilical vein while
ultrasound- based studies have shown a decrease in pulmonary vascular resistance and thus
increased pulmonary blood flow, with no change in overall cardiac output. We utilized MH
testing to determine the effects on cardiovascular physiology and specifically cerebral
vascular reactivity in the middle cerebral artery (MCA) in fetuses with varying forms of
CHD and compared them to fetuses without CHD. We hypothesized that fetuses with left
sided obstructive disease would have a different response to MH testing compared with other
CHD sub-types and control fetuses due to a combination of both decreased antegrade
cerebral blood flow and oxygen content to the brain.

Participants and Methods:

This is a cross-sectional study conducted between March 2017-August 2019. Pregnant
mothers with a fetal diagnosis of CHD requiring a neonatal intervention referred to the
University of California San Francisco (UCSF) Fetal Cardiovascular Center were
prospectively recruited to undergo brief MH testing in the third trimester. Exclusion criteria
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consisted of known chromosomal or genetic abnormalities, twin gestation, extra-cardiac
anomalies, growth restriction, significant utero-placental disease such as pre-eclampsia, and
maternal disease. The control group consisted of healthy pregnant women with normal
uteroplacental function, normal fetal cardiovascular anatomy and normal extracardiac
anatomy. These subjects were prospectively recruited from the low-risk obstetric clinic at
UCSF to undergo a voluntary fetal echocardiogram with MH testing in the 3" trimester.
Pregnancies were dated by the last menstrual period and dates confirmed by first trimester
ultrasound. Informed consent was obtained from all mothers. The institutional committee on
human research at UCSF approved this study protocol.

The study group consisted of fetuses with isolated CHD that would require a neonatal
intervention and were sub-divided based on fetal cardiovascular physiology. The categories
consisted of 1) left-sided obstructive lesions (LSOL) which included hypoplastic left heart
syndrome (HLHS), coarctation or interruption of the aortic arch with or without a ventricular
septal defect (VSD) and aortic stenosis, 2) d-Transposition of the great arteries (d-TGA)
with or without a VSD, and 3) right-sided obstructive lesions (RSOL) resulting in either
single or biventricular circulation including only fetuses with pulmonary atresia with or
without a VSD. The LSOL group was further subdivided based on the predominate direction
of flow in the transverse aortic arch (antegrade vs. retrograde). All fetuses with retrograde
flow in the aortic arch had HLHS with aortic atresia. All cardiac lesions were confirmed
after birth.

Fetal echocardiogram study:

All subjects (CHD and control) underwent a complete fetal echocardiogram in the 3"
trimester for research purposes.2? This includes multiple tomographic views of the fetal
heart according to the AIUM 21 and ISUOG guidelines?? as well as color Doppler and
pulsed-wave Doppler examination of the umbilical cord, venous structures, branch
pulmonary artery (PA) and the MCA. Studies were performed on Sequoia S2000 or GE E10
ultrasound systems (Siemens, Mountain View, CA, USA and GE Medical Systems, Zipf
Austria). A three-phased protocol was followed for each subject. After the complete fetal
echocardiogram (baseline phase), mothers were administered 8L/min of oxygen via a non-
rebreather mask at 100% F102 as previously described.192324 After 10 minutes of oxygen
administration, additional images of the fetal heart, including color and pulsed-wave
Doppler of the three circulatory beds of interest for this study: umbilical artery (UA), MCA
and branch pulmonary artery (MH phase). After cessation of oxygen, additional images of
the fetal heart were obtained limited to a qualitative assessment of function and color and
pulsed-wave Doppler of the ductus arteriosus (recovery phase).

The branch PA with the best angle of insonation was sampled (right or left) as it entered the
lung parenchyma with the same side being sampled during the MH phase. The images were
stored digitally in standard DICOM format. A fetal cardiologist (S.P.) and an experienced
fetal sonographer (.Z.) reviewed the echocardiograms. Vascular impedance, expressed as
the pulsatility index (P1) was obtained from the MCA, PA and UA using the following
equation: Pl= (peak systolic velocity — end- diastolic velocity)/time averaged velocity,
averaged over three cardiac cycles. The Pl was calculated at baseline and the MH phase. The
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MCA PI was converted to a Z-score for gestational age based on published normative data.2®
A higher PI denotes higher resistance or vasoconstriction, while a lower PI represents lower
resistance or vasodilation. Combined cardiac output (CCO) was calculated using the
following equation: CO= heart rate x (velocity time integral x valve area) at baseline and
MH phase. The value was indexed to estimated fetal weight. Aortic and pulmonic valve
annulus measurements were obtained by measuring from inner edge to inner edge at end-
systole. Aortic and pulmonic velocity time integrals were planimetered and averaged over
three cardiac cycles.

Statistical Analysis:

Results:

Characteristics of the four study groups (control, LSOL, RSOL, d-TGA) were compared
using ANOVA including baseline PI values. Within each group, a paired t-test was
performed to assess the change in Pl from baseline to MH. The primary comparison measure
was the change in Pl from baseline to MH between each CHD group and the control group
using unadjusted linear regression. A multi-variable analysis was then performed to compare
the change in MCA PI between each CHD group and the control group adjusting for
baseline MCA PI. This was performed a priori due to prior literature demonstrating a
significant relationship between baseline MCA PI and change with MH in fetuses with
HLHS.23 A sub-analysis was performed comparing those with antegrade or retrograde flow
in the aortic arch (among the LSOL group) to controls. Finally, given that each subject had
two measurements for the MCA PI (baseline and MH), a repeated measures analysis was
performed using generalized estimating equations adjusting for baseline MCA PI to compare
the magnitude of change in MCA PI between each CHD group and the control group. P-
values < 0.05 were considered statistically significant. All analyses were performed with
STATA version 14.2 (Stata Statistical Software: Release 14, College Station, TX: Stat Corp
LP).

During the study period a total of 60 pregnant women participated in the study (CHD, n= 43;
Control, n=17). In the CHD group 27 subjects had LSOL, 7 subjects had RSOL and 9
subjects had d-TGA. The specific CHD diagnoses included in this study are described in the
supplemental table. Table 1 lists the demographic data by study group. The mean gestational
age for all participants at the time of the fetal echocardiogram was 33.9 weeks (95% ClI:
33.6-34.2). There was no significant difference in gestational age (p= 0.83) or estimated fetal
weight (p= 0.18) at the time of the fetal echocardiogram among the four groups.

Table 2 lists the mean PI for the MCA, UA and branch PA at baseline and during the MH
phase as well as the change in PI. Compared with the control group (mean MCA Pl Z-score
= -8, 95% CI: -1.3, -0.3), the baseline MCA PI1 Z-score was significantly lower in the
LSOL group (mean MCA Pl Z-score = -1.8, 95% CI: —2.4, -1.2; p= 0.01). The MCA PI Z-
score increased significantly with MH in the control and d-TGA groups while it remained
unchanged in the LSOL and RSOL groups. When comparing between groups, the change in
MCA PI1 Z-score was significantly higher in the control group compared with the LSOL
group (Control= 0.9, 95% CI: 0.42, 1.4; LSOL=0.12, 95% CI: —0.21, 0.45; p=0.03).
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Similarly, the change in MCA PI1 Z-score was significantly different between the control and
RSOL groups (control = 0.9, 95% CTO.42, 1.4; RSOL= -0.7, 95% CI: -2.1, 0.75, p=
0.002). The baseline PI in the branch PA (i.e. pulmonary vascular resistance) was similar
among the four study groups as was the reactivity in response to MH. Among all four
groups, the branch PA PI decreased significantly with MH at the same rate (Table 2). The
UA PI was similar at baseline for all four study groups with no significant change noted in
response to MH in any of the groups.

After adjusting for MCA PI Z-score at baseline, the change in MCA PI Z-score remained
significantly different in the LSOL and RSOL group compared with controls. In particular,
the absolute change in the LSOL group was 1.2 points lower (95% ClI: -1.8, —0.6) compared
with the control group (p< 0.001), while the absolute change in the RSOL group was 1.6
points lower (95% CI: —2.4, —0.74) compared with the control group (p< 0.001). To assess
the magnitude of change in the MCA PI Z-score from the baseline to MH phase, a repeated
measures analysis was performed for each group after adjusting for baseline MCA PI Z-
score. Figure 1 depicts the change in MCA PI1 Z-score from baseline to MH. The degree of
increase in MCA PI Z-score was significantly greater in the control group compared with the
LSOL group (74.2% increase in the difference from baseline to MH, 95% CI: 0.18, 1.3, p=
0.01). The direction of change in the RSOL group was the opposite of the control group with
a 60% decline in MCA PI Z-score from baseline to MH compared with controls (95% ClI:
-3.0, 0.2, p=0.025). One subject in the RSOL group had heterotaxy with single ventricle
anatomy, pulmonary atresia and infradiaphragmatic total anomalous pulmonary venous
connections (TAPVC). Given that the response to MH may vary in the presence of TAPVC,
we repeated the analysis by excluding this subject from the RSOL group and our results
remained unchanged. In particular, the absolute change in the MCA PI z-score was 1.9
points (95% CI: —2.9, —0.1) lower compared with the control group (p< 0.001).

Among the LSOL group, 12 subjects had antegrade flow in the aortic arch while 15 subjects
had retrograde flow. Within these groups, the MCA PI Z-score did not change among those
with retrograde flow but did increase significantly in the group with antegrade flow similar
to the control group (Table 3). Compared to the control group, the change in MCA PI Z-
score was 1.6 points lower (95% CI: —2.2, —1.0) in the LSOL subgroup with retrograde flow
(p < 0.001) after adjusting for baseline MCA PI Z-score. Similarly, the magnitude of change
in MCA P1 Z-score was significantly less in the LSOL subgroup with retrograde flow in the
aorta as compared to the control group (Figure 2).

The pulmonary, aortic and combined cardiac outputs at baseline and with MH are listed in
Table 4. Although not reaching statistical significance, the indexed combined cardiac output
was lowest in the LSOL subgroup with retrograde aortic arch flow compared to controls
(LSOL-retrograde= 342.9 cc/kg/min (95% CI: 281.3-404.6) vs. Controls= 423.2 cc/kg/min
(95% CI: 281.3-404.6), p= 0.06). No significant difference was noted in indexed combined
cardiac output or in the pulmonary and aortic output as a percentage of the combined cardiac
output from baseline to MH for each group.

Ultrasound Obstet Gynecol. Author manuscript; available in PMC 2022 May 01.
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Discussion:

In this cross-sectional study, we demonstrate that the underlying structural anatomy and
cardiovascular physiology play an important role in the cerebral vascular response to MH in
the late gestation human fetus. In particular, fetuses with LSOL had very little cerebral
vasoconstriction to maternal oxygen compared with controls, while fetuses with RSOL had a
paradoxical response with evidence of vasodilation. These findings provide insight into the
regulatory capacities of the fetal brain using brief oxygen administration to the mother as a
tool to acutely alter physiology.

In the fetus without structural heart disease, chronic hypoxia as seen in fetal growth
restriction (FGR) leads to development of the “brain-sparing” effect, characterized by low
cerebral vascular resistance in the MCAZ6 with high resistance in the UA. Brain-sparing
pattern on Doppler interrogation has been shown to correlate directly with low umbilical
venous PaO2 sampled immediately before delivery, 12 suggesting a direct link between low
aortic PaO2 and decreased cerebral resistance. Consistent with our findings, fetuses with
LSOL are known to exhibit similar MCA patterns with decreased cerebral vascular
resistance compared to normal fetuses.13-14 In both FGR and LSOL, decreased MCA
pulsatility is thought to be a compensatory or auto-regulatory mechanism to maintain
adequate cerebral oxygen delivery—allowing an increase in flow to compensate for the
lower oxygen content. Though cerebral autoregulation has been shown to be intact in the late
gestation lamb, 27 it remains challenging to determine the autoregulatory capacity of the
human fetal brain using non-invasive tools, such as estimating resistance within the MCA by
measuring the PI at a single timepoint. By direct sampling of human umbilical cord blood, it
has been shown that maternal administration of oxygen can increase human fetal oxygen
partial pressure.28:2% Though administration of oxygen to mothers may also lead to
decreased maternal pCO2, these changes are minimal and do not appear to transmit to the
fetus. 30 Thus, the effects of MH appear to be related primarily to increasing circulating fetal
oxygen tension. Temporarily manipulating the fetal blood oxygen content to raise the Pa02
of blood perfusing the brain may be expected to lead to cerebral vasoconstriction, and may
thus give insight into the autoregulatory capacity in the brain of the CHD fetus.

In the present study, fetuses with LSOL and retrograde flow in the aortic arch had the least
response to acute MH testing in the MCA Pl compared with controls. Our study
demonstrates that overall baseline cardiac output is lower in these fetuses as has been
observed in fetal cardiac MRI studies.3! In addition, fetuses with retrograde flow in the
aortic arch lack the normal perfusion pressure or pulsatility to the brain provided by a
ventricle, all of which can influence baseline cerebral vascular resistance and reactivity to
oxygen. The lack of response to MH seen in this subgroup may be a result of low baseline
cardiac output and reduced pulsatility resulting in a chronic state of maximal or near-
maximal cerebral vasodilation in addition to decreased oxygen content. In this state, oxygen
induced vasoconstriction (or autoregulatory capacity) is overwhelmed by the effects of
changes in pressure rather than oxygen. In contrast, fetuses with normal cardiac output,
pulsatility and perfusion pressure such as d-TGA32 and controls, exhibit the normal response
to oxygen in the MCA (i.e. vasoconstriction as noted by an increase in MCA PI). However,
there is likely significant variability within the HLHS group as some may have adapted to a
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chronic hypoxic and low output state with changes in cerebral oxygen consumption. A
recent study utilizing acute MH testing among fetuses with HLHS found that baseline MCA
P1 strongly influences cerebral vascular reactivity to oxygen?3 and that some fetuses with
HLHS can exhibit the normal response to oxygen (i.e. vasoconstriction with an increase in
MCA PI), though there was a wide spectrum of HLHS variants and gestational age in the
cohort studied.

Decreased cerebral vascular resistance with MH in the RSOL group was an unexpected
finding but may have a physiologic explanation. In fetuses with RSOL, fetal
echocardiographic studies demonstrate a lower than normal pulmonary vascular resistance,
likely related to increased oxygen content of blood reaching the lungs.33 Increased fetal
circulating oxygen tension during MH testing may further decrease pulmonary vascular
resistance, which leads to increased retrograde ductal shunting and a resulting steal
phenomenon from the cerebral vasculature. This may be more pronounced in RSOL as
compared to d-TGA given the lower baseline cardiac output in the RSOL group, particularly
in fetuses with single ventricle anatomy. The decline in cerebral vascular resistance in this
group may reflect a compensatory mechanism to maintain a normal degree of cerebral blood
flow and suggests intact cerebral autoregulation.

Cerebral autoregulation in early neonatal life has been studied in the premature population.
Utilizing a combination of blood pressure and cerebral saturations with near-infrared
spectroscopy (NIRS) has allowed clinicians to non-invasively measure cerebral
autoregulation at the bedside.! These tools have led to several studies identifying an
association between abnormal cerebral autoregulation and different forms of brain injury in
the preterm population, such as intraventricular hemorrhage and white matter injury
secondary to a cycle of ischemia and reperfusion.11:34 Recent studies utilizing similar
techniques in full-term newborns with CHD have suggested absence of cerebral
autoregulation in this population as well.3® Furthermore, full-term newborns with CHD are
known to have similar patterns of brain injury as premature newborns, namely white matter
injury, even before undergoing cardiac surgery.17:36

Our study has some limitations. First, calculating cardiac output in a fetus by
echocardiography is challenging and is open to measurement error due to the nature of the
measurements and small structures. Second, pathologic studies of the placenta in the setting
of severe CHD have revealed vascular and morphologic abnormalities3”-38, These issues can
theoretically affect placental delivery of oxygen and influence our findings. Finally, although
this is the largest study evaluating fetal cerebral vascular response to maternal hyperoxia in
different types of CHD, the sample size in each cardiac group remains small, limiting our
ability to translate these findings into the clinical setting. However, our study contributes to
the growing body of literature in utilizing non-invasive measures to elucidate the
characteristics of the cerebral vasculature in the fetus with CHD. Taken together, our
findings begin to explore the possibility of abnormal cerebral autoregulation beginning in the
3" trimester of gestation in fetuses with CHD, particularly those with HLHS and retrograde
flow in the aortic arch.
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Future studies by our group will involve testing the association of our findings with postnatal
neurologic findings, specifically the risk of postnatal brain injury. Further validating oxygen
as a non-invasive tool to provide insight into cerebral adaptation and autoregulation in the
late gestation fetus with CHD will allow for a more personalized approach to management in
the delivery room and pre-operative period in order to minimize adverse neurologic sequalae
and ultimately improve neurodevelopmental outcomes in this patient population.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgements:

The authors would like to thank Dr. Abraham Rudolph for his expertise, advice and input during the design, data
analysis and interpretation of the findings in this study.

Funding Source: Dr. Peyvandi is funded by K23 NS099422 from the National Institute of Health

References:

1. Tan CO, Taylor JA. Integrative physiological and computational approaches to understand
autonomic control of cerebral autoregulation. Exp Physiol. 2014;99(1):3-15. doi: 10.1113/
expphysiol.2013.072355. [PubMed: 24097158]

2. Smirl JD, Tzeng YC, Monteleone BJ, Ainslie PN. Influence of cerebrovascular resistance on the
dynamic relationship between blood pressure and cerebral blood flow in humans. J Appl Physiol.
2014;116(12): 1614-1622. doi: 10.1152/japplphysiol.01266.2013. [PubMed: 24744385]

3. Tzeng Y-C, Ainslie PN. Blood pressure regulation 1X: cerebral autoregulation under blood pressure
challenges. Eur J Appl Physiol. 2014;114(3):545-559. doi:10.1007/s00421-013-2667-y. [PubMed:
23737006]

4. Attwell D, Buchan AM, Charpak S, Lauritzen M, Macvicar BA, Newman EA. Glial and neuronal
control of brain blood flow. Nature. 2010;468(7321):232—-243. doi: 10.1038/nature09613. [PubMed:
21068832]

5. Phillips AA, Chan FH, Zheng MMZ, Krassioukov AV, Ainslie PN. Neurovascular coupling in
humans: Physiology, methodological advances and clinical implications. J Cereb Blood Flow
Metab. 2016;36(4):647-664. doi:10.1177/0271678X15617954. [PubMed: 26661243]

6. Vesely A, Sasano H, Volgyesi G, Somogyi R, Tesler J, Fedorko L, Grynspan J, Crawley A, Fisher
JA, Mikulis D. MRI mapping of cerebrovascular reactivity using square wave changes in end-tidal
PCO2. Magn Reson Med. 2001;45(6): 1011-1013. doi:10.1002/mrm.1134. [PubMed: 11378878]

7. Regan RE, Fisher JA, Duffin J. Factors affecting the determination of cerebrovascular reactivity.
Brain Behav. 2014;4(5):775-788. doi:10.1002/brb3.275. [PubMed: 25328852]

8. Duffin J, Sobczyk O, McKetton L, Crawley A, Poublanc J, Venkatraghavan L, Sam K, Mutch WA,
Mikulis D, Fisher JA. Cerebrovascular Resistance: The Basis of Cerebrovascular Reactivity. Front
Neurosci. 2018;12:409. doi:10.3389/fnins.2018.00409. [PubMed: 29973862]

9. Masamoto K, Tanishita K. Oxygen transport in brain tissue. J Biomech Eng. 2009;131(7):074002.
d0i:10.1115/1.3184694. [PubMed: 19640134]

10. Johnston AJ, Steiner LA, Gupta AK, Menon DK. Cerebral oxygen vasoreactivity and cerebral
tissue oxygen reactivity. Br J Anaesth. 2003;90(6):774-786. doi:10.1093/bja/aeg104. [PubMed:
12765894]

11. Vesoulis ZA, Mathur AM. Cerebral Autoregulation, Brain Injury, and the Transitioning Premature
Infant. Front Pediatr. 2017;5(3):64. doi:10.3389/fped.2017.00064. [PubMed: 28421173]

12. Akalin-Sel T, Nicolaides KH, Peacock J, Campbell S. Doppler dynamics and their complex
interrelation with fetal oxygen pressure, carbon dioxide pressure, and pH in growth-retarded
fetuses. Obstet Gynecol. 1994;84(3):439-444. [PubMed: 8058245]

Ultrasound Obstet Gynecol. Author manuscript; available in PMC 2022 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hogan et al.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Page 9

Donofrio MT, Bremer YA, Schieken RM, Gennings C, Morton LD, Eidem BW, Cetta F,
Falkensammer CB, Huhta JC, Kleinman CS. Autoregulation of cerebral blood flow in fetuses with
congenital heart disease: the brain sparing effect. Pediatric Cardiology. 2003;24(5):436-443.
doi:10.1007/s00246-002-0404-0. [PubMed: 14627309]

Kaltman JR, Di H, Tian Z, Rychik J. Impact of congenital heart disease on cerebrovascular blood
flow dynamics in the fetus. Ultrasound Obstet Gynecol. 2005;25(1):32-36. doi:10.1002/uog.1785.
[PubMed: 15593334]

Limperopoulos C, Tworetzky W, McElhinney DB, Newburger JW, Brown DW, Robertson RL,
Guizard N, McGrath E, Geva J, Annese D, Dunbar-Masterson C, Trainor B, Laussen PC, Plessis
du AJ. Brain volume and metabolism in fetuses with congenital heart disease: evaluation with
quantitative magnetic resonance imaging and spectroscopy. Circulation. 2010;121(1):26-33.
doi:10.1161/CIRCULATIONAHA.109.865568. [PubMed: 20026783]

Miller SP, McQuillen PS, Hamrick S, Xu D, Glidden DV, Charlton N, Karl T, Azakie A, Ferriero
DM, Barkovich AJ, Vigneron DB. Abnormal brain development in newborns with congenital heart
disease. N Engl J Med. 2007;357(19): 1928-1938. doi:10.1056/NEJM0a067393. [PubMed:
17989385]

McQuillen PS, Barkovich AJ, Hamrick SEG, Perez M, Ward P, Glidden DV, Azakie A, Karl T,
Miller SP. Temporal and anatomic risk profile of brain injury with neonatal repair of congenital
heart defects. Stroke. 2007;38(2 Suppl):736-741. d0i:10.1161/01.STR.0000247941.41234.90.
[PubMed: 17261728]

Nicolaides KH, Soothill PW, Rodeck CH, Campbell S. Ultrasound-guided sampling of umbilical
cord and placental blood to assess fetal wellbeing. The Lancet. 1986;1(8489): 1065-1067.
Rasanen J, Wood DC, Debbs RH, Cohen J, Weiner S, Huhta JC. Reactivity of the human fetal
pulmonary circulation to maternal hyperoxygenation increases during the second half of
pregnancy: a randomized study. Circulation. 1998;97(3):257-262. [PubMed: 9462527]

Donofrio MT, Moon-Grady AJ, Hornberger LK, Copel JA, Sklansky MS, Abuhamad A, Cuneo BF,
Huhta JC, Jonas RA, Krishnan A, Lacey S, Lee W, Michelfelder EC, Rempel GR, Silverman NH,
Spray TL, Strasburger JF, Tworetzky W, Rychik J, American Heart Association Adults With
Congenital Heart Disease Joint Committee of the Council on Cardiovascular Disease in the Young
and Council on Clinical Cardiology, Council on Cardiovascular Surgery and Anesthesia, and
Council on Cardiovascular and Stroke Nursing. Diagnosis and treatment of fetal cardiac disease: a
scientific statement from the American Heart Association. Circulation. 2014;129(21):2183-2242.
doi:10.1161/01.cir.0000437597.44550.5d. [PubMed: 24763516]

AIUM. AIUM Practice Guideline for the Performance of Fetal Echocardiography. J Ultrasound
Med. 2013;32(6):1067-1082. doi:10.7863/ultra.32.6.1067. [PubMed: 23716531]

Lee W, Allan L, Carvalho JS, Chaoui R, Copel J, Devore G, Hecher K, Munoz H, Nelson T,
Paladini D, Yagel S, for the ISUOG Fetal Echocardiography Task Force. ISUOG consensus
statement: what constitutes a fetal echocardiogram? Ultrasound Obstet Gynecol. 2008;32(2):239-
242. doi:10.1002/u0g.6115. [PubMed: 18663769]

Szwast A, Putt M, Gaynor JW, Licht DJ, Rychik J. Cerebrovascular response to maternal
hyperoxygenation in fetuses with hypoplastic left heart syndrome depends on gestational age and
baseline cerebrovascular resistance. Ultrasound Obstet Gynecol. 2018;52(4):473-478.
d0i:10.1002/u0g.18919. [PubMed: 28976608]

Szwast A, Tian Z, McCann M, Donaghue D, Rychik J. Vasoreactive response to maternal
hyperoxygenation in the fetus with hypoplastic left heart syndrome. Circulation: Cardiovascular
Imaging. 2010;3(2):172-178. doi:10.1161/CIRCIMAGING.109.848432. [PubMed: 20044513]
Ebbing C, Rasmussen S, Kiserud T. Middle cerebral artery blood flow velocities and pulsatility
index and the cerebroplacental pulsatility ratio: longitudinal reference ranges and terms for serial
measurements. Ultrasound Obstet Gynecol. 2007;30(3):287-296. doi:10.1002/uog.4088.
[PubMed: 17721916]

Turan OM, Turan S, Gungor S, Berg C, Moyano D, Gembruch U, Nicolaides KH, Harman CR,
Baschat AA. Progression of Doppler abnormalities in intrauterine growth restriction. Ultrasound
Obstet Gynecol. 2008;32(2):160-167. doi:10.1002/uog.5386. [PubMed: 18634130]

Ultrasound Obstet Gynecol. Author manuscript; available in PMC 2022 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hogan et al.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Page 10

Rudolph AM. Impaired cerebral development in fetuses with congenital cardiovascular
malformations: Is it the result of inadequate glucose supply? Pediatr Res. 2016;80(2):172-177.
doi:10.1038/pr.2016.65. [PubMed: 27055190]

Nicolaides KH, Campbell S, Bradley RJ, Bilardo CM, Soothill PW, Gibb D. Maternal oxygen
therapy for intrauterine growth retardation. The Lancet. 1987;1(8539):942-945.

Almstrom H, Sonesson SE. Doppler echocardiographic assessment of fetal blood flow
redistribution during maternal hyperoxygenation. Ultrasound Obstet Gynecol. 1996;8(4):256—261.
d0i:10.1046/j.1469-0705.1996.08040256.x. [PubMed: 8916379]

Simchen MJ, Tesler J, Azami T, Preiss D, Fedorko L, Goldszmidz E, Fisher J, Kingdom J, Slorach
C, Hornberger LK. Effects of maternal hyperoxia with and without normocapnia in uteroplacental
and fetal Doppler studies. Ultrasound Obstet Gynecol. 2005;26(5):495-499. doi:10.1002/
u0g.1995. [PubMed: 16180259]

Sun L, Macgowan CK, Sled JG, Yoo S-J, Manlhiot C, Porayette P, Grosse-Wortmann L, Jaeggi E,
McCrindle BW, Kingdom J, Hickey E, Miller S, Seed M. Reduced fetal cerebral oxygen
consumption is associated with smaller brain size in fetuses with congenital heart disease.
Circulation. 2015;131(15):1313-1323. d0i:10.1161/CIRCULATIONAHA.114.013051. [PubMed:
25762062]

Godfrey ME, Friedman KG, Drogosz M, Rudolph AM, Tworetzky W. Cardiac output and blood
flow redistribution in the fetus with D-loop transposition of the great arteries and intact ventricular
septum: insights into the pathophysiology. Ultrasound Obstet Gynecol. 11 2016. doi:10.1002/
uog.17370.

Peyvandi S, Rychik J, McCann M, Soffer D, Tian Z, Szwast A. Pulmonary blood flow patterns in
fetuses with pulmonary outflow tract obstruction. Ultrasound Obstet Gynecol. 4 2013.
d0i:10.1002/u0g.12472.

Vesoulis ZA, Liao SM, Mathur AM. Gestational age-dependent relationship between cerebral
oxygen extraction and blood pressure. Pediatr Res. 2017;82(6):934-939. doi:10.1038/pr.2017.196.
[PubMed: 28902182]

\Votava-Smith JK, Statile CJ, Taylor MD, King EC, Pratt JM, Nelson DP, Michelfelder EC.
Impaired cerebral autoregulation in preoperative newborn infants with congenital heart disease. J
Thorac Cardiovasc Surg. 2017;154(3): 1038-1044. doi:10.1016/j.jtcvs.2017.05.045. [PubMed:
28634025]

MD SP, MD VC, PhD TG, PhD DX, MAS HCGM, MHSc ASM, MDCM KP, MD AJB, MAS
SPMM, MD PSM. Neonatal Brain Injury and Timing of Neurodevelopmental Assessment in
Patients With Congenital Heart Disease. JAC. 2018;71(18): 1986-1996. doi:10.1016/
j.jacc.2018.02.068.

Rychik J, Goff D, McKay E, Mott A, Tian Z, Licht DJ, Gaynor JW. Characterization of the
Placenta in the Newborn with Congenital Heart Disease: Distinctions Based on Type of Cardiac
Malformation. Pediatric Cardiology. 2018;39(6):1165-1171. do0i:10.1007/500246-018-1876-X.
[PubMed: 29728721]

Schlatterer SD, Murnick J, Jacobs M, White L, Donofrio MT, Limperopoulos C. Placental
Pathology and Neuroimaging Correlates in Neonates with Congenital Heart Disease. Sci Rep.
2019;9(1):4137. doi:10.1038/541598-019-40894-y. [PubMed: 30858514]

Ultrasound Obstet Gynecol. Author manuscript; available in PMC 2022 May 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Hogan et al.

Page 11

What are the novel findings of this work?

Our findings reveal that underlying cardiovascular physiology leads to varying cerebral
vascular response to maternal hyperoxia and that there are impairments in cerebral
autoregulation in certain congenital heart disease groups.

What are the clinical implications of this work?

Given the recent interest in studying maternal hyperoxia as a therapeutic tool to optimize
brain development in fetuses with CHD, our findings provide important physiologic data
that should be incorporated in future clinical trials.

Ultrasound Obstet Gynecol. Author manuscript; available in PMC 2022 May 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Hogan et al.

Page 12

N °
: ‘
0] — i
Q —
3 cal
Ny 4
o
< | !
= ® H
ﬂl' -
&
(.p -
Baseline MH
Condition
° Control
o LSOL
° — RSOL
° d-TGA
Figure 1.

Middle cerebral artery (MCA) pulsatility index (PI) Z-score at baseline and after maternal
hyperoxia (MH) by study group. Fetuses with Left-sided obstructive lesions (LSOLgreen
line) had the least response to maternal hyperoxia compared with the control group (red
line). The absolute change in MCA PI was 1.2 points lower (95% CI: -1.8, —0.6) in the
LSOL group compared with the control group after adjusting for baseline MCA P1 (p<
0.001). RSOL= right-sided obstructive lesion; d-TGA= d- transposition of the great arteries.
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Figure 2.

Middle cerebral artery (MCA) pulsatility index (P1) Z-score at baseline and after maternal
hyperoxia (MH) by direction of flow in the aortic arch among fetuses with left sided
obstructive lesions (LSOL) compared with control fetuses. Fetuses with retrograde flow in
the aortic arch (green line) had the least response to maternal hyperoxia compared to normal
fetuses (red line). The change in MCA PI Z-score was 1.6 points lower (95% CI: 2.2, -1.0)
in the LSOL -retrograde group compared with the control group after adjusting for baseline
MCA PI (p < 0.001).
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Table 1.

Baseline demographics by cardiac group (total N= 60)

Page 14

LSOL RSOL d-TGA Control
(pulmonary
atresia)
N (%) 27 (45%) 7 (11.7%) 9 (15%) 17 (28.3%)

GA at fetal echo *Mean, 95% CI

33.9 (33.4-34.4)

335 (32.0-34.9)

34.2 (33.3-35.1)

33.8(33.5-34.3)

EFW (kg) “Mean, 95% ClI

2298.1 (2119.7-2476.5)

2006.2 (1599.9-2412.5)

2465 (2175.0-2754.9)

2341.5 (2129.1-2491.8)

Transverse aortic arch Flow NA NA NA
Antegrade, N (%) 12 (44.4%)
Retrograde, N (%) 15 (55.6%)

*
Gestational age (GA), mean (95% CI) and birthweight, mean (95%Cl) were not significantly different between groups by one-way ANOVA (p=

0.83).

LSOL: left-sided obstructive lesion; RSOL= right-sided obstructive lesion; d-TGA= d- transposition of the great arteries; EFW= estimated fetal
weight. For listing of individual lesions, see Supplement

Ultrasound Obstet Gynecol. Author manuscript; available in PMC 2022 May 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Hogan et al.

Cerebral, pulmonary and placental pulsatility indices at baseline and with maternal hyperoxia

Table 2.

LSOL (n=27) RSOL (n=7) d-TGA (n=9) Control (n=17)

Mean MCA PI1 Z-score

Baseline -18(-2.4,-1.2) | -0.75(-16,0.12) | -1.1(-1.7,-051) | -0.8(-1.3,-0.3)

MH -16(-22,-1.1) | -1.4(-2.5,-037) | 0.18(-0.41,0.76) | 0.13(-0.27, 0.54)

Change 012(-021,045) | -07(-21,0.75) | 13(060,20)* | 09042 1.4)*
Mean PA PI

Baseline 3.9 (3.6-4.1) 3.7(33-4.1) 35(3.2-38) 34(3.1-38)

MH 33(29-36) 3.2(2.8-35) 2.7 (2.4-3.0) 2.8 (2.6-3.0)

Change -0.7 (-0.9,-0.4)" | -0.8(-13,-03)" | -0.8(-11,-05)" [ 0.7 (-0.9,-0.4)"
Mean UA PI

Baseline 1.0 (0.9-1.1) 1.2 (0.91-1.4) 0.9 (0.8-1.1) 0.8 (0.7-0.90)

MH 1.1(1.0-12) 1.1(0.78-1.3) 1.0(0.9-1.2) 1.5 (0.3-2.6)

Change 0.05(-0.03,02) [ -0.2(-05,007) | 0.1(-0.08,028) | 0.6(-05, 18)

Change in PI was significantly different from baseline to MH by paired t-test (p< 0.05). All values are mean (95% CI).

LSOL-= left sided obstructive lesion; RSOL= right sided obstructive lesion; d-TGA= d- transposition of the great arteries; MCA= middle cerebral

artery; PI= pulsatility index; MH= maternal hyperoxia; PA= pulmonary artery; UA= umbilical artery
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Table 3.

Cerebral, pulmonary and placental pulsatility indices at baseline and with MH by direction of flow in
transverse aorta compared with control

LSOL LSOL Control
(Antegrade flow; n= | (Retrograde flow; n= (n=17)
12) 15)
Mean MCA PI Z-score
Baseline -12(-2.2,-0.1) -2.2(-2.9,-15) -0.8(-1.3,-0.3)
MH -0.7 (-1.3, 0.003) -2.3(-2.6,-1.7) 0.13(-0.3-0.5)
Change 0.5 (-0.04, 1.0) -0.1(-0.5,0.3) 0.9 (0.4-1.4) *

*
Change in PI was significantly different from baseline to MH by paired t-test (p< 0.05). All values are mean (95% Cl).

LSOL= left sided obstructive lesion; MCA= middle cerebral artery; Pl= pulsatility index; MH= maternal hyperoxia
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