
Journal of the American Heart Association

J Am Heart Assoc. 2021;10:e018777. DOI: 10.1161/JAHA.120.018777� 1

 

ORIGINAL RESEARCH

Fetal Cerebral Oxygenation Is Impaired 
in Congenital Heart Disease and Shows 
Variable Response to Maternal Hyperoxia
Shabnam Peyvandi, MD MAS ; Duan Xu, PhD; Yan Wang, PhD; Whitnee Hogan, MD; Anita Moon-Grady , MD; 
A. James Barkovich, MD; Orit Glenn, MD; Patrick McQuillen , MD; Jing Liu, PhD

BACKGROUND: Impairments in fetal oxygen delivery have been implicated in brain dysmaturation seen in congenital heart 
disease (CHD), suggesting a role for in utero transplacental oxygen therapy. We applied a novel imaging tool to quantify fetal 
cerebral oxygenation by measuring T2* decay. We compared T2* in fetuses with CHD with controls with a focus on car-
diovascular physiologies (transposition or left-sided obstruction) and described the effect of brief administration of maternal 
hyperoxia on T2* decay.

METHODS AND RESULTS: This is a prospective study performed on pregnant mothers with a prenatal diagnosis of CHD com-
pared with controls in the third trimester. Participants underwent a fetal brain magnetic resonance imaging scan including 
a T2* sequence before and after maternal hyperoxia. Comparisons were made between control and CHD fetuses including 
subgroup analyses by cardiac physiology. Forty-four mothers (CHD=24, control=20) participated. Fetuses with CHD had lower 
total brain volume (238.2 mm3, 95% CI, 224.6–251.9) compared with controls (262.4 mm3, 95% CI, 245.0–279.8, P=0.04). 
T2* decay time was faster in CHD compared with controls (beta=−14.4, 95% CI, −23.3 to −5.6, P=0.002). The magnitude of 
change in T2* with maternal hyperoxia was higher in fetuses with transposition compared with controls (increase of 8.4 ms, 
95% CI, 0.5–14.3, P=0.01), though between-subject variability was noted.

CONCLUSIONS: Cerebral tissue oxygenation is lower in fetuses with complex CHD. There was variability in the response to 
maternal hyperoxia by CHD subgroup that can be tested in future larger studies. Cardiovascular physiology is critical when 
designing neuroprotective clinical trials in the fetus with CHD.
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Multiple lines of evidence support the fact that 
brain development is delayed in the context of 
complex congenital heart disease (CHD) and 

that this delay originates in utero.1,2 Brain immaturity is 
thought to be one of the contributors to acquired brain 
injury after birth,3 which has been associated with im-
paired motor outcomes in infancy.4 The cause of brain 
immaturity in utero is currently under investigation, with 
reports suggesting impaired oxygen delivery as the 
main driver, though many of these studies are limited to 
animal models5 or human studies with heterogeneous 

groups of fetuses with varying types of CHD.6 This 
has led to the hypothesis that supplemental oxygen 
administration to the fetus via transplacental passage 
may be beneficial for brain health and in utero growth. 
Administration of oxygen to the pregnant mother in late 
gestation has been shown to increase the partial pres-
sure of oxygen in the fetus in both invasive and non-
invasive studies.7,8 However, proof of concept studies 
to test the influence of supplemental oxygen on the 
fetal brain using quantitative imaging techniques are 
lacking.
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Deoxygenated hemoglobin is paramagnetic and 
will cause local dephasing of protons, reducing the tis-
sue signals measured in magnetic resonance imaging 
(MRI). MRI T2* relaxation, which is the decay of trans-
verse magnetization caused by spin-spin relaxation 
and local field inhomogeneities, can be derived from 
the signal changes (ie, T2* decay time) for quantitatively 
assessing the tissue oxygenation level in an imaging 
voxel.9,10 T2* MRI has been widely explored in humans 
for different clinical applications, such as functional, 
susceptibility-weighted, perfusion, and iron-deposition 
MRI, including studies focused on the brain.11-13 This 
technique has also been applied to image the human 
fetal brain, providing estimates for fetal cerebral tissue 
oxygenation in normal fetuses.14 Preliminary reports of 
T2* MRI in the fetus with CHD demonstrate decreased 
cerebral oxygenation compared with controls (ie, faster 
rate of T2* signal decay), though these studies were 
limited by small sample size and high rates of imag-
ing and motion artifact, thereby prohibiting subgroup 
analyses.15

In this study we have developed a novel imag-
ing tool to achieve reliable and efficient whole fetal 
brain oxygenation assessment based on quantitative 
T2* measurements. The primary aim for this study 
was to compare T2* values in late gestation fetuses 
with CHD with those of controls, focusing on unique 

cardiovascular physiologies. We also sought to deter-
mine whether T2* values, as a measure of blood ox-
ygenation in the fetal brain, are associated with brain 
maturity. Additionally, we sought to describe the effect 
of brief administration of maternal hyperoxia (MH) on 
T2* values for control and CHD fetuses.

METHODS
Participants
The data that support the findings of this study are 
available from the corresponding author upon reason-
able request. This is a prospective study conducted 
between June 2017 and December 2019. Pregnant 
mothers with a prenatal diagnosis of CHD requiring 
a neonatal intervention referred to the University of 
California San Francisco Fetal Cardiovascular Program 
were recruited to undergo a fetal brain MRI with brief 
administration of MH in the third trimester. The control 
group consisted of healthy pregnant women with nor-
mal fetal cardiovascular anatomy. These subjects were 
recruited from the low-risk obstetric clinic at University 
of California San Francisco to undergo a voluntary fetal 
echocardiogram and fetal brain MRI with MH test-
ing in the third trimester. Exclusion criteria consisted 
of prenatally diagnosed genetic or extracardiac ab-
normalities, twin gestation, growth restriction, or sig-
nificant uteroplacental disease such as preeclampsia 
and maternal disease. Pregnancies were dated by last 
menstrual period and dates confirmed were by first 
trimester ultrasound. A detailed fetal echocardiogram 
was performed in the third trimester for both groups 
using standard clinical protocols.16,17 Informed consent 
was obtained from all mothers. The institutional review 
board on human research at University of California 
San Francisco approved this study protocol. Detailed 
clinical maternal, fetal, and neonatal data were col-
lected from both groups and all cardiac defects were 
confirmed after birth. Neonatal hemoglobin levels in 
the first 12 hours were recorded for the CHD groups 
but is not the routine practice for normal newborns.

MH Protocol
Subjects (mothers) underwent 2 components of imag-
ing: baseline and during MH for both the MRI and fetal 
echocardiogram. Both a clinical routine MR protocol 
and a research imaging sequence (3D multi-echo gra-
dient echo acquisition) for a T2* measurement of the 
fetal brain were performed at baseline with mothers 
breathing ambient air. Then mothers were adminis-
tered 8 L/min of oxygen via a nonrebreather mask at 
100% Fio2 for 5 minutes as previously described,8,18,19 
followed by the repeated research imaging sequence 
to measure T2* values of the fetal brain during MH. 
The results from MH during the fetal echocardiogram 

CLINICAL PERSPECTIVE

What Is New?
•	 Cerebral oxygenation is lower in fetuses with 

congenital heart disease compared with con-
trols with similarities noted across physiologic 
subgroups; however, there is variable response 
to brief administration of maternal hyperoxia 
based on underlying cardiovascular physiology.

What Are the Clinical Implications?
•	 T2* magnetic resonance imaging is a noninva-

sive prenatal tool that can provide efficient and 
quantitative assessment of fetal cerebral oxy-
genation, which can be used in future clinical tri-
als studying in utero therapies to optimize brain 
development in congenital heart disease.

Nonstandard Abbreviations and Acronyms

LSOL	 left-sided obstructive lesion
MH	 maternal hyperoxia
TBV	 total brain volume
TGA	 transposition of the great arteries
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were previously published by our group20 and are not 
included in this report.

MRI Protocol
All subjects underwent a fetal MRI during the third 
trimester using the same imaging protocol on a 3.0-T 
MRI system equipped with a 32-channel cardiac coil 
(GE Medical Systems, Waukesha, WI). Quantitative 
T2* measurements are typically performed using a 
2D/3D spoiled gradient echo sequence with multi-
ple echo acquisition (ie, multi-echo gradient-echo 
acquisition). However, the lengthy acquisition time 
is a challenge for achieving good image quality, es-
pecially for fetal brain imaging that is prone to fetal 
movement as well as maternal motion. Therefore, 
in this study we developed an efficient 3D imaging 
method to overcome this challenge. Data S1 demon-
strates numerical simulations to achieve the optimal 
length of echo time to provide accurate T2* measure-
ments while maintaining high scan efficiency (Figure 
S1). Furthermore, highly accelerated dynamic 3D 
(4D) fetal imaging with multi-echo gradient-echo ac-
quisition was utilized to measure fetal cerebral T2*. 
A previously developed continuous data acquisition 
scheme with a specific sampling strategy allows for 
accelerated dynamic 3D imaging for a variety of ap-
plications, resulting in high frame rate imaging with 
motion robustness in a relatively short scan time.21-

23 The 4D MRI based on multi-echo spoiled gradi-
ent echo acquisition has the following parameters: 
field of view=32.0 × 32.0 cm2, slice thickness=6 mm, 
image matrix=160  ×  160  ×  30, time of repeti-
tion=24.0–24.2  ms, 8 echo times=2.0 to 22.0  ms 
with 2.9 ms incensement, flip angle=20°, and readout 
bandwidth=±125 kHz with a scan time of 140 s. The 
continuously acquired data were reconstructed into 
a 3D image at 10 time frames (14 s per frame) using a 
multicoil compressed sensing method (k-t SPARSE-
SENSE)24,25 with an acceleration factor of ≈8.

MRI Postprocessing
To ensure the accuracy of the fetal brain oxygena-
tion evaluation, we developed a new image pipeline 
to process the dynamic 3D fetal images. First, we 
identified 1 time frame that had the least motion arti-
fact for image processing and final measurement. A 
semi-automatic segmentation tool was developed for 
efficiently segmenting the whole fetal brain based on 
the multi-echo MR acquisition, as described in de-
tail in Data S1 and Figure S2. An example of whole 
fetal brain segmentation is shown in Figure 1A. The 
segmented fetal brain allows us to calculate total 
brain volume (TBV, mm3) as a measure of brain ma-
turity.. This process was applied at both time points 
(baseline and MH), resulting in <5% difference and 

suggesting adequate reproducibility of the segmen-
tation tool.
The averaged signal intensity in the segmented whole 
brain at each echo time was obtained and used to 
fit the exponential decay formula, si=s0·exp(-TEi/T2*), 
where si denotes the measured signals from ith echo 
time (TEi), to derive the T2* value in ms (Figure 1B).

Statistical Analysis
Baseline characteristics of the control and CHD 
groups were compared using descriptive statistics 
including t test for continuous variables and 2 χ2 or 
Fisher’s exact test for categorical variables. First, 
the effect of gestational age on T2* as the depend-
ent variable was determined by linear regression. 
Comparisons were made in rate of change in T2* by 
gestational age of fetal MRI between the CHD and 
control groups using repeated-measures analysis. 
Second, to determine the effect of our independent 
variable of group (control versus CHD) on our de-
pendent variable (T2*), linear regression was used to 
compare T2* between the control and CHD group at 
each time point (baseline and MH) with adjustment 
for gestational age at scan and fetal sex. To describe 
the differences in T2* based on cardiovascular physi-
ology, T2* at each time point was compared between 
the control group and each CHD subgroup (trans-
position of the great arteries, right-sided obstructive 
lesion, left-sided obstructive lesion) using linear re-
gression with adjustment for gestational age at scan.

Within each group, a paired t test was performed 
to assess the change in T2* from baseline to MH. 
Given that each subject had 2 measurements for the 
T2* value (baseline and MH), a repeated-measures 
analysis was performed using generalized estimat-
ing equations with an interaction term for cardiac 
group and the condition (baseline or MH) to com-
pare the magnitude of change in T2* between each 
CHD group and the control group. The model was 
adjusted for gestational age at scan. P values <0.05 
were considered statistically significant. All analy-
ses were performed using STATA version 14.2 (Stata 
Statistical Software: Release 14; College Station, TX: 
Stata Corp LP).

RESULTS
A total of 52 subjects were enrolled in the study 
(CHD=29; Control=23), of which 51 had a fetal brain 
MRI performed during the third trimester. Three scans 
were discarded because of poor image quality and 
3 because of maternal intolerance of completing the 
MRI examination. One control subject was removed 
from the analysis after developing preeclampsia, 
resulting in a total of 44 MRIs available for analysis 
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(CHD=24; Control=20) (Figure 2). Table 1 demon-
strates detailed clinical data including cardiac anat-
omy, postnatal surgical management, and outcomes 
of the CHD fetuses. Eleven subjects underwent whole 
exome genetic testing as part of a separate research 
protocol, of which 5 were found to have a genetic 
abnormality after enrollment into the current study 
(all 11 subjects had a normal microarray). CHD sub-
jects were categorized by fetal cardiac physiologic 
differences and included the following: left-sided 
obstructive lesions (LSOL, eg, hypoplastic left heart 

syndrome) (n=15); right-sided obstructive lesions (eg, 
pulmonary atresia) (n=2); and transposition of the 
great arteries (TGA) (n=7). Among the LSOL subjects, 
11 underwent a Norwood operation for hypoplastic 
left heart syndrome. Given the small number of right-
sided obstructive lesion subjects, subgroup analyses 
were limited to the TGA and LSOL groups. Baseline 
maternal, fetal, and neonatal demographics did not 
differ between CHD and control groups (Table 2). 
In particular, mean gestational age at fetal MRI was 
similar between groups (Control, 33.9  weeks, 95% 

Figure 1.  T2* fetal brain MRI.
A, Images from 3 orthogonal plans were segmented and registered to obtain the final segmentation for T2* measurements at baseline 
and with MH; B, T2* decay curves for a control and CHD subject with hypoplastic left heart syndrome. The gestational age at fetal MRI 
was 33 3/7 weeks in the control subject and 34 2/7 weeks in the CHD subject. CHD indicates congenital heart disease; MH, maternal 
hyperoxia; and MRI, magnetic resonance imaging.
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CI, 33.5–34.4; CHD, 33.8 weeks, 95% CI, 33.4–34.2; 
P=0.64).

We first explored the relationship between T2* and 
gestational age at fetal MRI. For both CHD and control 
groups, T2* declined with advancing gestational age 
(Control=7.1 ms, 95% CI, −14.8 to 0.72; CHD=8.2 ms, 
95% CI, −14.5 to −1.8). The rate of decline was similar 
in CHD and control groups, suggesting no significant 
interaction in the relationship between gestational age 
and T2* with the study group. At baseline, for every 
1-week increase in gestational age, T2* declined by 
1 ms more in the CHD group compared with the control 
group (coefficient, −1.1 ms, 95% CI, −9.9 to 7.7; P=0.81), 
which was not significant. The change in T2* with MH 
was not associated with gestational age at fetal MRI for 
either the CHD or control groups (Figures S3A and B).

TBV was significantly lower in the CHD group com-
pared with the control group (Control: 262.4  mm3, 
95% CI, 245.0–279.8; CHD, 238.2  mm3, 95% CI, 
224.6–251.9, P=0.04) (Table 3). When analyzing the 
subgroups of CHD, fetuses with LSOL had the lowest 
TBV (235.1 mm3, 95% CI, 215.2–252.7).

At baseline, T2* was significantly lower in the CHD 
group compared with the control group after adjusting 
for gestational age at MRI and fetal sex (Beta, −14.4, 
95% CI, −23.3 to −5.6, P=0.002). Among the CHD 
subjects, baseline T2* was similar between the LSOL 
and TGA groups and both were significantly lower 
compared with the control group (Figure 3). In particu-
lar, after adjusting for gestational age at MRI, T2* was 

on average 12  ms lower in the TGA group (95% CI, 
−24.4 to 0.4; P=0.05) and 15  ms lower in the LSOL 
group (95% CI, −25.3 to −5.5; P=0.003) compared 
with the control group. There was no difference in TBV 
or baseline T2* between CHD fetuses with and without 
a genetic abnormality (P=0.48). There was no correla-
tion noted between TBV and T2* (r = −0.11, P=0.47) 
(Figure S4).

During MH testing, when comparing within 
groups, T2* did not change significantly in the con-
trol group whereas it increased significantly in the 
CHD group (increase of 4.2 ms, P=0.04). Among the 
CHD subgroups, fetuses with TGA had the greatest 
increase in T2* with MH testing (increase of 7.2 ms, 
95% CI, 4.6–9.8) (Table 3). Given that each subject 
had 2 measures, a repeated-measures analysis was 
performed comparing the LSOL and TGA subgroups 
with the control group after adjusting for gestational 
age at MRI. Compared with the control group, T2* 
had a much greater magnitude of change from base-
line to MH in the TGA group (increase of 8.4 ms, 95% 
CI, 0.5–14.3, P=0.01) (Figure 4). The magnitude of 
change in the LSOL group was minimal and similar 
to the control group (increase of 3.3  ms, 95% CI, 
−5.1 to 11.2, P=0.44). However, there was significant 
variability noted in response to MH within the LSOL 
group. While all the TGA subjects demonstrated an 
increase in T2* with MH, among the LSOL subjects, 
8 demonstrated an increase in T2* with MH while 7 
were unchanged.

Figure 2.  Flowchart of participants included in the study.
CHD indicates congenital heart disease; and MRI, magnetic resonance imaging.
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DISCUSSION
In this prospective study using novel MRI techniques in 
the fetus, we demonstrate that cerebral tissue oxygen-
ation is lower in fetuses with critical CHD compared 
with controls. Although we found an overall increase in 
cerebral tissue oxygenation with brief administration of 
MH, we identified significant variability in the response 
by CHD subgroup, bringing to light several physi-
ologic considerations that are unique to the fetus with 
complex CHD. Importantly, we identify a noninvasive 

prenatal tool to test the response of the fetal brain to 
supplemental oxygen.

Quantitative T2* imaging, a relatively novel tool for 
fetal MRI, has the ability to estimate fetal blood oxygen-
ation in tissue by measuring relative levels of deoxyhe-
moglobin.10 T2* measurements can also be affected by 
tissue composition and vascularity of the organ. Higher 
levels of deoxyhemoglobin in the tissue typically result 
in faster rates of decay in the T2* signal. We found that 
CHD fetuses overall have lower cerebral tissue oxygen-
ation compared with controls. This is similar to a recent 

Table 1.  Clinical Characteristics of CHD Fetuses (Median Age of Follow-Up 6.2 Months)

Diagnosis
Associated 

Anomaly
Genetic Abnormality 
by Exome Testing* Management Approach Outcome

HLHS (MA/AA) None NA Norwood Alive and well

d-TGA/IVS Dysmorphic 
facies

Yes Arterial switch operation Alive with developmental 
delay

HLHS (MA/AA) None No Norwood Interstage death

d-TGA/VSD None NA Arterial switch operation/VSD 
closure

Alive and well

Critical aortic stenosis None NA - Fetal balloon aortic valvuloplasty 
- Neonatal Ross/Konno

Alive and well

HLHS (MA/AA) None No Norwood Alive and well

d-TGA/VSD None NA Arterial switch operation/VSD 
closure

Alive and well

Tricuspid atresia, malposed great arteries, 
interrupted aortic arch

None NA Norwood Alive and well

HLHS (MA/AA), restricted atrial septum, 
PAPVC

None NA Comfort care Death before surgery

Heterotaxy, unbalanced CAVC, pulmonary 
atresia, infradiaphragmatic TAPVC

None NA TAPVC repair, RV-PA conduit Alive and well

d-TGA/VSD None No Arterial switch operation/VSD 
closure

Alive and well

Unbalanced CAVC, aortic arch hypoplasia None Yes Aortic arch repair, PA band Alive and well

HLHS (MA/AA) None No Norwood Alive and well

HLHS (MA/AA) None NA Norwood Alive and well

d-TGA/IVS Dysmorphic 
facies

Yes Arterial switch operation Alive and well

DILV, aortic arch hypoplasia None NA Norwood Alive and well

HLHS (MA/AA) None No Norwood Alive and well

Heterotaxy, unbalanced CAVC, 
supracardiac TAPVC

None NA TAPVC repair, RV-PA conduit Alive and well

Aortic coarctation None No Coarctation repair Alive and well

HLHS (MA/AA) Dysmorphic 
facies

Yes Norwood Alive and well

d-TGA/VSD None NA Arterial switch operation/VSD 
closure

Alive and well

Unbalance CAVC, aortic arch hypoplasia None Yes Norwood Alive and well

d-TGA/IVS None NA Arterial switch operation Alive and well

DORV, aortic valve and arch hypoplasia/
coarctation

None NA Aortic arch repair/VSD closure Alive and well

AA/MA indicates aortic atresia/mitral atresia; CAVC, common atrioventricular canal; CHD, congenital heart disease; d-TGA, d-transposition of the great 
arteries; DILV, double inlet left ventricle; DORV, double outlet right ventricle; HLHS, hypoplastic left heart syndrome; IVS, intact ventricular septum; PAPVC, 
partial anomalous pulmonary venous connection; TAPVC, total anomalous pulmonary venous connection; VSD, ventricular septal defect.

*A subset of participants underwent genetic testing by whole exome analysis as part of a separate research protocol (all had a normal microarray). Those who 
did not participate in the exome study are denoted as NA (not applicable).
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study, which investigated a small group of fetuses with 
varying types of CHD using T2* MRI at variable ges-
tational ages15; however, given the small number of 

CHD fetuses studied because of imaging and motion 
artifact, subgroup analyses were not possible. In our 
study we utilized a novel MRI acquisition method and 
a robust semiautomatic segmentation tool allowing 
for accurate quantitative T2* measurements with very 
few cases (3 out of 51) being discarded because of 
poor image quality. Our 4D highly accelerated imaging 
method allows for high spatial resolution, which allows 
fetal brain evaluation with less partial volume effect. 
Additionally, the acceleration scheme allows for high 
time frame rate (14-s footprint), which largely mitigates 
the artifacts caused by fetal motion. Moreover, per-
forming the study on a 3-T scanner (as opposed to 1.5 
T) also allows for much shorter echo times for achiev-
ing the same level of accuracy for T2* measurements.

Our sample size enabled subgroup analyses 
demonstrating similar degrees of impairment in cere-
bral tissue oxygenation in the TGA and LSOL groups. 
Many studies have shown that these 2 groups have 
similar degrees of fetal and early neonatal (ie, preop-
erative) delays in brain development.1,26 In fetal lamb 
models, hypoplastic left heart syndrome (HLHS) re-
sults in abnormalities of both perfusion (because of 
retrograde flow from the ductus arteriosus) and oxy-
genation of cerebral blood flow (because of mixing).27 
In contrast, those with TGA have abnormalities of ox-
ygenation of cerebral blood flow because of prefer-
ential streaming of deoxygenated blood to the right 
ventricle and ascending aorta. Though mechanisms 
have been suggested to compensate for this desat-
uration via local changes in cerebral vasculature to 
increase cerebral blood flow,28,29 both lesions result in 
decreased cerebral oxygen delivery and consumption 
as identified by phase-contrast and T2 mapping MRI 
in the fetus,6 suggesting inadequate compensatory 
mechanisms.

Table 2.  Maternal, Fetal, and Neonatal Characteristics of 
Study Population

Control (n=20) CHD (n=24) P Value*

Maternal

Age (y), mean (95% CI) 32.4 (31.4, 33.4) 32.8 (30.1, 35.5) 0.80

Race/ethnicity, N (%)

Non-Hispanic White 11 (55.0%) 10 (41.7%) 0.13

Hispanic 3 (15%) 8 (33.3%)

Black 0 2 (8.3%)

Asian 6 (30%) 3 (12.5%)

Other 0 1 (4.2%)

Nulliparous, N (%) 13 (65%) 6 (25%) 0.01

Fetal

GA at MRI, mean 
(95% CI)

33.9 (33.5, 34.4) 33.8 (33.4–34.2) 0.64

Male sex, N (%) 7 (35%) 13 (59.1%) 0.2

EFW (g), mean (95% 
CI)

2268.8 (2147.4, 
2390.1)

2283.7 (2139.6, 
2427.8)

0.86

Head circumference 
(cm), mean (95% CI)

311.6 (305.8, 317.3) 308.8 (302.8, 
314.7)

0.48

Neonatal

GA birth (wks ), mean 
(95% CI)

39.3 (38.7, 39.9) 39.0 (38.7, 39.4) 0.41

Birthweight (kg), mean 
(95% CI)

3.16 (2.97,3.36) 3.36 (3.17, 3.54) 0.15

Head circumference 
(cm), mean (95% CI)

34.3 (33.8, 34.9) 33.9 (33.1, 34.6) 0.35

Hemoglobin (first 12 
h), mean (95% CI)

… 16.8 (15.9, 17.8) NA

CHD indicates congenital heart disease; EFW, estimated fetal weight; GA, 
gestational age; MRI, magnetic resonance imaging; and NA, not applicable.

*P value represents comparison between control and CHD groups 
using either t test for continuous variables and χ2 or Fisher’s exact test for 
categorical variables.

Table 3.  T2* Values at Baseline and With MH in Control and CHD Subjects. Values Listed by CHD Subgroup as Well

Control 
N=20

CHD 
N=24

LSOL 
N=15

RSOL 
N=2

TGA 
N=7 P Value+

GA scan, wks 
Mean, SD

33.9 
(33.6, 34.4)

33.8 
(33.4, 34.2)

33.6 
(33.2, 34.1)

34.1 
(32.1, 36.2)

34.2 
(33.5, 34.9)

0.64

EFW, g 
Mean, SD

2268.8 
(2150.7, 2386.8)

2283.7 
(2144.1, 2423.4)

2161.7 (2020.5, 
2302.9)

2324.5 (1860.7, 
2788.3)

2534.7 (2257.6, 
2811.6)

0.86

TBV, mL 
Mean, SD

262.4 
(245.0, 279.8)

238.2 
(224.6, 251.9)

235.1‡ 
(215.2, 252.7)

256.3 
(215.2, 252.7)

241.6 
(214.7, 259.3)

0.04

T2* base, ms 
Mean, 95% CI

99.7 
(93.0, 106.4)

84.8 
(78.9, 90.7)

84.5‡ 
(77.4, 91.6)

81.6 
(65.0, 98.2)

86.3‡ 
(70.6, 102.0)

0.002

T2* MH, ms 
Mean, 95% CI

99.5 
(94.1, 104.8)

88.9§ 
(81.4, 96.5)

87.4 
(77.3, 97.5)

84.8 
(84.7, 85.0)

93.6§ 
(79.9, 107.2)

0.06

T2* change, ms 
Mean, 95% CI

−0.2 
(−7.3, 6.8)

4.2 
(0.5, 7.8)

2.9 
(−2.4, 8.1)

3.2 
(−13.2, 19.7)

7.2 
(4.6, 9.8)

0.1

CHD indicates congenital heart disease; EFW, estimated fetal weight; GA, gestational age; LSOL, left-sided obstructive lesion; MH, maternal hyperoxia; 
RSOL, right-sided obstructive lesion; TBV, total brain volume; and TGA, transposition of the great arteries.

+P value represents comparison between control and CHD group using linear regression with adjustment for gestational age at scan and fetal sex.
‡P value represents comparison between control group and each subtype of congenital heart disease using a linear regression model with adjustment for 

gestational age at scan. Those with the symbol are significantly different from the control group (P<0.05).
§Paired t test within each group, symbol denotes significant change of T2* from baseline to MH (P<0.05).
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Though TBV, a measure of brain development, was 
significantly lower in the CHD group compared with 
controls, we found no significant correlation between 
baseline cerebral tissue oxygenation and TBV at this 
single time point. The lack of correlation does not 
suggest that impaired oxygen delivery plays no role in 
brain immaturity in the CHD fetus. As mentioned, T2* 
is a measure of blood saturation and does not take into 
account other factors that can influence overall oxygen 
delivery and oxygen consumption. Human fetal stud-
ies have shown a direct correlation between oxygen 
consumption and brain size,6 however; it is difficult to 
separate cause and effect in this relationship. Animal 
studies have shown that chronic hypoxia alters neuro-
nal and glial protein expression in the fetal brain5,30 and 
impairs the generation and migration of neural progen-
itors destined to become forebrain interneurons.31 In 
addition, the cross-sectional nature of this study did 
not allow us to assess the rate of brain growth over 
time, which may be influenced by cerebral tissue ox-
ygenation. However, other factors may contribute to 
delayed brain development in the context of CHD such 
as genetic mutations in genes expressed in the heart 
and brain32 and environmental factors (ie, maternal 
stress).33 Finally, delivery of nutrients (eg, glucose) to 
the brain is impaired which, in concert with hypoxia, 
can result in impairment of 2 important substrates to 
the developing fetal brain.27

The influence of brief administration of MH on ce-
rebral tissue oxygenation was also examined. In nor-
mal fetuses, there was very little change in cerebral 
tissue oxygenation with MH testing. This likely reflects 

simultaneous effects on both arterial content of oxygen 
and cerebral blood flow. Our prior study used transcra-
nial Doppler to measure cerebral vascular impedance 
in the middle cerebral artery in response to MH in nor-
mal and CHD fetuses.20 We demonstrated increased 
cerebral vascular impedance in normal fetuses in re-
sponse to MH. Thus, although arterial oxygen content 
increases with MH, the increase in cerebral vascular 
impedance likely reflects a decline in cerebral blood 
flow to maintain a steady level of oxygenation.

Cerebral tissue oxygenation exhibited an overall 
increase among all CHD subjects. Mechanisms to 
explain this finding include the relationship between 
the arterial concentration of oxygen and oxygen sat-
uration in blood as depicted in the oxyhemoglobin 
dissociation curve,34 assuming unchanged cerebral 
oxygen consumption between the 2 states (baseline 
and MH). Fetuses with CHD have lower baseline cere-
bral oxygen saturations; thus increases in the partial 
pressure of oxygen (Pao2) can potentially lead to sig-
nificant increases in arterial blood saturations in the 
brain reflected in the T2* measurement. Interestingly, 
the increase in CHD subjects appeared to be largely 
driven by the TGA subgroup. This may reflect a 
unique physiologic phenomenon in TGA where sup-
plemental oxygen not only results in direct delivery 
of more oxygen but also leads to flow redistribution. 
Specifically, oxygen can increase pulmonary blood 

Figure 3.  T2* values at baseline for the control, LSOL, and 
TGA groups with mean and 95% CI.
At baseline, cerebral tissue oxygenation (T2*) is significantly 
lower in LSOL (**coeff:−15.4, 95% CI, −25.3 to −5.5, P=0.003) 
and TGA (*coeff: −12.0, 95% CI, −24.4 to 0.4, P=0.05) compared 
with the control group after adjusting for gestational age at MRI. 
LSOL indicates left-sided obstructive lesions; MRI, magnetic 
resonance imaging; and TGA, transposition of the great arteries.

Figure 4.  The magnitude of change in T2* from baseline 
to MH testing for the control (black line: mean; gray lines: 
individual patients), transposition of the great arteries (TGA) 
(blue line: mean; light blue lines: individual patients), and 
LSOL (red line: mean; light red lines: individual patients).
LSOL indicates left-sided obstructive lesions; MH, maternal 
hyperoxia; and TGA, transposition of the great arteries.
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flow and pulmonary venous return to the left atrium, 
decrease right to left shunting at the foramen ovale, 
and increase the flow of highly oxygenated umbilical 
venous blood across the aorta to the cerebral vascu-
lature. This redistribution of blood may lead to more 
highly saturated blood reaching the fetal brain, thus 
increasing the T2* measurement.

In contrast to TGA, LSOL fetuses exhibited mini-
mal change of cerebral T2* in response to MH. In this 
subgroup, there is complete intracardiac mixing; thus, 
streaming patterns should not be particularly altered 
in response to MH. We and others have shown that 
overall cardiac output is diminished in the fetus with 
HLHS.6,20,35 This, in combination with retrograde blood 
flow to the cerebral vasculature, suggests lack of ade-
quate perfusion and pulsatility to the brain, in addition 
to decreased oxygenation. This severe combination 
may lead to an adaptive response to a chronic hypoxic 
and low output state, with decreased cerebral oxygen 
consumption resulting in lack of response to supple-
mental oxygen. Indeed, we also demonstrated this 
phenomenon in fetuses with HLHS and aortic atresia, 
which exhibited no change in cerebral vascular imped-
ance in response to MH.20 However, it is important to 
note the significant variability in the T2* response to 
MH among patients in the LSOL subgroup. The vari-
ability may be explained by different starting points in 
arterial oxygen saturations or different degrees of ad-
aptation in cerebral metabolism and compensation for 
a low cardiac output state. Placental delivery of oxygen 
may also vary significantly between subjects in the set-
ting of placental pathology, as reported in fetal cases 
of HLHS.36,37 To this point, a recent study utilizing sim-
ilar imaging techniques suggested that fetuses with 
single-ventricle CHD may benefit from transplacental 
oxygen therapy to increase oxygen supply to the brain 
by increasing the partial pressure of oxygen in arterial 
blood.38 Our study differed in that our subgroup analy-
sis included only patients with LSOLs, the vast majority 
of which had HLHS; thus, it was a more homogeneous 
group with respect to cardiac physiology. In addition, 
we studied TGA as a separate group rather than com-
bining with other biventricular congenital heart defects. 
Our study highlights the crucial role of underlying car-
diovascular physiology in understanding cerebral he-
modynamics, oxygenation, and potential therapies to 
optimize outcomes.

It is important to discuss the influence of changes 
in proportional arterial and venous blood volume on 
the T2* measurement. T2* is thought to be a vol-
ume-weighted average of both arterial and venous ox-
ygenation (ie, relative proportions of highly saturated 
arterial and desaturated venous blood). This is similar 
to cerebral oximetry measured by near-infrared spec-
troscopy, which is derived from direct measurements 
of changes in the absorption of near infrared light 

by oxy- and deoxyhemoglobin. We have previously 
shown that in TGA fetuses there is vasoconstriction of 
the middle cerebral artery with MH20; thus it is possi-
ble that there is a redistribution of venous and arterial 
blood volumes within the brain such that the volume 
of arterial blood is decreased in proportion to venous 
blood. In a piglet model, researchers induced systemic 
hypotension leading to cerebral vasodilation with an in-
crease in arterial blood volume relative to venous blood 
volume.39 In this experiment, they compared co-oxim-
etry with direct measurements of known proportions 
of arterial and venous blood to demonstrate that ce-
rebral tissue oxygenation measured by near-infrared 
spectroscopy (similar to T2*) overestimated the direct 
oximetry measurement during cerebral vasodilation. 
Extrapolating from these observations, our T2* mea-
surements in fetuses with TGA during MH in the setting 
of cerebral vasoconstriction may actually underesti-
mate the increase in cerebral oxygenation.

Our results provide important data for develop-
ment of MH as a therapy in the fetus with CHD. Acute 
MH appears safe and without adverse hemodynamic 
changes to fetal circulation. However, we find signif-
icant variability in the fetal cerebral oxygenation re-
sponse, with clear differences based on underlying 
cardiovascular physiology. Although all TGA fetuses 
exhibited an acute increase in T2* with MH, these 
results should be interpreted with caution as trans-
placental oxygen therapy for a fetus with TGA may 
become detrimental if excessive reduction in pulmo-
nary vascular resistance leads to increased pulmonary 
blood flow at the expense of cerebral perfusion. Our 
findings do not address potential chronic changes to 
pulmonary circulation or placental function with MH. 
These findings have implications for clinical trials of in 
utero oxygen therapy to optimize prenatal brain devel-
opment. T2* MRI could provide both pragmatic study 
design for longitudinal clinical MH trials with predictive 
enrichment based upon acute T2* response and longi-
tudinal safety monitoring. A correlation between brain 
growth and T2* response would inform therapeutic 
mechanisms and provide an early outcome measure 
before long-term neurodevelopmental testing.

Our study has a number of strengths including 
our imaging methods, a dedicated control group as 
well as relatively homogeneous subgroups (though 
with limited sample size) to report these measure-
ments by underlying cardiac physiology, though 
there was some modest variability in final circula-
tory outcome in the LSOL group. However, there 
are some notable limitations. First, as shown, ges-
tational age influences T2* in the brain. Although 
the gestational age at the time of fetal MRI was sim-
ilar between our CHD and control groups, we ad-
justed for gestational age in our analyses. Second, 
higher hemoglobin levels could lead to a lower T2* 
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measurement because of higher levels of deoxyhe-
moglobin at the same saturation level. However, the 
mean hemoglobin levels at birth in the CHD group 
were within normal range; thus we expect that he-
moglobin levels had a minimal influence on our find-
ings when comparing CHD with control fetuses in 
late gestation. Our findings may have been strength-
ened with multiple acquisitions for the T2* measure-
ment to ensure minimal measurement error. Third, 
there is a higher percentage of nulliparous mothers 
in the control group; however, we would not expect 
this to influence our findings as particular attention 
was paid to excluding patients with maternal co-
morbidities (ie, hypertension, preeclampsia, and 
diabetes mellitus). Although we excluded mothers 
with other comorbidities, future studies with a larger 
sample size could assess the influence of these fac-
tors on brain health in the context of CHD. There 
was a trend towards more male fetuses in the CHD 
group, though this did not reach significance and 
was included in the final regression model. Given 
our sample size, we were unable to fully account for 
all possible confounders. Finally, a small number of 
fetuses were found to have genetic abnormalities 
on whole exome sequencing (all had a normal mi-
croarray) as part of a separate study, though we did 
not identify any differences in total brain volume or 
baseline T2* between CHD fetuses with a genetic 
abnormality versus those without.

In conclusion, fetuses with complex CHD have 
evidence of decreased cerebral tissue oxygenation. 
These findings hold true for fetuses with LSOL and 
TGA to the same degree. We demonstrate significant 
variability in the response of the fetal brain to MH. In 
the era of in utero therapy to optimize outcomes in 
patients with CHD such as chronic MH, our findings 
support the use of T2* MRI, as a quantitative and 
relatively quick MRI tool, in clinical trials to stratify 
fetuses by initial response to MH in order to better 
understand its influence on neurodevelopmental out-
comes over time.
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SUPPLEMENTAL MATERIAL 
 



Data S1. 
 
Numerical Simulations on the Effect of Echo Time Length 
 
The MRI scans were performed at 3T, targeting fetuses at 32-34 weeks gestational age. T2* decay values were 
in the range of 60-120 msec as reported in previous studies14. There is a tradeoff between scan time efficiency 
and fitting accuracy (such as using longer TE for better estimated T2* value). We acquired data at 8 echo times 
ranging from 2 ms to 22 ms. Given the echo times and the range of T2* decay (60-120 msec), the numerical 
simulations showed that the accuracy of the derived T2* values depend on the signal-to-noise ratio (SNR) of 
the images. As shown in Figure S1, with a high SNR of 50, the error of the estimation is very low (<1%); and 
with a reasonable/common SNR of 25 (the range in our study), the error is within 5%.  
 
Semi-Automatic Segmentation on Fetal Brain  
 
Segmentation of the fetal brain was performed using a semi-automatic segmentation tool that we developed 
for this study. The main steps include the following: 

- Cropping. The center of the fetal brain (three axis locations) was manually detected for cropping the 
images to a region of interest (corresponding to 12x12x12 mm3 volume), which mainly covers the fetal 
brain;   

- Clustering. A modified k-means clustering algorithm based on the T2* signal decay was applied to 
initially detect the cluster that includes the brain tissue, on baseline and maternal hyperoxia images 
separately. 

- Level Set segmentation. An initial circle shaped contour iteratively deformed to the final contour by 
catching the edges of the fetal brain, using a Level Set method with annular shape constraint40.  

- Registration. The fetal brain segmentations at baseline and maternal hyperoxia were registered to each 
other for all echo times. The overlapped brain region between the registered baseline and maternal 
hyperoxia images was used as the final segmentation for data analysis. 

 
 
 
 



Figure S1. Numerical simulations on assessing the accuracy of fitted T2* values with varied signal-to-noise 
(SNR) of the images.  
 

 
 
 
With a SNR of 25 (similar to images in the current study), the error is 4.9%.  
 



Figure S2. A) cropped images centered at the fetal brain; B) three image clusters generated using modified 
k-means clustering algorithm (first subimage combines the three clusters, which are displayed in different 
colors as subimages #1-3); C) plots of the averages signal from each of the three clusters throughout 8 echo 
times.  
 
 

 
 
 
Cluster #2 was automatically identified with the most non-zero voxels for segmentation. 
 



Figure S3. Relationships between T2* values with Gestational Age & Brain Volume. 
 

 
 
A) The relationship between T2* values at baseline with gestational age at scan in the control and CHD groups. 
In both groups, T2* declines with advancing gestational age at the same rate. In control subjects, for every one 
week increase in gestational age, T2* declines by 7.1 msec (95% CI: -14.8, 0.72, p= 0.07). In CHD subjects, for 
every one week increase in gestational age, T2* declines by 8.2 msec (95% CI: -14.5, -1.8, p= 0.01). The rate of 
change is similar between both groups (no interaction noted between study group and gestational age). For 
every one week increase in gestational age, T2* declines by 1 msec more in the CHD group compared with the 
control group (Coeff: -1.1, 95% CI: -9.9, 7.7, p= 0.81). B) The change in T2* with maternal hyperoxia is not 
associated with GA at scan for either group. Overall, the change in T2* with maternal hyperoxia is 5.3 msec 
faster in the CHD group compared with control group (95% CI:-1.4, 12.0, p=0.1).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Figure S4. The relationship between T2* values at baseline with total brain volume (TBV mm3).  
 

 
 
 

 
 
No correlation was noted between the variables (r= -0.11, p= 0.47). 
 


