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ABSTRACT

BACKGROUND AND PURPOSE: Abnormal ADC values are seen in ischemic brain lesions such as acute or chronic hypoxia. We
aimed to assess whether ADC values in the developing brain measured by in utero DWI were different in fetuses with congenital
heart disease compared with healthy controls.

MATERIALS AND METHODS: In utero DWI was performed in 50 fetuses with congenital heart disease and 100 healthy controls at a
similar gestational age. Pair-wise ADC values of the ROIs were manually delineated on each side of the frontal and periatrial WM
and in the basal ganglia, thalamus, and cerebellar hemisphere, as well as a single measurement in the pons.

RESULTS: Fetuses with congenital heart disease had significantly lower ADC values in frontal and periatrial WM and the pons than
controls (all P<<.05) in the early stages of pregnancy. However, ADC values in the thalamus were higher for fetuses with congenital
heart disease than for controls (gestational age, =26 weeks). For ADC values in the cerebellar hemisphere, there was no obvious
significance between cases and controls (P=.07) in the late stages of pregnancy. Basal ganglia ADC values were consistently not
significantly different between the 2 groups during the early and late stages of pregnancy (P =.47; .21).

CONCLUSIONS: Abnormal brain diffusivity can be detected using in utero DWI in fetuses with congenital heart disease. Abnormal
ADC values found at a mean gestational age of 26 weeks suggest structural changes, which may provide an early indicator of the
impact of congenital heart disease on the developing brain.

ABBREVIATIONS: CHD = congenital heart disease; GA = gestational age; HLHS = hypoplastic left-heart syndrome; TGA = transposition of the great

arteries; TOF = tetralogy of Fallot

ongenital heart disease (CHD) is the most common congenital

disability, affecting up about 0.6%-1.2% of live births and even
more so in fetuses.! Although most children with CHD can survive,
neurologic impairment has been recognized as the most common
complication of heart deficits after birth.” Several studies have docu-
mented that certain congenital cardiac defects with altered circula-
tion cause disturbances in brain oxygen and substrate deficiency,
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further reducing brain growth and maturation. In addition, these
studies have indicated that fetuses with CHD may have delayed
brain maturation in utero.* Therefore, prenatal evaluation of the
brain structure and function of fetuses with CHD is essential and
may contribute to decision-making in the postnatal management.
DWI is MR imaging that uses the objective measurements of
ADC values to detect water proton motion and diffusivity in cere-
bral tissues. Compared with the conventional MR imaging sequen-
ces, DWI is capable of detecting subtle alterations in brain
diffusion associated with early brain hypoxic damage.>®
fetal brain DWI has been used as a quantitative MR imaging
method to assess the correlations of ADC with gestational age

Currently,

(GA) in various brain regions of healthy fetuses. However, it is not
clear whether ADC could quantitatively evaluate early changes in
brain development due to certain nonneurologic extra-CNS fetal
pathologic conditions, especially for fetuses with CHD.”

This study aimed to investigate whether there were any differ-
ences in cerebral diffusion between fetuses with CHD and healthy
controls using ADC values of in utero DWI in the early and late
stages of pregnancy.
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MATERIALS AND METHODS

Overall Population

Our study was authorized by the ethics commission of our hospi-
tal. All pregnant mothers involved in the study provided written
informed consent before the examination for use of their clinical
data for research purposes. All MR imaging studies were retrieved
from our fetal MR imaging data base from August 2018 to June
2020. MR imaging was performed between 20 and 36 weeks of ges-
tation (median GA, 26 weeks). GA was determined from the first
day of the mother’s last menstrual period and was confirmed by
the results of an early second-trimester obstetric sonography. All
fetal brain MR images were assessed by 2 pediatric radiologists
(S.-Z.D. and M.Z.), who had 15 years of experience in fetal brain
MR imaging, and a pediatric neuroradiologist (J.-Y.R.) with 3 years
of experience in fetal brain MR imaging, to confirm a normal
appearance. The fetuses with CHD were compared with a group of
the healthy controls of similar GA. The subjects were subdivided
on the basis of GA, with GA < 26 weeks (20 — 25.9 weeks) in one
group and GA = 26 weeks (26 — 36 weeks) in a second group.

Healthy Control Population

The brain MR imaging of the fetuses that served as the control
group were included after careful retrospective examination by the
2 experienced radiologists confirmed a normal brain appearance.
Only singleton pregnancies eligible for fetal brain MR imaging in
our hospital were included. Indications for fetal MR imaging con-
sisted of extra-CNS abnormalities detected by sonography.

CHD Study Population

The cases of CHD were retrieved from the same fetal MR imag-
ing data base. The inclusion criteria for retrieval were a single
pregnancy and postnatally confirmed tetralogy of Fallot (TOF),
double-outlet right ventricle, transposition of the great arteries
(TGA), and hypoplastic left-heart syndrome (HLHS).

Exclusion Criteria

Exclusion criteria for the entire population were as follows: multi-
ple pregnancies, fetal malformation or chromosomal abnormal-
ities; associated arrhythmias; perinatal infection; fetal anemia;
maternal conditions that might affect fetal hemodynamics such
as pregestational diabetes, thyroid disease, or preeclampsia; any
brain abnormality detected on conventional sequences; and cases
in which DWI was not successfully performed or was nondiag-
nostic due to motion artifact degradation.

MR Imaging Protocol

All fetal brain MR imaging was performed using an Achieva 1.5T
MR imaging scanner with a 60-mT/m gradient and a 16-channel
SENSE-XL-Torso coil (Philips Healthcare), and imaging included
steady-state free precession, T2WI single-shot turbo spin-echo,
TIWI, and DWIL The following parameters were used for the
steady-state free precession: TR, 3.6 ms; TE, 1.8 ms; matrix, 216 -
x 218; FOV, 260 x 325 mm?; reverse corner, 80°% section thickness,
2-4mm; spacing, —2-0mm. The parameters for the single-shot
turbo spin-echo sequence included TR/TE, 12,000/120 ms; matrix,
236 x 220; FOV, 260 x 355 mm?; reverse angle, 90° section thick-
ness, 2 mm with 0-mm spacing. The DWI sequence was performed
in the transverse plane using b-values of 0 and 700 mm?s~". The

maximal b-value of 700 was chosen to increase the SNR of the
immature brain for demonstrating optimal contrast in the fetal
brain. We used the following parameters: TR, 2494 ms; TE, 96 ms;
section thickness, 4 mm; FOV, 280 x 320 mm? matrix, 188 x 125;
spacing, 0 mmy; flip angle, 90°. The scan time of the DWT sequence
was 60 seconds. The total acquisition time was 15-25 minutes.

Pregnant women were in the supine or the left-sided posi-
tion. No maternal or fetal sedation was used during the MR
imaging examinations. First, the middle and lower abdomen of
pregnant women was scanned in the coronal plane. This was
followed by a focused multiplanar scan of the fetal brain.
Subsequently, the fetal chest and abdomen were scanned in the
axial, sagittal, and coronal planes. The repeat data acquisition or
breath-holding of pregnant women at the end of expiration or
both were used to reduce fetal motion artifacts to improve the
success of the in utero DWI sequence.

Imaging Analysis

The DWI data were transmitted to a workstation (ADW4.4; GE
Healthcare, USA). The ADC measurements were manually drawn
in 11 circular, different ROIs. Pair-wise ADC measurements were
obtained in the frontal and periatrial WM of each cerebral hemi-
sphere and in the basal ganglia, thalami, and cerebellar hemi-
spheres, as well as a single measurement in the pons. These
measurements are based on ROI locations reported in previous lit-
erature.® The ROIs were manually traced. They varied in size
depending on the brain region and GA. The sizes of ROIs ranged
from 20 to 60 mm®. The frontal WM ROIs were drawn anterior to
the frontal horns on the inferior section. Both frontal WM and
periatrial WM ROISs extended across the cerebral mantle, spanning
the germinal matrix zone and the cortex, including the intermedi-
ate zone and the subplate. The periatrial WM ROIs were ovoid
and placed midway between the anterior and posterior margins of
the ventricular atrium. The width of the brain was multiplied by a
constant factor, and the resulting products were used as the area of
the periatrial WM ROIs.’ For each ROIL a mean ADC value (SD)
(107> mm?/s) was obtained. ADC values from both sides of the
brain were averaged for each anatomic location described above.
Examples of ROI positioning are shown in Fig 1.

Manual ADC measurements of all cases were performed by
the same pediatric neuroradiologist with 3 years of fetal brain MR
imaging experience (observer 1, J.-Y.R.) after a training session.
A subgroup of 30 randomly selected subjects was re-analyzed by
the same operator after a 2-month interval, blinded to the initial
results, to investigate intraobserver reproducibility. A different
subgroup of 30 fetal brains was analyzed by a pediatric radiologist
with 15years of fetal brain MR imaging experience (observer 2,
S.-Z.D.) to study interobserver reliability.

Statistical Analysis

The first step of our delineation consisted of comparison of ADC
values in the ROIs marked in each hemisphere (right versus left)
using a Student paired ¢ test. The mean ADC value was presented
graphically with quadratic curve fitting. For each ROI, the mean
ADC value was plotted against the GA, and the relationship was
assessed by linear regression between the CHD group and con-
trols. Statistical comparisons between the control population and
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fetuses with CHD adjusted for GA were analyzed using the non-
parametric Mann-Whitney U test. The intraclass correlation coef-
ficient was calculated to convey the association within and
between observers for ADC measurements. A P value < .05 was
considered statistically significant. All analyses were calculated by
SPSS 22.0 software (IBM).

RESULTS

Study Cohort

For the CHD group, we retrospectively identified 55 singleton preg-
nancies eligible for inclusion in our study, which fulfilled the inclu-
sion criteria for the CHD group. Five of the 55 fetuses in CHD
group were further excluded from this study because the anatomic
structures on the DWT sequence were not clear ventricular system
and clear brain parenchyma; to accurately measure the ADC values.
The subtypes of the cardiac lesions are summarized in Table 1.

FIG1. ADC map in a fetus at 26 weeks’ GA showing ROls in the differ-
ent regions. A and B, T2WI. C and D, The same GA, DWI. Pair-wise
ADC values of the ROIs are manually delineated on each side of the
frontal WM, periatrial WM, basal ganglia, thalamus, and cerebellar
hemisphere, as well as a single measurement in the pons.

Table 1: Clinical characteristics of our cohort®

In the control group, indications for fetal brain MR imaging
included the following: limitations of fetal sonography: maternal
abdominal wall edema (n = 10), uterine myomas (n = 10), oligo-
hydramnios (n=20), unfavorable fetal lie (n=15); extra-CNS
abnormalities: bilateral cleft lip (n=12), mild hydronephrosis
(n=120), congenital cystic adenomatoid malformation (n=3),
intestinal duplication (n=3), ovarian cyst (n=1>5), and hepatic
cyst (n=2).

Finally, data from 50 cases in the CHD group (range,
20 — 36 weeks; 25 fetuses in each of GA group: 20- to 25.9-week
and 26- to 36-week groups) and 100 cases in the control group
(range, 20 — 36 weeks; 50 fetuses in each of the corresponding 2
groups) were enrolled in the MR imaging analysis. The mean GA
of the CHD group was 26.1 (SD, 3.5) weeks, similar to that in the
control population (GA, 26.6 [SD, 3.9] weeks). The clinical char-
acteristics of our cohort are shown in Table 1.

ADC Measurements

The intraobserver analysis showed excellent reproducibility of all
intracranial volumes when observer 1 re-analyzed a subgroup of
30 randomly selected subjects after 2 months (all intraclass corre-
lation coefficients > 0.90). Interobserver (observer 2) correlation
coefficients were calculated for each mean ADC value of the fron-
tal WM (0.80), periatrial WM (0.81), basal ganglia (0.82), thala-
mus (0.88), cerebellar hemisphere (0.87), and pons (0.86).

By means of a paired ¢ test, the ADC values of the left and
right sides were not significantly different, so the ADC values of
each anatomic position of the hemispheres could be averaged. A
significant negative correlation was observed between advancing
GA and ADC measurements obtained in the periatrial WM, basal
ganglia, thalamus, cerebellar hemisphere, and pons (CHD group:
R* = 0.19, 0.24, 0.37, 0.20, and 0.23; control group: R* = 0.47,
0.31, 0.65, 0.54, and 0.41, respectively), while in the frontal WM,
the ADC values revealed no statistical correlation with GA in the
2 groups (P = .38 and 0.94, respectively) (Fig 2).

T-test analysis indicated that fetuses with CHD had signifi-
cantly lower ADC values in the frontal WM, periatrial WM, and
pons than controls (all P <.05, respectively) in the early stages of
pregnancy (GA < 26 weeks), while they were not significantly dif-
ferent in the periatrial WM and pons between the CHD and con-
trol groups in the late stages of pregnancy (GA =26 weeks). Only
frontal WM ADC values were significantly lower in cases of both
early (GA < 26weeks) and late CHD (GA= 26 weeks) (all
P<.05). Although the CHD group
with GA < 26 weeks had slighter lower

Control (n =100) CHD (n = 50) P Value® ADC values in the thalamus than con-
GA at MR imaging (mean) (wk) 26.6 (SD, 3.9) 26.1(SD, 3.5) 45 trols (P=.22), the ADC values in the
g/lat(e[:lna)l ?S)e (mean) (yr) 316 (D, 5.0) 331(SD, 4.0) 65 thalamus were significantly higher in
ex (No.) (% . .
Male 46 (46.0%) 26 (52.0%) fetuses Tmth CHD thz.m in the control
el 54 (54.0%) 24 (48.0%) population (P <.05) in the late stages
Cardiac lesion of pregnancy (GA =26 weeks). As for
TOF NA 20 (40.0%) the cerebellar hemisphere, there was a
Double-outlet right ventricle NA 10 (20.0%) . .
strong trend toward not reaching sig-
TGA NA 15 (30.0%) 6 )
HLHS NA 5 (10.0%) nificance between cases and controls

Note:—NA indicates not applicable.
®Data are presented as number (%) unless otherwise noted.
®By Wilcoxon rank sum test.
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(P=.07) in late stages of pregnancy
(GA = 26 weeks). Basal ganglia ADC
values (P=.47; 0.21) were consistently



suggest that during the early stage of

Periatrial WM Basal ganglia
2.2 2.5 neurodevelopment in fetuses with
20 _ CHD, abnormal diffusivity in different
% ‘ﬁz.o- B .3 brain areas may represent a difference
c?E L e?E 1.5 in the structural organization of axons
e 1.6 2 or glia. Our study also suggested that
é 1.4 §1.o— ADC values as measured by DWI
could be a feasible method of evaluat-
12411 05 . . .
18 2 28 33 38 15 " 28 33 38 ing brain injury in fetuses with certain
A Gestation Age (weeks) B Gestation Age (weeks) CHDs.
Thalamus Cerebellar hemisphere Although Sonogr apby has always
2.5 3.0 been the preferred imaging method for
5] 25 prenatal examination, MR imaging has
% : J\; obvious advantages over sonography in
E.x £ 207 the display of neurologic maturation
@ 1.5 ) . .
e S 1.5 and abnormalities."> While conven-
é 1.0- é - tional MR imaging sequences (T1WI
and T2WI) are desirable to assess mor-
0.5 T T T 0.5 T T T phologic anomalies, DWT can detect
18 23 28 33 38 18 23 28 33 38 . al brain ch a
B Gestation Age (weeks) D Gestation Age (weeks) fnlcrostructur ram ¢ anges preced-
Bons ing changes on conventional MR
25 images and has a potential role in

18 23 28 33 38
E Gestation Age (weeks)

FIG 2. ADC values versus GA for all ROIs. Fetuses with CHD are referenced with red triangles,
and blue circles indicate healthy controls. Periatrial WM (A), basal ganglia (B), thalamus (C), cere-

bellar hemisphere (D), pons ().

not significantly different between the 2 groups in the early and
late stages of pregnancy (Fig 3 and Table 2).

For the CHD and control groups, the mean ADC values of
the supratentorial WM regions (frontal WM, periatrial WM)
were consistently higher than those of the infratentorial regions
(cerebellar hemisphere, pons), and the mean ADC values of the
deep gray matter (basal ganglia, thalamus) were consistently simi-
lar to each other during the early and late stages of pregnancy, as
shown in Table 2.

DISCUSSION

We used fetal DWT to show abnormal diffusion in different regions
of the brain in fetuses with CHD compared with controls. These
results reinforce the previous studies reporting that some congeni-
tal cardiac lesions can affect the development of the fetal brain in
utero.'”!" We observed regional differences in ADC during gesta-
tion, likely reflecting differences in fetal brain development because
of many factors such as changes in the tissue cellularity and water
content, neuronal maturation, neuronal remodeling and pruning,
axonal sprouting, glial proliferation, and so forth. Our results

detecting and characterizing diffuse
injuries of the fetal brain."* In this
study, none of the CHD fetuses showed
morphologic brain abnormalities, but
the difference in ADC values deviating
from the control group suggests abnor-
mal brain axonal density.

Our results in the group with GA <
26 weeks are similar to those in previ-
ously published fetal DWI studies.*’
Higher ADC values of supratentorial
WM regions (frontal WM, periatrial
WM) can be interpreted because of the
presence of immature migrant cells, an
increase in cellular density, and a loose tissular organization with
larger extracellular spaces within the WM. The lower ADC values
of the cerebellum, pons, and thalamus maybe due to earlier matu-
ration and myelination. In the group with GA = 26 weeks, our
results corroborate previous abnormal ADC values in a smaller
cohort of 3 fetuses with CHD with a mean GA of 34 weeks,
reported by Berman et al,"* who found that the ADC values of the
thalamus in the CHD group were significantly higher than those in
the control group; however, the values in the basal ganglia were
not significantly different. Schonberg et al'® also described ADC
values in 8 fetuses affected by CHD with a mean GA of 32.5 weeks
and found an increase in ADC values in all regions of the WM as
well as in the basal ganglia, comparable with values found in
healthy fetuses. In fetuses with CHD of <26 weeks” GA, our results
showed a significant reduction in the ADC values of the WM and
pons compared with the control group.

Several reasons could explain the difference among these stud-
ies. First, because of the characteristics of fetal brain development,
most published fetal studies on this topic have been conducted in
the third trimester.'® However, many key steps of brain develop-
ment have been completed by midgestation (GA, 21 — 26 weeks),
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such as neuronal migration and dendritic formation, synapse for-
mation, and oligodendrocyte maturation.!” Therefore, our cohort
study with an average GA of 26 weeks was chosen to determine the
timing of intrauterine brain structural changes associated with
CHD. Some studies have demonstrated that in normal deep WM
areas, ADC values initially tend to increase from 20 gestational
weeks up to a peak around 30weeks.*>* Due to the decrease in
water content and the beginning of higher-order maturation, this

increase is rapidly followed by a subsequent decrease in ADC

[ Control
24 @ CHD

%%é;i$;+§

08-"—T—T T T T T T T T T T
S TP R LR @
Q$ Q$ Q7 AV Q°°Q$ Q$ Q7 AV ¢ QOQ
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ADC(10° mm?/s)
?

21 weekss GA <26 weeks

1 Control
2.4+ = CHD

ét& %%%%+*§ ;

0.8 T T T 1
Q“\*&*e 48‘ 0‘2‘ @‘4\@ 0.(2‘ 0‘2;009

26 weekss GA < 36 weeks

FIG 3. Box-and-whisker plots representing the distribution of ADC
measurements across the fetal brain anatomic structures and preg-
nancy trimesters. Asterisks indicate significant differences between
the CHD (red) and control (blue) groups for the same structure. BG
indicates basal ganglia; TH, thalamus; CH, cerebellar hemisphere;
FWM, frontal WM; PWM, periatrial WM.

Table 2: ADC values in the CHD and control groups in different brain areas®

values in most brain areas after 30 weeks.'® Therefore, in the early
stages of pregnancy (GA < 26 weeks), the reduced mean ADC val-
ues in the WM of the CHD group probably represent delayed
maturation.

Another source of the difference is that the types of CHD
included in the cohort study were diverse. Of note, these previous
14,15

findings ™~ in regional tissue development were associated with
a more specific type of complex CHD: HLHS. However, other
CHD types with decreased oxygen delivery to the brain can also
be associated with prenatal neurologic injury. Good examples of
CHD types with decreased oxygenation of the brain are TGA and
TOF. In TGA," the aorta arises from the right ventricle and the
fetal brain receives deoxygenated blood returning from the sys-
temic circulation stream. In fetuses with TOF,%° the presence of a
large ventricular septal defect leads to mixing of blood in the left
and right ventricles, which results in consecutively low oxygen
saturation in the cerebral arteries. Moreover, Donofrio et al*!
evaluated cerebral blood flow perfusion changes in fetuses with
CHD using head circumference and the cerebral-to-placental re-
sistance ratio and found that fetuses with TGA were less affected
than those with HLHS. These results indicate that diverse cardiac
lesions are likely to have different brain effects. In addition, there
is also a large difference in sample size.

Our results are aligned with Arthurs at al that showed that a
significant decline was found for ADC values in the frontal WM
compared with healthy fetuses, suggesting a high susceptibility to
frontal chronic hypoxic-ischemic insult with pronounced abnor-
malities in frontal WM perfusion in fetuses with CHD.** We
hypothesized that this phenomenon may represent chronic dam-
age and WM gliosis from a decline in ADC values due to hyper-

cellularity. A previous study”

concluded that the thalamus, in
particular, was more sensitive to hypoxia changes, consistent
with our results that the CHD group had higher ADC values dur-
ing the later stages of pregnancy. In our study, we did not
observe abnormal diffusivity in the basal ganglia. We also found
that although the CHD group with GA < 26 weeks had lower
ADC values in the pons than in controls, there was not a signifi-
cant difference between the 2 groups in the later stages of preg-
nancy (GA = 26 weeks). The higher cognitive functions of the
frontal lobes are protected by a com-
pensatory mechanism such as the

“brain-sparing” effect during an ear-

Unit Control (n =100 CHD (n =50 P Val
GA <26 wk (No) o ontrol (n % ) {mean) (n > ) (mean) aue lier pregnancy.* However, under
wk (No. .
Frontal WM (10> mmZ/s) 1.87 (SD, 0.15) 177 (SD, 0.14) o chronic circumstances or a later preg-
Periatriall WM (107> mmZ/s) 188 (SD, 0.10) 183 (SD, 0.08) 04° nancy, perfusion redistribution aims
Basal ganglia (1072 mm?%/s) 1.65 (SD, 0.15) 1.62 (SD, 0.1) 47 to protect more elementary brain
Thalamus (10? mmi/s) 1.61(SD, 0.16) 1.55 (SD, 0.15) 22 regions such as the basal ganglia and
CH (10> mm?/s) 179 (SD, 0.15) 177 (SD, 0.12) 40 . .
ons supplied by the middle and pos-
Pons (1072 mm?/s) 153 (SD, 0.13) 1.44 (SD, 0.13) 03° pons supp v P
GA =26 wk (No) 50 25 terior cerebral arteries. Therefore, our
Frontal WM (10> mm?/s) 1.94 (SD, 0.18) 1.82 (SD, 0.15) 006° data indicate that different regions of
Periatrial WM (10> mm?/s) 1.80 (SD, 0.16) 1.78 (SD, 0.13) Al the brain differ in the sensitivity to
Basal ganglia (1072 mm?%/s) 1.53 (SD, 0.13) 1.50 (SD, 0.10) 21 hypoxic-ischemic injury during the
Thalamus (107> mm?/s) 139 (SD, 0.11) 1.44 (SD, 0.08) 04° develobment brocess
CH (10 mm2/s) 158 (5D, 0.13) 165 (5D, 0.13) 07 pmentprocess. - ,
Pons (1073 mm?/s) 137 (SD, 0.13) 134 (D, 0.15) 38 There are some limitations to this

Note:—CH indicates cerebellar hemisphere.
®Data are presented as means.

®p <.05.
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study. Our sample size was limited,
resulting in a failure to perform a more
detailed classification analysis according



to the characteristics of the types of CHD. Second, postpartum
imaging follow-up studies and long-term standardized neuropsy-
chological evaluations are required to determine the value of DWI
for the prenatal diagnosis of fetuses with CHD. Because our study
included fetuses with severe CHD, most of whom required correc-
tive surgery during infancy, certain cognitive delays or involved dis-
abilities that are only diagnosed during school age make follow-up
difficult.

CONCLUSIONS

The ADC value of fetuses with CHD was significantly decreased
in different brain areas during the early and late stages of preg-
nancy compared with healthy controls. This study suggests that
abnormal brain diffusivity detected by fetal brain DWT could be a
feasible early marker of axonal development from midgestation,
which may lead to brain growth failure during the third trimester.
This technique could aid in recognizing a possible detrimental
effect of CHD on developing brain tissue. However, the prognos-
tic value of ADC changes in postnatal development requires fur-
ther study.
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