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Background—Children with major congenital heart defects are risking impaired cerebral growth, delayed cerebral
maturation, and neurodevelopmental disorders. We aimed to compare the cerebral tissue oxygenation of fetuses with
major heart defects to that of fetuses without heart defects as estimated by the magnetic resonance imaging modality T2*.
T2* is low in areas with high concentrations of deoxyhemoglobin.
Methods and Results—At gestational age mean 32 weeks (early) and mean 37 weeks (late), we compared the fetal cerebral
T2* in 28 fetuses without heart defects to that of 15 fetuses with major heart defects: transposition of the great arteries
(n=7), coarctation of the aorta/hypoplastic aortic arch (n=5), tetralogy of Fallot (n=1), hypoplastic right heart (n=1),
and common arterial trunk (n=1). The women were scanned with a 1.5 T Philips scanner using a breath-hold multiecho
gradient echo sequence. Among fetuses without heart defects, the mean T2* value was 157 ms (95% confidence interval
[CI], 152–163) early and 125 ms (95% CI, 120–130) late. These figures were significantly lower (mean 14 ms; 95% CI,
6–22; P<0.001) among fetuses with heart defects 143 ms (95% CI, 136–150) early and 111 ms (95% CI, 104–118) late.
Conclusions—Our findings indicate that fetal cerebral T2* is measurable and that fetal cerebral tissue oxygenation
measured by T2* is lower in fetuses with heart defects compared with fetuses without heart defects. This corroborates the
hypothesis that tissue hypoxia may be a potential pathogenic factor that possibly affects brain development in fetuses with
heart defects.  (Circ Cardiovasc Imaging. 2017;10:e006459. DOI: 10.1161/CIRCIMAGING.117.006459.)
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document a compensatory increase in cerebral blood flow in
fetuses with heart defects,11–13 as demonstrated by a reduced
resistance index in the middle cerebral artery. In spite of this
brain-sparing effect, cerebral blood flow may still be inadequate
to secure the oxygen supply needed for optimal brain development,12 and brain-sparing has been associated with impaired
neurodevelopment in children with congenital heart defects.13
Cross-sectional measurements of the blood flow and oxygen saturation in the major vessels supplying and draining
the fetal brain after 35 weeks of gestation indicate reduced
cerebral oxygen supply and consumption in fetuses with heart
defects.14
In the present study, we estimated fetal cerebral tissue
oxygenation using the magnetic resonance (MR) transversal
relaxation time (T2*), which depends on the tissue concentration of deoxyhemoglobin.15 T2* is measured by a gradient
echo sequence with multiple echo times (TEs). The measured intensity as a function of TE is fitted to an exponential

ongenital heart disease is the most common birth defect,
affecting 6 to 8 per 1000 live births.1 Most of these children survive,2 but 33% to 43% experience impaired neurodevelopment,3,4 which can only be explained in part by genetic
and chromosomal disorders and cardiac surgery complications.5
Consequently, impaired brain development during late gestation has been suggested as an important cause of these disorders6–10 as head size and brain maturation are affected at birth.

See Editorial by Seed
See Clinical Perspective
In fetuses without heart defects, the brain is supplied by oxygenated and nutrient-rich blood directly from the placenta. In
fetuses with heart defects, because of abnormal mixing of oxygenated blood from the placenta and deoxygenated blood from
the fetal body, the brain is often supplied with blood that has
reduced oxygen and nutritional content. Furthermore, reduced
perfusion pressure may be a significant factor. Several studies
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function, which has a characteristic decay time of T2*. This
decay time is partly defined by the tissue microstructure (T2)
and partly by the amount of deoxyhemoglobin.16
We chose to measure T2* since this technique has recently
been used and validated at our institution as a measure of oxygenation in a fetal sheep model,17 as well as in human kidneys
and placenta.18–20
We hypothesized that reduced cerebral tissue oxygenation
would be present before 35 weeks of gestation. We therefore
aimed to measure serially the cerebral T2* values in fetuses
with major heart defects and compare these values to those of
fetuses without heart defects.

Methods
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Recruitment took place at Aarhus University Hospital from October
2014 to June 2016. All fetuses were scanned using MR imaging
(MRI) and ultrasound between gestational weeks 29 to 34 (early) and
again between 35 to 40 weeks (late). The interval between the scans
was 3 to 7 weeks (median 42 days). The scans of fetuses with heart
defects took place at the time of the planned visits in the outpatient
clinic. We included 16 of 47 potential participants (Figure 1) with a
heart defect that was believed to cause disturbances in the flow of
oxygenated blood to the fetal brain: transposition of the great arteries
(n=8), coarctation of the aorta or hypoplasia of the aortic arch (n=5),
tetralogy of Fallot (n=1), hypoplastic right heart syndrome (n=1), and
common arterial trunk (n=1). Thirteen of the 16 women accepted
chorionic villous biopsy and karyotyping (n=2), amniocenteses and
chromosomal microarray (n=10), or noninvasive prenatal test (n=1).
One of these tests showed a small deletion of 1 X chromosome, which
was considered to be of no clinical significance.
During the same time period, we included 40 singleton fetuses
without heart defects from 115 pregnant women. These women were
randomly approached after the first or at the second routine prenatal

ultrasound scan. They received written information and provided an
e-mail address for further information. We excluded 73 women who
did not reply to the subsequent e-mail invitation. One woman declined after receiving oral information, and 1 was excluded because
of claustrophobia. None of the 40 included women had undertaken
prenatal genetic testing.
The study was approved by the Danish Data Protection Agency
(1-16-02-86-14) and by the Institutional Review Committee (journal number 1-10-72-61-14). All participating subjects gave written
informed consent.

Fetal Ultrasound
Fetal ultrasound scans (Voluson E8 and Voluson E10, GE Healthcare)
were performed by experts in fetal medicine. We measured the fetal weight,21 the diameter of the aortic and pulmonary valves, and
the diameter of the aortic isthmus.22 We calculated weight for gestational age (GA) z scores, aortic and pulmonary valve z scores, and
the aortic isthmus z score.23,24 Furthermore, using Doppler flow, we
measured the flow in the isthmus and the pulsatility indices in the
umbilical artery and the middle cerebral artery.25 The cerebroplacental ratio was calculated by dividing the pulsatility indices of the middle cerebral artery by the pulsatility indices of the umbilical artery.
Cerebroplacental ratio z scores were calculated.26

Magnetic Resonance Imaging
An MRI scan was obtained using a Philips 1.5 T Ingenia system
(Philips, Best, The Netherlands). During the MRI scan, the pregnant
woman was placed in a left lateral position and a dStream Torso Coil
was placed over the abdomen covering the entire uterus. Initially, a
localizer (a structural T2 image) was obtained to facilitate the general
orientation of the placenta and the fetus. This was followed by T2weighted fetal cerebral examinations in 3 planes, a T1-weighted scan,
and a diffusion-weighted examination in 1 plane to rule out cerebral
malformations and bleeding.

Figure 1. Flowchart illustrating the recruitment
of fetuses with heart defects. AVSD indicates
atrioventricular septal defect.
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Fetal cerebral T2* mapping was obtained using a multiecho gradient echo sequence with the following parameters: repetition time
123 ms; 5 or 16 echoes ranging from 1.42 to 80/121.5 ms in steps
of 20/25/5.2 or 8 ms, respectively; field of view 350×350 mm, and
acquisition matrix 176×123 resulting in an in-plane resolution of
2.0×2.8 mm. Two 10-mm slices were placed axially through the fetal
brain (Figure 2). The flip angle was 20°, and 1 average was used.
Each slice was acquired within a single breath hold of 9 s.
At least 1 repeat cerebral T2* scanning was performed; more were
performed if obvious artifacts were observed during the examination.
We initiated our study using a gradient echo sequence with 16
echoes ranging from 1.42 to 80 ms.27 However, after the sixth examination, scanner software upgrades resulted in an unexpected loss of
the 16-echo option, and only 5 echoes were available until a dedicated
software upgrade was available.
Fourteen of the first 19 examinations were of poor quality (all
fetuses without heart defects) and were discarded. The longest TE
was then increased to contain the full decay of the T2* signal from
the fetal brain.28
We have results from 13 examinations where only 5 echoes were
available; 8 from fetuses without heart defects and 5 from fetuses
with heart defects.
Apart from tissue oxygenation, the T2* value is also affected by
elements of tissue composition (the intrinsic T2 value) such as cell
density, water content, amount of hydrogen atoms, surface area,29,30
as well as fetal and maternal movements.
T2* is a superposition of the intrinsic T2, the local susceptibility caused by deoxyhemoglobin and inhomogeneity in the magnetic
field (also called background fields). Inhomogeneity was observed as
signal void arising from the outer parts of field of view and growing
inwards with increasing TE. This error of the T2* value is a wellknown issue, and it is a fundamental problem when using T2* as an
absolute value.31
Fetal movements made it necessary to discard a number of the
early examinations, in particular.

MRI Analysis
Images were processed using an in-house developed program written in MATLAB (The MathWorks Inc, Natick, MA). Sinding and
Sorensen previously used this program.20,27 In each T2* scan, a region of interest (ROI) was drawn on each slice on the image with the
longest TE covering at least half of the fetal brain in an area without
visible artifacts (Figure 3). This ROI was used for all images with
different TEs from each slice, and the ROI was repositioned if visible

artifacts were encountered on one of the images. The slice was discarded from the analyses if artifacts affected more than half of the
brain on one of the images. The T2* value was obtained by fitting
the averaged signal (S) within each ROI as a function of the TE. The
fitting was performed using a mono-exponentially decaying function,
with equilibrium magnetization (M0) and T2* as the free parameters;
S=M0×e(−TE/T2*).
A nonlinear least squares fitting algorithm was used, and each
time point was weighted using the signal SD in the ROI, thereby giving less significance to images with a high SD. The resulting T2*
values were obtained by averaging the calculated T2* measurements
of all the available slices.

Blood Work
As part of the routine work up, the newborns with heart defects had
hemoglobin concentrations measured within the first 12 hours of life.
Hemoglobin concentrations were not measured in the children without heart defects.

Statistical Analyses
Multilevel mixed-effects linear regression that accounted for repeated
measurements within each fetus was used to estimate the relationship between GA and the fetal cerebral T2* value. We present the
linear regressions with 95% prediction intervals (Figure 4). The mean
difference in cerebral T2* values between fetuses with heart defects
and fetuses without heart defects are presented with 95% confidence
intervals (CI) and corresponding P values. Fetal ultrasound characteristics, birth weight, and head circumference at birth are presented as
z scores; Student t test and linear regression were used to compare z
scores between groups. The cerebral T2* values of the fetuses without heart defects were applied to calculate the cerebral T2* z scores of
all the fetuses. Wilcoxon rank-sum test was used to compare parameters that were not normally distributed. Categorical variables were
compared using the χ2 test.
Twenty-four of the examinations were randomly chosen for the
repeated, blinded analyses for interobserver and intraobserver reproducibility of the segmentation. The reproducibility of the method was
estimated using the variation in T2* obtained by repeat scans of a
single cerebral slice in the fetuses without heart defects. In 10 examinations, the T2* value was estimated using both 5 and 16 of the available TEs. We used Bland–Altman plots to depict the reproducibility
and reliability of the method and calculated the mean difference with
95% limits of agreement as suggested by Bland and Altman.32
The statistical software package Stata 13.1 (StataCorp LP, College
Station, TX) was used for all analyses.

Results

Figure 2. Two 10-mm slices axially through the fetal brain.

We obtained at least 1 T2* measurement from 15 of the 16
fetuses with heart defects and from 28 out of the 40 fetuses
without heart defects.
Maternal and fetal characteristics are presented in Table 1.
We found no statistically significant differences between pregnancies with fetal heart defects and pregnancies without fetal
heart defects (Table 1).
Twelve fetuses were only examined once. Among the
fetuses with heart defects, 3 were recruited later than 35 weeks
of gestation, and the second examination was cancelled by 1
participant because of maternal discomfort. The reasons that
only 1 examination was performed in some fetuses without
heart defects were onset of labor before the second examination (n=2), gestational hypertension (n=3), and maternal discomfort (n=3).
In 6 fetuses with heart defects and in 13 fetuses without
heart defects, we obtained T2* measurements at both the early
and late examinations (Figure 4; Table 2).
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Figure 3. The figure shows the mean magnetic resonance imaging signal of each cerebral region of interest (y axis) plotted at the 16 different echo times (TE; x axis). The orange line depicts the T2* decay from the early scan (week 32) and the green line depicts the T2* decay
from the late scan (week 39) of the same fetus. For each fetus, the T2* decay curve is obtained using a nonlinear least squares fitting
algorithm (S=M0×e(−TE/T2*)), where M0 is the equilibrium magnetization. Six of the corresponding T2* weighted images of the fetal brain and
regions of interest (red circle) are depicted for each of the 2 scans.

Cerebral T2* Value
Among fetuses without heart defects, the mean T2* value
decreased with increasing GA; the mean T2* value was 157
ms (CI, 152–163) in GA week 32 (early) and 125 ms (CI,
120–130) in GA week 37 (late). The cerebral T2* values were
significantly lower among fetuses with heart defects; 143 ms
(CI, 136–150) at the early scan and 111 ms (CI, 104–118) at
the late scan. The average cerebral T2* decline was 5.7 ms
per gestational week in both groups. On average, the fetuses
with heart defects had cerebral T2* values 14 ms lower than
the fetuses without heart defects (95% CI, 6–22; P<0.001;
Figure 4).

Increasing the hemoglobin concentration results in a slightly,
but not statistically significant, reduction in the cerebral T2* z
score; −0.29/mmol−1 (CI, −0.9 to 0.3; P=0.3; Figure 5).
Fetal ultrasound measures and neonatal outcomes are presented in Table 2.

Cerebral T2* Value in Relation to Fetal Measures
and Neonatal Hemoglobin Concentrations
None of the fetuses without heart defects had cerebral T2*
measurement z scores <−2.0 at the late examination as
opposed to 4 fetuses with heart defects (transposition of the
great arteries [n=2] and coarctation of the aortic arch [n=2]).
One fetus without a heart defect and 3 fetuses with a heart
defect (coarctation of the aortic arch [n=2] and transposition
of the great arteries [n=1]) had cerebroplacental ratio z scores
<−2 at the late examination. The mean cerebroplacental ratio
z score did not correlate with the T2* z score in the fetuses
without heart defects or in the fetuses with heart defects.
Two of the newborns with heart defects had hemoglobin concentrations above the normal range of our laboratory
(9.1–14.9 mmol/L) measured within the first 12 hours of life.

Figure 4. Fetal cerebral T2* (ms; y axis) by gestational age
(weeks; x axis); the blue dots represent the fetuses with no heart
defects and the red dots represent the fetuses with heart defects.
The thick blue and the thick red line represent the regression line
of the fetuses without and with heart defects, respectively. The
thinner blue lines represent the 95% prediction interval for the
fetuses without heart defects. A very thin dashed line connects
results from 2 scans of the same fetus. MRI indicates magnetic
resonance imaging.
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Discussion

Table 1. Maternal and Fetal Characteristics
No Heart
Defect (n=28)

Heart Defect
(n=15)

29 (26–33)

29 (27–33)

Our main findings were that the fetal cerebral T2* value (a
measure of tissue oxygenation) declines with increasing GA,
and that it was significantly lower among fetuses with heart
defects already at 32 weeks of gestation.
A limitation of the present study is the low number of
included fetuses relative to the high number of different heart
defects. Another limitation of the study was that we, because of
the artifacts, had to discard 31% of the examinations in fetuses
with heart defects and 42% of the examinations in fetuses without heart defects. The reasons for the artifacts were a combination of fetal movements and susceptibility artifacts. The loss of
echoes increased the CIs of the measurements and consequently
the vulnerability to artifacts, thus a higher number of the examinations with only 5 echoes were discarded. An artifact can
appear bright or dark on the images, the latter being the most
common in our study. Thus, hypothetically, the acceptance of a
higher percentage of examinations from the fetuses with heart
defects would potentially result in an overestimation of the difference between the groups. For selection bias to occur, the risk
of discarding an examination would have to depend on both the
presence of a heart defect (exposure) and the actual T2* value
(outcome). The proportion of discarded examinations was similar in the 2 groups. Consequently, we think that the discarded
examinations are unlikely to have caused selection bias.
It has been described previously that subclinical uterine contractions affect placental oxygenation20 and may also
affect fetal cerebral oxygenation. We were not able to monitor
the frequency of subclinical uterine contractions in the present
study; nonetheless, we assumed them to be equally distributed
in the 2 groups. Furthermore, we find it unlikely that significant
confounding has been introduced by the slight overweight of
males among fetuses with heart defects, the slight overweight
of nulliparous women among the women expecting a child
without a heart defect, or yet unknown genetic mutations.

Maternal characteristics
 Age, y
 Body mass index, kg/m

2

 White, n
 Maternal smoking during pregnancy, n
 Nulliparous, n

22 (21–24)

23 (21–27)

28/28 (100)

15/15 (100)

0/28 (0)

1/15 (7)

14/28 (50)

5/15 (33)

14/28 (50)

9/15 (60)

Fetal characteristics
 Male gender, n

Maternal and fetal characteristics in 15 pregnancies with fetal heart defects
and 28 pregnancies without fetal heart defects, Aarhus, Denmark, 2014–2016.
Data are presented as median (interquartile range) or n (%).
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Besides lower cerebral T2* values and reduced mean head
circumferences at birth, the fetuses and neonates with heart
defects did not differ significantly from the fetuses and neonates without heart defects. None of the scanned fetuses had
reversed flow in the aortic isthmus.
The cardiac measures of the fetuses with heart defects are
presented in more detail in Table 3.

Reproducibility
We used Bland–Altman plots to depict the reproducibility and
the reliability of the method. The mean difference and 95%
limits of agreement for the slice-to-slice reproducibility were
–0.05±12.3 ms. The mean difference and 95% limits of agreement for the intraobserver and interobserver variability were
0.0±20.7 ms and –2.4±26.2 ms, respectively. The mean difference and 95% limits of agreement between using 5 or 16
of the available echoes were –3.6±6.4 ms (plots not shown).
Table 2. Fetal Measures and Neonatal Outcomes
No Heart Defect
(n=28)

No. of
Measurements

Heart Defect
(n=15)

No. of
Measurements

0.03 (1.0)

52

−0.26 (0.9)

30

Difference (95% CI)

Fetal measures
 Ultrasound estimated head circumference z score
 Estimated fetal weight z score

0.3 (−0.2 to 0.7); P=0.2

−0.41 (0.8)

52

−0.51 (0.9)

30

0.1 (−0.3 to 0.5); P=0.6

 Gestational age at MR1

32 (0.7)

18

32 (1.5)

12

−0.7 (−1.5 to 0.2); P=0.1

 Gestational age at MR2

37 (0.8)

23

37 (1.3)

9

0.1 (−0.6 to 0.9); P=0.7

 Median interval between scans, d (IQR)

41 (36 to 43)

14

35 (27 to 42)

6

 Aortic valve z score

−0.81 (1.0)

52

−0.72 (3.5)

20

−0.1 (−1.2 to 1.0); P=0.9

 Isthmus z score

0.96 (0.9)

49

0.34 (1.9)

16

0.6 (−0.1 to 1.3); P=0.1

 Pulmonary valve z score

0.08 (1.5)

51

0.82 (3.6)

19

−0.7 (−2.0 to 0.5); P=0.2

 CPR z score

0.10 (1.5)

50

−0.22 (2.0)

29

0.3 (−0.5 to 1.1); P=0.4

−0.08 (0.96)

28

−0.41 (0.96)

15

0.32 (−0.29 to 0.95); P=0.29

0.02 (0.95)

28

−0.68 (1.08)

15

0.69 (0.05 to 1.34); P=0.04*

Neonatal outcomes
 Birth weight z score
 Head circumference z score

Data are presented as mean (SD), n. Measures were compared by Student t test or Wilcoxon rank-sum test. CI indicates confidence interval; CPR, cerebroplacental
ratio; IQR, interquartile range; MR, magnetic resonance; and n, the number of measurements in each group.
*Statistical significance at the P<0.05 level.
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Figure 5. The relation between the hemoglobin concentration
within 12 h after birth in fetuses with heart defects and the calculated cerebral T2* z scores at the late examination.

The association between increasing GA and the decrease
in the mean T2* value may be explained by a fetal and placental hypoxic state that progresses during the third trimester of
pregnancy. This is in line with Soothill et al33 who describe a
decrease in the partial pressures of oxygen in venous umbilical
samples from 40 mm Hg in week 32 to 32 mm Hg in week 38. In
accordance with this finding, the mean placental T2* value has
been shown to decrease as pregnancy advances.27 Alterations in
the intrinsic T2 value must, however, also be taken into account
as the cerebral T2 value declines with increasing GA in prematurely born infants.30 This change is likely to be caused by
changes in tissue composition along with the natural maturation of the cerebral tissues.8 When the T2 value declines with
GA, the T2* value declines correspondingly.
In the present study, fetuses with heart defects had a mean
cerebral T2* value that was lower than the normal level. This
finding may be explained by reduced tissue oxygenation.
Consequently, our results support the findings of previous studies based on MR oximetry and blood flow quantification by
phase contrast MRI in ascending aorta and the superior caval

vein.34 These studies report a 15% reduction of cerebral oxygen
delivery and a 32% reduction of cerebral oxygen consumption
in fetuses with congenital heart disease compared with fetuses
without heart disease.14 Potentially, a slightly elevated hemoglobin concentration in fetuses with heart defects can influence
the mean cerebral T2* value caused by an increased level of
deoxyhemoglobin at the same saturation level. Portnoy et al35,36
from Toronto recently published their in vitro MRI T1 and T2
measurements of fetal hematocrit and oxygen saturation. They
found that T2 in fetal blood increases with increasing oxygen
saturation and decreases slightly with increasing hematocrit.
Taking into account the range of the expected fetal cerebral
saturation (40% to 70%14,37) and the range of the expected fetal
hematocrit (0.3 in GA week 17 raising to 0.45 in GA week
4038) we expect the influence of higher hematocrit on T2 (and
thus T2*) to be negligible as the T2 of fetal blood is barely
affected by hematocrit in the 0.35 to 0.45 range.36
In the present study, we found that the fetal cerebral T2*
values on average decrease by almost 6 ms per gestational
week. We know from other studies that fetuses with heart
defects often have delayed cerebral maturation.7 If cerebral
maturation in the fetuses with heart defects in our study was
delayed by just 1 week, this could result in a possible overestimation of the cerebral T2* value in fetuses with heart
defects of ≈6 ms. This would result in an underestimation of
the difference between the fetuses without heart defects and
the fetuses with heart defects. Consequently, the phenomenon
does not explain our results.

Conclusions
Our findings indicate that fetal cerebral T2* can be measured
and that, already at 32 weeks of gestation, fetal cerebral T2*
as a measure of fetal cerebral tissue oxygenation is lower in
fetuses with heart defects than in fetuses without heart defects.
Our sample size is small and the congenital heart defects
included in the study are heterogeneous. Consequently the
results of this study should be interpreted as preliminary and
hypothesis generating only. However, the present results corroborate the hypothesis that tissue hypoxia may be a potential

Table 3. Fetal Cardiac Measures
Fetal Heart Defects
TGA (n=7)

CoA (n=5)

HRHS (n=1)

Fallots tetralogy (n=1)

Common arterial trunk (n=1)

Scan No

Aortic Valve
z Score

Isthmus z Score

Pulmonary Valve
z Score

CPR z Score

Early

1.7 (1.3)

1.2 (0.9)

1.3 (1.3)

0.5 (1.6)

Late

1.9 (3.4)

1.4 (1.5)

−0.3 (0.8)

0.5 (2.4)

Early

−3.5 (1.4)

−2.7 (0.4)

1.2 (1.8)

−1.6 (0.7)

Late

−5.4 (1.5)

−0.7 (0.3)

2.3 (0.3)

−1.1 (2.1)

Early

−0.4

…

−5.5

0.4

Late

…

1.1

…

−0.2

Early

−0.8

…

−6.1

−0.4

Late

…

…

…

−0.6

Early

…

0.9

…

−2.0

Late

4.1

2.8

11.4

3.9

Fetal cardiac measures and the CPR are presented as mean z scores (SD) and are divided into the different groups of fetal heart
defects. CoA indicates coarctation/hypoplasia of the aortic arch; CPR, cerebroplacental ratio; HRHS, hypoplastic right heart syndrome; n,
the number of participants in each group; and TGA, transposition of the great arteries.
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pathogenic factor that may possibly affect brain development
in fetuses with heart defects.
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CLINICAL PERSPECTIVE
The vast majority of children with major congenital heart defects survive, but 33% to 43% experience impaired neurodevelopment. In fetuses with congenital heart defects, disturbed hemodynamics has long been suspected to affect the developing
brain. Magnetic resonance (MR) imaging studies of near term hemodynamics in fetuses with major congenital heart disease
have reported reduced oxygen saturations in the ascending aorta without an increase in the cerebral blood flow or oxygen
extraction extrapolated from flow and oxygen saturation measures in the superior vena cava. Accordingly these findings
indicate a reduced cerebral oxygenation in fetuses with congenital heart defects. In the present study, we estimated the fetal
cerebral tissue oxygenation by the MR transversal relaxation time (T2*), which depends on the tissue concentration of
deoxyhemoglobin. Already at 32 weeks of gestation, we found that fetal cerebral T2* as a measure of fetal cerebral tissue
oxygenation was lower in fetuses with heart defects than in fetuses without heart defects. The lower cerebral tissue oxygenation persisted at 37 weeks of gestation. Our sample size is small and the included congenital heart defects are heterogeneous. Consequently, the results of the study should be interpreted as preliminary and hypothesis generating only. However,
this finding corroborates the hypothesis that tissue hypoxia may be a potential pathogenic factor that may possibly affect
brain development in fetuses with heart defects.
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