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ABSTRACT

BACKGROUND AND PURPOSE: Congenital diaphragmatic hernia is associated with high mortality and morbidity, including evidence
suggesting neurodevelopmental comorbidities after birth. The aim of this study was to document longitudinal changes in brain bi-
ometry and the cortical folding pattern in fetuses with congenital diaphragmatic hernia compared with healthy fetuses.

MATERIALS AND METHODS: This is a retrospective cohort study including fetuses with isolated congenital diaphragmatic hernia
between January 2007 and May 2019, with at least 2 MR imaging examinations. For controls, we used images from fetuses who
underwent MR imaging for an unrelated condition that did not compromise fetal brain development and fetuses from healthy
pregnant women. Biometric measurements and 3D segmentations of brain structures were used as well as qualitative and quantita-
tive grading of the supratentorial brain. Brain development was correlated with disease-severity markers.

RESULTS: Forty-two fetuses were included, with a mean gestational age at first MR imaging of 28.0 (SD, 2.1) weeks and 33.2 (SD, 1.3)
weeks at the second imaging. The mean gestational age in controls was 30.7 (SD, 4.2) weeks. At 28 weeks, fetuses with congenital
diaphragmatic hernia had abnormal qualitative and quantitative maturation, more extra-axial fluid, and larger total skull volume. By
33 weeks, qualitative grading scores were still abnormal, but quantitative scoring was in the normal range. In contrast, the extra-
axial fluid volume remained abnormal with increased ventricular volume. Normal brain parenchymal volumes were found.

CONCLUSIONS: Brain development in fetuses with congenital diaphragmatic hernia around 28 weeks appears to be delayed. This
feature is less prominent at 33 weeks. At this stage, there was also an increase in ventricular and extra-axial space volume.

ABBREVIATIONS: CDH ¼ congenital diaphragmatic hernia; FETO ¼ fetal endotracheal occlusion; GA ¼ gestational age; SRR ¼ super-resolution reconstruc-
tion; TFLV ¼ total fetal lung volume

Congenital diaphragmatic hernia (CDH) is a severe birth
defect, occurring in approximately 1 in 3000 live-born neo-

nates.1 Despite neonatal treatment, the disease is associated with

high mortality, and survivors often have short- and long-term
morbidities.1 These include respiratory, gastrointestinal, and neu-
rologic impairments.2 Neurodevelopmental delays as well as be-
havioral difficulties have been linked to CDH in the past, and
certain risk factors have been suggested, including gestational age
at birth, disease severity, associated anomalies, the requirement
for extracorporeal membrane oxygenation, and long stays in the
neonatal intensive care unit.2-7

In infants with CDH, imaging studies have demonstrated sev-
eral abnormalities, including increased extra-axial space, delayed
sulcation, and white matter injury, but the exact mechanisms
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remain unclear.8 As for other congenital malformations with an
increased risk for neurodevelopmental abnormalities, parents
may ask whether these are already present at the time of prenatal
diagnosis or are more likely to be postnatally acquired. This issue
will become even more important with the advent of effective
fetal therapy,9-11 which treats fetuses with the more severe forms
of CDH. Those parents and physicians likewise will want to
understand whether brain development in CDH is already altered
prenatally and, when present, if this would be severity-depend-
ent.12 Currently, there are limited data on in utero brain develop-
ment in fetuses with CDH.8,12,13 Radhakrishnan et al12 described
enlargement of the extra-axial space and congestion of the venous
sinuses in the third trimester. A further study reported a correla-
tion between cerebellar and vermian dimensions and the severity
of lung hypoplasia (evidenced by lower fetal lung volume).
Recently, we reported, on the basis of sonography, changes in cer-
ebellar growth, in particular after 32 weeks’ gestation. We also
correlated these to disease severity.14 The objective in the present
study was to use MR imaging data to document cortical folding
as well as the dimensions and volume of given brain structures in
comparison with findings in healthy fetuses, again, in particular,
late in gestation.

MATERIALS AND METHODS
This retrospective cohort study included all consecutive fetuses
diagnosed with isolated CDH at the University Hospitals Leuven,
Belgium, between January 2007 and May 2019 (n ¼ 283) and for
whom at least 2 MR imaging examinations were available (n ¼
48 fetuses). Isolated CDH was defined as the presence of normal
findings on prenatal genetic testing (conventional karyotyping or
comparative genome-wide hybridization array analysis15) and the
absence of a major structural anomaly. Fetuses with poor-quality
brain images due to motion artifacts were excluded (n ¼ 6). For
controls, we used images from fetuses that underwent MR imag-
ing for an unrelated condition, which was presumed not to
involve brain development, assessed between 20 and 37weeks’
gestational age (GA) (n ¼ 26). The precise indications for MR
imaging assessment are provided in the Online Supplemental
Data. All brain examinations were reported as showing normal
appearances for GA, and no abnormal neurodevelopmental out-
come was reported after birth. We added to this control cohort
additional fetal images (n ¼ 30) obtained by our collaborators
from King’s College London (Robert Steiner MR Imaging Unit in
Hammersmith Hospital, London, UK) between November 2007
and May 2013 in healthy pregnant women who had normal neu-
rodevelopmental follow-up. These data were included in a previ-
ous study.16 Selected patients were chosen to be equally distributed
across the same GA period.

MR Imaging Examination
At the University Hospitals Leuven, MR imaging was performed
as part of standard clinical care using a 1.5T system (Aera;
Siemens). Two small body coils were placed adjacent to each
other over the mother. The mother was positioned in the supine
or left lateral decubitus position. Before September 2015, mater-
nal sedation (flunitrazepam, 0.5 mg taken orally 20–30 minutes
before the examination) was used when the GA was ,30 weeks,

a practice that was abandoned.17,18 The protocol includes T2-
weighted HASTE sequences, obtained in 3 orthogonal planes rel-
ative to the fetal head (coronal, axial, and sagittal). Scanning
parameters are reported elsewhere.19 In addition, T2-weighted
HASTE sequences, obtained in 3 orthogonal planes relative to the
fetal body (coronal, axial, and sagittal) were performed. Scanning
parameters were TE¼ 90 ms; TR¼ 1000ms; section thickness ¼
3.0–4.0mm; absence of an intersection gap; FOV ¼ 300 � 300–
380� 380mm. During the study period, the scanner received
several software updates that had no influence on the image qual-
ity of T2-weighted sequences. However, additional sequences
were added to the routine protocol (eg, T2*-weighted sequences
and diffusion-weighted imaging), but these are not relevant to
this study. Parameters from the MR imaging examination in
controls scanned at the Robert Steiner MR Imaging Unit in
Hammersmith Hospital, London, UK, were similar and can be
found in Kyriakopoulou et al.16 These examinations were per-
formed using a 1.5T MR imaging system (Achieva; Philips
Healthcare) with a 32-channel cardiac array coil. The mother was
positioned in a left lateral tilt, and no sedation was used. The
images used for this study included T2-weighted images in trans-
verse, sagittal, and coronal planes.

Assessment of Brain Development and Severity of
Pulmonary Hypoplasia
Biometric measurements were obtained on standard T2-
weighted images and included brain and skull biparietal diame-
ter and fronto-occipital diameter, atrial width, and transverse
cerebellar diameter (Online Supplemental Data).17 Head cir-
cumference and extra-axial space percentiles were calculated
according to Kyriakopoulou et al.16 Fetal cortical development
was scored using the grading system described by Pistorius et al20

and measured following Egaña-Ugrinovic et al.21 We earlier
demonstrated that scoring has a good interobserver reproduci-
bility.22 All measurements were performed by D.E. (with limited
experience in fetal MR imaging) under direct supervision of M.A.
(with .5 years’ experience in fetal MR imaging with .2000 fetal
MR imaging examinations) after training in scoring the fetal
brain on MR imaging with the qualitative and quantitative grad-
ing system in 15 cases. The following brain regions were scored
subjectively: frontal, parietal, temporal, mesial, insular, and occi-
pital cortex.20 Selected primary sulci and gyri were graded and/or
measured, including the parieto-occipital fissure; the central, cal-
carine, superior temporal, cingulate sulcus; and, for the opercula-
rization, the Sylvian fissure.20,21 In addition to the Sylvian fissure
depth, which reflects the distance between the inner part of the
skull and the insular cortex, the insular depth was also measured,
ie, the distance from the midline to the insular cortex.22 The sum
of all the graded fissures provides a total grading score for each
hemisphere and the whole brain.22

3D super-resolution reconstruction (SRR) volumes were cre-
ated from the standard T2-weighted 2D stacks displaying the fetal
brain, using NiftyMIC (https://github.com/gift-surg/NiftyMIC),
a publicly available and state-of-the-art SRR algorithm.23 The
SRR volumes were automatically segmented for white matter, the
ventricular system (lateral ventricles, third ventricle, fourth
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ventricle, and aqueduct), the cavum septi pellucidi and cavum
vergae, extra-axial space, and cerebellum with manual correction
when necessary (D.E. supervised by M.A.). A deep learning algo-
rithm for the automatic segmentation of white matter, the ven-
tricular system, and cerebellum was used for the first volumes
that were processed.24 As the number of volumes segmented for
the extra-axial space increased, we trained a new deep learning–
based segmentation algorithm25 based on a partially supervised
learning method that automatically segments white matter, the
ventricular system, the cerebellum, and the extra-axial space.
These segmentations were used for volumetric analysis when the
quality of the SRR volume allowed further analysis (determined
by D.E. and supervised by M.A. and L.F.) (Fig 1).

In all cases in which the fetus underwent fetal endotracheal
occlusion (FETO), the date was noted and the time interval
between the operation and second MR imaging was documented.
The severity of pulmonary hypoplasia in fetuses with CDH was
assessed on MR imaging by measuring the right, left, and total fetal
lung volume (TFLV), the fetal body volume, liver position, intra-
thoracic liver volume, and thoracic volume, again measured man-
ually (D.E. supervised by M.A.). From those, we calculated the
observed over expected ratio TFLV ratio26 and the liver-to-thoracic
volume ratio.27 The latter ratios provide biometric measurements
in the index case that are independent of GA and/or fetal weight.

Statistics
Data were analyzed with Analyze-it
(Analyze-it for Microsoft Excel 4.81.4;
https://analyse-it.com/). Data were
checked for normality using the
Shapiro-Wilk test for normality. All
data are expressed as mean (SD) or
median (interquartile range), depend-
ing on normality; subclassifications
were illustrated as number (percent-
age). Regression analysis of the differ-
ent variables in healthy fetuses allowed
calculation of normal ranges in corre-
lation with GA for each parameter.

This allowed us to calculate an expected value for each observa-
tion in the CDH population. Differences between the CDH popu-
lation at the first and the second time points and the controls
were studied with the Wilcoxon-Mann-Whitney test, using the
observed/expected ratios based on the reference cohort. To ana-
lyze the evolution with time, we performed a Wilcoxon hypothe-
sis test on the difference in the observed/expected ratio between
both time points. Correlations were assessed using the Pearson
correlation coefficient, and the Bonferroni correction for multiple
comparisons was performed.

Ethics Approval
This study was approved by the Ethics Committee of the
University Hospitals Leuven (S56786).

RESULTS
Study Population
Twenty-eight fetuses had left, 12 had right, and 2 had bilateral
CDH (n ¼ 42; Table). The mean GA at the first MR imaging was
28.0 (SD, 2.1) weeks, and at the second, it was 33.2 (SD, 1.3)weeks.
The mean difference between the 2 measurements was 4.8 (SD,
1.9)weeks. FETO was performed in 40 fetuses (95%) with a mean
GA at FETO of 29.3 (SD, 1.5)weeks. The mean number of days
between FETO and the second MR imaging was 26.45 (SD,
11.76). Balloon removal was performed at a mean GA of 33.5 (SD,
1.1) weeks. The mean GA in controls was 30.7 (SD, 4.2) weeks.
SRR for volumetric analysis was possible in 25 (60%) fetuses at the
first time point and in 23 (55%) at the second time point. Further
details of success rates for volumetric measurements at the first
and second time points and the number of available measures
from paired data are shown in the Online Supplemental Data. In
controls, 52 (93%) reconstructions were possible.

Measurement at the First Time Point
The fetal brain and skull biometry were not different between
fetuses with CDH and those without. The extra-axial space and
atrial width in fetuses with CDH were within the normal range,
except for 1 fetus having mild ventriculomegaly (11mm). The
total brain cortical grading for fetuses with CDH was significantly
lower than in controls (P, .003) (Online Supplemental Data).
When we compared the brain grading of each hemisphere, the
difference was present on both sides (both P, .003). The opercu-
larization was delayed on the left side (P ¼ .011), but not on the

FIG 1. T2-weighted images in the axial (A), coronal (B), and sagittal (C) planes illustrating auto-
mated segmentations of the extra-axial space (yellow), white matter (red), ventricular system
(green), and cerebellum (blue).

General characteristics of the congenital diaphragmatic hernia
group

General Characteristics
Left/right/bilateral 28 (66.7%)/12 (28.6%)/2 (4.8%)
o/e TFLV at first MR imaging
,15% 6 (14.2%)
16%–25% 13 (31%)
26%–45% 22 (52.4%)
.45% 1 (2.4%)

Liver herniation 40 (95.2%)
Liver/thorax ratio 30.13 (9.67)
Fetal position at MR imaging 1
(cephalic/breech/transverse)

28 (67%)/13 (31%)/1 (2%)

Fetal position at MR imaging 2
(cephalic/breech/transverse)

37 (88%)/5 (12%) / 0

GA at MR imaging 1 (mean) 28.0 (SD, 2.1)
GA at MR imaging 2 (mean) 33.2 (SD, 1.3)
Individual interval 4.83 (1.85)
Fetal endoluminal tracheal
occlusion

40 (95%)

Note:—o/e indicates observed over expected ratio.
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right (P¼ .057). There was a reduced depth of the parieto-occipi-
tal fissure (P, .003 on the right and P¼ .003 on the left) and cin-
gulate fissure (left and right, P, .003), but the depth of the
calcarine fissure was normal on both sides (P. .05) compared
with controls. The Sylvian fissure was just significantly deeper
only on the right (P ¼ .042), but not on the left (P ¼ .055) in
fetuses with CDH. The insular depth in fetuses with CDH was
within the normal range (P. .05). There was no difference in
volume of the total skull, extra-axial space, ventricular system,
white matter, or cerebellum between fetuses with CDH and
healthy controls (Online Supplemental Data).

Measurement and Change at the Second Time Point
At the second time point, most measurements were within the
normal range, except for the atrial width (P, .003), the ventricu-
lar volume (P ¼ .024), and the extra-axial space volume (P ¼
.005), which were larger than normal. The total brain cortical
grading was lower than normal (P ¼ .011) on both sides (P ¼
.019 and P ¼ .035), and the opercularization was within the nor-
mal range (P. .05) (Fig 2). The Sylvian fissure depth was deeper
(both P, .003), but all other fissures were comparable with those
in controls. Compared with findings on the initial scans, the atrial
width increased further, and the brain fissures that were initially

less deep measured within the normal range. The depth of the
Sylvian fissure, which was normal earlier, became abnormally
deeper; also, the left-brain hemisphere cortical grading score was
abnormal, but significantly less so than at the first time point.
Although the difference in brain scoring between the CDH popu-
lation and the controls was less at the second time point, this was
not significantly different from the first time point (Online
Supplemental Data).

Correlation with Severity Indicators of Lung Hypoplasia
No correlation was found at either time point between the liver-
to-thorax ratio or the observed over expected ratio TFLV on one
side or the total brain grading, skull and brain fronto-occipital di-
ameter, atrial width, ventricular volume or extra-axial space vol-
ume, cerebellar volume, or total intracranial volume on the other
side. No significant difference was found in the variables men-
tioned above when comparing fetuses with left and right CDH.

DISCUSSION
Danzer et al8 reported a lower total maturation score in infants
with CDH after birth.6 Along the same lines, Lucignani et al28

reported reduced cortical maturation in extended brain areas of

FIG 2. Graphs demonstrating the paired observations of the total skull volume, total brain grading, extra-axial space volume, cerebellar volume,
atrial width, and ventricular volume. The provided P value is the significance level of the Wilcoxon-Mann-Whitney test comparing the observa-
tions at the second time point in fetuses with congenital diaphragmatic hernia with that in healthy controls. The mean values of the control
populations (full red line) with the 95% confidence intervals (dashed red line) are also shown.
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neonates with CDH compared with healthy controls. In earlier
prenatal studies, fetuses with CDH had brain sulcation scores that
are indicators of prenatal brain maturation, within the normal
range between 20 and 37 weeks.12,29 One study on infants who
had both pre- and postnatal imaging reported signs of brain injury
(eg, hemorrhage, white matter injury. . .) on postnatal but not on
prenatal MR imaging. In that study, the injury score correlated
with the degree of pulmonary hypoplasia without an indication of
delayed sulcation in those fetuses.29

Conversely, our study demonstrates that fetuses with CDH
have indications of atypical brain development, ie, with a signifi-
cant delay at 28 and 33weeks of gestation (Fig 3). By 33 weeks,
the quantitative scores were in the normal range. However, quan-
titative scoring was performed on primary and not on secondary
sulci, limiting the detection of subtle folding abnormalities.30 The
qualitative scoring system we used allows a thorough scoring of
brain sulcation throughout a wide GA range, because it evaluates
the primary formation as well as the presence of secondary and
tertiary sulcation.20 We were not able to compare our morpho-
logic findings with the postnatal clinical neurobehavioral assess-
ment. In infants with CDH, 9% (4%–14%) have abnormal
opercularization, which translates later into language and speech
abnormalities.7 In our study, grading of the operculum was sig-
nificantly lower at the first time point and at the second time
point, though only left-sided. It remains unclear whether the

abnormalities we found are related to any of the reported func-
tional consequences observed in infants with CDH or other
abnormalities. In earlier studies, scores using the same system
correlated well with the Neonatal Behavioral Assessment Scale,31

though this correlation was in fetuses with isolated nonsevere
ventriculomegaly or late-onset growth restriction.14,22 The func-
tional impact of our observations in fetuses with CDH remains to
be elucidated. Moreover, one must take into account that any ab-
normality observed postnatally may as well have been acquired
after birth.

Irrespective of the functional impact, the cause of atypical
brain folding that we observed in fetuses remains unclear. One
factor may be a degree of hemodynamic dysfunction. We have
previously reported a decline in the systolic velocity of the MCA
peak, hence in brain perfusion in fetuses with CDH.14,32 One
may recognize similarities to circulatory disturbances in fetuses
with congenital heart defects, which coincide with signs of abnor-
mal brain development. In hypoplastic left heart syndrome, a
lower blood flow velocity has been associated with lower brain
volume.33,34 Furthermore, fetuses with this and other congenital
heart defects had delayed brain maturation in the late second and
early third trimesters, and again, this has been linked to abnormal
hemodynamics and oxygen delivery.35 Lucignani et al28 also used
this theory to explain their recent findings of altered cortical mat-
uration in neonates with CDH.

FIG 3. Three orthogonal T2-weighted spin-echo images in a healthy fetus (A–C) and a fetus with a left-sided diaphragmatic hernia (D–F), both at
a GA of 30weeks 4 days. In the axial plane (A and D), the enlarged pericerebral space is evident (arrowheads). The difference in gyrification is
most evident in the parietal area and best seen in the coronal plane (circle in B and E) and to a lesser extent in the sagittal plane (arrows in C
and F). The enlarged pericerebral space in the coronal and sagittal planes is marked with arrowheads.
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The significant increase in the volume of all fluid compart-
ments at 33 weeks’ gestation in CDH that we observed (Fig 3) is
in line with work of Radhakrishnan et al.12 Because fetuses had
normal biometry of the cerebral hemispheres and lacked major
parenchymal abnormalities, the authors questioned the clinical
relevance of these findings. Recently, the importance was shown
of a diagnostic algorithm that helps to discriminate fetuses with
enlargement of the extra-axial space with self-limiting delays
from those at risk of a persistent delay.36 Abnormal intracranial
fluid volumes have been previously explained by a change in car-
diac output in CDH caused by herniation of abdominal struc-
tures in turn leading to mild or moderate cardiac hypoplasia in
left-sided CDH or cardiac compression, compromising venous
return.29,37 This may, in turn, cause venous congestion and lead
to decreased CSF resorption38 and an overall increase of intracra-
nial fluid. It may be useful to assess cardiac function and hemo-
dynamics in more detail in fetuses with CDH to study whether
there is a link with brain development.

We are the first to document in utero brain development in
fetuses with CDH using a structured brain evaluation. For this
evaluation, we used fetal brain MR imaging because this allows a
standardized and reproducible in-depth analysis, as illustrated by
other studies.21,22 Our analysis was not limited to a qualitative, ie
subjective, analysis of the brain maturation but also included a
quantitative scoring method.20,21 Furthermore, we used a sophisti-
cated segmentation technique25 based on high-resolution motion-
corrected 3D volumes.23 Because all examinations were performed
around the time the fetus was assessed for FETO, the GA range in
our population is also relatively narrow and at a point at which
cortical maturation has already progressed far enough to illustrate
subtle differences. Additionally, this range means that the infor-
mation from our study is from a relevant time point in pregnancy
with respect to fetal therapy.

Nevertheless, we acknowledge several limitations. First, its ret-
rospective design may result in selection bias because we included
only fetuses with .1 good-quality MR imaging examination and
in whom we were able to create a good-quality 3D SRR recon-
struction. Second, because we are a fetal surgery center, the group
of fetuses with severe hypoplasia is over-represented, and most
fetuses (40/42, 95%) underwent FETO between MR imaging
examinations. Hence, there may have been an effect of fetal sur-
gery on the second MR imaging because FETO changes the natu-
ral history.9-11,39 Third, we have no standardized postnatal
follow-up information on these cases because many patients do
not deliver at our center.

Our results mandate further investigation into the sulcation
pattern beyond 34 weeks in fetuses with CDH, including quanti-
tative methods, eg, analysis of cortical folding patterns,40 cortical
thickness, and the local gyrification index,28 as well as earlier in
fetuses not undergoing fetal therapy.

CONCLUSIONS
We report delayed brain development in fetuses with CDH
around 28weeks, which becomes less prominent at 33 weeks.
With the advent of fetal surgery,9,10 this might become more rele-
vant because it suggests altered brain development in utero in
these fetuses. Of note, there was no correlation between brain

development and the severity of lung hypoplasia in this highly
selected group. We also observed an increase in extra-axial space
and also in ventricular volume in the third trimester.

Disclosure forms provided by the authors are available with the full text and
PDF of this article at www.ajnr.org.
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