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Abstract

Objective: Children with congenital diaphragmatic hernia (CDH) are at risk for
neurodevelopmental delay. Herein we report on prenatal changes in biometry and
brain perfusion in fetuses with isolated CDH.

Study Design: This retrospective study evaluated fetuses with isolated, left-sided
CDH in three European referral centers. Abdominal circumference (AC), femur
length (FL), head circumference (HC), transcerebellar diameter (TCD), middle ce-
rebral artery (MCA) Doppler, and ventricular width (VW) were assessed during four
gestational periods (<24 weeks, 25-28 weeks, 29-32 weeks, >33 weeks). Z-scores
were calculated, and growth curves were created based on longitudinal data.
Results: In 367 fetuses, HC, AC and FL were within normal ranges throughout
gestation. The TCD diminished with advancing gestational age to fall below the fifth
percentile after 32 weeks. A less pronounced but similar trend was seen in VW. The
peak systolic velocity of the MCA was consistently approximately 10% lower than
normal. Disease severity was correlated to TCD (p = 0.002) and MCA doppler values
(p = 0.002). There were no differences between fetuses treated with FETO and

those managed expectantly.

This data has partially been presented orally at the 19th FMF World Congress, Alicante, Spain, June 2019 and as poster presentation at the SMFM 40th Annual Pregnancy Meeting, Dallas, USA,

February 2020.
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VAN DER VEEKEN ET AL

PRENATAL

Key points

prenatally

1 | INTRODUCTION

Congenital diaphragmatic hernia (CDH) is found in 3-4/10,000
pregnancies and in about 80% of cases it is left-sided.® The intra-
thoracic presence of abdominal viscera interferes with lung devel-
opment, eventually leading to pulmonary hypoplasia. Postnatally
there are variable degrees of ventilatory insufficiency and pulmonary
hypertension, which is fatal in up to 30% of neonates. Survivors often
suffer from short- and long-term complications,?? including respira-
tory and gastro-intestinal sequelae. There is also evidence of an
increased risk of neurologic disabilities; reported problems include
neurodevelopmental delay, low intelligence, autism, as well as
learning and behavioral problems.* These adverse sequelae have
been attributed to certain postnatal events, such as the use of ECMO,
general anesthesia for, and the surgical repair itself, perioperative
hypoxic brain injury, and a long stay in the neonatal intensive care
unit.>®
In congenital heart defects, such as hypoplastic left heart syn-
drome or severe aortic stenosis, a link between decreased cardiac
output and cerebral perfusion on the one hand, and impaired pre-
natal brain development and neurobehavioral problems later in life,
on the other hand, has been described.” ' The same mechanism may
play a role in CDH; in this defect smaller left ventricular dimensions,
and reduced left cardiac output have been reported.*>*> The func-
tional impact of these remains uncertain, yet we earlier observed a
reduced cerebral perfusion, which was proportional to the degree of
pulmonary hypoplasia.’® Prenatal disease severity indicators, such as
lung volume and liver position, have already earlier been linked to
impaired neurodevelopment.”®
It remains unclear whether brain development is altered as a
consequence of postnatal events or complications, or whether brain
development is already impaired prenatally. The objective of this
study is to report on changes in head biometry and brain perfusion in

a consecutive cohort of fetuses with isolated CDH.

DIAGNOSIS-WILEY—[**

Conclusion: Fetuses with isolated left-sided CDH have a small cerebellum and
reduced MCA peak systolic velocity. Follow up studies are necessary to determine
the impact of these changes on neurodevelopment.

What's already known about this topic?
e Children with congenital diaphragmatic hernia (CDH) are at increased risk for neuro-
developmental problems. It remains uncertain if brain development is already impaired

What does this study add?

o Fetuses with isolated CDH have a smaller than average cerebellum but normal sized head,
which may indicate an altered prenatal brain development in CDH

e This study is the first to report on biometry and cerebellar and ventricular growth curves
and brain blood flow in fetuses with CDH

2 | METHODS

This retrospective study included all consecutive fetuses assessed for
isolated left-sided CDH at three European referral centers (Univer-
sity Hospitals Leuven, Belgium; King's College London, United
Kingdom, and BCNatal Barcelona, Spain) between January 2007 and
May 2019. Exclusion criteria were right-sided or bilateral CDH,
presence of associated structural or genetic abnormalities detected
pre- or postnatally, and twin pregnancies. Data were collected from
measurements performed during four different gestational age pe-
riods: 20-23, 24-28, 29-32 and 33-40 weeks, based on first- or
second-trimester ultrasound of fetal crown-rump length and head
circumference (HC), respectively.

Ultrasound examinations were performed using a 4-8-MHz
linear array three-dimensional probe (Voluson 730 Expert or E8/10
machine systems, General Electric, Healthcare, Zipf, Austria). As-
sessments were done by experienced operators, familiar with pre-
natal assessment of CDH fetuses. The abdominal circumference (AC)
was measured on a transverse circular plane of the fetal abdomen, at
the level of the stomach and the bifurcation of the main portal vein.
Femur length (FL) was measured from the greater trochanter to the
lateral condyle on a plane showing the entire femoral diaphysis and
an angle of <45° to the horizontal. The biparietal diameter (BPD) and
HC were measured on a standard biparietal view, typically showing
two equal hemispheres, the cavum septi pellucidi at one-third of the
way from the front to the back, and the posterior horns of the lateral
ventricles.?® Ventricular width was measured at the level of the
atrium slightly above the level of the thalami in an axial plane of the
fetal brain.’” Doppler interrogation of blood flow in the middle ce-
rebral artery (MCA) was performed on an axial section of the brain,
including the thalami and the cavum septi pellucidi. After identifica-
tion of the MCA by color Doppler, the pulsed Doppler sample volume
was adjusted over the MCA just distal to its emergence from the

circle of Willis, keeping the insonation angle as close as possible to
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0°.1® Measurements were done in the absence of maternal and fetal
breathing movements. At least three stable waveforms were recor-
ded, traced and averaged to calculate the MCA peak systolic velocity
(PSV) and the pulsatility index (PI).

Biometry and brain measurements were corrected for gesta-
tional age by transformation to Z-scores based on reference curves
from a comparable population.*?-?* Doppler findings were normal-
ized for gestational age by transforming measurements to multiples
of the median based on previously published reference values.??
Severity indicators were retrieved from the medical records and
included observed-to-expected lung-to-head ratio (O/E LHR) and
liver herniation assessed at 26-27 weeks of gestation or as close as
possible to that time point.

Data were analyzed with Prism for Windows version 7.0
(Graphpad Software) and Microsof Excel (2010). Because of the large
sample size, data were considered as normally distributed and
therefore expressed as mean + SD. Z-scores from biometric and
Doppler findings in CDH cases were compared to normative data
using the one-sampled t-tests. Two-sampled t-test was used to
compare findings in fetuses treated with Fetoscopic Endoluminal
Tracheal Occlusion (FETO) and those managed expected. Correlations
were assessed using Pearson's correlation coefficient or using F-test.
For individual growth curves, we used the data from fetuses with
measurements in at least three different time periods and interpolated
an individual cubic curve. After that, the average curve was calculated
from the averages of these curves. This curve was compared to the
normal growth curve using the extra sum-of-squares F test.

3 | RESULTS
3.1 | Study population

We identified 367 fetuses with isolated left-sided CDH. Pulmonary
hypoplasia was predicted to be severe in 145 cases (40%), moderate
in 125 (34%), and mild in 97 (26%). Of all fetuses, 204 (56%) had liver
herniation. In 163 fetuses FETO was performed. Longitudinal data
were available for 176 patients, of whom 88 had FETO.

3.2 | Biometry

In the CDH fetuses, FL and AC measurements were slightly lower
than average but remained within the respective normal range
throughout gestation (the average Z-score for FL was —0.45 + 1.1
and for AC it was —0.52 + 0.95) (Table 1, Figure 1). The BPD and HC
Z-scores were within normal ranges throughout gestational age
(Table 1); in the earliest gestational age group (<24 weeks), the mean
HC was 1% larger than normal (Z-score: 0.07 + 0.47) and the most
advanced gestational age group (>33 weeks) the mean HC was 4%
larger than normal (Z-score: 0.46 + 0.54). For the BPD, there was a
less pronounced but similar pattern. A similar trend was visible for

the average growth curve based on longitudinal data (R? = 0.92 for

BPD and HC), which remained within normal limits, though dis-
playing a trend to increase when compared to normal fetuses
(Figure 1).

3.3 | Cerebellum and lateral ventricle

In the CDH fetuses, the TCD Z-score decreased during gestation,
from 2% smaller than average at <24 weeks (Z-score: —0.49 + 1.34)
to 7% smaller in at >33 weeks (Z-score: —1.85 + 1.70); in the latter
group, 42% of fetuses had TCD values below the fifth percentile. This
is reflected in the average growth curve (R?> = 0.80), which bends
downwards from 28 weeks onwards, and falls below the fifth
percentile at >33 weeks (Figure 2). In addition, average ventricle
width decreased during gestation from 9% smaller than average at
<24 weeks (Z-score: —0.45 + 1.00) to 23% smaller at >33 weeks
(Z-score: —0.97 + 1.12) (Table 1, Figure 2).

3.4 | MCA Doppler

In the CDH fetuses, the MCA Pl was lower than normal until
28 weeks of gestation and increased thereafter towards the mean of
the normal range (Table 1, Figure 3). Conversely, the MCA PSV, was
on average 10% (range: 8%-12%) lower than in normal fetuses,

irrespective of gestational age (Table 1, Figure 3).

3.5 | Correlations

There was no correlation between the disease severity markers O/E
LHR and liver position and BPD, HC or TCD. A post-hoc analysis
demonstrated that the TCD was weakly, positively correlated to the
O/E LHR after 28 weeks (r = 0.19; p = 0.002) but not before (Figure 4).
The O/E LHR was weakly, but significantly, correlated to AC and FL
measurements (r = 0.2; p < 0.0001 for both). Furthermore, fetuses
with liver herniation had a significantly lower MCA PSV compared to
those without, and this was so throughout gestation (p = 0.0001)
(Figure 4). The findings on fetal biometry and Doppler were not
influenced by whether FETO was carried out or not (Table 2).

4 | DISCUSSION

The main findings of the study in isolated left-sided CDH the fetal
TCD, HC, AC and FL are within the normal range throughout
gestation. However, the TCD diminishes with advancing gestation to
fall below the fifth percentile after 32 weeks. A less pronounced but
similar trend is seen in the lateral cerebral ventricle width. In the
MCA Doppler studies, the PSV values were consistently lower than
expected, even more so in fetuses with intrathoracic herniation of
the liver, while the Pl was only lower than normal until 28 weeks.

There was no correlation between lung size and head biometry, but
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TABLE 1 Z-scores of CDH fetuses of cross-sectional data in gestational age periods

Measurement

Abdominal circumference

Femur length
Biparietal diameter

Head circumference

Transcerebellar diameter
Lateral cerebral ventricle
Middele cerebral artery PI

Middele cerebral artery PSV

Gestational age (weeks)

DIAGNOSI

s-WILEY_ | **

20-23
—0.60 + 1.58"** (7%)
—0.51 + 0.96™** (5%)
—0.14 + 0.56™ (1%)
0.07 + 0.47* (1%)
—0.49 + 1.34™* (12%)
—0.45 + 1.00"** (6%)
—0.70 + 0.82*** (6%)
—0.25 + 0.60* (0%)

24-28
—0.65 + 0.94*** (5%)
—0.48 + 0.95"** (4%)
0.16 + 0.50"** (0%)
0.31 + 0.47*** (3%)
—0.47 + 1.13"* (11%)
—0.56 + 1.35"** (10%)
—0.34 + 0.79*** (1%)
—0.46 + 0.56*** (0%)

29-32

—0.46 + 0.93"** (4%)

-0.40 + 1.10*** (7%)
0.13 + 0.58* (0%)
0.40 + 0.48"** (3%)

—1.39 = 1.44"* (28%)

—0.72 + 1.23"* (15%)
0.09 + 0.87 (3%)

—0.45 + 0.58™* (0%)

Note: Data are given as mean + SD. Within the brackets are the % of abnormal Z-scores (<2 and 2 Z-scores).

Abbreviation: CDH, congenital diaphragmatic hernia; PI, pulsatility index; PSV, peak systolic velocity.
*p < 0.05, **p < 0.001, ***p < 0.0001 in one sampled t-test.

(A)

(8)

>33

—0.28 + 0.99* (3%)

—-0.41 + 1.29*** (5%)
0.20 + 0.66™** (0%)
0.46 + 0.54*** (6%)

—-1.85 + 1.70"** (42%)

—0.97 + 1.20"** (20%)
0.40 + 1.12*** (8%)

—0.20 + 0.56™** (0%)
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FIGURE 1 Average growth curve of our CDH population (
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) with 95% confidence interval (= - =) compared to reference curves (p5,
p50, p95) of a normal population.*? (A) Abdominal circumference (n = 156); (B) Femur length (n = 157); (C) Biparietal diameter (n = 170);
(D) Head circumference (n = 175). CDH, congenital diaphragmatic hernia; GA, gestational age [Colour figure can be viewed at
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there was a correlation with FL and AC and a correlation with TCD in
the third trimester.

In this study, we hypothesized that in fetal CDH decreased cardiac
output might lead to decreased brain perfusion and consequent
impairment of brain growth. Our observation that the MCA PI are
close to or within the normal range during the third trimester, and a
consistently lower PSV, might be signs of a decrease in total blood flow
through that vessel—although this cannot be proven but it is consis-
tent with that of a previous smaller study.?® Our finding demonstrate
that in fetuses with intrathoracic liver herniation MCA PSV is lower
than in those without such herniation and this may be due to the
previously reported smaller hearts in fetuses with intrathoracic
liver.2* Another explanation for our finding is that the intrathoracic
presence of the liver alters the cardiac angle so that the umbilical
blood flow preferentially directed towards the right side of the heart,

instead of the left atrium leading to reduction in MCA perfusion.?®> Our
finding that the MCA Pl at <28 weeks' gestation is reduced is
consistent with the findings of a previous study that reported reduced
Pl at 22-25 weeks.2* Reduced MCA Pl is considered a compensatory
mechanism to redistribute blood flow towards the brain. Our finding of
the return of the MCA PI to the normal range, and above, in the third
trimester, parallels the observations on simultaneous changes in brain
biometry but awaits further explanation.

Another novel finding in our study is that in CDH there is
reduction in cerebellar diameter with advancing gestation. Recently,
Radhakrishnan et al. reported CDH fetuses to have a shorter
anteroposterior vermian length, which in their experience was
proportional to the lung volume.2é Smaller cerebellar volumes have
also been described in association with other malformations, such as
univentricular heart disease and obstructive left-sided heart defects;
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TABLE 2 Difference in Z-scores of CDH fetuses between the first and the last measurement

FETO No FETO p-value

Abdominal circumference (A Z-score) 0.20 + 0.89 0.23 + 0.96 0.9
Femur length (A Z-score) 0.08 + 1.24 0.15 + 1.03 0.7
Head circumference (A Z-score) 0.80 + 0.80 041 + 1.23 0.8
Transcerebellar diameter (A Z-score) —1.54 + 1.95 -152 + 1.51 1

Lateral cerebral ventricle (A Z-score) -0.81 + 1.42 -0.56 + 1.40 0.4
Middle cerebral artery Pl (A Z-score) 0.76 + 1.42 0.74 + 1.01 0.9
Middle cerebral artery PSV (A Z-score) 0.09 + 0.76 0.20 + 0.70 0.4

Note: Data are given as mean + SD. p-values are derived from an independent t-test.

Abbreviations: CDH, congenital diaphragmatic hernia; PI, pulsatility index; PSV, peak systolic velocity.

in these conditions, left cardiac function is usually impaired.?”"?® It is
unlikely that the 10% reduction in MCA PSV would be sufficient to
explain the lower cerebellar dimensions. Another contributing factor
may be impaired venous return leading to edema which could
interfere with normal brain growth. This is supported by increase in
extra-axial fluid which was demonstrated by Radhakrishnan et al.;
they found on MRI more extra-axial fluid in 57% of CDH fetuses
after 28 weeks of gestation, which sharply contrasts with only 2% of
fetuses before 28 weeks.? Increased axial fluid in CDH has also
been reported in the postnatal period.2?° It has been hypothesized
that, because of the cardiac shift and the cardiac remodeling, the
central venous return is impaired, leading to venous hypertension
and therefore more extravasation of fluid.?#3* Another link may be
the presence of abnormally narrow veins in the thorax, which has
been described in CDH, both in an animal model and cIinic:aIIy.Sz'33
A third hypothesis is that there is an underlying common genetic
cause for the diaphragmatic defect and impaired cerebellar growth.
Although we excluded from our study fetuses with known genetic

abnormalities, we did not undertake extensive genetic studies, such

as whole exome sequencing, that could have revealed additional
genetic abnormalities. Furthermore, abnormal respiratory ciliary
motion has been found to be associated with some forms of brain
dysplasia.>*

In our CDH fetuses the smaller cerebellar dimensions were
accompanied by relative smaller ventricles but did not coincide with a
lower head size (represented by HC). Conversely, we even observed
a trend for a larger HC towards the end of pregnancy. This is
consistent with previous ultrasound and MRI studies reporting that
in CDH there is a trend for higher BPD Z-scores.'*2® This apparent
contradiction between TCD and HC might be due to regional dif-
ferences in brain growth. In a series of fetuses with congenital heart
disease a reduced brain growth was mainly attributed to lower vol-
ume gain of the cortical plate, deep gray and cerebellum.?”
Furthermore an increase of extra-axial CSF might further contribute
to a larger HC. It remains uncertain whether and what the clinical
implication of the reduced ventricle width is. It may as well be
another marker of a decreased brain growth and brain expansion; but
this has to be further elucidated.
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In our study, fetal biometry and Doppler were not influenced by
whether FETO was carried out or not. A previous study reported that
fetuses who underwent FETO were born with increased cardiac
ventricular dimensions compared to the same severity controls.3” If
that would already occur in utero, this may improve brain perfusion,
hence increase biometry. This was not so in our series, but there are
several reasons why we may not pick up a difference. For instance, it
may be that cardiac changes are too subtle to be measurable on MCA
Doppler, or that the interval between FETO and cranial measure-
ments was too short.

The main strengths of our study are first, the large number of
fetuses with isolated left-sided CDH and the longitudinal collection
of data, which allowed creation of growth curves, and second, this
was a multicenter study with many well trained sonographers, which
increases its generalizability. The limitations of the study are first, the
retrospective analysis of acquired data with the inevitable lack of
standardization and the possible selection bias; second, we assumed
the MCA PSV to be a proxy for brain perfusion, but flow is a function
of both velocity and vessel diameter and we have not measured the
latter; and third, we did not have data on postnatal development and
therefore we cannot relate our prenatal findings to postnatal
outcome. Lastly, ideally we would have normalized the TCD for fetal
bodyweight. We avoided to do this because the AC might be reduced
in CDH due to herniation of abdominal content into the thorax and
because the HC trajectory is altered in CDH. However, given the low
number of abnormal AC values (<4% after 28 weeks) we presume the
rate of FGR to be low.

5 | CONCLUSION

In CDH fetuses, head size was within normal range but the cerebellar
diameter trajectory dropped below the fifth percentile after
32 weeks of gestation. The MCA PSV values were consistently lower
than in normal fetuses. These observations were correlated with liver
herniation and lung size. Our future studies will focus on brain
development and link imaging findings to functional outcomes.
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