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1 | INTRODUCTION

Abstract

Prenatal exome sequencing (pES) is a promising tool for diagnosing genetic disorders
when structural anomalies are detected on prenatal ultrasound. The aim of this study
was to investigate the diagnostic yield and clinical impact of pES as an additional
modality for fetal neurologists who counsel parents in case of congenital anomalies
of the central nervous system (CNS). We assessed 20 pregnancies of 19 couples who
were consecutively referred to the fetal neurologist for CNS anomalies. pES had a
diagnostic yield of 53% (10/19) with most diagnosed pregnancies having agenesis or
hypoplasia of the corpus callosum (7/10). Overall clinical impact was 63% (12/19), of
which the pES result aided parental decision making in 55% of cases (6/11), guided
perinatal management in 75% of cases (3/4), and was helpful in approving a late
termination of pregnancy request in 75% of cases (3/4). Our data suggest that pES
had a high diagnostic yield when CNS anomalies are present, although this study is
limited by its small sample size. Moreover, pES had substantial clinical impact, which
warrants implementation of pES in the routine care of the fetal neurologist in close

collaboration with gynecologists and clinical geneticists.
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prognosis is mostly based on imaging results, often without knowing

the etiology of the detected anomalies.

Over the past decade, the implementation and accuracy of prenatal
screening programs including first and second trimester ultrasonogra-
phy (US) have significantly increased.>? Therefore, more congenital
malformations are detected early in pregnancy, with higher precision.
Counseling of parents remains nonetheless a challenge, because
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Central nervous system (CNS) anomalies comprise a substantial
part of all birth defects and occur in 0.26%-0.31% of all births.>* The
etiology of CNS anomalies is associated with many different factors
including genetic aberrations> and can lead to an uncertain progno-
sis. Knowledge about prognosis is invaluable for parents who are in
many countries pressured by a legal time limit regarding their decision

for continuation or termination of the pregnancy. At present, standard
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genetic diagnostic tools include quantitative fluorescent-polymerase
chain reaction for aneuploidy screening and Chromosomal microarray
analysis (CMA) for detecting copy number variants.”

Next generation sequencing, such as whole exome sequencing
(WES) and whole genome sequencing, is emerging as a valuable tool
to diagnose prenatal monogenetic disorders. By sequencing all coding
parts of the DNA, WES can detect single nucleotide variants, copy
number variants and small deletions or insertions. Prenatal exome
sequencing (pES) is restricted by the limited prenatal phenotypic infor-
mation which makes gene variant interpretation difficult. A large
cohort study published in 2019 by Lord et al. demonstrated a diagnos-
tic yield of 8.5% when pES was performed in fetuses with a variety of
structural anomalies.® This study reported different rates of diagnostic
yield per phenotypic class, with a yield of less than 4% in fetuses with
isolated brain malformations. Up to date, only very small cohort stud-
ies report on the diagnostic yield of pES in fetuses with CNS mal-
formations, but they show a promising rate of 45%-75%.2'° None
however reports on actual implementation of pES for decision making
during pregnancy in fetal clinical care specifically for pregnancies with
neurological congenital anomalies.

In a previous pilot study, we have demonstrated the feasibility of
pES in clinical care due to short turnaround-times (TAT).** Moreover,
we were first to describe a significant clinical impact of pES in
pregnancies with a variety of detected structural anomalies. A recent
publication by Deden et al.'? had similar results showing that pES can
have a substantial effect on parental decision during and after
pregnancy when implemented in routine fetal care. In this report we
describe our experiences of pES on diagnostic yield and clinical impact
from the viewpoint of the fetal neurologist, detailing the first 21 -

consecutive referrals of fetuses with CNS malformations.

2 | MATERIALS AND METHODS

2.1 | Patient cohort and data collection

This single cohort study was performed in patients referred to the
fetal neurologist at the Leiden University Medical Centre (LUMC)
from March 2017 up to September 2020. Data were collected retro-
spectively from patient files. The medical science board approved
the protocol, the Medical Ethics Committee issued a waiver of
approval and written consent was obtained from parents for the US
and MRI images.

Parents of fetuses with CNS malformations, either isolated or in
combination with other structural anomalies as detected by prenatal
US, were counseled by the ultrasound specialist (PAS), gynecologist
(MV/JV), fetal neurologist (CPS), and clinical geneticist (GS/EKB). Fetal
MRI was assessed by the neuroradiologist (MT). Parents were offered
prenatal genetic testing when a genetic cause was suspected based
on clinical experience or literature. Fetal DNA was acquired through
amniocentesis in all cases. Patients that were eligible for pES were

divided into three groups;

Group A: parental decision making

pES could aid parents when deciding on continuation or termination
of pregnancy. In the Netherlands, legal limit for TOP is below 24 +
0 weeks of gestation. In case parents considered TOP, the upper limit
of gestational age (GA) had to be 22 + 0 weeks in order to obtain a
timely result.

Group B: to guide perinatal management

Group C: to support requests for late termination of pregnancy (LTOP)
LTOP can be performed in the Netherlands in a strictly regulated
setting. There should be no doubt regarding the prognosis and the
diagnosis, and medical treatment following birth is considered
futile.™®

Pregnancies were also grouped according to the main phenotypic
feature which was found on the initial prenatal US (hypoplasia or
agenesis of the corpus callosum [H/ACC], pontocerebellar hypoplasia,
ventriculomegaly, migration defects, holoprosencephaly, microceph-
aly) and fetuses were divided into two groups based on whether the
US showed isolated CNS malformations or a combination of CNS mal-
formations with malformations outside the CNS.

Results of CMA were awaited before pES initiation if time permit-
ted. When a result of CMA could not be obtained before 22 +
0 weeks of gestation and parents considered TOP, pES was initiated
simultaneously. Cases 1, 2, 5, 8, 12, 16, 17, and 19 were also included
in our previous study.'* We adhered to our previously formulated

definition of clinical impact,** being;

o The pES result significantly influenced the decision on TOP, or

e The pES result changed intended prenatal or perinatal manage-
ment, or

e The pES result supported the request for LTOP.

2.2 | Exome sequencing

Details on laboratory procedures and bioinformatics can be found in
the Supporting Information SM1.1? Trio samples of the fetus and
both parents were used for sequencing to shorten TAT and facilitate
variant interpretation. First, the DDG2P gene panel (www.ebi.ac.uk/
gene2phenotype) was analyzed, which is one of the most compre-
hensive publicly available gene panels focused on postnatal setting
and developed by the European Bioinformatics Institute, followed
by a full exome analysis if no pathogenic variant was found in the
panel.

TAT was defined as days between request of pES until final diag-
nostic report. Variants were classified according to the American Col-
lege of Medical Genetics and Genomics (ACMG) guidelines.'* Variants
classified as uncertain significance (class 3 out of 5) and likely patho-
genic or pathogenic (class 4 out of 5 and class 5 out of 5 respectively)
were submitted to the DECIPHER database. Variants of unknown sig-
nificance (VUS) were discussed between laboratory specialists and

clinical specialists and only reported to the patient if considered
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potentially relevant. Incidental findings, which are (likely) pathogenic
variants in disease genes not related to the fetal phenotype, were dis-
cussed between clinical and laboratory specialists and relayed to the
parents depending on their consent. No variants are classified as sec-
ondary findings in the Netherlands, because no genes are deliberately
analyzed in contradiction to the ACMG SF v3.0 list for reporting of

secondary findings.t®

3 | RESULTS

In the studied period, pES was performed in 21 consecutive pregnan-
cies referred to the fetal neurologist for counseling. One patient had
decided on TOP prior to initiation of pES and was excluded from this
study, because the pES result was not reported during her pregnancy
and could therefore not have had any clinical impact in the index
pregnancy.

All remaining cases are described in Table 1 including classifica-
tion criteria met by variants according to the ACMG guidelines. One
patient was pregnant twice during the study period and congenital
CNS malformations were detected in both pregnancies (cases 6_A
and 6_B). As these cases are subsequent pregnancies of the same con-
sanguineous couple and both showed significant clinical overlap, they
will be regarded as one case in the analysis because of a strong possi-
bility of a similar recessive genetic diagnosis. In case 7, CMA yielded a
diagnosis, while pES was already initiated. We have included this case
in the analysis as parents had not yet decided on the pregnancy at the

time of pES initiation.

3.1 | Overall diagnostic yield and clinical impact

A pathogenic or likely pathogenic gene variant was found in 10 out of
19 sequenced fetuses, establishing a diagnostic yield of 53%. Clinical
impact was present in 12 of 19 (63%) cases (see Table 1 and
Figure 1D). Quotes from patient notes to illustrate clinical impact can
be read in the Supporting Information SM2.

3.2 | Diagnostic yield and clinical impact based on
prenatal ultrasound

The main feature on the initial prenatal US was H/ACC in 10 out of
19 (53%) fetuses (cases 1-6B, 10, 11, 13, and 18 in Table 1), while
three cases had ventriculomegaly (case 8, 9, and 14), two
pontocerebellar hypoplasia (cases 12 and 16), two migration defects
(cases 15 and 17), one holoprosencephaly (case 7), and one micro-
cephaly (case 19). The main phenotypic feature was an isolated find-
ing only in cases 14 and 19.

When the main feature was H/ACC, a genetic diagnosis was
made in seven out of 10 cases (70%), no isolated H/ACC was pre-
sent. The diagnostic yield when other anomalies were present on

the prenatal US was three out of nine cases (33%). Clinical impact

for these groups was 70% (7/10) and 56% (5/9) respectively
(Figure 2A).

In the group with isolated CNS malformations (1, 4, 7, 10, 11, 14,
15, and 19), pES vyielded a diagnosis in two out of eight (25%) fetuses,
while eight out of 11 (73%) fetuses were diagnosed in the group with
a combination of malformations. Clinical impact was 75% (6/8) in the
group with isolated CNS malformations and 55% (6/11) when other

malformations were present (Figure 2B).

3.3 | Diagnostic yield and clinical impact in

3.3.1 | Group A: parental decision making

pES was performed in 12 pregnancies to possibly aid the parental
decision making regarding continuation of the pregnancy. Median GA
at time of identification of structural anomalies was 19 + 5 weeks
and median GA at time of pES result was 22 + 4 weeks. Five of these
11 cases (45%) received a definitive diagnosis, but we also detected
two incidental findings and one VUS. pES had clinical impact in six
cases (6/11, 55%) (Figure 1A).

In case 1, prenatal US identified a Blake's pouch cyst and hypopla-
sia of the corpus callosum (Figure 3A,C-D). Compound heterozygous
likely pathogenic variants in KIAA0586 (OMIM 610178) were
detected by pES and the diagnosis Joubert syndrome type 23 (OMIM
616490) was made. Retrospectively, subtle hints of a molar tooth sign
could be discerned (Figure 3B), although without the genetic findings
this would not have been reported. Upon this diagnosis, parents opted
for TOP. In case 2, the main phenotypic feature was ACC and a likely
pathogenic de novo variant in ZEB2 (OMIM 605802) was detected by
pES, confirming Mowat-Wilson syndrome (OMIM 235730), which
made parents decide on TOP.

Case 3 was diagnosed with Greig cephalopolysyndactyly
syndrome (OMIM 175700) because of a likely pathogenic de novo
variant in GLI3 (OMIM 165240). Also a de novo variant in EPHB4
(OMIM 600011) with unknown pathogenicity (ACMG class 3 out
of 5) was detected. As variants in adjacent nucleotides in EPHB4
are reported as pathogenic causing capillary malformation—
arteriovenous malformations type 2 (OMIM 618196), the variant
was considered to be close to ACMG class 4, and therefore we
chose to report this variant as an incidental finding. The phenotypic
features of this fetus fitted the diagnosis of Greig syndrome, but
could not be related to the variant in EPHB4 because no arteriove-
nous malformations (AVM) were detected on US. Parents were most
worried about the severity of cognitive impairment, and although
Greig syndrome has a relatively good prognosis regarding cognitive
impairment, they eventually opted for TOP due to the uncertainty
of the variant in EPHB4 and the possibility of cerebral and spinal
AVM with severe consequences.

In case 4, the main phenotypic feature was ACC and pES
detected a likely pathogenic de novo variant in OFD1 (OMIM 300170)
causing X-linked dominant orofaciodigital syndrome | (OMIM
311200), which made parents opt for TOP.
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FIGURE 1 Diagnostic yield and clinical impact of prenatal exome sequencing (pES). A. In Group A: pES for parental decision making; B.
In Group B: pES for guiding perinatal management; C. In Group C: pES for LTOP; D. In the total cohort
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FIGURE 2 Diagnostic yield and clinical impact based on prenatal ultrasound. A. In fetuses with agenesis of the corpus callosum (ACC) as the
main phenotypic feature versus other main phenotypic features; B. In fetuses with isolated central nervous system (CNS) anomalies versus
multisystem anomalies
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To summarize, clinical impact was evident in all of the above
cases in which pES provided a diagnosis, as parents would not have
opted for TOP in the absence of a syndromic diagnosis.

In case 5, we reasoned that pES did not have clinical impact
although the diagnosis of Baraitser-Winter syndrome (OMIM
614583) was made due to a likely pathogenic de novo variant in
ACTG1 (OMIM 1102560). Cerebral gyration was delayed in case
5 and parents chose for TOP, mainly based on the US that was made
several days before the legal limit of TOP, showing stunted develop-
ment of cerebral gyration.

Cases 6_A and 6_B were subsequent pregnancies of a consan-
guineous couple showing both ACC as a main phenotypic feature and
other similarities in detected US anomalies with the main difference
being a tetralogy of Fallot only present in case 6_A. A homozygous
VUS in the gene SLCA12A6 (OMIM 604878) was reported in case
6_A, but it was not considered to be the likely cause of the phenotype
by the geneticist, as its high frequency in GhomAD. GnomAD also
contains one person with this variant in homozygous form at the age
of 65-70, which is unlikely in this disease. Despite this pES result, par-
ents chose TOP because of their concern for the need of pediatric
surgery due to the tetralogy of Fallot. As the second pregnancy was
also affected, an MRI of both parents was made to rule out autosomal
dominant ACC, but showed normal corpora callosa. In case 6_B, an
inherited heterozygous likely pathogenic variant was detected in
MYBPC3 (OMIM 600958), associated with hypertrophic cardiomyopa-
thy, which was reported due to the hygroma colli. However, in this
pregnancy no cardiac defects were detected and therefore this muta-

tion was not considered to explain the neurological phenotype and

FIGURE 3 Joubert syndrome
type 23 (case 1).
Neurosonography at 18

+ 6 weeks of gestation, showing.
(A) Blake pouch cyst (white
arrow; axial view); (B) Impression
of molar tooth sign (axial view);
(C) Small corpus callosum (sagittal
view); (D) Small cavum septum
pellucidum (gray arrow; axial
view) [Colour figure can be
viewed at wileyonlinelibrary.com]

was reported as an incidental finding. Parents opted again for termina-
tion, also because they were counseled about the high chance of a
genetic diagnosis that pES was not yet able to detect.

In case 7, pES was initiated at 21 + 5 weeks of gestation simulta-
neously with CMA in order to obtain a result of both tests before the
upper limit of GA for TOP. pES did not yield a diagnosis, but CMA detected
a terminal duplication of chromosome 11 and a complex copy number pat-
tern of the X-chromosome. With conventional G-banding analysis, the kar-
yotype established was 47 XY,+der(X)dup(X)(q21.32928)t(X;11)(q28;923.3)
with the following ISCN nomenclature of the CMA result:

arr[GRCh37] 11g23.3q25(116587952_134938470)x3 dn,Xp22.33
(168566_2693624)x3 dn,Xp22.33q21.32(2865195_92344669)x2 dn,
Xq21.32q28(92568557_153624154)x3 dn.

The duplication of 11923 was classified as pathogenic and was
not detected by the non-invasive prenatal test in spite of the 18 Mb
size, because the duplication occurred in a highly variable region. This
duplication was thought to be causative of the prenatal phenotype;
duplication of 11923 is associated with neurological malformations
and subsequent severe intellectual disability. Parents opted for TOP
because of this prognosis in combination with the severe anomalies as
detected by US. pES did not find any additional variants and therefore
did not have clinical impact.

No diagnoses were made in the remaining four pregnancies. In
case 8, the results of pES were only available after intrauterine fetal
demise (IUFD) of the fetus and therefore pES did not have any clinical
impact. In case 9, parents still opted for TOP in the absence of a
genetic diagnosis due to the severity of detected prenatal mal-

formations, hence pES did not have clinical impact in this case either.
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In cases 10 and 11, parents felt strengthened in their decision for con-
tinuation of the pregnancy in the absence of a definitive diagnosis

(see quotes in SM2).

3.3.2 | Group B: to guide perinatal management

When parents did not consider TOP, but a genetic diagnosis could
warrant a change of perinatal management, parents were still offered
pES. Over the course of this study period, pES was performed to pos-
sibly guide perinatal management in four pregnancies. A diagnosis
was made in two cases (50%) and pES had clinical impact in three
cases (75%) (Figure 1B).

In case 12, the main phenotypic feature was a hypoplastic cere-
bellum and the diagnosis of cerebro-oculo-facio-skeletal (OMIM
616570) syndrome was made because of a biparental likely patho-
genic variant in ERCC5 (OMIM 133530). This diagnosis implied a poor
prognosis with a high possibility of pediatric demise, therefore clini-
cians and parents agreed to limit lifesaving peri- and postnatal care.
However, this pregnancy ended in IUFD at 35 weeks of gestation.
We reasoned that pES would have had clinical impact in this case.
A diagnosis was also made in case 13 in which the fetus had a main
phenotypic feature of ACC and pES detected likely pathogenic com-
pound heterozygous mutations in EPG5 (OMIM 615068) establishing
the diagnosis of Vici syndrome (OMIM 242840). However, the results

FIGURE 4 Prenatal
hydrocephalus with large
intraventricular hemorrhage (case
14). Neurosonography at 30

+ 4 weeks of gestation, showing
(A) Severe biventricular and third
ventricular dilatation (*) with a
large intraventricular hemorrhage
at the left side (white arrow;
coronal view); (B) Cystic
development in the right parieto-
occipital cortex (white small
arrows, sagittal view);

(C) T2-weighted MRI at day of
birth at 38 + 3 weeks of
gestation showing post-
hemorrhagic ventricular dilatation
with disrupted cavum septum
pellucidum (transverse view) and;
(D) Periventricular cystic
transformation in the right
hemisphere (black arrow, sagittal
view) [Colour figure can be
viewed at wileyonlinelibrary.com]

[ _WILEY-L®

of pES were available after IUFD and therefore pES could not have
had any clinical impact, similarly as in case 8.

In case 14, a large intraventricular bleeding was present, leading
to severe ventriculomegaly with cyst formation (Figure 4A,B). No
causative variant was identified but pES detected a VUS in a gene
which has not been linked to disease. A de novo truncating variant in
the FBXL5 gene (OMIM 605655) was reported, which is highly
expressed in the cerebellum and is responsible for iron homeostasis.
Heterozygous knock-out mice do not show specific congenital mal-
formations, but homozygous knock-out mice are not viable.*® After
careful consideration by our multidisciplinary team of laboratory and
clinical specialists, the variant was disclosed to parents, as the FBXL5
gene (OMIM 605655) is highly expressed in the CNS and is of impor-
tance for embryogenesis. However in the absence of a reported
human phenotype, it was subsequently not considered to be causal.
Without a definitive diagnosis and clear prognosis, parents and clini-
cians agreed to optimize care after birth. The child was born alive at
GA 38 + 3 weeks with several dysmorphic features. Due to the
posthemorrhagic ventricular dilatation with cyst formation (Figure 4C,
D) a ventriculoperitoneal drain was given. At age 14 months severe
visual impairment and severe motor retardation was present.

No pathogenic variant was detected in case 15, so it was decided
to optimize postnatal care. The pregnancy resulted in live birth at GA
39 + O weeks and the child shows a normal development at age

1 month with no dysmorphic features. During pregnancy, a possible



http://wileyonlinelibrary.com

74 | Wl LEY. CLINICAL

de KONING ET AL.

(A)

\
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delay in cerebral gyration was seen, but MRI confirmed that this was
normalized after birth.

333 |
requests

Group C: late termination of pregnancy

pES was performed to possibly approve a request for LTOP in four
pregnancies. LTOP was approved in three cases in our cohort, all due
to diagnoses with very severe prognoses (Figure 1C). Termination was
performed at a mean gestational age of 33 weeks which was
~2 weeks after first identification of fetal malformations.

In case 16, pontocerebellar hypoplasia was the main phenotypic
feature and the diagnosis of pontocerebellar hypoplasia, hypotonia
and respiratory insufficiency syndrome (OMIM 618810) was made as
pES detected likely pathogenic biparental partial deletions of the
ATAD3A (OMIM 612316) and ATAD3B (OMIM 612317) genes. This
syndrome is associated with severe respiratory insufficiency and
almost certain neonatal demise. This case was reported before.!”

In case 17, the diagnosis of mitochondrial short-chain enoyl-CoA
hydratase 1 deficiency (OMIM 616277) was made due to compound
heterozygous pathogenic variants in ECHS1 (OMIM 602292). This
fetus showed polymicrogyria as main phenotypic feature and LTOP

FIGURE 5 Orofaciodigital
syndrome type 1 (case 18).
T2-weighted fetal MRI at 31

+ 2 weeks of gestation, showing
(A) Colpocephaly and prefrontal
cysts (gray arrows, axial view);

(B) Near complete absence of the
corpus callosum (small white
arrow) with pontine hypoplasia
(large white arrow, sagittal view);
(C) Midbrain “figure 8”-sign (black
arrow, axial view)?%:

(D) Colpocephaly and dragonfly
appearance of the cerebellum
(transverse cerebellar diameter
32 mm [p < 1]; coronal view)

was approved because this syndrome is associated with neu-
rodegeneration causing severely impaired psychomotor development
and possible pediatric demise.

Case 18 showed ACC and anterior horn cysts (Figure 5A-D) and
bilateral pes equinovarus on prenatal US. pES detected a likely patho-
genic variant in AMPD2 (OMIM 102771) and the diagnosis of
pontocerebellar hypoplasia type 9 (OMIM 615809) was made, of which
the prognosis was severe enough to approve the LTOP request.

In case 19, pES was initiated due to severe fetal microcephaly (head
circumference p < 3). As pES did not yield a diagnosis, parents went
abroad to have an LTOP because the request was not approved in the
Netherlands even though the prognosis was thought to be severe.

4 | DISCUSSION

41 | Diagnostic yield

In this study, we showed that pES detected a pathogenic or likely
pathogenic variant in 10 out of 19 sequenced fetuses with CNS mal-
formations on prenatal US, thus establishing a diagnostic yield of 53%.
Most pathogenic or likely pathogenic mutations were inherited in an

autosomal recessive way (60%). This diagnostic yield might be biased
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due to our small sample size, as it is higher than in previous studies
containing fetuses with a variety of malformations on prenatal US
(8.5-19.4%%8%) and in our previous study, excluding the neurologi-
cal cases that were included in this report (17%). Our diagnostic
yield is comparable with previous publications investigating pES in a
selected cohort of fetuses with CNS malformations.”° In the study
of Tan et al.,” pES established a diagnosis in five out of 11 fetuses
(45%) and 80% of these diagnoses were autosomal recessive disor-

ders. Reches et al.1°

showed that pES could detect a diagnosis in five
out of seven cases (71%) and 80% of these diagnoses were inherited
in a recessive way. In the studies of Lord et al.® and Deden et al.,'?
which both included a variety of congenital anomalies, also a separate
diagnostic yield for fetuses with intracerebral congenital anomalies
was provided. Lord et al. reported a diagnostic yield of 3% (2/69)® and
Deden et al. of 17% (3/18)'2 specifically for this group. The significant
difference in diagnostic yield between these studies, might not only
be due to sample size but also due to ascertainment criteria. Tan
et al.” and Reches et al.X® both included pregnancies with a higher a
priori chance of syndromic diagnosis, for example, due to previously
affected pregnancies or parental consanguinity, while Lord et al.
included all pregnancies with one or more US anomaly without
previous genetic review. Although Deden et al. reported a lower
diagnostic yield, they still considered performing pES in fetuses with
intracerebral structural anomalies as beneficial.

Our cohort was too small to draw definite conclusions about spe-
cific CNS malformations but a relatively high diagnostic yield was
found in cases with H/ACC as main phenotypic feature (7/10, 70%)
compared with other CNS abnormalities (Figure 2A). Lord et al®
showed in the PAGE study that a combination of several congenital
anomalies in different organ systems is significantly associated with a
higher diagnostic yield in comparison with isolated anomalies. Our
study has similar results (Figure 2B) and further substantiates the
hypothesis that the presence of complex multisystem malformations
is frequently explained by a genetic alteration.

Two incidental findings were reported over the course of this
study period. In case 3, a variant of unknown clinical significance (class
3 out of 5 according to ACMG guidelines) in EPHB4 (OMIM 600011)
was reported as an incidental finding, as variants in adjacent nucleo-
tides are pathogenic and associated with AVM. Parents let this variant
weigh in on their decision and opted for TOP due to the diagnosis of
Greig cephalopolysyndactyly syndrome in combination with the
uncertain causality of this variant. The incidental finding in MYBPC3
(OMIM 600958) in case 6_B was likely pathogenic but causality could
not be proven, as no phenotypic features associated with this variant
were detected on US. Parents chose TOP due to the high possibility
of a genetic origin that could not be detected yet by pES, as they were
consanguineous and as their first pregnancy was affected in a similar
way. In total, two variants of unknown significance were detected. In
case 6_A, the VUS was classified as likely benign (class 2 out of
5 according to ACMG guidelines) based on data from GnomAD. The
nonsense variant in the candidate gene FBXL5 (OMIM 605655) of

case 14 had an unknown pathogenicity and parents did not terminate
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the pregnancy. However, as the child shows a severely abnormal
development with several facial dysmorphisms and cerebral visual
impairment at age 14 months, it could be speculated that this variant
might be causative, although presently we do no longer report such
uncertain variants in genes of unknown significance.

Variant interpretation in a prenatal setting is very challenging due
to difficulties with incomplete phenotyping. Quality of prenatal US has
significantly increased over the years, but characteristics such as intel-
lectual disability are impossible to assess prenatally solely based on
imaging. On top of that, rapid diagnosis with short TAT of pES is of
utmost importance for implementation in routine fetal care to optimize
clinical impact, but this time pressure is challenging for multidisciplinary
interpretation of gene variants. A rapid procedure is not always neces-
sary for cases in which pES can influence perinatal management due to
the initiation of pES early in the pregnancy. Therefore case 13 had quite
a long TAT and the results were eventually available after [IUFD. Prena-
tal variant interpretation is also difficult because of neurologic embryo-
genesis; not only are certain CNS malformation problematic to detect
by prenatal US, but neurological structures are still developing when US
examinations take place. In our cohort, the CNS malformation of cases
9, 10 and 15 normalized later on in pregnancy or were not present any-

more at postnatal follow-up.

4.2 | Clinical impact

Overall, pES had clinical impact in 63% (12/19) of cases, which is com-
parable with the findings of Deden et al. (68% or 25/37 fetuses with a
variety of anomalies).'> When parents chose pES to support their
decision making regarding termination or continuation of the preg-
nancy (group A), pES had impact in 55% (6/11), to guide perinatal
management (group B) in 75% (3/4) of cases and to approve an LTOP
request in another 75% (3/4) of cases. Clinical impact of pES in case
of detection of a genetic syndrome is evident. However especially in
the first group (A), a negative pES result was also of great impact as
can be read in the SI2, as parents felt strengthened in their decision
for continuation of the pregnancy.

The benefit of rapid TAT is illustrated by all these cases in
which clinical impact was evident. Because a rapid diagnosis was
made, parents and clinicians had time to decide what course of
action was best to take during the pregnancy. In countries where
TOP is limited to a legal upper gestational age, which is 24 weeks
of gestation in the Netherlands, a timely and clear prognosis can be
of utmost importance. Apart from the need for a rapid diagnosis
during a pregnancy, pES also gives useful insights for counseling
about recurrence risk in subsequent pregnancies. In our cohort, we
had six diagnoses that were inherited in a recessive way and there-
fore parents had a recurrence risk of 25%, a confirmation of our
previous finding? that genetic disease detected during pregnancy
is more often recessive. These couples were offered diagnostic
testing in the first trimester, or optional intensive US follow-up in

the next pregnancy.
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5 | CONCLUSION

pES is a very promising and additional tool for fetal neurologists to
adequately counsel parents of fetuses with CNS anomalies. We
showed that pES had a diagnostic yield of 53% (10/19) when initiated
in pregnancies with CNS malformations, which is substantially higher
compared to an unselected cohort of fetuses with a variety of con-
genital anomalies. In this study, we illustrated that pES has a signifi-
cant impact on pregnancy outcome.

Optimization of multidisciplinary interpretation of variants with
unknown causality is a requirement for the best implementation of
pES in routine care. Additionally, more research with larger cohorts
is needed to assess cases with CNS anomalies that would most
benefit from pES. The challenge for the future is to successfully
incorporate genomic testing in routine care, with imaging per-
formed side by side, to further improve adequate parental

counseling.
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