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CONTRIBUTION

What are the novel findings of this work?

We present imaging findings in a cohort of fetuses with
tubulinopathy at the milder end of the broad spectrum
of these malformations of cortical development. In our
series of 34 fetuses, around 50% of tubulinopathies were
inherited from one of the parents.

What are the clinical implications of this work?

Mild forms of tubulinopathy are a diagnostic chal-
lenge, due to the presence of subtle imaging findings.
When one of these findings is suspected, a detailed neu-
rosonographic/magnetic resonance imaging examination
can provide important clues, not only for diagnosis but
also for counseling.

ABSTRACT

Objective To report on a large cohort of fetuses with mild
forms of tubulinopathy and to define prenatal ultrasound

and magnetic resonance imaging (MRI) features that can
facilitate prenatal diagnosis.

Methods This was a retrospective multicenter study of
fetuses diagnosed between January 2007 and February
2022 with a mild tubulinopathy (without lissencephaly
or microlissencephaly). We collected and reviewed brain
imaging and genetic data, and defined major criteria as
findings observed in >70% of the patients and minor
criteria as those observed in > 50% but <70% of the
patients.

Results Our cohort included 34 fetuses. The mean
gestational age at ultrasound screening, when suspicion
of a central nervous system anomaly was first raised, was
24.2 (range, 17-33)weeks. Callosal anomalies (n=19
(56%)) and abnormal ventricles (n=18 (53%)) were
the main reasons for referral. The mean gestational age at
neurosonography was 28.3 (range, 23-34) weeks and that
at MR was 30.2 (range, 24-35) weeks. Major ultrasound
criteria were midline distortion, ventricular asymmetry,
dysmorphic and/or dilated frontal horn(s) and abnormal
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Brain in prenatal mild tubulinopathy

sulcation. Minor ultrasound criteria were distortion of
the cavum septi pellucidi, abnormal corpus callosum,
absent or asymmetric olfactory sulci, ventriculomegaly
and basal ganglia dysmorphism. Major MRI criteria were
midline distortion, distortion of the cavum septi pellucidi,
ventricular asymmetry, dilatation (generally unilateral)
and/or distortion, dysmorphic and/or dilated frontal
horn(s) and abnormal sulcation (mainly dysgyria). Minor
MRI criteria were absent or asymmetric olfactory sulci,
abnormal bulge of the pons, anteroposterior diameter
of the pons < 5% centile and brainstem asymmetry. A
mutation was found in TUBB3 (44.1% of cases), TUBB
(23.5%), TUBB2B (14.7%) or TUBA1A (17.6%). The
mutation was inherited from a parent in 18/34 cases. The
pregnancy was terminated in 23/34 cases.

Conclusions Prenatal diagnosis of mild forms of tubu-
linopathy is possible but challenging. We have defined,
in this large series of fetuses, major and minor criteria
that can belp identify this entity in utero. Most find-
ings can be visualized on ultrasound. This evaluation is
also important for prenatal counseling. Once a prenatal
diagnosis of mild tubulinopathy is suspected, the family
members should be referred for exome sequencing and
MRI. © 2022 The Authors. Ultrasound in Obstetrics
& Gynecology published by Jobhn Wiley & Sons Ltd on
behalf of International Society of Ultrasound in Obstetrics
and Gynecology.

INTRODUCTION

Tubulinopathies comprise a wide and overlapping
spectrum of brain malformations and clinical features
caused by pathogenic variants in genes encoding different
isotypes of tubulin'. During the past decade, the range of
brain malformations related to tubulinopathies has been
studied extensively in patients, and the main imaging
characteristics have been defined. The most common mal-
formations of cortical development (MCD) include classic
lissencephaly, lissencephaly with cerebellar hypoplasia,
lissencephaly with agenesis of the corpus callosum, cen-
trally predominant pachygyria, microlissencephaly and
dysgyria. Associated anomalies include undefined basal
ganglia, hypoplasia of the anterior limbs of the internal
capsule, vermian and brainstem hypoplasia, corpus
callosal abnormalities and cerebellar cortical dysplasia'-2.

However, the in-utero imaging characteristics of the
different tubulinopathies have not been elucidated fully.
A cohort reported by Fallet-Bianco etal.? included 26
fetuses with lissencephaly and microlissencephaly, but the
milder forms of tubulinopathy, similar to those described
postnatally, have been described by only our groups, in
two small series®*.

With the increase of knowledge on the postnatal
presentations of tubulinopathies, these disorders are now
suspected more frequently in tertiary-care fetal medicine
centers around the world, and an approach to diagnosis
has been suggested®. When an anomaly is suspected, the
patient is usually referred for dedicated neurosonography

© 2022 The Authors. Ultrasound in Obstetrics & Gynecology published by John Wiley &
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followed by fetal magnetic resonance imaging (MRI) and
genetic testing. However, fetuses with subtle anomalies
remain mostly undiagnosed.

The purpose of this study was to report on a large
cohort of fetuses with mild forms of tubulinopathy and
comprehensive imaging documentation, and to define
imaging (neurosonography and MRI) criteria that can
help in their prenatal diagnosis.

METHODS

This was a retrospective multicenter study of fetuses
examined between January 2007 and February 2022 in
three institutions (Armand Trousseau Hospital, in Paris,
France; Tel Aviv Sourasky Medical Center (TASMC),
in Tel Aviv, Israel; Wolfson Medical Center, in Holon,
Israel) and approved by the respective Institutional
Review Boards (CER-2022-01 in Armand Trousseau
Hospital; 0704-21-TLV in TASMC; WOMC 0188-18
in Wolfson Medical Center). We retrieved and reviewed
systematically the imaging data of fetuses diagnosed
with tubulinopathy which did not present initially with
lissencephaly or microlissencephaly (i.e. fetuses defined
as having mild tubulinopathy). Patients were included
when at least one prenatal dedicated neurosonographic
examination had been performed and when the diagnosis
of tubulinopathy was genetically proven. Most patients
had also undergone fetal MRI, but this was not considered
an inclusion criterion.

According to the institution, ultrasound examinations
were performed using an Aplio 400 or 800 machine
(Canon Medical Systems, Otawara, Japan) or a Voluson
E8 or E10 machine (GE Healthcare, Zipf, Austria).
When the transabdominal approach was not sufficient,
depending on the fetal position, a transvaginal approach
was used, with the highest-resolution probe available, as
described previously®’. At Armand Trousseau Hospital,
fetal MRI examinations were performed using a 1.5-Tesla
(T) Achieva unit (Philips Medical Systems, Best, The
Netherlands) from 2010 to 2015, and an Optima
MR450w unit (GE Healthcare, Waukesha, WI, USA)
from 2016 onwards. At TASMC, fetal MRI examinations
were performed using a 3-T Skyra (Siemens Healthineers,
Malvern, PA, USA) unit. The mothers received sedation
(Zopiclone (7.5mg) in Armand Trousseau Hospital
and Diazepam (5-15 mg) in TASMC) prior to MRI, to
reduce maternal anxiety, fetal and maternal movements
and, therefore, total scan time. In both institutions, a
torso phased-array coil was used. Following a localizing
gradient echo sequence, ultra T2-weighted single-shot
fast spin echo MR images were collected in axial, coronal
and sagittal planes. Additional T1-weighted images were
acquired in at least one plane. Images were archived on
the Carestream PACS platform in all three centers.

Retrieved patient files were reviewed by at least two
experts proficient in diagnosis of fetal brain anomalies
and specialist in obstetrics and gynecology (K.K.H., G.M.,
Z.L.,R.B.), pediatric radiology (C.G., L.B.-S.) or pediatric
neurology (T.L.-S.). The following data were collected:
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maternal and family history, year of diagnosis, mater-
nal age at diagnosis, gravidity and parity, consanguin-
ity, known or suspected tubulinopathy in a first-degree
relative, gestational age at screening, reason for
referral, gestational age at second-line evaluation (neuro-
sonography or MRI) and fetal sex. Ultrasonographic bio-
metric parameters (expressed as centiles) included: fetal
weight®, head circumference®, lateral ventricle width at
the level of the atria®’, transverse cerebellar diameter?,
vermian height'® and length of the corpus callosum!'!.
Non-central-nervous-system (CNS) anomalies were noted
when present. MRI parameters included: biometric data
(values expressed as centiles): cerebral occipitofrontal
diameter, cerebral biparietal diameter, transverse cere-
bellar diameter, vermian height, anteroposterior diameter
of the pons and length of the corpus callosum. Different
reference charts were used for measurements between 20
and 24 weeks of gestation'? and those above 26 weeks of
gestation'3. Moreover, for both imaging techniques, some
parameters were analyzed qualitatively: presence of mid-
line distortion, presence of cavum septi pellucidi distor-
tion, morphology of the corpus callosum, morphology of
olfactory bulbs and sulci, morphology of the frontal horns,
presence of subependymal pseudocysts, morphology of

Hagege et al.

the basal ganglia, sulci and gyri pattern and morphology
of the vermis and brainstem (Table 1). Neurosonography
and MRI criteria were considered major when present in
>70% of cases and minor when present in > 50% but
<70% of cases. Outcome data collected included: live
birth or termination of pregnancy and the gestational age,
and tubulinopathy mutation variant.

Descriptive variables were analyzed using Microsoft
Excel 2020 (Microsoft Corp., Redmond, WA, USA).

RESULTS

We identified 34 fetuses (from 26 families) with mild
tubulinopathy diagnosed during the study period: five
diagnosed before 2016 and 29 diagnosed between 2016
and 2022. Six of these patients (from five families)
have been reported previously by our groups and were
re-evaluated for the purposes of this study: Case 104,
Case 21314, Case 264, Case29'% and Cases 32 and 333.
Nineteen patients were from Trousseau Hospital in Paris,
of which three did not undergo MRI, and 15 patients
were from Israel, of which one did not undergo MRI.
The mean maternal age at diagnosis was 30.8 (range,
19-42) years. Seventeen women were primiparous and 17

Table 1 Imaging morphological parameters considered in qualitative analysis of possible tubulinopathy findings

Morphological parameter Neurosonography

MRI

Midline distortion

fissure
Distortion of CSP On axial and coronal views
CC anomaly
Complete or partial agenesis Complete or partial CC agenesis
Short CC CC length < 5™ centile
Dysgenesis Thin or thick CC with or without short CC or

partial ACC37
Olfactory sulci
(presence/absence/asymmetry)
Olfactory bulbs NA
(presence/absence/asymmetry)
Ventricular dilatation
Ventricular asymmetry

>10mm

widths
Frontal horn dilatation Subjective evaluation
Frontal horn dysmorphism

Ventricular distortion NA

Frontal subependymal pseudocysts

layering

Asymmetric basal ganglia Subjective evaluation

Abnormal sulcation
Asymmetric SF

Delayed gyration

Dysgyria

Present/absent
Present/absent

Distortion of anterior part of interhemispheric

Considered only > 28 gestational weeks

Difference > 2 mm between right and left atrial

Lateral portion >> medial portion

Anechoic/hypoechoic cystic findings without

Irregularities in sulcal depth and organization®

Distortion of anterior part of interhemispheric
fissure
On axial and coronal views

Complete or partial CC agenesis

CC length < 3 centile

Thin or thick CC with or without short CC or
partial ACC?7

23,24 Considered only > 30 gestational weeks?®

Considered only > 30 gestational weeks?®

>10mm

Difference > 2 mm between right and left atrial
widths

Subjective evaluation

Lateral portion > medial portion

Axial view: displacement of one ventricle
towards midline, bowing with lateral
concavity

Hypersignal cystic findings without layering

Subjective evaluation

Present/absent
Present/absent

o Irregularities in sulcal depth and organization®

9

Dysplastic vermis

Abnormal brainstem
Brainstem asymmetry

Abnormal fastigial point/absent primary
fissure/abnormal echogenicity or vermian
proportions

Complete or partial flattening of anterior pons

NA

Abnormal fastigial point/absent primary
fissure/abnormal signal or vermian
proportions

Complete or partial flattening of anterior pons

Defined on axial plane at level of pons and/or
cerebral peduncles

>, considerably larger (subjective assessment); ACC, agenesis of corpus callosum; CC, corpus callosum; CSP, cavum septi pellucidi;
MRI, magnetic resonance imaging; NA, not applicable; SF, Sylvian fissure.

© 2022 The Authors. Ultrasound in Obstetrics & Gynecology published by John Wiley &
Sons Ltd on behalf of International Society of Ultrasound in Obstetrics and Gynecology.
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were multiparous. Consanguinity was present in one case
(third-degree cousins, Case 26). A relevant family history
was reported in eight families. Table S1 summarizes the
pooled data of our series.

In 10 families, one of the parents (eight mothers and
two fathers) presented with MRI findings consistent
with tubulinopathy, and this was subsequently proven
genetically in all 10 families. Among these 10 families: in
four, tubulinopathy was diagnosed in a single pregnancy
(Cases 8, 20, 21 and 22); in four others, there was a
recurrence in one further pregnancy (Cases 12 and 13,
Cases 28 and 29, Cases 30 and 31, Cases 32 and 33); and
in two others, recurrence occurred in two pregnancies
(Cases 3—35; Cases23-25). Overall, the condition was
inherited from a parent in 18/34 cases (Table S1).

Table 2 Major and minor biometric and morphological criteria for
prenatal diagnosis of tubulinopathy, as demonstrated by
neurosonography and magnetic resonance imaging (MRI)

Neurosonographic criteria ~ MRI criteria

Major 1. Ventricular asymmetry 1. Ventricular asymmetry,

2. Abnormal sulcation dilatation and/or
3. Frontal horns distortion
3a. Dysmorphic frontal . Abnormal sulcation
horn(s) . Dysmorphic and/or
3b. Dilated frontal dilated frontal horn(s)
horn(s) . Midline distortion
4. Midline distortion . Distortion of CSP
Minor 5. Distortion of CSP . Absence or asymmetry
6. Absence or asymmetry of olfactory sulci
of olfactory sulci . Anteroposterior
7. Abnormality of corpus diameter of pons
callosum < 5t centile
8. Ventricular dilatation . Abnormal bulge of pons
9. Basal ganglia . Brainstem asymmetry

asymmetry

CSP, cavum septi pellucidi.

743

Of the 34 fetuses, a mutation was found in TUBB3 in
44.1%, in TUBB in 23.5%, in TUBA1A in 17.6% and
in TUBB2B in 14.7%. Of the 10 families in which one
of the parents was also affected, a variant in TUBB3 was
found in six, a variant in TUBB was found in three and a
variant in TUBB2B was found in one (Table S1).

Suspicion of the presence of a CNS anomaly was first
raised at ultrasound screening, at a mean gestational age
of 24.2 (range, 17-33)weeks, due to one or more of
the following findings: midline abnormality, including
of the corpus callosum (=19 (55.9%)), abnormal
ventricles (=18 (52.9%)), abnormal posterior fossa
(n=4 (11.8%)), abnormal sulcation (=4 (11.8%))
and/or family history (n=35 (14.7%)). In 38% of cases,
there was more than one of these findings. These patients
were then referred for a detailed neurosonographic
examination.

Neurosonographic findings

Neurosonography was performed at a mean gestational
age of 28.3 (range, 23—34) weeks. There were 20 (58.8%)
female fetuses and 14 (41.2%) male fetuses. The findings
which qualified as major or minor diagnostic criteria
are summarized in Table2. Biometric data from this
examination are reported in Table3 and morphological
data are summarized in Table 4.

Major neurosonographic findings were: midline distor-
tion, ventricular asymmetry, dysmorphic frontal horn(s)
(generally unilateral), dilated frontal horn(s) (generally
unilateral) and abnormal sulcation (suggestive of dys-
gyria) (Table 2, Figure 1). Minor findings were: distortion
of the cavum septi pellucidi, corpus callosal anomalies
(mainly dysgenesis or short corpus callosum), absence or
asymmetry of the olfactory sulci, ventricular dilatation

Table 3 Fetal biometric findings on ultrasound and magnetic resonance imaging (MRI) in fetuses with mild tubulinopathy

Biometric parameter Ultrasound MRI
Estimated fetal weight® Mean, 46™ centile (range, 7-94™ centile) NA
All cases between 10t and 94t centiles,
except Case 7 (7™ centile)
Head circumference® Mean, 47.5™ centile NA

Ventriculomegaly®’

TCD’

Vermian height!?

OFD12,13
BPD12,13

All cases between 5™ and 95™ centiles, except
Case 2 (3" centile) and Case 34 (5™ centile)

19/33 (57.6%) cases
Mean atrial width, 11 mm (range, 10—14.9 mm)

Mean, 53" centile

All cases between 10™ and 90 centiles, except

23/30 (76.7%) cases
Mean ventricular width, 11.9 mm
(range, 10-19 mm)

All between 10™ and 90™ centiles, except Cases 11
and 12 (5™ centile) and Case 7 (< 5™ centile)

Case 17 (< 1% centile) and Case 19 (< 3" centile)

Normal (between —2 and +2 SD) in 29/34 (85.3%) cases

<=2SDin 5/34 (14.7%) cases
AP diameter of pons'>13  NA

NA
NA

Normal in 15/29 (51.7%) cases
< 5t centile in 14/29 (48.3%) cases
< 5™ centile in 17/29 (58.6%) cases
5t centile in 3/29 (10.3%) cases
3 centile in 4/29 (13.8%) cases
< 3 centile in 10/29 (34.5%) cases
<3 percentile in 6/30 (20.0%) cases
<3 centile in 5/30 (16.7%) cases

AP, anteroposterior; BPD, biparietal diameter; NA, not applicable; OFD, occipitofrontal diameter; TCD, transverse cerebellar diameter.

© 2022 The Authors. Ultrasound in Obstetrics & Gynecology published by John Wiley &
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Table 4 Morphological findings on neurosonography and magnetic
resonance imaging (MRI) in fetuses with mild tubulinopathy

Morphological parameter Neurosonography MRI
Midline distortion 22/29 (75.9)* 27/30 (90.0)*
CSP distortion 15/26 (57.7)+ 23/29 (79.3)*
Abnormality of CC 19/33 (57.6)t 12/30 (40.0)
Complete ACC 1/19 (5.3) 1/12 (8.3)
Partial ACC 3/19 (15.8) 6/12 (50.0)
Dysgenesis 8/19 (42.1) 3/12 (25.0)
Short CC 7/19 (36.8) 2/12 (16.7)
Olfactory sulci
Absent 4/17 (23.5) 5/18 (27.8)
Asymmetric 717 (41.2) 4718 (22.2)
Absent or asymmetric 11/17 (64.7)t 9/18 (50.0)t
Normal 6/17 (35.3) 9/18 (50.0)
Olfactory bulbs NA
Absent — 1/24 (4.2)
Asymmetric — 2/24 (8.3)
Normal — 21/24 (87.5)
Ventriculomegaly 19/33 (57.6)t 23/30 (76.7)*
Unilateral 15/19 (78.9) 21/23 (91.3)
Bilateral 4/19 (21.1) 2/23 (8.7)
Ventricular asymmetry 26/30 (86.7)* 29/30 (96.7)*
(>2mm) +/- dilatation
Ventricular distortion NA 27/29 (93.1)*
Dysmorphic frontal horns 26/30 (86.7)* 23/29 (79.3)*
Unilateral 17/26 (65.4) 13/23 (56.5)
Bilateral 9/26 (34.6) 10/23 (43.5)
Dilated frontal horns 27/29 (93.1)* 27/29 (93.1)*
Unilateral 19/27 (70.4) 18/27 (66.7)
Bilateral 8/27 (29.6) 9/27 (33.3)
Subependymal pseudocysts 5/30 (16.7) 3/29 (10.3)
Asymmetric basal ganglia 18/30 (60.0)t 6/28 (21.4)
Abnormal sulcation 23/30 (76.7)* 29/29 (100)*
ASF 18/23 (78.3) 6/29 (20.7)
Dysgyria only 2/23 (8.7) 0/29 (0)
ASF and dysgyria 3/23 (13.0) 23/29 (79.3)
Abnormal vermis 10/30 (33.3) 8/29 (27.6)
Abnormal brainstem 13/28 (46.4) NA
Abnormal bulge of pons NA 20/29 (69.0)t
Brainstem asymmetry NA 20/29 (69.0)t

Data are given as #n/N (%). *Major criterion. TMinor criterion. +/—,
with or without; ACC, agenesis of corpus callosum; ASF, asymme-
tric Sylvian fissure; CC, corpus callosum; CSP, cavum septi pellucidi;

NA, not applicable.

(mainly unilateral) and basal ganglia asymmetry (Table 2,

Figures 1 and 2).

Extracerebral findings were uncommon and included a
dysplastic pelvic kidney in Case 18 and single umbilical

artery in Cases22 and 23.

MRI findings

MRI was performed in 30 cases. In the other four cases,
the neurosonographic findings were deemed sufficiently
abnormal that these pregnancies were terminated on this
basis. The mean gestational age at MRI was 30.2 (range,
24-35) weeks. Biometric data from this examination
are reported in Table3 and morphological data are
summarized in Table 4.

Major MRI findings were: midline distortion, distor-
tion of the cavum septi pellucidi, ventricular asymmetry,

© 2022 The Authors. Ultrasound in Obstetrics & Gynecology published by John Wiley &
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dilatation (generally unilateral) and/or distortion,
dysmorphic and/or dilated frontal horn(s) (generally
unilateral) and abnormal sulcation (Table2, Figure 3).
Minor findings were: anteroposterior diameter of the pons
< 5™ centile, absence or asymmetry of the olfactory sulci,
abnormal bulge of the pons and brainstem asymmetry.

Pregnancy outcome

Termination of pregnancy was performed in 23/34 cases,
at a mean gestational age of 29.1 (range, 25-35) weeks.
Eleven patients were liveborn: two preterm, by Cesarean
section at 35 weeks for obstetric reasons, one preterm by
vaginal delivery after premature rupture of the membranes
at 36 weeks and seven by vaginal delivery at term. One
liveborn patient was lost to follow-up.

DISCUSSION

We report the imaging findings in a large series of fetuses
diagnosed prenatally with genetically proven ‘mild’
tubulinopathy, i.e. presenting without lissencephaly or
microlissencephaly. Previous studies reported patients
presenting with subtle neurological symptoms, including
cognitive ability ranging from moderate intellectual
disability to normal cognition, with or without learning
disorders, motor impairment, hypotonia, ataxia, nys-
tagmus and occasional seizures'~31¢, TUBB3 variants
were the most frequently found mutations in our group,
with TUBB, TUBB2B and TUBA1A variants being less
common. Most (29/34) of our cases were diagnosed
from 2016 onwards, which highlights the difficulty in
prenatal diagnosis before then, when the understanding
of the typical phenotypic characteristics of mild forms of
tubulinopathy was poor.

To facilitate prenatal identification of the milder forms
of tubulinopathy, we defined minor and major imaging
criteria, based on their frequency in our patients. These
findings were usually observed using neurosonography
at the end of the second trimester, and MRI in the third
trimester. None of the fetuses had a small head circum-
ference (all were > 2.3 centiles). The vermian height was
normal in most fetuses on neurosonography and reduced
in almost half of the cases (48%) on MRI. The anteropos-
terior diameter of the pons was reduced in more than half
of the cases on MRI; this was considered a minor criterion,
probably as an early sign of brainstem involvement.

Midline abnormalities represented the most common
reason for referral. We found that distortion of the
anterior part of the interhemispheric fissure was very
common, and this was considered a major criterion on
both neurosonography and MRI. This important sign has
been reported in only one small series*. Distortion of the
cavum septi pellucidi was also a major criterion on MRI.

Abnormalities of the corpus callosum are frequently
present in tubulinopathy, both pre- and postnatally?16-18,
However, in our series, this was found to be a minor
criterion on neurosonography and it was observed less
commonly on MRL
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Brain in prenatal mild tubulinopathy

Hypoplasia or absence of the olfactory bulbs and sulci
are typical findings of tubulinopathy?316-17:19-22 In our
series, analysis of these structures was not relevant in
many cases due to the early gestational age*>~%° or to
poor visualization in our retrospective analysis. Absence
or asymmetry of the olfactory sulci was found to be a
minor criterion on both imaging techniques.

Ventricular abnormalities represented the second most
common cause of referral and most features related to
it were major criteria, except for ventriculomegaly on
neurosonography, which was a minor criterion. Severe
ventriculomegaly was present in only two cases. In the
remaining cases, ventriculomegaly was mild and asym-
metrical, as has been observed postnatally!”. Asymmetry
has not been observed in severe forms of ventriculomegaly
diagnosed prenatally?. It is a highly suggestive sign,
and is best visualized by MRI on axial planes. Another
striking feature was the dilatation and dysmorphism
of the frontal horns, which were mostly asymmetric,
with the frontal horn displaying a hooked appearance;
this was probably due to the spherical shape of the
head of the caudate nucleus, protruding into the frontal
horn6-26,

Abnormally shaped basal ganglia are another known
postnatal sign of tubulinopathy'”?”. While some
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studies have found enlarged caudate nuclei pre-
and postnatally>!722, others report hypoplastic basal
ganglia>?8. In our series, we show for the first time
that prenatal neurosonography can identify this basal
ganglia dysmorphism, appearing as abnormally large and
asymmetric, hyperechoic structures located below the
frontal horns. This finding was a minor criterion on
neurosonography, and was less commonly observed on
MRI (Figure 2).

MCD, another sign of tubulinopathy, reflect impaired
neuronal proliferation, disturbed axonal guidance and
migrational or postmigrational abnormalities'®. MCD
encompass a wide spectrum of anomalies, ranging from
lissencephaly>!® to a polymicrogyria-like pattern. The
term ‘tubulinopathy-associated dysgyria’ was first intro-
duced by Oegema etal.?’ to describe subtle cortical
abnormalities, not considered typical pachygyria, polymi-
crogyria or cortical dysplasia, in which the cortex displays
normal thickness, but the sulci are oriented obliquely
and narrow gyri are separated by abnormally deep and
shallow sulci'”. In our series, dysgyria was a major cri-
terion on MRI while it was observed less commonly on
neurosonography3’.

Asymmetric Sylvian fissure was a major criterion
on neurosonography and a major criterion on MRI

Figure 1 Main morphological abnormalities identified by neurosonography in fetuses with mild tubulinopathy. (a) Case 9 at 31 + 5 weeks:
coronal view. Right olfactory sulcus is visible (thin arrow), but left one is absent. Anterior part of interhemispheric fissure is distorted
(dashed arrow), and right frontal dysgyria (thick arrow) is visible. (b) Case 5 at 29 4 2 weeks: coronal view. Left frontal horn is dilated but
not dysmorphic and cavum septi pellucidi (arrowhead) is deviated and displaced to the right. (c) Case 19 at 26 + 2 weeks: coronal view. Both
frontal horns are dysmorphic, with rounded appearance, and medial portion is much thinner than lateral one. Under left horn, a

subependymal cyst (arrow) is visible. (d) Case 9 at 31 + 5 weeks: coronal view. Left basal ganglia (%) is markedly enlarged compared to right

side. (e) Case 21 at 26 + 3 weeks: coronal view. Dysgyria is well demonstrated, with abnormal sulcus (arrow) of left frontal lobe. (f) Case 1
at 31 + 2 weeks: midsagittal view. Vermis is dysplastic, without identification of primary fissure, and bulge of pons is poorly visualized.
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Figure 2 Morphological abnormalities of basal ganglia as shown by neurosonography and magnetic resonance imaging (MRI) in Case 14.
(a) Neurosonography (coronal view) at 28 + 6 weeks, showing enlarged right basal ganglia (%) and dysmorphic and dilated frontal horns.
(b) T2-weighted MRI (coronal view) at 28 + 6 weeks, showing dysmorphic and dilated frontal horns, without evidence of abnormal basal
ganglia. (c,d) Postnatal T2-weighted MRI (coronal view) (c) and T1-weighted MRI (axial view) (d) at 6 months of age, showing enlarged
right basal ganglia (%) and dysmorphic and dilated frontal horns. Fusion of lentiform and caudate nuclei is well demonstrated in (d) (arrow).

Figure 3 Main morphological abnormalities identified by magnetic resonance imaging (MRI) in fetuses with mild tubulinopathy:
T2-weighted images. (a) Case 6 at 34 + 3 weeks: coronal view. Frontal horns are dysmorphic, Sylvian fissures are poorly operculated and, on
both sides, frontal cortex displays dysgyria. (b) Case 1 at 31 weeks: coronal view. Frontal horns display typical hooked appearance resulting
from abnormal shape of the head of the caudate nucleus. Bilateral small subependymal cysts are visible below the frontal horns. Frontal
cortex shows dysgyria. (c) Case 5 at 29 + 2 weeks: coronal view. Cavum septi pellucidi is slightly displaced to right. Left frontal horn is
enlarged without dysmorphism and left basal ganglia (%) are markedly enlarged compared to right side. (d) Case 26 at 29 + 4 weeks:
midsagittal view. Corpus callosum shows partial agenesis (lack of rostrum and underdeveloped genu) and abnormal thickness, with genu
and posterior part of body being too thin. Vermis is dysplastic and pons is underdeveloped. (e) Case 10 at 27 + 3 weeks: sagittal view. Two
subependymal cysts are visible (arrows), below frontal horn and in caudothalamic notch. (f) Case 5 at 29 + 2 weeks: axial view. Ventricular
and caval distortion (arrow) is visible, with left ventricle enlarged and displaced to the right, bowed and displaying lateral concavity.

(g) Case 31 at 30 weeks: axial view. Distortion of anterior part of interhemispheric fissure (arrowhead) is seen, with asymmetric Sylvian
fissures and dysgyria of cortex and left hemisphere. (h) Case 11 at 33 + 6 weeks: axial view, showing marked asymmetry of pons (arrow).

when it coexisted with dysgyria. Interestingly this is not  tubulinopathy. In our series, a hypoplastic brainstem
mentioned in the postnatal literature. It is possible that ~ with small anteroposterior diameter of the pons was a
the abnormalities of the Sylvian fissures described in our ~ minor MRI criterion. Overall morphological brainstem

series are preliminary findings of a future MCD?. abnormalities were depicted on neurosonography in only
Posterior fossa abnormalities, including brainstem,  46% of the cases, while it qualified as a minor criterion on
vermis and cerebellar hemisphere anomalies, are char- ~ MRI, with an abnormal bulge of the pons and asymmetry

acteristic of tubulinopathy. In small series of fetuses* each being depicted in 69% of the cases. Asymmetry

and in the postnatal literature!®17-22:2%31 "the brainstem  between right and left may affect one or more segments of
is described as hypoplastic and asymmetric in cases of  the brainstem, with a homolateral or crossed pattern3?.
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Brain in prenatal mild tubulinopathy

In the literature, the vermis in fetuses with tubulinopathy
is reported to be hypoplastic and dysplastic?15:16:33 | with
the anterior vermis being more severely affected!”-?°. In
our study, the vermian height was within the normal
range on neurosonography in all except five patients, and
it was < 5™ centile in nearly half of the patients on MRI.

The cerebellar hemispheres can also be involved in
cases of tubulinopathy??%3*, but, in most fetuses in our
series with mild tubulinopathy, the transverse cerebellar
diameter was within the normal range.

The majority of tubulinopathy mutations are de-novo
autosomal dominant heterozygous variants'®. In our
cohort, 18/34 fetuses were of families with one par-
ent showing a tubulin variant (TUBB3, TUBB and
TUBB2B). In the literature, the proportion of fetuses
with an inherited tubulinopathy variant is much lower.
The TUBB3 gene was the most frequently affected gene
in our patients (44%) followed by TUBB, TUBA1A and
TUBB2B. The high proportion of TUBB3 variants can
be explained by the ability of prenatal imaging to identify
subtle anomalies that initiate the diagnostic process,
leading to identification of these autosomal dominant
conditions, whereas most cases in children and adults are
diagnosed in the setting of the investigation of abnormal
neurological conditions.

Variants in seven genes, encoding alpha-, beta-
and gamma-tubulins, have been identified and their
genotype—phenotype correlation has been elucidated33-3°.
However, various phenotypes have been reported in
association with the same affected gene and, conversely,
overlapping phenotypes have been reported to arise from
different affected genes!®.

We did not perform or analyze novel MRI sequences or
perform advanced measurements of the brainstem, since
we believe that, in most cases, mild tubulinopathy can
be suggested by neurosonography and conventional fetal
MRI sequences.

Conclusion

Prenatal diagnosis of mild forms of tubulinopathy is pos-
sible but challenging. In this study, we defined major and
minor diagnostic criteria suggestive of the diagnosis of a
mild tubulinopathy in the fetus. Most findings can be seen
on ultrasound. Complementary MRI, genetic counseling
and investigation with trio exome sequencing should be
offered when this entity is suspected by neurosonography.
Mild tubulinopathies are often inherited from a parent
who is clinically normal or shows mild clinical presenta-
tion and they are not mostly de novo, as was previously
thought. Our findings are important for family counseling
and pregnancy management in affected cases, which
generally have a good neurodevelopmental outcome.
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