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BACKGROUND: Agenesis of the corpus callosum is associated with
several malformations of cortical development. Recently, features of focal
cortical dysgyria have been described in fetuses with agenesis of the cor-
pus callosum.

OBJECTIVE: This study aimed to describe the “cortical invagination
sign,” a specific sonographic feature of focal cortical dysgyria, which is
consistently seen at midtrimester axial brain ultrasound in fetuses with
complete agenesis of the corpus callosum.

STUDY DESIGN: This was a retrospective analysis of prospectively
collected data from 2018 to 2021, including patients referred to 5 fetal
medicine centers in the second trimester of pregnancy (19 0/7 to 22 0/7
weeks of gestation) with suspected complete agenesis of the corpus cal-
losum. All cases with the diagnosis of complete agenesis of the corpus
callosum were submitted to an axial sonographic assessment of the fetal
brain on the transventricular plane. In this scanning section, the mesial
profile of both cerebral hemispheres at the level of the frontal-parietal cor-
tex was investigated. In this area, the operator looked for an abnormal
invagination of the cortical surface along the widened interhemispheric fis-
sure, which was referred to as the “cortical invagination sign.” All fetuses
were submitted to dedicated antenatal magnetic resonance imaging to
reassess the ultrasound findings. Cases with additional brain anomalies,
which did not involve the cortex, were excluded. The final diagnosis was
confirmed at postnatal brain magnetic resonance imaging or postmortem

examination, for cases undergoing termination of pregnancy. The primary
outcome of this study was to evaluate the presence and laterality of the
“cortical invagination sign” in fetuses with complete agenesis of the cor-
pus callosum at antenatal ultrasound and magnetic resonance imaging.
RESULTS: During the study period, 64 cases of complete agenesis of the
corpus callosum were included; of those cases, 50 (78.1%) resulted in termi-
nation of pregnancy, and 14 (21.9%) resulted in a live birth. The “cortical
invagination sign” was detected at ultrasound in 13 of 64 cases (20.3%) and
at targeted brain magnetic resonance imaging in 2 additional cases (23.4%),
all of which were electively terminated. Moreover, the “cortical invagination
sign” was found to be exclusively unilateral and on the left cerebral hemi-
sphere in all the cases. There was a predominant number, although nonsignif-
icant, of male fetuses (80.0% of cases; P=.06) in the group of complete
agenesis of the corpus callosum with the “cortical invagination sign.”
CONCLUSION: The “cortical invagination sign” is a specific marker of
focal cortical dysgyria, which seems to characterize at midtrimester of
pregnancy in a large group of fetuses with complete agenesis of the cor-
pus callosum. The etiology, pathophysiology, and prognostic significance
of this finding remain to be elucidated.

Key words: agenesis of the corpus callosum, cortical dysgyria, malfor-
mations of cortical development, midtrimester ultrasound, neurosonogra-
phy, prenatal diagnosis, nervous system malformation

Introduction
he corpus callosum is the telence-
phalic commissure with the largest
corticocortical bundle of white matter
connecting the right and left cerebral
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hemispheres in humans.' Agenesis of the
corpus callosum (ACC), complete or par-
tial, is one of the most common congeni-
tal malformations of the central nervous
system with an approximate prevalence
of 1 in 4000 live births.>” Prenatal diag-
nosis of ACC is feasible and accurate
from midtrimester onward using a com-
bination of transabdominal ultrasound
and transvaginal ultrasound.*’

Complete ACC is associated with a
large range of adverse neurodevelopmen-
tal outcomes; however, the main determi-
nant of these outcomes is the presence or
absence of additional cerebral or extrac-
erebral malformations or  genetic

conditions.”” " One of the most frequent
associated brain abnormalities observed
in ACC is malformations of cortical
development (MCD).""”"”  Antenatal
brain magnetic resonance imaging (MRI)
is the gold standard for the diagnosis of
MCD, given its higher diagnostic accu-
racy than prenatal ultrasound.'*'* Conse-
quently, antenatal brain MRI is routinely
performed in fetuses with prenatal diag-
nosis of ACC to confirm or exclude these
malformations.'*'” Most of the available
works of literature have focused on the
large spectrum of MCD associated with
complete ACC. A recent study using
MRI has described clinical phenotypes of
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AJOG MFM at a Glance

Why was this study conducted?

Key findings

netic resonance imaging.

Agenesis of the corpus callosum (ACC) is associated with features of focal corti-
cal dysgyria and other malformations of cortical development. Sonographic data
regarding the diagnosis of focal cortical dysgyria in fetuses with ACC are lacking.

Approximately 20% of the fetuses with complete ACC presented a peculiar type
of unilateral focal cortical dysgyria, that is, the “cortical invagination sign,”
which can be easily documented at axial midtrimester brain ultrasound or mag-

What does this add to what is known?

The “cortical invagination sign” is a peculiar type of focal cortical dysgyria,
which seems to affect mainly the mesial profile of the left frontal-parietal cere-
bral lobe and has a higher incidence in male fetuses.

unilateral focal cortical abnormalities
associated with complete ACC."® How-
ever, no study has reported such findings
using ultrasound.

This study aimed to describe a new
midtrimester sonographic sign, the
“cortical invagination sign”—a specific
sonographic feature of focal abnormal
sulcation—which was noted at axial
brain ultrasound in a large cohort of
fetuses with a complete ACC.

Material and Methods
This was a retrospective analysis of pro-
spective data collected at 5 fetal medi-
cine centers (4 in Italy and 1 in France)
from 2018 to 2021, on a cohort of
fetuses with sonographically confirmed
complete ACC in the second trimester
of pregnancy (19 0/7 to 22 0/7 weeks of
pregnancy) (Supplementary Table). Of
note, some of the cases from the Vittore
Buzzi Children’s Hospital have been
already published.”” The only a priori
exclusion criteria were: evidence of extra-
cranial malformations. The study was
approved by the local ethics committee
of each participating unit (approval
number: 676/2022/OSS/UNIPR).
According to the local protocol of all
the collaborating centers, fetuses with
suspected malformations were evalu-
ated by fetal medicine experts with
more than 10 years of experience in the
field. All cases with the diagnosis of
complete ACC were submitted to an
axial sonographic assessment of the
fetal brain on the transventricular plane.
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In this scanning section, the mesial pro-
file of both cerebral hemispheres at the
level of the frontal-parietal cortex was
investigated. To have a better view of
the proximal hemisphere of the fetuses,
we took the following steps:

1. We waited for a short period for the
fetus to turn 180° its orientation so
that the proximal cerebral hemi-
sphere became the distal one.

2. After the acquisition of the correct
standard transventricular plane, the
operator angled the transducer cau-
dally up to 45°. This allowed the
ultrasound beam to go through the
temporal suture and to produce a
clearer view proximal fetal brain
reducing the near-field shadowing
of the bony calvarium.

At the level of the frontal-parietal cor-
tex, the operator looked for an abnormal
invagination of its mesial surface along
the widened interhemispheric fissure,
which was referred to as the “cortical
invagination sign” (Figure 1). In addition,
multiplanar neurosonography was per-
formed transvaginally in cephalic-pre-
senting fetuses. According to local
protocol, all pregnant women underwent
genetic counseling and were offered
amniocentesis with standard karyotype,
chromosomal microarray, and, from
2021, clinical exome sequencing or corti-
cal malformation gene panel. Subse-
quently, all included fetuses were
submitted to a dedicated antenatal brain

MRI to confirm the ultrasound findings
(Figure 2). Here, the “cortical invagina-
tion sign” was assessed only qualitatively,
in terms of its presence or absence, but it
was not measured neither at ultrasound
nor at MRI. Cases of complete ACC,
which were found to have additional
brain structural anomalies beyond the
“cortical invagination sign,” including
other types of MCD, at expert neurosono-
gram, brain MRI, or follow-up, were
excluded. The final diagnosis of complete
ACC and the aspect of the mesial frontal-
parietal cortex were verified at postnatal
brain MRI or at postmortem examina-
tion, for cases undergoing termination of
pregnancy (TOP).

For study purposes, the main clinical
data were collected from the medical
records of each patient. Maternal and fetal
data included age, body mass index, ges-
tational age (GA), and fetal sex. Imaging
variables included the presence or absence
of the “cortical invagination sign” and the
laterality of this cortex abnormality. Data
were recorded and stored in a Microsoft
Excel—secured pseudonymized database
(Microsoft, Redmond, WA), which was
accessible only to the members of the
research team of each participating unit.

The primary outcome of this study
was to evaluate the prevalence and later-
ality of the “cortical invagination sign”
in fetuses with complete ACC at ante-
natal ultrasound and MRI, which was
later confirmed after birth.

Statistical Analysis

Statistical analysis was performed using
Statistical Package for Social Sciences
(version 22; IBM Inc, Armonk, NY). For
univariate comparison between groups,
we used the chi-square test for categorical
and the Student ¢ test for continuous vari-
ables, and the results were presented as
number (percentage) or meanzstandard
deviation. This study was conducted fol-
lowing the Strengthening the Reporting
of Observational Studies in Epidemiology
guidelines.”’

Results

From 2018 to 2021, 64 cases of fetuses
with antenatal diagnosis of complete
ACC were selected for the study
(Figure 3). The main demographic



FIGURE 1

The “cortical invagination sign”, a sign of unilateral focal cortical dysgyria

w

A, Schematic representation of the transventricular plane of the fetal brain. The red arrow point

s toward an abnormal invagination of the cortical surface

along the interhemispheric fissure in the frontal-parietal lobe, which was defined as the “cortical invagination sign.” B and C, A transventricular axial
ultrasound image from 2 exemplificative cases with complete agenesis of corpus callosum and “cortical invagination sign,” which is an abnormal invagi-
nating sulcus located in the left frontal-parietal lobe along the interhemispheric fissure. The arrows point at the “cortical invagination sign.” D, Coronal
section of the fetal brain. Absence of the cavum septi pellucidi. Note the abnormal invagination of the cortical surface (red arrow), the “cortical invagina-

tion sign.”
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maternal and fetal features of the study
population are shown in the Table. Our
maternal population had a mean age of
33.345.6 years and a mean body mass
index at booking of 22.5+4.3 kg/m®.
The mean GA at the time of the ultra-
sound scan was 21 1/741 0/7 weeks of
gestation. Moreover, 38 fetuses (59.4%)
were male, and 26 fetuses (40.6%) were
female. Of note, 50 pregnancies (78.1%)
were terminated, and 14 pregnancies
(21.9%) resulted in a live birth. Karyo-
type was performed in 51 of 64 patients
(79.7%), chromosome microarray was
performed in 50 of 64 cases (78.2%),
and clinical exome sequencing was per-
formed in 3 of 64 cases (4.7%). No case
of genetic or chromosomal anomaly
was documented in our population.

The “cortical invagination sign” was
found in 13 of 64 cases (20.3%) at mid-
trimester ultrasound scan and in 2
additional cases (23.4%) at subsequent
targeted MRI performed before 23
weeks of gestation. Moreover, the “cor-
tical invagination sign” was confined to
the left hemisphere in all cases (13/13
fetuses at ultrasound and 15/15 fetuses
at antenatal MRI). All our cases affected
with the “cortical invagination sign”
resulted in TOP. No maternal or preg-
nancy factor seemed significantly asso-
ciated with the presence of the “cortical
invagination sign.” There was a pre-
dominant number of male fetuses (12/
15 male fetuses [80.0%] vs 3/15 female
fetuses[20.0%]) in the group of com-
plete ACC with the “cortical

invagination sign”; however, this differ-
ence did not reach statistical signifi-
cance (P=.06) (Table). In all cases than
resulted in TOP, complete ACC was
confirmed at postmortem. Moreover, in
those cases with the “cortical invagina-
tion sign” at antenatal imaging, a unilat-
eral indentation of the mesial cortex
surface was confirmed at macroscopic
examination (Figure 1, D), although
histology documented an irregular pil-
ing of the cortical neurons (Figure 4).

Comment

Principal findings

Here, we demonstrated that approxi-
mately 20% of fetuses with complete
ACC present a peculiar type of unilat-
eral focal cortical dysgyria—that is, the
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FIGURE 2
Magnetic resonance imaging of the “cortical invagination sign”

A. Exemplificative axial T2-weigthed section of a male fetuses with complete agenesis of the corpus callosum and the “cortical invagination sign” at 21
weeks of gestation. B. Exemplificative axial T2-weigthed section of another male fetuses with complete agenesis of the corpus callosum and the “cortical
invagination sign” at 20 weeks of gestation.

Ramirez Zegarra. “Cortical invagination sign”—a marker of focal cortical dysgyria. Am ] Obstet Gynecol MFM 2023.

FIGURE 3
Flowchart (according to the STROBE guideline) of patient enroliment in the study

Patients with complete ACC assessed for eligibility
(n=99)

Excluded due to extra-cranial malformations(n=15)

* Fetal heart malformations (n=4)
> * Fetal limb anomalies (n=5)

* Orofacial clefts (n=2)

* Renal malformations (n=3)

e Trisomy 18 (n=1)

A 4

The antenatal /postnatal brain MRI* or
pathology reportt of the included cases was
searched (n=84)

Excluded due to additional brain malformations (n=12)

e Other malformations of cortical development (n=3)
e Cystic malformation of the posterior fossa (n=4)
* Interhemispheric cyst (n=5)

v

Included patients (n=64)

“Cortical invagination sign” “Cortical invagination sign”
present absent

ACC, agenesis of the corpus callosum; MR/, magnetic resonance imaging; STROBE, Strengthening the Reporting of Observational Studies in Epidemiology.
Ramirez Zegarra. “Cortical invagination sign”—a marker of focal cortical dysgyria. Am J Obstet Gynecol MFM 2023.
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TABLE
Baseline maternal and fetal characteristics of the overall population and according to the presence or absence of the
“cortical invagination sign” at magnetic resonance imaging.
ACC without the “cortical ACC with the “cortical
Characteristic Overall invagination sign” invagination sign” Pvalue
N=64 n=49 (76.6%) n=15 (23.4%)
Maternal age (y) 33.31+5.6 33.445.9 32.7+4.2 .65
BMI at booking (kg/m?) 225+4.3 22.3+4.3 23.2+4.7 49
GA at inclusion (wk) 211/7£10/7 21 2/7+06/7 21 0/7+1 3/7 A1
Fetal gender .06
Male 38 (59.4%) 26 (53.1%) 12 (80.0%)
Female 26 (40.6%) 23 (46.9%) 3 (20.0%)
Pregnancy outcome .02
TOP 50 (78.1%) 35 (71.4%) 15 (100.0%)
Delivery 14 (21.9%) 14 (28.6%) 0 (0.0%)
Data are presented as mean=standard deviation or number (percentage), unless otherwise indicated.
Ramirez Zegarra. “Cortical invagination sign”—a marker of focal cortical dysgyria. Am ] Obstet Gynecol MFM 2023.

“cortical invagination sign”—and this
finding can be easily documented at
axial midtrimester brain ultrasound or
MRI

Results in the context of what is
known

ACC is a midline malformation of the
brain, and it is commonly associated
with other brain malformations, such as
MCD."" " The “cortical invagination
sign” can be defined as an abnormal
invagination of the mesial cortical sur-
face in the frontal-parietal lobe, which
we have found to occur along the wid-
ened interhemispheric fissure unilater-
ally and exclusively on the left cerebral
hemisphere. We propose that this “cor-
tical invagination sign” belongs to the
group of focal cortical dysgyria; how-
ever, the cellular mechanism underlying
such macroscopic features cannot be
elucidated at present. It is pivotal to
underline how the concept of “dysgyria”
has to be taken into account to indicate
a wide, still not sharply defined, pool of
MCD or “nonorthodox” brain sulcation
at imaging, whose morphologic vari-
ability is very prominent (ie, encom-
passing different forms of too deep sulci
isolated or in a cluster, hippocampus or
parahippocampal sulci malrotation-ori-
entation, coarse sulcation, and sulci in

unexpected location) according to the

current neurodevelopmental medi-
cine.”' In our cases, the “cortical invagi-
nation  sign” was  histologically

described as an irregular cortical neuro-
nal accumulation—a putative sign of
local cell migration or organization
impairment.

The “cortical invagination sign” has
not been reported previously at antena-
tal ultrasound among fetuses with ACC.
Recently, a study using brain MRI
described an association between a sim-
ilar type of unilateral focal cortical mal-
formation and complete ACC.'® In this
retrospective work conducted on a
cohort of 45 fetuses with complete
ACC, most focal cortical malformations
were located in the frontal-parietal
region. In line with these findings, we
reported a similar pattern of unilateral
focal anomaly cortical surface profile
mainly seen at the mesial aspect of the
left frontal-parietal lobe in fetuses
affected by complete ACC.

Because of the spatial contiguity
between the area that is normally occu-
pied by the corpus callosum and the
mesial surface of the frontal-parietal
cortex, this cortical surface aberrant
invagination seems to have a determin-
istic relationship with the callosal
anomaly; however, this is difficult to

explain. Callosal defects are considered
to be a manifestation of disruption of
the normal axonal guidance in the early
stages of development of the corpus cal-
losum. In some cases, this disruption
might be due to mechanical weakness,
such as focal cortical dysgyria, which
might explain this association.'®** Fur-
thermore, we cannot provide with our
data a clear explanation for the unilater-
ality of our findings exclusively affecting
the left cerebral hemisphere. However,
it has to be mentioned that some asym-
metry between cerebral hemispheres in
the timing of gyrification trajectory is
well known to occur not only in nor-
mal cortical development but also in
ACC." Therefore, we cannot exclude
that some asymmetry may arise in
the tissular framework (within sub-
plate, intermediate zone) underneath
the cortical plate in ACC, and this
can play a role in the unilateral
mesial focal cortical plate invagina-
tion. Of note, most of our cases were
imaged at a relatively early gestation
of 20 to 22 weeks, so the morphologic
evolution of such anomaly at imaging
is not known, and the possibility of
its development at the contralateral
side later in gestation cannot be
excluded as well (our cases resulted
in TOP soon after diagnosis).

December 2023 AJOG MFM 5



FIGURE 4

Histological picture of the “cortical invagination sign”

o
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A, Histological picture of the “cortical invagination sign” (red arrow) in hematoxylin and eosin, 2 high-
power field. B, Histological picture of the “cortical invagination sign” in hematoxylin and eosin, 10
high-power field. Note the irregular accumulation of the neurons in the cortex, with no clear distinc-
tion of cortical layers. CIS, “cortical invagination sign”.

Ramirez Zegarra. “Cortical invagination sign”—a marker offocal cortical dysgyria. Am J Obstet Gynecol MEM 2023.

Clinical and research implications

The neurodevelopmental outcome of
fetuses affected by ACC is mainly deter-
mined by the presence of additional
central nervous system anomalies.’ "’
Complete ACC associated with MCD
has been found to have worse adverse
neurodevelopmental outcomes than iso-
lated ACC.”'" However, we cannot say
whether the cortical invagination sign
carries a worse prognosis for fetuses
with complete ACC as commonly
acknowledged for cases with MCD or if
the outcome of such cases might overlap
with those with isolated complete ACC.
Furthermore, we cannot exclude that this
abnormal invagination may represent a
“paraphysiological” epiphenomenon of
sulcation progression in fetuses with a
typical complete ACC. Further large
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prospective studies are needed to evaluate
the neurodevelopmental outcomes of
fetuses affected by ACC and the “cortical
invagination sign.”

Here, we failed to demonstrate a
common genetic background for cases
with complete ACC and the “cortical
invagination sign.” We found a pre-
dominance of male fetuses (4:1) affected
with ACC and “cortical invagination
sign,” although this difference did not
reach statistical significance (P=.06).
This association has been previously
reported in the literature'® and might
suggest that some X-linked genetic dis-
order might be associated with the pres-
ence of such a finding'****
Unfortunately, we could not confirm
this hypothesis as none of the fetuses
affected by the “cortical invagination

sign” underwent exome sequencing.
Future studies might be able to test this
hypothesis.

Strengths and limitations

The main strength of our study lies in
its originality. Moreover, we employed
strict inclusion criteria, specifically
selecting cases exclusively affected by
complete ACC without additional brain
malformations except for the “cortical
invagination sign.” Our rationale for
this decision was a recent meta-analysis
that showed a great heterogenicity in
the definition of corpus callosum anom-
alies other than complete ACC.”* This
approach allowed us to avoid the inclu-
sion of cases with ambiguously defined
corpus callosum dysplasia or hypopla-
sia. In addition, the “cortical invagina-
tion sign” was observed on the
transventricular axial plane, which is
the plane used for routine screening of
fetal anomalies and does not require a
high level of expertise to be acquired on
prenatal ultrasound.

The main limitation of our study is
its retrospective design. However, data
used in this study had been prospec-
tively collected for other research pur-
poses. The few cases that underwent
clinical exome sequencing might be
seen as a limitation. However, this test
was just offered routinely to women
with a fetus affected by ACC from 2021
onward, when this option became avail-
able in the participating centers. Future
studies should evaluate whether the
“cortical invagination sign” is associated
with any genetic disorder. Finally, we
lacked follow-up data regarding postna-
tal neurodevelopmental outcomes for
cases affected by complete ACC and
“cortical invagination sign” because all
our cases resulted in TOP. Thus, our
study does not provide insights into
specific prognosis factors of the “cortical
invagination sign.”

Conclusion
Our study describes a marker of focal
cortical dysgyria (deviation from

expected normal sulcation trajectory),
which seems to characterize a large
group of fetuses (especially males) with
complete ACC. Further studies are
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needed to assess the etiology, patho-
physiology, and prognostic significance
of the “cortical invagination sign.” [

Supplementary materials
Supplementary material associated with
this article can be found in the online ver-
sion at doi:10.1016/j.ajogmf.2023.101198.
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