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INTRODUCTION

Midline anomalies encompasses a heterogeneous grbuonditions caused by an abnormal
process of ventral induction after the end of priynaeurulation (Table 1). Classification systems
for brain midline anomalies are varied and contuskp improving as the underlying embryology
and genetics are still partially uncovered. A rigkdy simple and robust classification system is
based on the location of abnormalities, assumireg the large majorities of such anomalies
involved different part of fetal brain. These andiesare among the most common central nervous
system (CNS) malformations diagnosed on prenatahadund. Advances in prenatal imaging
techniques have led to an increase in the deteditenof such anomalies since the first trimester o
pregnancy although a significant proportion of thesmain undiagnosed until birth. Although the
most severe anomalies involving the midline, suicha@oprosencephaly, can be detected on a basic
examination of the fetal brain, others require taitld assessment of cerebral structures through
axial, sagittal and coronal views of the brain,strexplaining the relatively low detection rate
reported in the published literature. Ultrasounthes primary technique in detecting such anomalies
while fetal magnetic resonance imaging (MRI) is coonly performed to confirm the diagnosis
and detect additional anomalies, especially thogelving the cortical surface of the brain, which
may potentially impact post-natal outcome. Neuredflgymental outcome of cerebral anomalies
involving the midline is directly related to thepsy of anomaly, cause and presence of associated
anomalies. However, even in case of isolated anempfenatal counselling is challenging.

The aim of this review is to provide an up to datethe diagnosis, counselling and management of
the most common supra-tentorial anomalies involvihg midline and diagnosed on prenatal

ultrasound.

EMBRIOLOGY

Development of midline structures begins at the ehgrosencephalic maturation after primary
neurulation, a series of inductive events thatltaauthe formation of the brain and spinal cord.
Prosencephalic development is characterized by theguential events: prosencephalic formation
(at the rostral end of the neural tube), cleavaye raidline developmeht. In particular, during
prosencephalic cleavage, three main splitting evecturs: horizontal, to form the paired optic
vescicles, olfactory bulbs and tracts, transvarsehich telencephalon separates from diecephalon
and sagittal, to form the cerebral hemispheresrdhtventricles and basal ganglia. Prosencephalic
development is characterized by appearance of tpteges of tissue: the commissural, the
chiasmatic and the hypothalamic plates. Thesetstes are fundamental in the development of the

corpus callosum (CC), cavum septum pellucidi (CS#ptic nerve chiasm and hypothalamic



structureS Formation of the main cerebral commissures, oy CC, anterior and the
hippocampal commissures, involves multiple stephe CC development is not completed in utero
but continues during neonatal period and infAncy



ASSESSMENT OF SUPRATENTORIAL MIDLINE STRUCTURESIN THE FETUS

Ultrasound assessment of fetal CNS is feasibleesthe first trimester of pregnancy although a
precise assessment of intra-cranial structuresssiple only from the second trimester onwards, at
the time of the anomaly scan. Transabdominal s@pboyr is usually the technique of choice to
perform a basic examination of fetal CNS, whilentngaginal ultrasound is commonly used to
acquire coronal and sagittal views of the brainalvhcan help in the differential diagnosis, but
which are not easy to obtain with a trans-abdomapakroach.

According to the International Society of Ultrasdum Obstetrics and Gynecology, a basic
examination of supra-tentorial brain structuresusthanclude the visualization of two axial planes,
trans-ventricular and trans-thalari@he structures that should be noted in the reutxamination
include the interhemispheric fissure, frontal howfsthe lateral ventricles, CPS, thalami and
posterior horn of the ventricles. Interhemisphéssure appears as an echogenic line starting from
the frontal part of the calvarium and it commonisilvle since 8-9 weeks of gestation. Frontal horns
of the lateral ventricles appear as two comma-dghdioed filled structures, a well defined lateral
wall, and medially are separated by the CSP. CSB flid filled cavity between two thin
membranes which undergoes obliteration in latermmrgy or in the early neonatal period. CSP can
be detected since 16 weeks of gestation and shmulalways visible between 18 and 37 weeks
(Figure 1). Visualization of the CSP is fundamemtabssess the integrity of CC, which cannot be
identifies on axial views of the brain but requaiguisition of sagittal and coronal planes. Regentl
ultrasound assessment of the anterior complexpei@fas the group of all the anatomical structures
visible in a routine trans-ventricular plane of ttetal brain, has been proposed to improve the

detection rate of supra-tentorial midline anomé&lies



ANOMALIESOF THE CORPUSCALLOSUM: COMPLETE AND PARTIAL AGENESIS
1. Diagnostic features and prevalence
The corpus callosum (CC) is the largest white mattenmissure of the human brain; it contains
about 200 million axons connecting the left andrigat cerebral hemispheres with a fundamental
role in the integration of sensory, motor, visuoonpand cognitive processés
CC has four segments: the rostrum, genu, body pledism; the narrowing between the body and
splenium is called the isthmus. The corpus callosi@velops between 8 and 20 weeks’ gestation
with a cranio-caudally progression with the exaaptof the most anterior part called the rostrum
that develops latdr although other studies suggest that CC developmmmogresses
bidirectionally®*®
There is wide variation in the terminology usedléscribe CC abnormalities, and such differences
should be considered when assessing previous sepiostitcomes in these conditions.
The most common anomalies involving the CC are:

« Agenesis (ACC), either complete (cCACC) or partighCC)

« Hypoplasia, characterized by the presence of & fatimed but thinner CC

« Hyperplasia, characterized by the presence oflafiimed but tick CC

« Dysplasia, defined as a CC with a hump shape

Hypo-, hyper- and dysplasia of the CC are rareigdosed before birth, and most of the available
series focus upon cACC or pACC.

ACC is a rare clinical condition in which the maommissural pathway connecting the two
homologous cortical hemispheres is partially (pA@@pmpletely (CACC) abseffit

ACC is one of the most common congenital brain ad@s with an estimated incidence ranging
from 1.8 per 10000 in the general population and-@30 per 10000 in children with
neurodevelopmental disabiliti€s’. However, the actual incidence of ACC is diffictdt estimate
because of selection bias in reported series. @& available data probably come from the
California Birth Monitoring Defect Program and segj a prevalence of about 1.4 and 0.4 per
10,000 live births for ACC and hypoplasia of cormallosum respectively. This figure may
however be an underestimate of the real incideadatia likely that in this study a large proportio
of asymptomatic individuals escaped detection.

ACC is associated with a large spectrum of CNS extth-CNS anomalies in about 45% of cases,

including neuronal migration disorders, interherhigc cysts, posterior fossa malformations,



hypertelorism, cleft/lip palate, musculoskeletalengourinary, gastrointestinal disorders and

congenital heatt?

2. Etiology and pathophysiology

ACC can be determined by a large variety of coadg] such as genetic, infectious, vascular or
toxic.

Chromosomal anomalies are commonly associated A&@fer complete or partidt*® The most
common chromosomal anomalies associated with AC{Dde trisomy 18, trisomy 13, and mosaic
8.The risk of abnormal karyotype is higher in femgpresenting with ACC associated with other
CNS and extra-CNS anomalies and has been reporteslaround 18%

In isolated cases, abnormal karyotype occurs i#0436% CIl 2.2—-8.4) of cACC and in 7.5% (95%
Cl 2.0-15.9) of pACC respectively, thus highliglgtithe need for prenatal assessment of fetal

karyotype also in these cases.

Chromosomal microarray analysis (CMA) is a DNA-lzthseethod of genetic analysis, which can
identify clinically significant chromosome abnorntigls (gain and losses of DNA) that are below
the resolution of conventional chromosome analysisyn as copy number variations (CNV3*
Fetuses with central nervous system (CNS) anomahesnormal karyotype have been shown to
have a significantly higher risk of genetic anomsliat CMA analysis; furthermore, a higher
incidence of CMA anomalies has been reported itdam presenting with neuropsychological
disabilities. In fetuses with isolated ACC, theeraf significant CNVs in fetuses with isolated ACC
(either cACC or pACC) and normal karyotype has besorted to be 5.7% (95% CI, 1.3-13.1),
thus highlighting the need for CMA even in caseisafiated ACC on ultrasound. A recent joint
committee opinion of the American College of Obstetns and Gynecologists (ACOG) and the
Society of Maternal-Fetal Medicine (SMFM) recommeddthat CMA analysis should be
performed in fetuses undergoing invasive procediomesnajor structural anomalies detected on

ultrasound®.

Genetic factors are among the most common causesC@f with more than 200 syndromes
reported to be associated with this anomaly, inngleither autosomal dominant, recessive and X-
linked mode of inheritance. The most common gemsticdromes associated with ACC are Aicardi
(ACC, chorioretinal abnormalities, infantile seigarand mental retardation), Anderman (ACC,
progressive motor-sensory neuropathy and mentaidation) and Acrocallosal (ACC, polydactyly,
craniofacial anomalies, mental retardation) syndrsfit”.



Tubulinopathies, Smith-Lempli-Optiz syndrome, Lhdyome can also be associated with ACC
ACC has been also associated with mutation of FQXg&ne on chromosome 1 which leads to a
peculiar phenotype characterized by callosal agemes! delayed myelinizatiéh?”. Children with
this rare autosomal dominant disorder (also knowven “atypical Rett syndrome”) show
neurodevelopmental delay and Rett-like featurepdtonia, motor disorders, gastroesophageal
reflux disease and microceph&f/)ACC is also among the most frequent CNS malfoionain
children with Papilllon-Leage-Psaume syndrome, @t-facial-digital syndrome caused by OFD1
mutation$>.

Advances in genetic diagnostic techniques, suchNest-Generation Sequencing (NGS) like
Whole-Exome (WES) and Whole-Genome Sequencing (W#8%)may help in determining the
underlying cause of ACC especially in those casggpresenting with the classical clinical features
of a syndromic conditiof*and in fetus with normal karyotype and CMA. WESwa# examination

of nucleotide sequence of expressed genes in thengee Compound heterozygous variants in the
CDK5RAP2 gene (also known as MCPH3, a causativee gen autosomal recessive primary
microcephaly), ZBTB20, C120fr57 and other gene mmta™>? have been described in patients
with ACC**® These techniques, because ACC genetic heterdgemely play an important role in
identifying cases affected by ACC at higher riskr&llectual disability. Despite this, identifida

of the underlying cause of ACC is achieved in kass 50% of the cases.

Finally, ACC had been reported to occur in in agg@mn with congenital infections, such as
Cytomegaloviru¥ >° Toxoplasmosf8, Rubelld® and Influenza virds but they are commonly
associated with other CNS and extra CNS anomakige the incidence of infection in isolated
ACC is negligible.

3. Prenatal diagnosis. ultrasound and fetal MRI

On ultrasound, the CC can be identified in a medggjittal view of the fetal brain as a hypoechoic
structure located between the cavum septi pell€G&P) and the cingulate gyrus, demarcated by
two echogenic linéé (Figure 1). The peri-callosal artery, which develdp close association with
the CC, can also act as a useful marker on 2Dswoltrad imaging.

Prenatal diagnosis of ACC on ultrasound is challepgnd it is based upon the complete (CACC)
or partial (pACC) non-visualization of the CC ondsagittal view of the fetal he¥*** Despite

its importance, a direct visualization of the CGh@ required on the standard examination of the
fetal CNS performed at the time of the routine $athus explaining the relatively low detection

rate for ACC, in particular for pACC, reported hretrecently published literature.



Trans-vaginal ultrasound is commonly the technigdiechoice when assessing a fetus with
suspected ACC in vertex position, as it allows &itjan of sagittal and coronal planes of the brain
which are fundamental to diagnose the anomaly €ra&)l Abnormal course of the pericallosal
artery on midsagittal views fetal brain may alsdphe detecting ACC (Figure 2). In cACC, the
semicircular loop of the pericallosal artery istland the branches of the anterior cerebral artery
ascend linearly, while in pACC the pericallosaleayt follows the anterior part of the corpus
callosum but then loses its normal course wherectipus callosum disappears posteriorly and
takes an upward posterior oblique directidA**(Figure 2). A radial disposition of the sulci oreth
internal aspects of the hemispheres could be @&gwdsent on mid-sagittal views of the brain.

ACC can be also suspected on axial views of thm lalshough most of the reported signs are not
specific and are present almost exclusively in cdssomplete rather than partial agenesis. Absent
visualization of the CSP from 18 weeks of gestat®the most common indirect sign which can
raise the suspicion of ACC; it is observed onlgase of CACC but is not specific for this condition
as it is observed in other CNS anomalies such #&ptasencephaly, hydrocephalus, septo-optic
dysplasia, schizencephaly, porencephaly and hydcamial§®. When assessing the fetal brain on
axial views it is important not to misinterpret tbelumns of the fornix, which lie at a more basal
level, with CSP. Because the embryologic develogroéthe fornix is not directly associated with
that of the CC, its identification does not rulé ACC*’. Such misinterpretation may be responsible
of the higher rate of false negative diagnose&\ @€ reported in the published literature.

ACC causes a peculiar rearrangement of the midlupra-tentorial cerebral structures which can
be detected on ultrasound. Lack of the CC indusgdaning of the interemispheric fissure and the
elevation of the third ventricle. Frontal hornstloé lateral ventricles are usually displaced frown t
midline by a paired aberrant bundle of fibers (Benof Probst) that fail to cross the hemispheres
and run parallel to the midline assuming the shad@ebull’s horn. The absence of the posterior part
of the CC in complete agenesis induces a dilatatiothe atria and occipital horns of the lateral
ventricles known as colpocephaly, which can ondtamdard axial view at the trans-ventricular
level (Figure 2).

These signs are observed in case of cACC, whifgamial agenesis, assessment of fetal brain on
axial view can be unremarkable.

3D ultrasound has recently shown to provide seatahntages in the evaluation of the anatomy of
intracranial structures such us the CC allowingudtiplanar assessment of the fetal brain starting
from an axial view of the fetal he&d"

The presence of associated anomalies is one agh#ipgr determinants of the prognosis of fetuses
affected by ACC. These may include abnormalitiecartical development, which can only be



assessed with advancing gestation. Serial folloveagn during pregnancy are therefore warranted
to search for cerebral and extra-cerebral abnotieslihat may not be evident during the second-
trimester examination. However, there is no agre¢nre the literature regarding the timing and
frequency of such follow-up scan in fetuses with@GAC

A list of the ultrasound signs of ACC in the diffat imaging plane is shown in Table 2.

When assessing fetuses with suspected callosaksigerit is important to state that ultrasound
signs suggestive of ACC can change with gestation.

In a retrospective series of 54 cases affected dmgptete and partial ACC, colpocephaly was
present in 20.6% of fetuses scanned before weeksd&@8.6% of those after 24 weeks of gestation,
while the corresponding figures for an atrial widthO mm were 73.5% and 25.7% of cases
respectively.

CSP was present and visible in 63% of cases affdnyepACC, while in 33.3% there was neither
ventriculomegaly nor absence of C$P

Fetal MRI is commonly performed in fetuses withmeed CNS anomalies and has been reported
to add additional information compared to ultragbuvhich may significantly impact prognosis.
Although the actual contribution of MRI compareduttrasound in fetal CNS anomalies is difficult
to quantify due to the large heterogeneity amomgpiteviously published studies, MRI is routinely
used in clinical practice to confirm diagnosis daodook for associated anomalies in case of ACC.
In a recent systematic review including only fesigeth isolated ACC, associated anomalies not
detected on ultrasound were diagnosed on fetal MRL83% (95% CI, 1.2-19.6) and in 11.86%
(95% CI, 3.2—-24.9) of cACC and pACC. The large mgjoof such additional anomalies included
neuronal migration disorders, which can be detegeerentially from the third trimester of
pregnancy. In this scenario, it might be reasonablarrange a fetal MRI in the third trimester of
pregnancy to confirm that ACC is truly isolated,ervin case MRI was performed earlier in
gestation to confirm the diagnosis.

More recently, a secondary analysis of the Meridsaundy, a multicenter prospective cohort study
involving over 800 pregnancies with a fetal brabmarmality undergoing ultrasound and MRI
within 14 days, the diagnostic accuracy for detecACC was 40.0% for ultrasound and 92.7% for
MRI. More importantly, prognostic information givea the women changed in 45.6% cases after
MRI and its overall effect on clinical managememtswsignificant', 'major' or ‘decisive’ in 44.3%
Although affected by the small sample size and latlaccurate description on how ultrasound

assessment of the brain was performed, this dagests a potential contribution of fetal MRI in



the diagnostic algorithm of fetuses affected by A®Qt it requires confirmation in larger and
appropriately designed series.

As reported from Paladini et al, the MERIDIAN tridbes not describe the ultrasound approach
whose diagnostic accuracy was compared to fetal. MR underlined that MRI should represent a
second-line resource to be employed in selectegscasd only after expert neurosonography
However, even in cases of a prenatal diagnosisatdied anomaly, the risk of ACC being not truly
isolated is relatively high, with additional anomeal detected only at postnatal imaging and/or
clinical examination reported to occur in 5.5% (9%%42.4-9.7) and 15.0% (95% CI 6.7-24.6)

respectively, thus highlighting the need for a thigh post-natal assessment of these children.

4. Neurodevel opmental outcome

Assessing neurodevelopmental outcome in childréecifd by ACC is challenging. The main
determinant of adverse outcome in children with A€&he presence of associated CNS anomalies
which can occur in about 45% of cases. Howevem évecase of a prenatal diagnosis of isolated
ACC, the risk of additional anomalies detected aafber birth is about 5% in cACC and 15% in
pACC.

The wide heterogeneity in inclusion criteria, amieh imaging protocol adopted,
neurodevelopmental tool used and time of followanpong the include studies does not allow to
extrapolate an objective evidence on the actualdruof neurodevelopmental disabilities affecting
fetuses with isolated ACC. Post-natal studies tsparhigh rate of abnormal neuropsychological
outcome in children with ACC, such as intellectahilities, difficulties in pragmatic language sKill
and impaired mathematics, expressive and recepdivguage, visual and spatial reasoning, and
attentional skills. However, they are biased by ithdusion of mainly symptomatic cases, thus
potentially overestimating the figures for intetieal disabilities reported. The term
neurodevelopmental outcome is also misleading avappropriate when dealing with brain
anomalies, because it includes a wide spectrumgok ghat are not always easily measured and
that represent a continuous interaction betweehopagical, environmental, and adaptive factors.
Time at assessment represent another potentiabwoaér, early neuropsychological examination
may not accurately predict neurodevelopmental enesoduring later lif¥, while late assessment
may be biased by the influence of socio- economarenting, environmental, and educational
factors, which may significantly affect developmanneasures, especially when looking for subtle
differences®. Finally, assessment of a control population negyesent another considerable source
of bias when assessing the diagnostic performanckildren affected by brain anomalies. The risk

for a given abnormal neurodevelopmental measureommmonly computed upon a control



population which should theoretically include “healindividuals, free from the anomaly and
implies the knowledge of how this measure is abmbimthe cohort not affected by the anomaly.
However, some series reported rates of abnormabdeuelopmental outcome as high as %)%
thus questioning whether different populations $&thdie compared to estimate the risk of a given

neuropsychological measure.

A recent systematic review reported that 76.0% (95P%4.3—-86.1) of children with a prenatal
diagnosis of isolated cACC confirmed at birth hadoamal neurodevelopmental outcome, 16.0%
(95% CI 7.6-26.8) showed borderline to moderateaimpent while 8.2% (95% CI 2.5-16.8)
severe disabilities (Table 3). When looking at different neurodevelopmental abilities, gross and
fine motor skills were abnormal in 4.4% (95% CI-@%3) and 11.0% (95% CI 4.1-20.6) of cases,
while cognitive anomalies in 15.2% (95% CI 6.9—25Epilepsy occurred in 6.8% (95% CI 1.7—
14.9) of isolated cACC, while the correspondingufes for abnormal sensory, visual and
coordination skills were 0% (95% CI 0-9.2), 15.89%6% CI 4.3-32.9) and 9.5% (95% CI 3.2-18.7).
Finally, abnormal language was detected in 8.0%0(€3 2.1-17.3) of cases.

In children with a prenatal diagnosis of isolatedQ& confirmed at birth, a normal
neurodevelopmental outcome was observed in 71.488% (€1 53.1-86.7) of cases, a mild to
moderate impairment in 14.9% (95% CI 4.2-30.7) e/ki¢tvere disabilities in 12.5% (95% CI 2.9—
27.5). When looking at the individual component nogl@evelopmental outcome, gross and fine
motor skills were abnormal in 0% (95% CI 0-23.00d1.7% (95% CI 0.9-32.1), while cognitive
skills in 17.3% (95% CI 3.0-39.7). Epilepsy occudri@ 16.1% (95% CI 2.0-53.2) of cases with
isolated pACC while there was no case of impaimtsery or visual skills although the number of
cases included was very small. Finally, coordimatiad language were abnormal in 11.7% (95% CI
0.9-32.2) and 17.3% (95% CI 3.0-39.7) of cases.

However, these figures should be interpreted watlition; differences in type of assessment, length
of follow-up and neurodevelopmental test used mayehrepresented a considerable source of bias
in estimating such figures. Furthermore, althoughkes included in that systematic review were
considered to be isolated on the basis of starkiasebtype and normal pre and post-natal imaging,
it may be entirely possible that children carryoigomosomal anomalies identifiable only at CMA
analysis or those with genetic syndrome not showlegr phenotypic anomalies were included in
this cohort, thus potentially biasing the figuresr fabnormal neurodevelopmental measures

reported.



These results are in contrast those reported imichehls undergoing commissurotomy which show
a disconnection syndrorffe with complete lack of interhemispheric integratiof sensory and
motor information. Children with ACC usually showrmrmal ability to make comparison in
particular of simple and familiar information. Otleeory to explain this preserved capacity is that
this information could be transferred via othersrwecting pathways, such as the anterior
commissurg although this capacity may be limited by task ptemity. Regarding language
abilities, children with ACC have intact generalmag®*®® receptive langua§&® and lexical
reading skill&®, while they could be impaired in the comprehensidnsyntax and linguistic
pragmatics (such as idioms, proverbs, and narréativeorf®®’. They could also show difficulty in
expressive language, in particular in the verbaression of emotional experiences. Parents of
children affected by ACC describe poor personaights social judgement and planning deficit,
with poor communication of emotions that interfevith the daily lives of these childréh™
leading to an overlap with the diagnostic criteritor autism. ACC has also
been linked with schizophrerif&® and individuals with this condition have beenared to have
major morphological anomalies or microstructurares in the CC on MR

5. Pre- and post-natal management

Fetuses suspected to be affected by ACC on ultnasshould be referred to centers with high
expertise in the diagnosis and management of thasnaly for a detailed neurosonogram, to
confirm the diagnosis and look for associated C8N extra CNS anomalies, which can occur in
almost half of cases and which significantly impet prognosis of these children (Fig. 4). Prenatal
invasive diagnosis to rule out chromosomal anomaieould be offered to parents in view of the
high risk of aneuploidies even in fetuses presgntiith isolated ACC on the scan. CMA should be
also performed to rule out significant CNVs whidincbe associated with ACC in about 6% of
fetuses with isolated ACC and normal standard Kspa

NGS “panels”, exome and whole genome sequencing &avmportant role in this diagnostic iter.
Serial follow up scans during pregnancy are waeenh order to look for associated anomalies
which can become evident only later on in gestati@tal MRI should be performed, if not at the
time of the diagnosis, in the third trimester oégmancy in order to detect anomalies of the cdrtica
surface which are usually not easily detected tnasdund. However, parents should be counselled
that prenatal imaging is not completely able toerout all anomalies and that a significant
proportion of these may become evident only afiehb

Post-natal assessment should include a MRI scanaatitbrough examination by a pediatric

dismorphologist in order to rule out genetic symdes which are common in case of ACC.



Children should be undergo a strict follow-up inder to early identify neuropsychological
disorders which can be amenable of supportive plyefreatment in symptomatic children include

antiepileptic drug in those presenting epilepsyche and speech therapy.



OTHER DEVELOPEMNTAL ANOMALIESOF THE CORPUS CALLOSUM

1. Corpus callosum hypoplasia

CC hypoplasia is defined as complete thinning ef@®C with intact morppholody

CC hypoplasia is a rare developmental disorderchvican recognize different etiologies such as
radiations, alcohol, teratogens, infection, comgi@s due to intra-cranial masses, ischemia and
metabolic disordefS. CC hypoplasia is commonly associated with oth&fSCand extra-CNS
anomalies while isolated cases have been raretytezpin the published literature.

Prenatal diagnosis of CC hypoplasia is challengimg) can be suspected when the length of the CC,
measured in the midsagittal plane of the fetalyra below the 19 centile for the gestational
agé™’""8 Neurodevelopmental outcome of children presentiity CC hypoplasia is variable and
strictly dependent upon the presence of co-exisMS anomalies, especially microcephaly.
Although asymptomatic cases have been sporadicgbgrted, mental and psychomotor delay are
common in children affected by CC hypoplasia esciwhen associated with other CNS
anomalie§® Moreover, literature reports a straight correfatiof this finding with autism.
Casanova et al. in a series of 17 autistic adotesgeport a smaller CC in autistic individuals whe

examined against contrd§

2. Corpus callosum dysgenesis and dysplasia

CC dysgenesis and dysplasia refer to rare develofainenomalies of the CC characterized by an
abnormal shape and structure, which can co-existegllosal hypoplasia and other CNS and extra-
CNS anomalies. It may be due to genetic, infectmetabolic, environmental or extrinsic causes
such lipoma, interhemispheric cyst or disordersnefironal migratioff® In clinical practice, it is
also used as a synonym of ACC either complete diapalthough they represent separate entities
with different etiology and prognosis

CC dysplasia is a common finding in children withiddxine-dependent epilepsy (PDE), a rare
autosomal recessive epileptic encephalofatblyaracterized by seizures starting in the neonatal
period, resistant to common antiepileptic drugs aoatrolled by a daily administration of
pyridoxine.

Prenatal diagnosis of CC dysplasia and dysgenssi®ti commonly reported in the published
literature and it is commonly detected when othé&#SCand extra-CNS anomalies co-exist.
Abnormal shape usually associated with hypoplasith® CC are the most common ultrasound

findings.



2. Hyperplasia of the corpus callosum (thick CC)

Increased thickness of the CC is a rare developghanbmaly rarely reported on pediatric brain
imaging. Although it can present as an isolatedifig, it is usually part of complex developmental
anomalies involving different organ systems and haen described in children with Cohen
Syndromé& in association with microcephaly and in casescft by neurofibromatosis together
with macrocephaly and white matter abnormalifies

Neurodevelopmental outcome of children with a @R is challenging. The anomaly has been only
sporadically reported prenatally and the large mitgjof diagnosed cases presents with associated
major CNS anomalies which significantly impact thegnosis In a recent series of 9 cases
presenting with tick CC on prenatal imaging, CQlkhiess normalized during the third trimester of
pregnancy and neurodevelopmental outcome (avaifab®& patients) was nornfal



REFERENCES
1- Volpe JJ. Overview: normal and abnormal humambdevelopment. Ment Retard Dev
Disabil Res Rev 2000; 6:1-5.
2- Volpe P, Campobasso G, De Robertis V, RembouSk@isorders of prosencephalic
development. Prenat Diagn 2009; 29: 340-54.
3- Paul LK, Brown WS, Adolphs R et al. Agenesisha corpus callosum: genetic,
developmental and functional aspects of connegtidat Rev Neurosci 2007; 8: 287-99.
4- Nuiiez S, Mantilla MT, Bermudez S. Midline congaihmalformations of the
brain and skull. Neuroimaging Clin N Am 2011; 229482-
5- International Society of Ultrasound in Obstetri& Gynecology Education Committee
(ISUOG). Sonographic examination of the fetal c&ntnervous system: guidelines for
performing the 'basic examination' and the ‘felrosonogram’. Ultrasound Obstet Gynecol
2007; 29: 109-16.
6- Vifals F, Correa F, Gongalves-Pereira PM. Aoteaind posterior complexes: a step towards
improving neurosonographic screening of midline eodical anomalies. Ultrasound Obstet
Gynecol 2015; 46: 585-94.
7- Palmer EE, Mowat D. Agenesis of the corpus salho: a clinical approach to diagnosis. Am
J Med Genet C Semin Med Genet 2014; 166: 184-97.
8- Edwards TJ, Sherr EH, Barkovich AJ, Richards Clinical, genetic and imaging findings
identify new causes for corpus callosum developregntiromes. Brain 2014; 137: 1579-613.
9- Wolpe P, Paladini D, Resta M et al. Charactiesstassociations and outcome of partial
agenesis of the corpus callosum in the fetus. &trad Obstet Gynecol 2006; 27: 509-516.
10- Kier EL, Truwit CL. The normal and abnormal gewnf the corpus callosum: an
evolutionary, embryologic, anatomic, and MR anay#AJNR Am J Neuroradiol 1996; 17:
1631-41.
11- Kier EL, Truwit CL. The lamina rostralis: moidiition of concepts concerning the anatomy,
embryology, and MR appearance of the rostrum of ¢bepus callosum. AJNR Am J
Neuroradiol 1997; 18: 715-22.
12- Rubinstein D, Youngman V, Hise JH, Damiano Hartial development of the corpus
callosum. AJNR Am J Neuroradiol 1994; 15: 869-75.
13- Richards LJ, Plachez C, Ren T. Mechanisms atiggl the development of the corpus
callosum and its agenesis in mouse and human G&liret 2004; 66: 276-89.
14- Santo S, D’Antonio. F, Homfray T et al. Coumsglin fetal medicine: agenesis of the

corpus callosum. Ultrasound Obstet Gynecol 2012543-2.



15- Paul LK, Brown WS, Adolphs R et al. Agenesis tbe corpus callosum: genetic,
developmental and functional aspects of conneygtidat Rev Neurosci 2007; 8: 287-299.

16- Glass HC, Shaw GM, Ma C, Sherr EH. Agenesthefcorpus callosum in California 1983-
2003: a population- based study. Am J Med Gendd@82146: 2495-2500.

17- Jeret JS, Serur D, Wisniewski K, Fisch C. Fezmqy of agenesis of the corpus callosum in
the developmentally disabled population as detezthlvy computerized tomography. Pediatr
Neurosci 1985-1986; 12: 101-103.

18- Tang PH, Bartha Al, Norton ME et al. Agenesigh® corpus callosum: an MR imaging
analysis of associated abnormalities in the f&&UB8IR Am J Neuroradiol 2009; 30: 257-263.

19- D'Antonio F, Pagani G, Familiari A et al. Outoes Associated With Isolated Agenesis of
the Corpus Callosum: A Meta-analysis. Pediatrick620.38.

20- Committee on Genetics and the Society for MatleFetal Medicine. Committee

Opinion No0.682: Microarrays and Next-Generationuggting Technology: The Use of
Advanced Genetic Diagnostic Tools in Obstetrics @ydecology. Obstet Gynecol 2016; 128:
262-268.

21- Kearney HM, Thorland EC, Brown KK, Quintero-Bra F, South ST. American College of
Medical Genetics standards and guidelines for pmézation and reporting of postnatal
constitutional copy number variants. Working Gradiphe American College of Medical
Genetics Laboratory Quality Assurance Committesneéb®led 2011; 13: 680-5.

22-Aicardi J. Aicardi syndrome. Brain Dev 2005; 264-71.

23-Aicardi J, Chevrie J. The Aicardi syndrome.AnLassonde M, Lassonde M, Jeeves AA
(eds) Callos Agenesis: a natural split brain? NewkYPlenium, 1993: 7-17.

24-Larbrisseau A, Vanasse M, Brochu P, Jasminh®. Andermann syndrome: agenesis of the
corpus callosum associated with mental retardatrahprogressive sensorimotor neuronopathy.
Can J Neurol Sci 1984, 11: 257-261.

25-Alby C, Malan V, Boutaud L et al. Clinical, geizeand neuropathological findings in a
series of 138 fetuses with a corpus callosum malébion. Birth Defects Res A Clin Mol

Teratol 2016; 106: 36-46

26- Caporali C, Signorini S, De Giorgis V et alrlgaonset movement disorder as diagnostic
marker in genetic syndromes: Three cases of FOX&ited syndrome. Eur J Paediatr Neurol
2018; 22: 336-339.

27- Kortu'm F, Das S, Flindt M, et al. The core F@Xsyndrome phenotype consists of
postnatal microcephaly, severe mental retardaiibsent language, dyskinesia, and corpus
callosum hypogenesis. J Med Genet 2011; 48: 396-406



28- Reuter CM, Brimble E, DeFilippo C, Dries AMat A New Approach to Rare

Diseases of Children: The Undiagnosed Diseasesdyetw Pediatr. 2018; 196: 291-297.

29- Alby C, Boutaud L, Bonniére M et al. In utedtrasound diagnosis of corpus callosum
agenesis leading to the identification of orofa@ddl type 1 syndrome in female fetuses. Birth
Defects Res 2018; 110: 382-389.

30- Reches A, Hiersch L, Simchoni S,et al. Wholere& sequencing in fetuses with central
nervous system abnormalities. J Perinatol 2018 g

31- Palmer EE, Mowat D. Agenesis of the corpusosalin: a clinical approach to diagnosis.
Am J Med Genet C Semin Med Genet 2014; 166C: 184-9

32- Vora NL, Powell B, Brandt A et al. Prenatal mesequencing in anomalous

fetuses: new opportunities and challenges. Genet2047; 19: 1207-1216.

33- Jouan L, Ouled Amar Bencheikh B, Daoud H eEabme sequencing identifies recessive
CDK5RAP?2 variants in patients with isolated agemesicorpus callosum. Eur J Hum Genet
2016; 24: 607-10.

34- Alby C, Boutaud L, Bessiéres B,et al. Novehdeo ZBTB20 mutations in three cases with
Primrose syndrome and constant corpus callosum alresnAm J Med Genet A 2018; 176:
1091-1098.

35- Akizu N, Shembesh NM, Ben-Omran T et al. Wheteme sequencing identifies mutated
cl2orf57 in recessive corpus callosum hypoplasm.JAHum Genet 2013; 92: 392-400.

36- Guen VJ, Edvardson S, Fraenkel ND et al. A lrygous deleterious CDK10 mutation in a
patient with agenesis of corpus callosum, retinopaand deafness. Am J Med Genet A 2018;
176: 92-98.

37- Malinger G, Lev D, Zahalka N et al. Fetal cysgalovirus infection of the brain: the
spectrum of sonographic findings. AJNR Am J Neuwlab2003; 24: 28-32.

38- Chadie A, Radi S, Trestard L et al. Neurodgwelental outcome in prenatally diagnosed
isolated agenesis of the corpus callosum. ActaiBaet008; 97: 420-4.

39- Chiappini E, Galli L, Paganelli S, de Martibdh Congenital cytomegalovirus infection
associated with corpus callosum agenesis. PedeatrdN2007; 36: 277.

40- Pisani F, Bianchi ME, Pianelli G, Gramellini Bevilacqua G. Prenatal diagnosis of
agenesis of corpus callosum: what is the neurodpugntal outcome? Pediatr Int 2006; 48:
298-304.

41- Conover PT, Roessmann U. Malformational compgle an infant with intrauterine
influenza viral infection. Arch Pathol Lab Med 19904: 535-8.



42- Pilu G, Sandri F, Perolo A et al. Sonographietdl agenesis of the corpus callosum: a
survey of 35 cases. Ultrasound Obstet Gynecol 139318-329.

43- Paladini D, Pastore G, Cavallaro A, MassaroNdppi C. Agenesis of the fetal corpus
callosum: sonographic signs change with advancasgagional age. Ultrasound Obstet Gynecol
2013; 42: 687-90.

44- Moutard ML, Kieffer V, Feingold J et al. Agesig of corpus callosum: prenatal diagnosis
and prognosis. Childs Nerv Syst 2003; 19: 471-476.

45- Ghi T, Carletti A, Contro C et al. Prenatalgtiasis and outcome of partial agenesis and
hypoplasia of the corpus callosum. Ultrasound Qlsymecol 2010; 35: 35-41.

46- Callen PW, Callen AL, Glenn OA, Toi A. Columafthe fornix, not to be mistaken for the
cavum septi pellucidi on prenatal sonography. dasidund Med 2008; 27: 25-31.

47- Malinger G, Lev D, Kidron D et al. Differentigiagnosis in fetuses with absent septum
pellucidum. Ultrasound Obstet Gynecol 2005; 25942-

48- Pashaj S, Merz E, Wellek S. Biometry of thalfeorpus callosum by three-dimensional
ultrasound. Ultrasound Obstet Gynecol 2013; 42:891

49- Merz E. Targeted depiction of the fetal corpadosum with 3D-ultrasound. Ultraschall
Med 2010; 31: 441.

50- Bornstein E, Monteagudo A, Santos R, Keeler Shfor-Tritsch IE. A systematic
technique using 3-dimensional ultra-sound provelesmple and reproducible mode to evaluate
the corpus callosum. Am J Obstet Gynecol 2010; 202:e1-5.

51- Pilu G, Segata M, Ghi T et al. Diagnosis of Imel anomalies of the fetal brain with the
three-dimensional median view. Ultrasound Obsteatggpl 2006; 27: 522-529.

52- Rizzo G, Pietrolucci ME, Capponi A, Arduini Bssessment of corpus callosum biometric
measurements at 18 to 32 weeks' gestation by 3ndiomal sonography. J Ultrasound Med
2011; 30: 47-53.

53- Benacerraf BR, Shipp TD, Bromley B. Three-disienal US of the fetus: volume imaging.
Radiology 2006; 238: 988-996.

54- Correa FF, Lara C, Bellver J et al. Examinatibthe fetal brain by transabdominal three-
dimensional ultrasound: potential for routine nemmographic studies. Ultrasound Obstet
Gynecol 2006; 27: 503-508.

55- Vifals F, Muiioz M, Naveas R, Giuliano A. Traosttal three-dimensional visualization of
midline cerebral structures. Ultrasound Obstet @gh2007; 30: 162—-168.



56- Griffiths PD, Bradburn M, Campbell et al. Usk MRI in the diagnosis of fetal brain
abnormalities in utero (MERIDIAN): a multicentreggpective cohort study. Lancet 2017; 389:
538-546.

57- Paladini D, Malinger G, Pilu G, Timor-TrischMplpe P. The MERIDIAN trial: caution is
needed. Lancet. 2017; 389: 2103.

58- Hack M, Taylor HG, Drotar D et al. Poor predietvalidity of the Bayley Scales of Infant
Development for cognitive function of extremely Idwrth weight children at school age.
Pediatrics 2005 Aug; 116: 333-41.

59- Marlow N. Measuring neurodevelopmental outcameneonatal trials: a continuing and
increasing challenge. Arch Dis Child Fetal Neon&@[2013; 98: 554-8.

60- Jelliffe-Pawlowski LL, Hansen RL. Neurodevelaggmal outcome at 8 months and 4 years
among infants born full-term small-for-gestatioagle. J Perinatol 2004; 24: 505-14.

61- Sperry, R. W. Lateral specialization in thegstally separated hemisphere. In Schmitt FO,
Worden FG (ed) The Neurosciences. Cambridge, Mhaasatts, MIT Press, 1974: 9-15.

62- Liederman J, Merola J, Martinez S. Interhemgsggh collaboration in response to
simultaneous bilateral input. Neuropsychologia 12685 673-683.

63- Temple CM, Jeeves MA, Vilarroya O. Ten pen meryming skills in two children with
callosal agenesis. Brain Lang 1989; 37: 548-564.

64- Sauerwein HC, Nolin P, Lassonde M. Cognitivection in callosal agenesis. In Lassonde
M, Jeeves MA (ed). Callosal Agenesis: A NaturalitSptain? New-York: Plenum, 1993 221-
233.

65- Temple CM, Jeeves MA, Vilarroya O. Reading atiasal agenesis. Brain Lang 1990. 39;
235-253.

66- Banich MT, Brown WS. A life-span perspective omeraction between the cerebral
hemispheres. Dev. Neuropsychol 2000; 18: 1-10.

67- Sanders RJ. Sentence comprehension followiagesis of the corpus callosum. Brain Lang
1989; 37: 59-72.

68- O’'Brien G. The behavioral and developmental seguences of callosal agenesis. In:
Lassonde M, Jeeves MA (ed) Callosal Agenesis: AubddtSplit Brain? New-York: Plenium,
1994: 235-246.

69- Badaruddin DH, Andrews GL, Boélte S et al. Sbaiad behavioral problems of children
with agenesis of the corpus callosum. Child Psyochend Hum. Dev 2007; 38: 287-302.

70- Brown WS, Paul LK. Cognitive and psychosociidts in agenesis of the corpus callosum

with normal intelligence. Cogn Neuropsychiatr 2080135-157.



71- Chinnasamy D, Rudd R, Velakoulis D. A caseadatfizophrenia with complete agenesis of
the corpus callosum. Australas Psychiatry 2006 324-330.

72- David AS, Wacharasindhu A, Lishman WA. Seversycpiatric disturbance and
abnormalities of the corpus callosum: Review ansecseries. J Neurol Neurosurg Psychiatr
1993; 56: 85-93.

73- Motomura NH. Monozygotic twin cases of the aggs of the corpus callosum with
schizophrenic disorder. Psychiatry Clin Neuros@®2®6: 199-202.

74- Innocenti GM. Schizophrenia, neurodevelopmend aorpus callosum. Mol Psychiatry
2003; 8: 261-274.

75- Yeh HR, Park HK, Kim HJ et al. Neurodevelopna¢outcomes in children with prenatally
diagnosed corpus callosal abnormalities. Brain 2618 May 22.

76- Paupe A, Bidat L, Sonigo P et al. Prenatalmbiags of hypoplasia of the corpus callosum in
association with non-ketotic hyperglycinemia. Wdtvand Obstet Gynec@D02; 20: 616-619.

77- Achiron R, Achiron A. Development of the hunfatal corpus callosum: a high-resolution,

cross-sectional sonographic study. Ultrasound @k&steecol2001; 18: 343-347.

78- Malinger G, Zakut H. The corpus callosum: ndrfatal development as shown by
transvaginal sonography. AJR Am J Roentgdrg®l3; 161: 1041-1043.

79- Bayram E, Topcu Y, Yis U, Cakmaci H, Kurul SEbmparison of cranial magnetic
resonance imaging findings and clinical featuregatients with corpus callosum abnormalities.
Neuropediatrics 2014; 45: 30-5.

80- Parrish ML, Roessmann U, Levinsohn MW. Agenesibie corpus callosum: a study of the

frequency of associated malformations. Ann Neu8dl%t 6: 349-354

81- Casanova MF, El-Baz A, Elnakib A et al. Quaiite analysis of the shape of the corpus
callosum in patients with autism and comparisornviddals. Autism. 2011 Mar; 15: 223-38.
82- Hyun Yoo J, Hunter J. Imaging spectrum of pedi@orpus callosal pathology: a pictorial
review. J Neuroimaging 2013; 23: 281-95.

83- Raybaud C. The corpus callosum, the other dgoealbrain commissures, and the septum
pellucidum: anatomy, development, and malformatideuroradiology 2010; 52: 447-77.

84- Oesch G, Maga AM, Friedman SD et al. Geometocphometrics reveal altered corpus
callosum shape in pyridoxine-dependent epilepswyrdlegy 2018; 91: 78-86.

85- Kivitie-Kallio S, Norio R. Cohen syndrome: essal features, natural history, and
heterogeneity. Am J Med Genet 2001; 102: 125-35.

86- Margariti PN, Blekas K, Katzioti FG et al. Magization transfer ratio and volumetric



analysis of the brain in macrocephalic patient®weturofibromatosis type 1. Eur Rad8l07;
17: 433-438.

87- Shinar S, Har-Toov J, Lerman-Sagie T, Malin@ef hick corpus callosum in the second
trimester can be transient and is of uncertainifsogimce. Ultrasound Obstet Gynecol. 2016; 48:
452-457.



Table 1. Disorders of prosencephalic developnient

Prosencephalic Formation

Aprosencephaly
Atelencephaly

Prosencephalic Cleavage

Holoprosencephaly

Holotelencephaly

Midline prosencephalic development

Agenesis of corpus callosum

Agenesis of septum pellucidum (£ cerebral clefts)
Septooptic dysplasia

Septooptic hypothalamic dysplasia




Table 2. Ultrasound diagnosis of CACC in the different imaging planes

US plane

Complete ACC

Mid sagittal view

AN

Primary sign
Non-visualization of CC

Secondary signs
Visualization on abnormal course of pericallosééyr

Radial disposition of the sulci on the internalespof the hemisphere

Axial view

AN

Primary sign
Non-visualization of CSP from 18 weeks of gestation

Secondary signs
Frontal horns displaced from the midline

Colpocephaly

Coronal view

Primary sign
Non-visualization of CSP

Secondary signs
Frontal horns displaced from the midline

Partial ACC

Mid sagittal view

Primary sign
Partial visualization of the CC (missing splenium)

Secondary signs
Shorten course of pericallosal artery

Axial view

AN

Primary sign
Abnormal shape of the CSP
Absent CSP (not common)

Coronal view

Primary sign
Partial visualization of the CC (missing splenium)
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Table 3. Incidence of abnormal neurodevelopmental outconahildren with isolated ACC
(adapted from D’Antoni@t al.)

Neurodevelopmental outcome Pooled proportions (95% CI)

Complete ACC
Normal 76.04 (64.3-86.1)
Borderline/M oder ate 16.04 (7.6-26.8)
Severe 8.15 (2.5-16.8)
Gross motor 4.40 (0.6-11.3)
Fine motor 10.98 (4.1-20.6)
Cognitive 19.51 (10.1-31.1)
Epilepsy 6.80 (1.7-14.9)
Intelligence 21.30 (11.5-33.2)
Sensory 0 (0-9.2)
Visual 15.84 (4.3-32.9)
Coordination 9.50 (3.2-18.7)
L anguage 8.02 (2.1-17.3)
Partial ACC
Normal 71.42 (53.1-86.7)
Borderline/M oder ate 14.92 (4.2-30.7)
Severe 12.52 (2.9-27.5)
Gross motor 0 (0-23.0)
Fine motor 11.74 (0.9-32.1)
Cognitive 17.25 (3.0-39.7)
Epilepsy 16.11 (2.53.2)
Intelligence 12.40 (1.1-33.1)
Sensory 0 (0-23.0)
Visual 0 (0-23.0)

Coordination
L anguage

11.74 (0.9-32.1)
17.25 (3.0-39.7)



Figurelegend

Figure 1. Normal brain anatomy in the first (a,b) and secfmd,e) trimester of pregnancy.

Figure 2. Sonography of a normal brain (a,b,c,d,e) and etasfaffected by complete ACC (f,g,h,i)
at the time of the anomaly scan (21 weeks of gesfain axial, sagittal and coronal views. With
complete agenesis, the anatomical complex forme@®ywynd CSP is completely absent, the inter-
hemispheric fissure is enlarged, and the frontah&i¢FH) are more separated than normal.

Figure 3. Sonography of a normal brain (a,b,c,d,e) and dftasf affected by partial ACC at the
time of the anomaly scan (21 weeks of gestatio@xial, sagittal and coronal views. In pACC, the
findings are subtler compared to cACC, and the @€ @SP are present but shortened (3v = third
ventricle). In sagittal view, a small portion ofetlCC can be identified. Please note the abnormal
shape of the CSP with its antero-posterior andstrarse diameters almost equal in size.

Figure 4. Pre-natal management of fetuses suspected tddwteaf by ACC
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[ No visualization of CSP from 18 weeks of gestation ]

L 4

[ Refer to center with high expertise for a detailed neurosonography ]
[ Is CC identified in medial sagittal view ? ] ‘ YES Fals.e DOSIFlve
diagnosis

;NO

v Look for other CNS and extra-CNS anomalies
v’ Offer invasive test for karyotype, CMA, NGS
v’ Refer to MRI

POSITIVE ‘ ‘ NEGATIVE

Isolated ACC

- The risk of additional anomalies detected only after

birth is about 5% in cACC and 15% in pACC

- Normal neurodevelopletal outcome in 76% and 71.4% of children
respectively with cACC and pACC

- Severe disabilities in 8.2% and 14.9% of children

respectively with cACC and pACC

[ Prognosis is correlated with associated anomalies ]




Highlights

Midline anomalies are conditions caused by an abnormal process of ventral induction.

- These anomalies could be diagnosed on prenatal ultrasound.

Neurodevelopmental outcome is directly related to the type and cause of anomaly.

Neurodevelopmental outcome is related to associated anomalies.



