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Abstract

Data on fetal MRI in L1 syndrome are scarce with relevant implications for

parental counseling and surgical planning. We identified two fetal MR imaging

patterns in 10 fetuses harboring L1CAM mutations: the first, observed in 9

fetuses was characterized by callosal anomalies, diencephalosynapsis, and a dis-

tinct brainstem malformation with diencephalic–mesencephalic junction dys-

plasia and brainstem kinking. Cerebellar vermis hypoplasia, aqueductal stenosis,

obstructive hydrocephalus, and pontine hypoplasia were variably associated.

The second pattern observed in one fetus was characterized by callosal dysgene-

sis, reduced white matter, and pontine hypoplasia. The identification of these

features should alert clinicians to offer a prenatal L1CAM testing.
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Introduction

L1CAM encodes for the L1 cell adhesion molecule, a mem-

brane glycoprotein mediating cell-to-cell adhesion at the cell

surface.1 Pathogenic variants of L1CAM (MIM *308840) are
responsible for a spectrum of X-linked disorders collectively

known as L1 syndrome, including X-linked hydrocephalus

with aqueductal stenosis (HSAS), mental retardation, apha-

sia, shuffling gait, adducted thumbs (MASA) syndrome, and

isolated partial corpus callosum agenesis (CCA).1 Postnatal

imaging features include obstructive hydrocephalus, CCA,

enlarged quadrigeminal plate, interthalamic adhesion

hypertrophy, and vermian hypoplasia.2 Moreover, data on

fetal MRI are scarce with relevant implications for counsel-

ing and surgical planning.3–6 In particular, little information

is available on the prenatal appearance of midbrain–hind-
brain structures in this condition.

Diencephalic–mesencephalic junction (DMJ) dysplasia

(DMJD) is a rare midbrain–hindbrain malformation char-

acterized by a poorly defined junction between the dien-

cephalon and mesencephalon, variably associated with

other brain malformations, including CCA and ventricu-

lar dilation.7 We previously identified two DMJD patterns

characterized by abnormal cleavage between the midbrain

and hypothalamus in the axial plane (type A-DMJD) and

fusion between the midbrain and thalamus in the sagittal

plane (type B-DMJD).8 The former includes the

“butterfly-like” pattern, originally reported by Zaki et al.

and recently associated with biallelic pathogenic variants

in PCDH12.9 Of note, a subset of type A-DMJD is associ-

ated with obstructive ventriculomegaly and can be recog-

nized by fetal MRI during the second-third trimester of

pregnancy.10 We previously suggested that these DMJD

cases were potentially linked to L1CAM mutations, yet no

genetic testing was performed at that time.10 Recently, the

largest series of fetal DMJD has been reported, unveiling

the contribution of L1CAM mutations in four out of

seven subjects tested for this gene.11 Interestingly, differ-

ent patterns of DMJD were associated with L1CAM vari-

ants, including a new subtype overlapping with type-B

DMJD, characterized by complete thalamic–midbrain

fusion on the sagittal plane. Of note, data on additional

brainstem anomalies were only provided in one fetus.11

Here, we describe 10 fetal cases harboring 9 L1CAM

pathogenic variants, providing evidence that deleterious

variants in this gene may cause a recognizable brainstem

malformation variably associated with diencephalosynap-

sis, ventriculomegaly, and CCA.

Methods

In this multicenter retrospective study, approved by the

Liguria’s Regional Ethical Board, we included 10 male

fetuses from 9 distinct families with genetically confirmed

L1 syndrome who underwent fetal brain MRI in six

pediatric hospitals over 10 years (2010–2020). Written

informed consent was obtained from participants or legal

representatives.

Clinical data were retrieved from electronic charts.

Fetal MRI studies were performed on 1.5T or 3.0T scan-

ners with a phased-array abdominal or cardiac coil after

a neurosonography study. All studies included 3-mm-

thick single-shot fast spin-echo multiplanar T2-weighted

images. Post-mortem MRI studies were performed on

1.5T or 3.0T scanners with dedicated protocols as previ-

ously reported.12 MRI examinations were reviewed in

consensus by pediatric neuroradiologists. Midbrain–hind-
brain malformations were classified according to the

2009 Barkovich classification,13 while DMJD was defined

as type A or B based on previous criteria.8 Biometry of

posterior cranial fossa structures was compared with

reference data.14,15 Ventriculomegaly was classified as

mild (10–12mm), moderate (12–15 mm), or severe

(>15 mm).

Available histopathological findings were reviewed by

experienced pathologists. Genomic DNA extracted from

fetal tissues was screened for L1CAM mutations by tar-

geted Sanger or Next-generation sequencing. All L1CAM

variants were reported according to the NM_000425.4

transcript and classified according to the American Col-

lege of Medical Genetics and Genomics criteria (ACMG).

Results

Clinical, neuroimaging, and genetic characteristics are

detailed in Tables 1 and 2, and in Table S1. The average

maternal age was 33.3 years (range 23–37 years). A posi-

tive family history was present in 7/10 (70%) cases. The

median gestational age at MRI was 21.5 weeks (range 20–
32). Adducted thumb/clenched hands were noted in 8/10

(80%) cases. Ventriculomegaly and adducted thumbs

detected by the prenatal US in the majority of fetuses

were the main reason for requesting fetal MRI.

At fetal MRI, two distinct imaging phenotypes were

detected (Figures 1 and 2, Fig. S1). The first, observed in

nine fetuses, was characterized by callosal anomalies,

reduced opercularization, diencephalosynapsis, brainstem

kinking, and features of both DMJD type A and B. On

axial images, the midbrain showed an enlarged dorsoven-

tral axis, fusion with the hypothalamus, and a ventral cleft

(“butterfly sign”). On sagittal images, the enlarged massa

intermedia was caudally displaced and apparently fused

with the midbrain. Additional features included obstruc-

tive hydrocephalus (7/9), small vermis (8/9), aqueductal

stenosis (7/9), and short pons (4/9). In the other pheno-

type, observed in one fetus, callosal dysgenesis was
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associated with asymmetric ventriculomegaly, reduced

white matter volume, dysgyria, and pontine hypoplasia.

In eight cases, parents decided on the termination of

pregnancy. One subject died at birth due to perinatal

complications: a cephalocentesis was performed to enable

delivery by cesarean section, resulting in severe bradycar-

dia and fetal demise. The only surviving subject is a 10-

year-old boy with MASA syndrome (Figure 2 and Data

S1). Post-mortem MRI and autopsy were performed in 2/

8 and 5/8 cases, respectively, and confirmed the features

identified at fetal MRI (Figure 1D–F, Fig. S2).
We identified 9 pathogenic or likely pathogenic

L1CAM variants in 10 fetuses (Table 1). All variants are

absent from the gnomAD database (https://gnomad.broad

institute.org) and 5 are novel. The nonsense and frame-

shift variants were predicted to result in premature trun-

cation of the transcript, likely leading to nonsense-

mediated mRNA decay. The missense variants affected

highly conserved residues and were predicted to have a

deleterious effect according to ACMG criteria.

Discussion

We describe the neuroimaging features of the largest

cohort of fetuses harboring L1CAM mutations, unravel-

ling two distinct patterns that mainly differ for the

brainstem appearance (Table 2). In addition to callosal

anomalies and/or hydrocephalus, the majority of fetuses

presented a peculiar brainstem malformation character-

ized by features of both DMJD type A and B, brainstem

kinking, and a variable combination of aqueductal steno-

sis, short pons, and small vermis. In particular, on axial

images, the midbrain was fused with the hypothalamus

and showed a ventral cleft leading to the so-called

“butterfly-like” appearance of type A-DMJD.7,10,16 On

sagittal images, the interthalamic mass was enlarged and

caudally displaced leading to partial third ventricle atre-

sia, as described in diencephalosynapsis,17 in apparent

continuity with the midbrain, as described in type B-

DMJD. These features were confirmed on post-mortem

MRI. Remarkably, thalamic–mesencephalic fusion on

sagittal planes should be reassessed after birth, since this

might be over-estimated on fetal MRI due to its limited

spatial resolution, as shown by Lawrence et al.11 It is

noteworthy that pathological data of roughly 100 fetal

cases of genetically confirmed L1 syndrome have been

reported yet none of them described in detail the

DMJ.18 This is likely because the vast majority of these

cases were identified prior to the recognition of DMJD

as a distinct neuroradiological sign, thereby suggesting

that the occurrence of DMJD might be underestimated

in L1 fetuses. Of note, the combination of hydro-

cephalus, CCA, diencephalosynapsis, DMJD, brainstem

kinking, and early anteroposterior/dorsoventral pattern-

ing brainstem defects might facilitate the prenatal identi-

fication of L1CAM mutations, thus helping with timely

prenatal counseling. Moreover, this might have relevant

implications in the surgical management of congenital

hydrocephalus, since DMJD and diencephalosynapsis

obliterate the floor of the third ventricle preventing

endoscopic third ventriculostomy procedures.19 Finally,

brainstem evaluation on fetal MRI is fundamental in

cases of presumed aqueduct stenosis, because brainstem

malformations are largely undiagnosed or undiagnosable

Table 2. Main neuroimaging features of the two patterns associated with L1 syndrome based on the present series and the literature.

L1 Phenotype – type 1 L1 Phenotype – type 2

Supratentorial anomalies

Corpus callosum Hypoplasia, partial or complete agenesis Hypoplasia, partial or complete agenesis

Ventricular system Moderate to severe dilatation

usually symmetric

reduced or increased III ventricle

Mild to moderate dilatation

usually asymmetric

normal III ventricle size

Cortical development Reduced opercularization

Neuronal migration disorders (rare)

Insular dysgyria

Neuronal migration disorders (rare)

White matter Diffusely reduced volume Reduced volume, mainly in posterior regions

Thalami Diencephalosynapsis Normal or absent interthalamic mass

Diencephalic-mesencephalic junction DMJD type A and B Normal

Infratentorial anomalies

Cerebral aqueduct Aqueductal stenosis (variably present) Patent

Brainstem Brainstem kinking

Mild to moderate pontine hypoplasia (variably present)

Mild pontine hypoplasia (variably present)

Cerebellum Vermian hypoplasia (variably present)

Cerebellar hemisphere hypoplasia (rare)

Vermian hypoplasia (variably present)

Normal cerebellar hemispheres

DMJD, diencephalic-mesencephalic junction dysplasia.
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with prenatal ultrasound but impact significantly on

neurodevelopmental outcome.

The L1 cell adhesion molecule plays pivotal roles in

neuronal adhesion, neuronal migration, axonal growth

and pathfinding, and in the development of the ventric-

ular system and cerebellum.20 However, its contribution

to the formation and positioning of the DMJ remains

unclear. To date, several molecules including the Paired

box 2 and 6 (Pax2, Pax6), Engrailed-1 (En1), and

Fibroblast growth factor 8 (Fgf8) have been claimed to

play a crucial function in the DMJ development.21,22

PCDH12, originally described to mediate cell adhesion

in endothelial cells, was recently shown to promote

neurite outgrowth and its deficiency perturbed the cor-

rect DMJ development in patients carrying biallelic

mutations.9 Likewise, other cell adhesion molecules

involved in neuronal migration and axon guidance may

contribute to the mid-hindbrain development. In mice,

L1CAM is expressed on tangential fibers in the ventral

midbrain where it modulates axonal growth via trans-

heterophilic interaction with PTPRZ1 (Protein Tyrosine

Phosphatase, Receptor Type Z, polypeptide 1) and

ALCAM (Activated Leukocyte Cell Adhesion Molecule)

that are expressed in murine midbrain dopamine (mDA)

neurons.23,24 Interestingly, in L1CAM knockout mice,

mDA neurons appear to be abnormally positioned,25

Figure 1. Fetal brain MRI (A–C) and post-mortem MRI (D–F) in a 22-week-old fetus. Sagittal (A, D), axial (B, E), and coronal (C, F) T2-weighted

images show the most frequent neuroimaging pattern, characterized by obstructive hydrocephalus, marked thinning of the corpus callosum,

diencephalosynapsis (asterisks), features of DMJD type B on the sagittal plane (thick arrows, A, D), features of DMJD type A with typical butterfly

appearance of the midbrain on the axial plane (thick arrows, B, E), brainstem kinking (empty arrows), pontine hypoplasia (arrowheads), and small

vermis (thin arrows).
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underscoring a pivotal role of L1CAM in migration and

pathfinding also for midbrain neurons with consequent

possible involvement in DMJ formation.

The second phenotype, identified in one fetus present-

ing after birth with a MASA syndrome, was characterized

by callosal dysgenesis, reduced white matter volume, and

pontine hypoplasia. Interestingly, these features have been

recently described in five subjects harboring L1CAM

mutations presenting with mild intellectual disability,

even in the absence of adducted thumbs.26 Moreover,

four additional subjects with MASA syndrome reported

in the literature presented similar brain abnormalities.2,27–

29 Considered the rarity of L1 disorders and the fact that

subjects without obstructive hydrocephalus may not

immediately be recognized as potential L1 mutation cases,

we submit that this L1 phenotype may remain largely

underdiagnosed. Future studies on larger cohorts are

awaited to shed light on this intriguing hypothesis.

Finally, although model mice with different sites of

L1CAM mutation have been studied, the pathogenetic

mechanisms of ventricular dilatation in L1 syndrome

remain unsolved. Considering that L1CAM is involved in

axonal growth and fasciculation,30 several hypotheses have

been formulated, including: i) the hypoplasia of the white

matter secondary to poor neuronal connections, ii) the

increase in brain compliance due to the loss of L1-

mediated adhesion between axons, leading to an increase

in ventricle size even with normal cerebrospinal fluid

pressure, and iii) the alteration of the shape and caliper

of the cerebral aqueduct leading to obstructive hydro-

cephalus.31–33 An alternative explanation for the obstruc-

tive hydrocephalus observed in fetuses without aqueductal

stenosis presenting with the first L1 phenotype could be

related to the presence of diencephalosynapsis causing

partial or complete III ventricle atresia.17 Conversely, we

speculate that the asymmetric ventriculomegaly observed

Figure 2. Fetal brain MRI at 32 gestational weeks (A–C) and postnatal MRI performed at 2 years of age (D–F) of subject #10. Sagittal (A, D),

axial (B, E), and coronal (C, F) T2-weighted and T1-weighted images reveal the other neuroimaging pattern, characterized by marked white

matter volume reduction with asymmetric ventriculomegaly (asterisks, B, E), bilateral dysgyria (thick arrows, C, F), dysgenesis of the corpus

callosum (thick arrows, A, D), normal DMJ, mild pontine hypoplasia (arrowheads, A, D), and small vermis (thin arrows, A, D).
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in the second L1 phenotype might be better explained by

primary hypoplasia of the white matter and/or by an

increase in brain compliance.

In summary, in the majority of fetuses, we identified a

peculiar diencephalic and midbrain–hindbrain malforma-

tion that especially when associated with hydrocephalus

and CCA should alert clinicians to offer a prenatal

L1CAM testing. The prenatal diagnosis of L1 disorder

would be extremely important to guide parents through

the challenging decision-making process regarding the

option of a therapeutic abortion. Further genetic studies

extending the L1CAM genetic analysis to male fetuses

with callosal anomalies, reduced white matter volume,

and pontine hypoplasia are needed to understand the real

prevalence of rarer L1 imaging phenotypes.
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Figure S1. Fetal MRI findings in L1 syndrome. Fetal MRI

of a control fetus at 21 gestational weeks (A) and of

fetuses #1–9 harboring L1CAM variants (B–J). B–J) Sagit-
tal (top row), axial (middle row), coronal (bottom row)

T2-weighted images show marked thinning or agenesis of

the corpus callosum, diencephalosynapsis, features of both

DMJD type A and B, and brainstem kinking in all fetuses.

Aqueductal stenosis is present in fetuses #2–7 and #9 (ar-

rows), while pontine hypoplasia is observed in fetuses #3–
7 (arrowheads), and small vermis in fetuses #1, #3–6, #8,
#9 (thick arrows).

Figure S2. Macroscopic appearance in the fixed brain of

the diencephalic–mesencephalic region in fetus #1. A, B)

Coronal slices through the fixed brain show ventricu-

lomegaly with thinning of the cerebral parenchyma, agen-

esis of the corpus callosum (arrowhead), fusion of the

thalami with atresia of the third ventricle consistent with

diencephalosynapsis (empty arrows), and fusion between

the midbrain and thalamus (thick arrows).

Table S1. Clinical, neuroimaging and genetic findings of

subjects with L1CAM variants.

Data S1. Supplemental case report.
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