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ABSTRACT
. COL18A1 gene mutations have been associated with Knobloch syndrome, which is characterized by 
ocular and brain abnormalities. Here we report a 4.5 years-old male child with autism and two 
novel COL18A1 mutations (NM_030582.4: c.1883_1891dup and c.1787C>T). Hypermetropic astigmatism, 
but not brain migration disorders, was observed. However, an asymmetric pattern of cerebellar perfusion 
and a smaller arcuate fascicle were found.  Low levels of collagen XVIII were also observed in the patient´s 
serum. Thus, biallelic loss-of-function mutations in COL18A1 may be a new cause of autism  without the 
brain malformations typically reported in patients with Knobloch syndrome. 
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Introduction

Knobloch syndrome (KS) -KNO1, MIM# 267,750- is an infrequent 
autosomal recessive syndrome characterized by retinal problems 
and midline occipital abnormalities (Knobloch & Layer, 1971). 
Encephalocele, meningocele and cutis aplasia were initially 
described as cardinal clinical features of KS (Knobloch & Layer, 
1971). However, after initial descriptions, other cases with neuro-
nal migration disorders and epilepsy have been reported 
(Caglayan et al., 2014; Charsar & Goldberg, 2017; Czeizel et al., 
1992; Hull et al., 2016; Keren et al., 2007; Kliemann et al., 2003; 
Passos-Bueno et al., 1994; L. S. Zhang et al., 2018; Seaver et al., 
1993; White et al., 2017; C. Wilson et al., 1998). The presence of 
different ocular abnormalities has been the rule in this syndrome; 
lens subluxation, cataracts, vitreoretinal degeneration, retinal 
detachment, and glaucoma have been observed in KS (AlBakri 
et al., 2017; Bongiovanni et al., 2011; Duh et al., 2004; 
Ebrahimiadib et al., 2017; Gradstein et al., 2017; Hull et al., 2016; 
Khan et al., 2012; Knobloch & Layer, 1971; C. Wilson et al., 1998).

COL18A1 was described as the KS disease-causing gene 
(Heljasvaara et al., 2017; Sertie et al., 1996, 2000). It encodes 
for the collagen type XVIII α1 chain, a ubiquitously expressed, 
non-fibrillar collagen that is found in association with vascular 
and epithelial basement membranes (BM) (Heljasvaara et al., 
2017). Collagen XVIII is expressed as three isoforms, namely 
short, medium and long isoforms; all of them are encoded by 
the same gene, COL18A1, which localizes on chromosome 21 in 
humans (Oh et al., 1994; O. T. Suzuki et al., 2002). Although 
COL18A1 is widely expressed, its isoforms have different tissue 
distribution (O. T. Suzuki et al., 2002). Altogether, collagen XVIII 

is needed for normal brain development and it is essential for 
the formation of most eye structures (Heljasvaara et al., 2017) .

Here, we describe a patient with autism and global devel-
opmental delay. Whole-exome sequencing in trio, confirmed 
via Sanger sequencing, identified compound heterozygous 
COL18A1 mutations. At the age of 4 years, none of the two 
previously described hallmark features of KS were observed in 
this case. COL18A1 expression studies demonstrated very low 
expression of total collagen XVIII and its isoforms in the blood 
of the affected patient.

Case report

Clinical features of the patients and previous diagnostic 
studies

A 3 years-old male, a second child from non-consanguineous 
healthy parents of Spanish origin, was referred to our clinic. 
Partum occurred via uncomplicated vaginal delivery after 39- 
weeks of pregnancy by the 35-year-old mother. Apgar scores 
were 9–10 at 1 and 5 minutes, respectively. Birth weight was 
2960 gr (15th centile), length 49 cm (30th centile), OFD 34 cm 
(30th centile). Family history was not relevant; his parents and 
his sister were healthy.

His initial developmental milestones were in the normal 
range; he walked unsupported at 12 months; the first bisyllabic 
words occurred at 12 months. At the age of 3 years, he uses 
several words but no sentences. He has no interest in other 
children; he always plays alone. His social eye contact is 
minimal.

CONTACT Taina Pihlajaniemi taina.pihlajaniemi@oulu.fi; Alberto Fernández-Jaén aferjaen@telefonica.net

NEUROCASE                                                   
2022, VOL. 28, NO. 1, 11–18 
https://doi.org/10.1080/13554794.2021.1928228

© 2022 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group. 
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivatives License (http://creativecommons.org/licenses/by-nc-nd/4.0/), 
which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited, and is not altered, transformed, or built upon in any way.

http://NNCS_A_1928228.docx
http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/13554794.2021.1928228&domain=pdf&date_stamp=2022-03-31


The clinical examination disclosed a weight of 15.1 kg (50th 

centile), a height of 95 cm (40th centile), and an OFD of 50.5 cm 
(40th centile), without dysmorphic features. Observation of the 
patient revealed verbal and nonverbal communication deficits, 
echolalia, neologisms, a stereotyped and idiosyncratic lan-
guage associated with severe hyperkinetic behavior.

Neuropsychological assessment to measure intellectual 
functioning and development, as well as language abilities, 
were conducted. Specifically, the following tests and scales 
were used: the Wechsler Preschool and Primary Scale of 
Intelligence, Fourth Edition – WPPSI-IV-, the Merrill Palmer- 
Revised scale of development (MP-R), the Peabody Picture 
Vocabulary Test, Third Edition -PPVT-III-, and the verbal ability 
test of the British Ability Scales, Second Edition -BAS II. Notably, 
WPPSI-IV revealed the presence of an IQ of 75 (5th centile); 
verbal comprehension was severely affected (score of 65; 1st 

centile). Global and separate (cognitive, communication, motor, 
social-emotion development, and adaptative behavior) MP-R 
scores were below normal range; adaptative behavior and 
expressive language were severely affected. Specific language 
evaluation revealed a psycholinguistic level below 5th centil 
according to PPVT-III and BAS II scores.

Routine laboratory screening including thyroid function and 
neurometabolic tests were within the normal range. Sleep 
video-EEG test and auditory evoked potentials displayed nor-
mal results. The ophthalmologic examination demonstrated 
hypermetropic astigmatism. Brain 3 T MRI did not reveal any 
significant structural malformations; diffusion tensor imaging 
with 3D-tractography reconstruction showed a smaller left arc-
uate fascicle with lower connections with the adjacent white 
matter (Figure 1); besides, arterial spin-labeling (ASL) perfusion 
imaging evidenced marked cortical hypoperfusion in the left 

cerebellar hemisphere, with a normal pattern of the supraten-
torial cortical blood flow (Figure 2).

Conventional genetic studies (karyotype and array-based 
comparative genomic hybridation with a 400k custom array) 
revealed no abnormalities.

At the age of 4.5 years, his neurological examination remained 
normal. He still had significant verbal and nonverbal communica-
tion deficits, associated with a severe hyperactivity behavior. At 
this age, because of additional concerns regarding social commu-
nication and repetitive behaviors, further information was 
obtained using the Autism Diagnostic Interview-Revised (ADI-R) 
and the Autism Diagnostic Observation Scale (ADOS). He met the 
criteria for autism spectrum disorder on both instruments. A new 

Figure 1. Color orientation 3D-tractography reconstruction of the arcuate fascicle. 
The patent´s right-left asymmetry evidence a shorter tract and a lower amount of 
nerve fibers on the left side.

Figure 2. Color-code perfusion map with the pulsed-ASL sequence. Decreased cortical blood flow in the patient´s left cerebellar hemisphere.
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ophthalmological evaluation confirmed the presence of astigma-
tism, without lens- or retina-associated problems.

The study was completed by whole-exome sequencing; it 
revealed two genetic variants in the COL18A1 gene (Collagen 
Type XVIII Alpha 1 Chain). A maternally inherited non- 
frameshift insertion variant NM_030582.4: ca. 1883_1891dup; 
p.(Pro628_Pro630dup) and a paternally inherited missense var-
iant NM_030582.4: ca. 1787 C > T,; p.(Pro596Leu) were identi-
fied. Both variants were classified as Variants of Uncertain 
Significance (VUS). The ca. 1883_1891dup categorization was 
supported by the effect on protein as length changes resulting 
from in-frame insertion in a non-repeat región (PM4). The 
population data (PM2), supported ca. 1787 C > T categorization, 
as an extremely low frequency in gnomAD population data-
base has been reported (with a maximal non founder subpo-
pulations frequency of 0.003%, and no homozygotes). On this 
variant in silico predictions criteria are controversial. Splicing 
tools did not predicted a clear splice-altering consequence. On 
the other hand, GnomAD missense Z-Score less than 0.647 does 
not support the pathogenicity of a missense variant 
(Z-score = −0.797). However, null variants are not the only 
known mechanism of variant pathogenicity in this gene, as 
three missense variants (NM_030582.4: ca. 2153 G > T, ca. 
3559 G > A, ca. 4378 G > T) have been previously characterized 
as probably pathogenic (Clinvar database) and the CADD 
(Combined Annotation-Dependent Depletion) score of 18.20 
may support a deleterious effect.

Segregation analysis confirmed a compound heterozygosity 
state, as both were identified in heterozygosity in the mother 
and father, consistent with an autosomal recessive inheritance. 
The missense mutation was also observed in his healthy sister. 
These mutations were confirmed by Sanger sequencing (Figure 
3). In the WES trio analysis, no other missense variants with 
a CADD score over 15 (Rentzsch et al., 2019) or LOF variants 
with a clear phenotypic association or a compatible segrega-
tion pattern were identified.

Real-time quantitative PCR (RT-qPCR) was used to evaluate 
the potential impact of the compound mutations on the 
COL18A1 gene expression. Peripheral blood leucocytes showed 
a mere 20–25% residual expression of both total COL18A1 
(measured as C-terminal Endostatin domain expression) and 
the short isoform. Expression of the long and medium isoform 
was below the detection limit. Globally, decreased COL18A1 
expression was consistent with a detrimental effect of the 
compound mutations on the gene expression (Figure 4).

Materials and methods

The study was carried out in accordance with the Declaration of 
Helsinki of the World Medical Association and approved by the 
Local Ethics Committees. Informed consent was obtained from 
the family, after full explanation of the procedures.

Neuroimaging study: acquisition and analysis

Data were acquired using an 8-channel head coil with a 3 T 
system (Signa HDx, GE Medical System, Milwaukee, Wisconsin). 
Images were carefully inspected by an experienced neurora-
diologist looking for structural defects; neuroimaging study 

and its analysis were performed before knowing the final clin-
ical diagnosis and the result of the genetic study.

DTI images were obtained using a SS-SE echoplanar 
Diffusion weighted image (DWI) sequence (TR:12,000; FOV: 
240 mm; sections thickness:3 mm, 0 spacing; matrix 128 × 
128; bandwith: 250; 1 nex; diffusion encoding in 45 directions) 
with maximum b = 1000 sec/mm2.

3D-tractography was performed in an off-line workstation 
by using commercially available processing software as pro-
vided by the manufacturer (Functool 3D Fiber Tracking, GE, 
France) based on fiber assignment by contiguous tracking 
(FACT) method, achieved by connecting voxel to voxel. The 
threshold values were 0.3 for FA and 45° for the trajectory 
angles, between the regions of interest (ROIs). DTI tracts were 
also co-registered to the 3D-T1 weighted data set.

The Arterial Spin Labeling sequence (ASL) is a 3D pseudo- 
continuous ASL technique with a spiral readout with the fol-
lowing acquisition parameters: Field of view 24 cm, full brain 
coverage, slice thickness 4.0 mm, Arms 8, points per spiral 512, 
NEX 3, TDelay 1525 ms, TI 1525 ms, reconstructed matrix 
128x128, resolution 1.875 × 1.875x4mm, TR 4.847s and TE 
9.8 ms. The cerebral blood flow map was calculated using the 
same commercially available processing software (FuncTool 
perfussion, GE, France) which uses the pCASL CBF calculation 
equation (Alsop et al., 2015).

Genetic study

Exome sequencing was performed using genomic DNA isolated 
(MagnaPure, Roche) from whole blood from proband and par-
ents. Libraries were prepared using the Ion AmpliSeq™ Exome 
Kit (Life Technologies) and quantified by qPCR. The enriched 
libraries were prepared using Ion Chef™ and sequenced on PI™ 
Chip in the Ion Proton™ System (Life Technologies) to provide 
>90% of amplicons covered with at least 20X. Signal proces-
sing, base calling, alignment, and variant calling were per-
formed on a Proton™ Torrent Server using the Torrent Suite™ 
Software. Variants were annotated using Ion Reporter™ 
Software, and pedigree analysis was performed using the 
Genetic Disease Screen (GDS) trio workflow. Variant filtering 
and prioritization were performed with an in-house software 
program and a local database. The list of candidate variants was 
evaluated using previous published criteria (Eilbeck et al., 
2017), Information from specific databases including variants 
already described in association with a known phenotype 
(ClinVar) and population frequency databases (dbSNP, 
gnomAD, 1000 Genome Project, or NHLBI-ESP 6500 exomes) 
to annotate variants that usually exist in the general population 
was used. We also estimated the pathogenicity of variants 
using CADD and a summation of selected prediction systems 
included in the dbNSFP database (SIFT, PolyPhen2, 
MutationTaster, MutationAssessor, LRT, FATHMM, and 
MetaSVM) for missense mutations. For mutations identified in 
splicing regions (including synonymous mutations), the effect 
on mRNA processing has been evaluated using the 
SpliceSiteFinder and MaxEntScan prediction systems, included 
in the SPiCE algorithm. Nucleotide position conservation has 
been evaluated according to the UCSC score ranges for the 
PhyloP tool. Finally, priorization variant was based on stringent 
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assessments at both the gene and variant levels, and taking 
into consideration patient’s phenotype and the associated 
inheritance pattern. Candidate variants were visualized using 
IGV (Integrative Genomics Viewer). Candidate variants were 
evaluated based on stringent assessments at both the gene 
and variant levels, taking into consideration both the patient’s 
phenotype and the inheritance pattern. Variants were classified 
following the guidelines of the American College of Medical 
Genetics and Genomics (ACMG)(Richards et al., 2015). A board 
of molecular clinical geneticist evaluated each variant classified 
as pathogenic, likely pathogenic, or a variant of uncertain sig-
nificance, and decided which, if any, had to be reported. In 
every case, causal variants were discussed with the referring 

physician and/or clinical geneticist. Identified variants were 
confirmed by Sanger sequencing.

COL18A1 expression studies

RNA was isolated with Qiagen kits (QIAzol and RNeasy mini), 
and cDNA was produced with the iScript cDNA synthesis kit 
(Bio-Rad). RT-qPCR was performed with iTaq SYBR Green 
Supermix with ROX reagents (Bio-Rad). All assays were per-
formed in duplicate using a CFX96 Real-Time System (Bio- 
Rad). Values in all samples were normalized to GAPDH and 
normalized relative expression (2Cq) was calculated using CFX 
Manager software (Bio-Rad). To rule out technical artifacts, 

Figure 3. Illustration of the COL18A1 variants present in the proband by NGS and sanger sequencing and segregation studies. A) IGV visualization of the variant 
COL18A1 ca. 1883_1891dup was evident in the proband and his mother, in both strands (forward in red and reverse in blue), in 26% (24/93) and 25% (16/64) of the 
reads, respectively. B) IGV visualization of the variant COL18A1 ca. 1787 C > T was evident in the proband and his father, in both strands (forward in red and reverse in 
blue), in 50% (50/101) and 56% (51/91) of the reads, respectively. C) Segregation studies of the COL18A1 ca. 1883_1891dup variant show its presence in the proband 
and its absence on the healthy sister (as indicated by the arrows). D) Segregation studies of the COL18A1 ca. 1787 C > T variant show its presence in the proband and in 
his healthy sister (as indicated by the arrow).
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parallel analyses were also conducted on cDNA isolated with 
Quanta kit (qScript cDNA Synthesis Kit, Quanta Biosciences), on 
different RNA input quantities (1 and 2 g) and on different 
reverse transcription (RT) products’ dilutions (1:10 and undi-
luted). The following primers were used:

Statistical significance between healthy donors (N = 10) and 
the proband was assessed by the Mann-Whitney U test, with 
a threshold for significance set at P < 0.05. The concordance of 
the different qPCR analyses was evaluated by the Bland and 
Altman’s limits of agreement (LOA) method. No differences 
were found to be significant in LOA evaluation.

Discussion

Here we describe the first case of autism spectrum disorder 
and developmental delay associated with compound het-
erozygous COL18A1 mutations. Our findings expand the 
clinical spectrum of mutations in the COL18A1located on 
the long arm of chromosome 21 (chr21q22.3) and com-
posed of 43 exons, that has been related to KS (Oh et al., 
1994; Rehn et al., 1996). Most cases have loss-of-function 
(LoF) mutations; missense mutations have been unfre-
quently described in this syndrome (Menzel et al., 2004; 
Passos-Bueno et al., 2006; O. Suzuki et al., 2009) . 
Interestingly, patients with KS and COL18A1 missense muta-
tions in homozygous state or compound heterozygous state 
(with LoF mutations) also showed lack of type XVIII collagen 
(O. Suzuki et al., 2009). Regulation by micro RNAs might 
explain the impact of missense mutations on the COL18A1 
gene expression; point mutations might increase the affinity 
for binding of the miRNA or create a new miRNA binding 

site (Valencia-Sanchez et al., 2006; Zeng et al., 2003). On the 
other hand, based on the expression study results, we can´t 
exclude that the splicing prediction for the missense variant 
(located at donor site 2 bps downstream) may not be 
accurate, and this really has an effect on the expression 
levels.

Ocular and brain defects are the two cardinal features of this 
syndrome (Caglayan et al., 2014; Kliemann et al., 2003; 
O. T. Suzuki et al., 2002). After initial descriptions, multisystemic 
manifestations have been described, namely renal abnormal-
ities, leukemia, hypertriglyceridemia, lung hypoplasia and dys-
morphic features (Heljasvaara et al., 2017).

Ocular abnormalities are often present in the first years of the 
life of KS patients and include progressive high myopia, lens 
subluxation, early-onset cataracts, vitreoretinal degeneration, 
macular abnormalities, retinal detachment, and glaucoma 
(AlBakri et al., 2017; Bongiovanni et al., 2011; Caglayan et al., 
2014; Duh et al., 2004; Gradstein et al., 2017; Heljasvaara et al., 
2017; Khan et al., 2012). These anomalies may lead to blindness 
at an early age. The presence of collagen XVIII in various BMs of 
the ocular structures (Bruch´s membrane, retina, and the lens 
capsule) explains the eye defects observed in patients with 
COL18A1 mutations (Heljasvaara et al., 2017). Notably, no evi-
dence of ocular malformations could be inferred for the case 
reported. This suggests that the compound mutations do not 
completely abolish COL18A1 expression, in line with both pre-
vious reports (Duan et al., 2017; Karbassi et al., 2016) and the 
residual, though severely hampered, gene expression observed 
in leukocytes, and that such residual quantity might still be 
enough to sustain normal ocular development. Indeed, short 
isoform -partially conserved in our patient- is critical for eye 
development and maintenance, and for the normal closure of 
neural tube (O. Suzuki et al., 2009).

The initial neurological manifestations of KS were circum-
scribed to infratentorial malformations (encephalocele, menin-
gocele and cutis aplasia) (Czeizel et al., 1992; Knobloch & Layer, 
1971; Passos-Bueno et al., 1994; Seaver et al., 1993). The pre-
sence of collagen XVIII in the neuroectoderm, pial BM, blood 
vessels BM and epithelial BM of the choroid plexuses, as well as 
its role in neuronal migration, could also explain the neurolo-
gical malformations in KS (Caglayan et al., 2014; Heljasvaara 
et al., 2017; Utriainen et al., 2004). In the last years, other 

Figure 4. Expression of COL18A1 (total and isoforms) in peripheral blood leukocytes.

Total COL18A1 (endostatin) Forward TGCCCATCGTCAACCTCAAG
Total COL18A1 (endostatin) Reverse CAGAGCCTGAGAACAGAGCC
COL18A1 short isoform Forward CTCCTGGACGTGCTCGC

COL18A1 short isoform Reverse TCATCCGTCTGGGTGACCT
COL18A1 medium isoform Forward GCCGTGGCATTCCTAGCTC

COL18A1 medium isoform Reverse CTGATGCGCTCTGAAGATGGT
COL18A1 long isoform Forward GCCGTGGCATTCCTAGCTC

COL18A1 long isoform Reverse GCTCTACCTGAAGATGGTGGT
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neurological problems (functional or structural) have been 
described: brain migration disorders (polymicrogyria and het-
erotopic nodules; a review of previous neuroimaging findings 
can be found in Table 1), ataxia, epilepsy, and cognitive delay 
(Charsar & Goldberg, 2017; Corbett et al., 2017; Kliemann et al., 
2003; White et al., 2017) . The absence of structural anomalies in 
the MRI is an exceptional situation, with only 3 previously 
described cases (9%); in counterpart, 70% of the published 
cases with available MRI showed different neuronal migration 
disorders. Although psychomotor retardation is not a constant 
feature in this syndrome, cognitive regression or developmen-
tal delay have been previously described (Caglayan et al., 2014; 
Keren et al., 2007; Kliemann et al., 2003; Paisan-Ruiz et al., 2009); 
cognitive impairment is not clearly related to the presence of 
heterotopias or polymicrogyria (Caglayan et al., 2014; Kliemann 
et al., 2003). The roles of collagen XVIII in mitochondrial func-
tion, organization of brain synapses and cortical brain develop-
ment may contribute to this feature (Heljasvaara et al., 2017; 
Kliemann et al., 2003; Momota et al., 2013; Su et al., 2012). In the 
case described here, the presence of an abnormal pattern of 
infratentorial perfusion as well as the marked asymmetry 
between the arcuate fascicles possibly reflects the presence of 
microstructural and/or vascular defects secondary to the 
observed low levels of collagen XVIII in vessels’ BM, in line 
with a previously reported role for collagen XVIII in brain and 
cerebellar organization (Su et al., 2012). Interestingly, perfusion 

impairments of cerebellar hemispheres have been described in 
autism (Pagani et al., 2012; Ryu et al., 1999); of particular inter-
est is the poor development of the left arcuate fascicle as this is 
involved in the development of language, and similar findings 
have also been found in autistic patients or other syndromes 
(B. J. Wilson et al., 2011; Roberts et al., 2014; L. S. Zhang et al., 
2018). The anomalies we describe might be caused by micro-
structural cortical defects or by the disturbance in both axonal 
and myelin development (Poretti et al., 2013).

The presence of other co-existing genetic disorders (CNVs or 
SNVs) responsible for his neurodevelopmental disorder may 
occur. However, described genetic results, COL18A1 expression 
studies and cognitive impairment in patients with KS support 
this relationship. The case described here extends the clinical 
spectrum of mutations of COL18A1 and calls for further studies 
of this gene in autism.
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Table 1. Neuroimaging findings in patients with biallelic COL18A1 mutations. * Cases with anomalies in brain MRI (only cases with performed and available results).

Authors [Reference 
number]

Number of 
cases MRI findings/brain malformations

Abnormal 
MRI*

Current report 1 no significant structural malformations. 
DTI tractography: shorter tract and a lower amount of nerve fibers on the left arcuate fascicle 
ASL sequence: decreased cortical blood flow in the patient´s left cerebellar hemisphere.

1/1

Kliemann et al., 
2003 [17]

4 1 case: normal MRI 
1 case: subependymal, heterotopic nodules in the lateral ventricles 
1 case: basilar impression 
1 case: moderate ventricular dilatation and a pachygyric area in the right frontal lobe; heterotopic nodule on the 
subpendymal surface of the right lateral ventricle

3/4

Keren et al., 2007 
[15]

2 1 case: agenesis of the septum pellucidum, bilateral pachygyria/polymicrogyria of the entire frontal lobes, and 
heterotopic hypersignals along the radial migration tracts 
1 fetus: agenesis of cerebellar vermis; abnormal formation of cerebellar hemispheres; hamartomatous lesion of the 
mesencephalic roof

2/2

Paisan-Ruiz et al., 
2009 [21]

2 2 cases: frontal polymicrogyria with cerebrum and cerebellar atrophy 2/2

Khan et al., 2012 
[16]

7 1 case: heterotopic gray matter in lateral ventricles 
6 cases: not available

1/1

Caglayan et al., 2014 
[4]

4 2 cases: polymicrogyria of the bilateral frontal lobes 
1 case: polymicrogyria involving the bilateral frontal and parietal lobes 
1 case: cerebelar vermian atrophy

4/4

Hull et al., 2016 [13] 12 2 cases: normal MRI 
1 case: extensive bifrontal polymicrogyria 
2 cases: bifrontal polymicrogyria and encephalocele 
2 case: encephalocele/meningocele 
3 cases: midline occipital defect 
2 cases: not available

8/10

Charsar & Goldberg, 
2017 [7]

2 1 case: extensive bifrontal polymicrogyria 
1 case: extensive bifrontal polymicrogyria, simplified gyral pattern; paucity of frontoparietal white matter and 
cerebral volume loss

2/2

White et al., 2017 
[32]

2 1 case: polymicrogyria bifrontal 
1 case: polymicrogyria in the inferior and middle frontal gyri bilaterally

2/2

Corbett et al., 2017 
[5]

4 2 cases: frontal polymicrogyria affecting the dorsolateral surfaces predominantly 
2 cases: not available

2/2

L. S. Zhang et al., 
2018 [36]

2 2 cases: bilateral frontal gyrus dysplasia 2/2
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