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Abstract

Smith-Lemli-Opitz syndrome (SLOS) is a neurodevelopmental disorder caused by inborn errors of
cholesterol metabolism resulting from mutations in 7-dehydrocholesterol reductase (DHCR?).
There are only a few studies describing the brain imaging findings in SLOS. This study examines
the prevalence of magnetic resonance imaging (MRI) abnormalities in the largest cohort of
patients with SLOS to date. Fifty-five individuals with SLOS (27M, 28F) between age 0.17 years
and 25.4 years (mean = 6.2, SD = 5.8) received a total of 173 brain MRI scans (mean = 3.1 per
subject) on a 1.5T GE scanner between September, 1998 and December, 2003, or on a 3T Philips
scanner between October 2010 and September 2012; all exams were performed at the Clinical
Center of the National Institutes of Health. We performed a retrospective review of these imaging
studies for both major and minor brain anomalies. Aberrant MRI findings were observed in 53 of
55 (96%) SLOS patients, with abnormalities of the septum pellucidum the most frequent (42/55,
76%) finding. Abnormalities of the corpus callosum were found in 38 of 55 (69%) patients. Other
findings included cerebral atrophy, cerebellar atrophy, colpocephaly, white matter lesions,
arachnoid cysts, Dandy-Walker variant, and Type | Chiari malformation. Significant correlations
were observed when comparing MRI findings with sterol levels and somatic malformations.
Individuals with SLOS commonly have anomalies involving the midline and para-midline
structures of the brain. Further studies are required to examine the relationship between structural
brain abnormalities and neurodevelopmental disability in SLOS.
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INTRODUCTION

Smith-Lemli-Opitz syndrome (SLOS) is an autosomal recessive, multiple malformation,
neurodevelopmental disorder caused by mutations in the gene encoding 7-
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dehydrocholesterolreductase (DHCRY?), resulting in impaired cholesterol synthesis [Smith et
al., 1964; Tint et al., 1994; Irons et al., 1993; Wassif et al., 1998; Porter, 2000]. Individuals
with SLOS have decreased cholesterol, and excess of the precursor 7-dehydrocholesterol
(7DHC) and its isomer 8-dehydrocholesterol (8DHC). The incidence is estimated to be 1 in
20,000 to 60,000 live births [Kelley and Hennekam, 2000; Lowry and Yong, 1980; Ryan et
al., 1998; Bzduch et al., 2000]. Neuropathologic studies demonstrate that individuals with
SLOS can have numerous brain abnormalities including microcephaly, holoprosencephaly,
atelen/aprosencephaly, abnormal gyri, aqueductal stenosis with hydrocephalus, incomplete
separation of the mammillary bodies, corpus callosum agenesis, dorsal fusion of the
dorsomedial nuclei and pulvinar of the thalamus, hypoplasia of the cerebral peduncles,
dysplasia of inferior olivary nuclei, deformity of the cerebellum and atrophy of the folia,
Dandy-Walker malformation, hippocampal hypoplasia, and hypothalamic hamartoma
[Garcia et al., 1973; Cherstvoy et al., 1975; Fierro et al., 1977; Cherstvoy et al., 1984; Curry
et al.,1987; Lanoue et al., 1997; Angle et al., 1998; Kelley and Hennekam, 2000; Nowaczyk
et al., 2001; Opitz et al., 2002; Hennekam, 2005; Putman et al., 2005; Weaver et al., 2010;
Opitz and Furtado, 2012, Quélin et al., 2012; Grynspan et al., 2013]. Spinal cord
abnormalities such as hydromyelia, holomyelia, and hypoplasia of the spinothalamic and
spinocerebellar tracts have been described [Opitz and Furtado, 2012; Quélin et al., 2012].
Histologic examination has shown loss of Purkinje cells and neuronal degeneration in the
cerebellum, exotopic Purkinje cells in the inner granular layer and white matter of the
cerebellum, abnormal cell migration in the cerebral cortex showing neuronal presence in the
first layer and white matter and reduced neurons in the third layer, lack of myelination,
patchy two-layered structure of the hippocampus fascia dentate, disturbed orientation in the
H2 field of Ammon’s horn, dysplastic dentate nucleus, dysplastic olivary nuclei of the
medulla oblongata, and astrocyte gliosis [Fierro et al., 1977; Cherstvoy et al., 1984; Opitz et
al., 2002; Opitz and Furtado, 2012]. Kelley et al. [1996] reported diagnosing SLOS in four
patients with holoprosencephaly, and a report describing a 24-week gestation fetus with
cyclopia further supports SLOS as a cause of holoprosencephaly [Weaver et al., 2010]. In
general, neuropathological studies have been conducted on severely affected patients.
Structural MRI studies are able to characterize mild and classical cases. There is one
published study involving MRI in 18 patients with SLOS showing abnormal CNS findings
in five patients including callosal abnormalities (n = 4), Dandy-Walker variant (n = 1),
holoprosencephaly (n = 1), and an arachnoid cyst (nh = 1) [Caruso et al., 2004].

While the SLOS behavioral and physical phenotype has been published, there are few
studies describing the range of structural brain malformations [Cunniff et al., 1997; Porter,
2000; Tierney et al., 2001; Sikora et al., 2006; Tierney et al., 2006]. The aim of this study
was to examine the prevalence of MRI-detectable brain abnormalities in SLOS, and to
determine the relationship of these abnormalities to other markers of severity in these
patients.

MATERIALS AND METHODS
Study Population

This study was approved by the Institutional Review Board of the Eunice Kennedy Shriver
National Institute of Child Health and Human Development in Bethesda, Maryland. Patients
or their parents/legal guardians signed informed consent in order to participate in the study.
This study included 55 individuals with SLOS between 0.17 and 25.4 years of age on whom
MRI scans of the brain were performed. The diagnosis of SLOS was made by physical exam
then confirmed biochemically by an expert evaluator at the NIH Clinical Center (FDP).
Sagittal T1 weighted, axial T1 weighted, and axial T2 weighted images were acquired as
part of all exams on all patients. The exams also included either axial proton density
weighted images or axial FLAIR images. Some exams also included 3D T1 weighted
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images (SPGR or MPRAGE), and some included post-contrast axial T1 weighted images.
The examinations were performed using a 1.5T GE scanner between September 1998 and
December 2003, or a 3T Philips scanner between October 2010 and September 2012; all
exams were performed at the Clinical Center of the National Institutes of Health, and all
exams were performed under sedation monitored by an anesthesiologist. A single
neuroradiologist at the NIH Clinical Center evaluated and documented the imaging findings
for all subjects. Review of medical records and parent interviews were used to acquire
clinical data.

Severity Measures

RESULTS

The SLOS severity score is based on organ system findings in 10 embryological
development fields [Bialer et al., 1987; Kelley and Hennekam, 2000]. Absolute scores range
from 0-20; scores are frequently normalized to the maximal score based on the domains
ascertained, but for this study we used the absolute scores. In order to examine the
relationship between the presence of brain malformations detected in this study and somatic
malformations we have calculated a somatic severity score (SSS) that removes the brain
score from the anatomical severity score. We have developed a brain severity score (BSS)
based on categories of brain abnormalities observed in this and other studies. Total severity
score (TSS) was calculated as the sum of SSS and BSS. Serum 7-dehydrocholesterol
(7DHC) (mg/dl) and total cholesterol (mg/dl) levels were determined at the time of
diagnosis or represent the earliest value that we have been able to obtain. This avoids, to the
extent possible, variation due to active dietary cholesterol supplementation. Linear
regression analysis and Pearson correlation (r) statistics were performed to determine the
degree of correlation between the BSS and the other measures of severity (SSS, 7DHC, and
total cholesterol).

Fifty-five individuals with SLOS (27 males, 28 females) between 0.17 and 25.4 years old
(mean = 6.2 +/- 5.8) had a total of 173 brain MRI scans performed (mean = 3.1). The
patients were Caucasian (94.5%), Hispanic (3.6%), and Asian (1.8%). The group mean SSS
was 3.22 (SD 1.95, range 1 — 9), mean serum cholesterol was 76.7 mg/dl (SD 44.8, range 8 —
174), and mean 7DHC was 10.1 mg/dl (SD 9.7, range 0.07 — 49.7). Demographics and
group sample data are shown in Table I. A Supplementary Data Table with detailed data of
demographics, severity scores, sterol levels, MRI findings, and genetic mutation status is
provided in the supplemental data section (in supporting information online).

Most of the abnormalities found on the brain images of the SLOS patients involved midline
structures, such as the corpus callosum, intraventricular septum, and inferior cerebellar
vermis. There were also abnormalities of the ventricles, whose formation is related to the
corpus callosum, and there were abnormalities of the cerebellar tonsils, whose formation is
related to the inferior cerebellar vermis. We also found an unusually high frequency of
arachnoid cysts, half of which were in the midline. The minor brain anomalies and their
prevalence are detailed in Table II.

The most common abnormalities found in the SLOS patients were abnormalities of the
septum pellucidum, including cavum of the septum pellucidum (CSP), cavum Vergae, or
cavum of the velum interpositum; 42 patients (76%) had one or more type of cavum. The
most common variant was a large CSP that communicated with the third ventricle, present in
21 (38%) of the patients. A striking feature of the patients who had a large communicating
CSP was that by itself, each lamina of the divided septum pellucidum was thicker than the
total thickness of a normal undivided septum pellucidum. One patient had an anomalous
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white matter tract that crossed the large communicating CSP. Examples of abnormalities of
the septum pellucidum are shown in Fig. 1.

The most obvious abnormalities involved the corpus callosum, found in 38 patients (69%).
Twelve patients (22%) lacked a corpus callosum. There were 8 patients in whom the rostrum
was hypoplastic or absent and 6 in whom the splenium was hypoplastic or absent; of these 6,
there were 4 in whom the posterior body of the corpus callosum was also hypoplastic or
absent. It was also a common occurrence to have segments that were either too thick or too
thin. There were 31 patients (56%) who had at least one segment of the corpus callosum that
was either unusually thick (17 patients) or unusually thin (19 patients), and there were 5
patients who had both. The most common findings were a thick body of the corpus callosum
(13 patients) and a thin splenium (15 patients), but most other variations were present,
including thick genu (6 patients), thin body (9 patients), thin genu (6 patients), generalized
thinning (5 patients), and generalized thickening (2 patients). The overall shape of the
corpus was abnormal in 26 patients (47%). The most common shape abnormality was
shortening of the anterior-posterior dimension of the corpus callosum, which occurred in 13
patients. Almost as common was elongation in the superior-inferior dimension, producing
excessive arching of the corpus callosum; this was found in 11 patients who did not have
concurrent enlargement of the third ventricle (arching and thinning of the corpus callosum is
a normal consequence of third ventricle enlargement). The arch was abnormally flat in two
patients, and elongated in one other patient (secondary to enlargement of the third ventricle).
Examples of abnormalities of the corpus callosum are shown in Fig. 2.

Colpocephaly, which we defined as any enlargement of the occipital horns that was
disproportionate to the size of the remainder of the lateral ventricles, was present to some
degree in 35 patients (64%). Both sides were involved in 21 patients, seven cases involved
only the left side, and seven cases involved only the right side. Enlargement was rated as
minimal in 16 occipital horns, mild in 30 occipital horns, moderate in eight occipital horns,
and marked in two occipital horns. The one case that had marked enlargement of both
occipital horns also had absent splenium and posterior body of the corpus callosum, and
parallel orientation of the lateral ventricles.

Many patients had abnormalities of the fourth ventricle and cerebellum. There were 14
patients who had a large fourth ventricle and a large foramen of Magendie; of these, there
were 11 (20%) who also had high position of the cerebellar tonsils and inferior vermis
together with hypoplasia of the cerebellar tonsils and/or inferior vermis, resulting in a
Dandy-Walker variant. Two patients (4%) had ectopia of the cerebellar tonsils (lower than
normal position of the cerebellar tonsils without crowding of structures in the foramen
magnum), and two patients (4%) had a Type | Chiari malformation. One patient’s
cerebellum had a very unusual shape (short and flat, but completely formed and of normal
volume). This patient also had a tethered spinal cord; de-tethering surgery was performed
prior to our study, but there was no history of abnormal position of the tonsils in this patient.
One patient had a small cerebellum with diffuse abnormal signal that suggested gliosis.
Examples of abnormalities of the fourth ventricle and cerebellum are shown in Fig. 3.

An unusually high number of arachnoid cysts was present in this cohort of SLOS patients.
Half of these arachnoid cysts were located in the midline. A total of 28 cysts were found in
17 patients (31%). There were 12 cysts in the quadrigeminal plate cistern, seven in the
middle cranial fossa, five in the posterior cranial fossa, two in the anterior cranial fossa, one
adjacent to the parietal lobe, and one in the torcular fossa. Examples of arachnoid cysts are
shown in Fig. 4.
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Few patients had cerebral atrophy. Two patients had prominent sulci, indicating diffuse
cerebral atrophy, while five patients had a central atrophy pattern characterized by a thinner
than normal layer of white matter with normal thickness of the cortical ribbon and normal
width of the sulci. Two patients had atrophy of the cerebellum that preferentially (but not
exclusively) involved the superior vermis. One patient had both cerebral and cerebellar
atrophy, so there were a total of 8 patients (15%) who had atrophy of any type. Fig. 5 shows
examples of the atrophy patterns that were seen in the SLOS patients.

There were two patients who had discrete lesions in the white matter. These patients each
had multiple lesions, but the pattern of distribution of the lesions was not the same for the
two patients. In one patient, the lesions were all periventricular and were mostly located in
the frontal and parietal lobes. In the other patient, the lesions were all in the centrum
semiovale and were generally oriented with their long axis perpendicular to the lateral
ventricles. We could not identify any history of a concurrent illness that may have explained
the presence of these lesions in these particular patients. The lesions are shown in Fig. 6.

All brains on all patients were judged to have an appropriate degree of myelination for the
patient’s age; therefore, all patients under age 4 who had follow-up imaging (25 of 29)
demonstrated normal progression of myelination. We also did not detect heterotopia,
microgyria, pachygyria, or holoprosencephaly variants. Abnormal orientation of gyri was
seen only in the context of absence of the posterior corpus callosum, which necessarily
results in incomplete cingulate gyri and development of radial gyri posterior to the defect.
Two patients did not have any of the abnormalities described above, and therefore had
structurally normal brains according to our evaluation.

Linear regression analysis for correlations between the types of abnormalities described
above and the other severity measures (SSS, 7DHC at diagnosis, and total cholesterol at
diagnosis) indicated that certain types of abnormalities correlated more strongly than others.
The findings that correlated best with the other severity measures were the degree of
colpocephaly and the position of the cerebellar tonsils (higher position correlating with
greater severity). Atrophy and morphological abnormalities of the corpus callosum had more
moderate degrees of correlation. Lobar anomalies and arachnoid cyst count had weak
correlation. White matter lesions and septum pellucidum anomalies did not seem to
correlate.

The anatomical findings were combined into a brain anatomy severity score (BSS); the
method for combining the findings into the BSS is detailed in Table I11. Statistically
significant correlations were found for the BSS relative to the somatic severity score (SSS)
(p <0.001, r =0.47), earliest available measurement of the total cholesterol (p < 0.001, r =
-0.47), and earliest available measurement of 7DHC (p = 0.049, r = 0.27). Strength of
correlation to 7DHC was increased by using the base 10 log of the 7DHC (p = 0.006, r =
0.37), demonstrating a log-linear relationship between these two factors, which is as
expected, since the relationship between cholesterol and 7DHC was log-linear (p < 0.001, r
=-0.71). Similarly, correlations were found between the SSS and the earliest available
measurement of the total cholesterol (p = 0.002, r = —0.42), and earliest available
measurement of the 7DHC (p = 0.02, r = 0.32). The total severity score (TSS, equal to the
sum of BSS and SSS) also correlated with the earliest available measurement of the total
cholesterol (p < 0.001, r = —0.52), earliest available measurement of the 7DHC (p = 0.016, r
= 0.33), and the log of the 7DHC (p = 0.012, r = 0.34). Plots of these relationships are
shown in Fig. 7.
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DISCUSSION

In 55 individuals with SLOS, we found that there were only two who did not have a
structural brain abnormality when evaluated by brain MRI. The most common abnormalities
involved the septum pellucidum. Other common abnormalities involved the corpus
callosum, occipital horns, cerebellum, and arachnoid mater. Atrophy was found in some
patients, whereas white matter lesions were found in a few patients. In contrast to the
previous study of Caruso et al. [2004] we did not find any cases in which the septum
pellucidum was absent. We also found an overall higher rate of anomalies (53 of 55 in our
study, versus 5 of 18 in their study). However, the anomalies that we report involved the
same anatomical structures that were reported previously. Like the previous study, we did
not find any abnormal patterns of myelination.

Non-union of the leaflets (laminae) of the septum pellucidum is a normal stage of
development in the fetus [Shaw and Alvord, 1969]. The laminae are fused in about half of
term infants, and most of the rest fuse within the first few months after birth [Shaw and
Alvord, 1969; Farruggia and Babcock, 1981]. The rate of persistence of CSP into adulthood
is estimated at 12% [Shaw and Alvord, 1969]. The rate of persistence of cavum Vergae into
adulthood is estimated at 20% [Schwidde, 1952]. Our finding of a 78% rate of non-fusion of
the leaflets of the septum pellucidum is clearly different from the rate in normal subjects, but
the clinical significance is unclear, as a cavum is not generally thought to produce
symptoms. We were unable to find a previously published description of the communicating
cavum with thickened laminae, so the consequences of this variation are also unknown.

Arachnoid cysts are not generally thought to produce symptoms. The frequency of arachnoid
cysts (31%) in our population is clearly different from that in normal adults, which is about
1% [Vernooij et al., 2007]. Additionally, the most common location in the SLOS patients,
the quadrigeminal plate cistern, is unusual in the general population; the most common
location in the normal population is in the middle cranial fossa, and the next most common
location is in the posterior cranial fossa [Vernooij et al., 2007].

In contrast to a cavum or arachnoid cyst, abnormalities of the corpus callosum and
colpocephaly clearly have the potential to produce symptoms, as both affect the large
interhemispheric white matter tracts. The Dandy-Walker variant and Type | Chiari
malformation also have the potential to produce symptoms, as the former involves
hypoplasia of portions of the cerebellum, and the latter can cause pressure-related injury to
parts of the cerebellum and spinal cord. The prevalence of Type | Chiari malformation in the
general population is about 1%, while our prevalence was 4% [Vernooij et al., 2007]. We
were unable to find any published reports on the prevalence of Dandy-Walker variant;
review of the images of 101 normal volunteers recruited for other NIH brain imaging studies
turned up 0 instances of Dandy-Walker variant, suggesting that the prevalence in the normal
population is (conservatively) less than 1%, while the prevalence in our SLOS patients was
20%.

Atrophy and white matter lesions most often do not represent congenital structural
abnormalities, except in cases of genetic predisposition toward inability to form myelin.
Acquired atrophy and white matter abnormalities arise as a consequence of injury (diffuse
injury in the case of atrophy, and localized injury in the case of discrete white matter
lesions). Atrophy in the context of a metabolic disease such as SLOS implies a mechanism
of injury related to accumulation of abnormal or toxic metabolites, or deficiency of the
normal end product of the affected metabolic pathway. The potential connection between
SLOS and discrete white matter lesions is unclear.
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Our finding of an appropriate degree of myelination for age was to some extent unexpected
given the high cholesterol content of myelin. We are not aware of any human autopsy
studies that have systematically characterized myelin content and structure in SLOS
patients, and the current mouse models are limited with respect to characterizing myelin by
either early perinatal death prior to significant myelination in the mouse or by a very mild
biochemical phenotype. Thus, it is not clear as to what degree dehydrocholesterol is able to
functionally substitute for cholesterol in myelin, and, in addition, the patients in this study
have residual cholesterol synthetic activity. Thus, the mild to classical patients ascertained in
this study may have sufficient functional sterol levels with respect to myelin formation. It is
also possible that structural MRI may not be sensitive enough to identify mild disturbances
in myelin formation. These questions can be explored further using advanced MRI methods,
such as diffusion tensor imaging which provides information on macromolecular structure,
and using magnetic resonance spectroscopy which provides information on other
biochemical factors.

The significant correlations found between the brain severity score (BSS) and other
measures of SLOS severity (SSS, 7DHC, and total cholesterol) demonstrates a relationship
between disease severity and brain structure. Although some abnormalities are more
common than others, a theme of multiple minor abnormalities affecting a limited set of
structures is noteworthy. These abnormalities do not seem to occur in a particular order, but
they are more severe and numerous in more severely affected individuals.

The degree to which the brain malformations give prognostic insight into cognitive and
behavioral impairment is an area that will need to be explored in more detail. In a rare
disease with a heterogeneous phenotype, power to detect such associations is limited.
However, we have recently correlated lower corpus callosum length and cross sectional area
with both lower developmental quotient in gross motor and language domains in SLOS [Lee
etal., 2013].

Most of the anatomical abnormalities we saw involved midline and para-midline structures.
Formation of midline brain structures occurs between 3 and 12 weeks gestation and involves
molecular signals that regulate neural tube patterning. Cholesterol serves as a co-factor for
an important ventral patterning protein, sonic hedgehog [Ericson et al., 1995; Rubenstein
and Beachy, 1998]. Sonic hedgehog may also play a role in patterning of dorsal midline
structures [Himmelstein et al., 2010]. Holoprosencephaly, a failure of the forebrain to
separate into two hemispheres, occurs around the 5 week of gestation [Golden, 1999].
Although holoprosencephaly was not found in our cohort, it has been reported in several
previous papers [Cunniff et al., 1997; Kelley et al., 1996; Lanoue et al., 1997; Nowaczyk et
al., 2001; Weaver et al., 2010]. Abnormal sterol levels during embryologic brain
development have been shown to disrupt early midline patterning processes, and may
represent a mechanism of disease for the malformations reported in our study. Cholesterol is
essential for processing and signaling of sonic hedgehog, a morphogen involved in midline
development [Beachy et al., 1997; Cooper et al., 2003; Porter et al., 1996]. Cholesterol is
also involved in myelin structure, membrane lipid raft distribution, activity-dependent
synaptic plasticity, and neurosteroid formation [Korade and Kenworthy, 2008; Linetti et al.,
2010; Mellon and Griffin, 2002; Rakheja and Boriack, 2008; Simons and Ehehalt, 2002;
Singh et al., 2007; Fantini and Barrantes, 2009]. Our findings of diffuse atrophy in some
patients may have been the result of disturbances in these cholesterol-dependent processes.

In summary, our study suggests that midline brain abnormalities are commonly found in
individuals with SLOS, and SLOS should be included in the spectrum of midline
malformation disorders. Further studies are needed to determine the role of cholesterol
metabolism during formation of midline structures. In addition, studies examining the
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relationship between brain malformations and clinical outcome measures may lead to a
better understanding of neurologic disease in individuals with SLOS and other sterol
disorders.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Demographics and sample data of the SLOS patients (N=55).

Table |

Mean (Standard Deviation) Range
Age at scan (years) 6.2 (+/-5.8) 0.17 to 25.40
Gender 27TM 28 F —
Somatic severity score (SSS)  3.22 (+/-1.9) 1t09
Brain severity score (BSS) 9.13 (+/-4.5) 2to 24
Total severity score (TSS) 12.35 (+/-5.7) 3to0 30
Serum cholesterol (mg/dl) 76.7 (+/-44.8) 810174
Serum 7DHC (mg/dl) 10.1 (+/-9.7) 0.07 to 49.70
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Brain anatomical abnormalities in SLOS patients (N=55) detected by MRI.

Table Il

Abnormality N %
Cavum 42 76
Large communicating cavum 21 38
Incomplete corpus callosum 12 22
Hypoplastic or absent rostrum 8 15
Hypoplastic or absent splenium 6 11
Hypoplastic or absent splenium and posterior body 4 7
Thick and/or thin segments of the corpus callosum * 31 56
Thick genu 9 16
Thick body 13 24
Thick all segments 2 4
Thin genu 6 11
Thin body 9 16
Thin splenium 15 27
Thin all segments * 5 9
Abnormal shape of the corpus callosum * 26 47
Foreshortening 13 24
Arching * 1 20
Flattening 2 4
Colpocephaly 35 64
Bilateral 21 38
Left only 7 13
Right only 7 13
Minimal ** 16 15
Mild ** 30 27
Moderate ** 8 7
Marked ™ 2 2
Posterior fossa abnormalities 17 31
Mild Dandy-Walker variant 11 20
Cerebellar tonsil ectopia 2 4
Type | Chiari malformation 2 4
Abnormal shape of the cerebellum (not hypoplastic) 1 2
Small gliotic cerebellum 1 2
Arachnoid cysts (28 total cysts in 17 patients) 17 31
Midline location, all types 5 1450
12 43

Quadrigeminal plate cistern s
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Abnormality N %
Middle cranial fossa & 725
Posterior cranial fossa & 5 18
Anterior cranial fossa § 2 7
Torcular fossa $ 1 4
Parietal $ 1 4

Atrophy 8 15
Diffuse cerebral atrophy 2 4
Central pattern cerebral atrophy 5 9
Generalized cerebellar atrophy 2 4

White matter lesions 2 4

*
The numbers reported do not include cases where the finding is secondary to an enlarged third ventricle.

HAA
The percentage is calculated relative to 110 total ventricles.

§The percentage is calculated relative to 28 total arachnoid cysts.
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Table Il

Brain severity score (BSS) for congenital brain anatomical abnormalities in SLOS.

Abnormality Score

Criteria

Colpocephaly (0-8)

A W N Bk O

Sum of the points for each side
None

Minimal

Mild

Moderate

Severe

Cerebellar tonsils (2-8)

o o A~ N

Position relative to the foramen magnum
Below the foramen magnum

Within the foramen magnum

Posterior fossa, not high

High

Corpus callosum (0-16)

Sum of 3 sub-score domains below
Number of absent segments, multiply by 2 *

Number of thick or thin segments *

Arching, flattening, or foreshortening

Atrophy (0-3)

w N = O

Rate the severity of the atrophy
None

Mild

Moderate

Severe

o

Lobar anomalies (0-1)

Hypoplastic lobe of the cerebrum or cerebellum

Malformed lobe of cerebrum or cerebellum

Avrachnoid cysts (0-4) 0-4

Number of arachnoid cysts -

Septum pellucidum (0-3)

w Nk O

Cavum septum pellucidum, cavum Vergae, or cavum velum interpositum

No cavum
Non-communicating cavum, 1 segment
Non-communicating cavum, 2 or 3 segments

Communicating cavum

Holoprosencephaly (0-4)

5N W N B O

Rate the severity of the holoprosencephaly variant
None

Absent septum pellucidum

Lobar holoprosencephaly

Semilobar holoprosencephaly

Alobar holoprosencephaly

Other malformations (0-3)

Rate the severity of congenital brain abnormalities not listed abo veS
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Abnormality Score Criteria

0 None

1 Minor

2 Intermediate
3 Major

*
The body is split into anterior and posterior segments, for a total of 5 segments.

*Kk
The maximum number of arachnoid cysts observed in our cohort was 4.

§Potentia|ly includes abnormalities such as pachygyria, microgyria, heterotopia, schizencephaly, aqueductal stenosis, Dandy-Walker
malformation, meningocele, encephalocele, etc. Abnormalities occurring with a prevalence of less than about 1% in the SLOS population would
have a 50% chance of going undetected in a study of 55 patients. Prenatal or perinatal lethal abnormalities would also not be detected, as this study
included only patients who were at least 2 months old.
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