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ABSTRACT

Background KBG syndrome is caused by
haploinsufficiency of ANKRD11 and is characterised by
macrodontia of upper central incisors, distinctive facial
features, short stature, skeletal anomalies, developmental
delay, brain malformations and seizures. The central
nervous system (CNS) and skeletal features remain
poorly defined.

Methods CNS and/or skeletal imaging were collected
from molecularly confirmed individuals with KBG
syndrome through an international network. We
evaluated the original imaging and compared our results
with data in the literature.

Results We identified 53 individuals, 44 with CNS and
40 with skeletal imaging. Common CNS findings included
incomplete hippocampal inversion and posterior fossa
malformations; these were significantly more common
than previously reported (63.4% and 65.9% vs 1.1%
and 24.7%, respectively). Additional features included
patulous internal auditory canal, never described before in
KBG syndrome, and the recurrence of ventriculomegaly,
encephalic cysts, empty sella and low-lying conus
medullaris. We found no correlation between these

WHAT IS ALREADY KNOWN ON THIS TOPIC

= KBG syndrome is a well-characterised
neurodevelopmental disorder caused
by ANKRD11 haploinsufficiency, but the
neuroimaging and skeletal features remain
poorly defined and often overlooked.

WHAT THIS STUDY ADDS

= Systematic evaluation of diagnostic imaging in
a large cohort of patients highlighted the deep
phenotype and natural history of KBG-related
brain, spine and skeletal abnormalities, and
allowed us to define their prevalence.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE AND/OR POLICY

= This qualitative and quantitative description of
the radiological and neuroradiological features
will aid clinicians to better evaluate and
manage individuals with KBG syndrome.

= Our data provide a reference for future research
on animal models concerning the cerebral and
skeletal consequences of ANKRD11 variants.

structural anomalies and epilepsy or intellectual disability.
Prevalent skeletal findings comprised abnormalities of the
spine including scoliosis, coccygeal anomalies and cervical
ribs. Hand X-rays revealed frequent abnormalities of carpal
bone morphology and maturation, including a greater delay
in ossification compared with metacarpal/phalanx bones.

Conclusion This cohort enabled us to describe the
prevalence of very heterogeneous neuroradiological and
skeletal anomalies in KBG syndrome. Knowledge of the
spectrum of such anomalies will aid diagnostic accuracy,
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improve patient care and provide a reference for future research on the
effects of ANKRDT1 variants in skeletal and brain development.

INTRODUCTION

KBG syndrome (MIM #148050) is an autosomal dominant
disorder caused by heterozygous variants in ANKRD11 (locus
16q24.3)." It is characterised by neurological involvement
with global developmental delay or mild/moderate intellectual
disability (ID), EEG abnormalities with or without seizures,
macrodontia of permanent upper central incisors, postnatal short
stature, typical craniofacial phenotype, conductive hearing loss,
hand anomalies, delayed skeletal maturation and costovertebral
anomalies.”® It was first described in 1975 in three unrelated
families with surname initials K, B and G.* Around 400 patients
have been described to date, but the syndrome is likely underdi-
agnosed due to affected individuals often presenting with mild
and non-specific features.

ANKRD11 encodes the chromatin co-regulator Ankyrin
Repeat Domain-Containing Protein 11.' The vast majority of
pathogenic variants are loss-of-function, with single nucleotide
variants and small delins accounting for approximately 83% of
pathogenic variants, while larger copy number variants (mostly
deletions) account for approximately 17%.° No genotype-
phenotype correlations have been reported. ANKRD11 vari-
ants appear to be fully penetrant, but intrafamilial variability is
commonly reported.'’

ANKRD11 is highly expressed in the human brain and loca-
lises to the nuclei of neurons and glial cells, where it modu-
lates transcription by binding nuclear receptor complexes and
epigenetic regulators.' © Ankrd11 knockdown in the developing
mouse brain results in decreased innervation and arborisation
of dendrites in the cerebral cortex, possibly explaining ID as
well as other neurodevelopmental and psychiatric comorbid-
ities of KBG syndrome.” Various non-specific brain anomalies
have been reported in individuals with KBG syndrome, most
notably enlarged cisterna magna, ventriculomegaly and arach-
noid cysts,” *'! but also rare occurrences of abnormal corpus
callosum, optic nerve hypoplasia, pericallosal lipoma, pituitary
gland hypoplasia, periventricular nodular heterotopia and Chiari
1 malformation.® ®® 1>"% Skeletal anomalies have been reported
in 75% of affected individuals.?® '® The most frequent are costo-
vertebral anomalies (kyphosis/scoliosis, cervical ribs, abnormal
vertebral shape, end plate abnormalities) and hand anomalies
(brachydactyly, clinodactyly of the fifth finger).? 338?12 1417-19
Other abnormalities include a wide and persistent anterior
fontanel, delayed skeletal maturation (>2SD below the mean),
sternal anomalies, hip dysplasia and rare or isolated findings
such as craniosynostosis and osteopenia.’ > *¢ '* Still, the pheno-
typical spectrum of neuroimaging and skeletal imaging, as well
as the prevalence of brain and spine malformations, remains to
be explored on large cohorts of patients with KBG syndrome.

We performed a systematic evaluation of the original neurora-
diologiocal and skeletal imaging data from 53 individuals with
genetically confirmed KBG syndrome. The aim was to deep-
phenotype the spectrum of brain, spine and skeletal malforma-
tions, compare results with the existing literature and explore
potential genotype-phenotype correlations.

METHODS

Study cohort

Individuals with KBG syndrome were enrolled in a multicentric,
international retrospective study coordinated by the institutions

AUSL-IRCCS of Reggio Emilia and Danish Epilepsy Centre.
Inclusion criteria were the diagnosis of KBG syndrome with a
molecularly confirmed ANKRD11 variant or 16q24.3 deletion,
and availability of diagnostic imaging of the brain and/or full or
partial skeletal survey. An integral copy of the original imaging
data was collected through the treating physician; diagnostic
imaging was reviewed by two independent groups consisting of
neuroradiologists, radiologists, paediatricians and geneticists.
We primarily included MRI; if only brain CT scans were avail-
able, we exclusively reported data for cysts, enlarged posterior
fossa and internal auditory canal (IAC) anomalies. Skeletal matu-
ration was determined using the Greulich and Pyle method.*
Clinical data were collected through the treating physician using
a customised clinical table including, but not limited to, birth
and pregnancy information, developmental and cognitive mile-
stones, brain images, physical examinations, behavioural and
psychiatric comorbidities, epilepsy and congenital malforma-
tions. Written informed consent was obtained from each study
participant (or, for minors or disabled cases, from parents or
legal guardians).

Genetic analysis

Probands were investigated by either single gene, panels or
whole exome sequencing (WES) requested by the treating physi-
cian. ANKRD11 variants were annotated using NCBI transcript
NM _013275.5 (GRCh38/hg38), and classified according to the
American College of Medical Genetics and Genomics and the
Association for Molecular Pathology (ACMG/AMP) recommen-
dations.*'

Review of the literature

We searched MEDLINE (PubMed) with the keywords ‘KBG’,
ANKRD11’, limiting for articles written in English and published
after 1990 to ensure optimal data collection. Last search was
done in September 2022. Relevant references in the acquired
articles, which were not found in the MEDLINE search, were
further investigated. We retrieved 44 publications, from 1994 to
2022, describing a total of 373 individuals with KBG syndrome;
of these, 89 had performed brain MRI, 182 spinal column X-rays,
141 hand X-rays, and 43 limb X-rays and were considered for
a comparison with our cohort. We did not include reports from
the ClinVar or DECIPHER databases because the clinical infor-
mation was incomplete.

Statistical analysis

Analysis of our cohort is mainly descriptive. Statistical analysis
was performed using R V.4.1.2. Fisher’s exact test (with Freeman-
Halton extension for tables larger than 2x2) and Pearson’s y>
test were used to investigate possible correlations between geno-
type and phenotype or between neuroradiological features and
clinical presentations, and to compare the frequency of findings
in our cohort and in the literature. One-way analysis of vari-
ance was used to describe the possible correlations of auxologic
measurements with age and of MRI findings with seizures age of
onset. P values <0.05 were considered statistically significant.

RESULTS

We describe 51 novel and 2 previously reported individuals with
KBG syndrome,® ' comprising 29 females and 24 males with a
median age of 11 years (range 2-32 years). For a detailed over-
view of clinical, genetic and imaging features in each participant,
see online supplemental tables 1-5.
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Table 1 In-depth overview of intracranial features of the study
cohort based on available imaging

Feature Participants, n/n evaluated (%)
Incomplete hippocampal inversion 26/41 (63.4)
Bilateral 19/41 (46.3)
Monolateral 7141 (17.1)
Posterior fossa malformations* 29/44 (65.9)
Large cisterna magna 25/44 (56.8)
Dandy-Walker continuum 1/44 (2.3)
Large cisterna magna with low 2/44 (4.5)
attachment of tentorium and low
torcula
Inferior cerebellar vermis hypoplasia ~ 1/44 (2.3)
Lateral ventricle morphology 15/41 (36.6)
abnormalities
Dilation of lateral ventricles 10/41 (24.4)
Dysmorphic atria 5/41 (12.2)
Temporal horn enlargement 441 9.8)
Other ventricular dysmorphisms 5/41 (12.2)
Cysts™ 5/44 (11.4)
Arachnoid cyst 4/44 9.1)
Choroid plexus cyst 1/44 (2.3)
Subependymal cyst 1/44 (2.3)
Pars intermedia cyst 1/44 (2.3)
White matter abnormalities 8/41 (19.5)
Generalised reduction of white matter  2/41 (4.9)
thickness
Peritrigonal reduction of white matter ~ 2/41 4.9
thickness
Localised signal alterations of white 4/41 9.8)
matter
Periventricular leukomalacia 141 (2.4)
Gliosis of the peritrigonal regions 1M (2.4)
Left cerebellar hemisphere 114 (2.4)
porencephaly
Patulous internal auditory canal® 8/12 (66.7)t
Empty sella 4/39 (10.3)
Vascular abnormalities 3/6 (50.0)t
Other brain imaging abnormalities 11/41 (26.8)
Widened subarachnoid space 2141 (4.9)
Dilation of perivascular space 3/41 (7.3)
Abnormal corpus callosum morphology 2/41 (4.9)
Olfactory nerve/bulb abnormalities 2/41 (4.9)
Ocular/optic nerve abnormalities 2141 (4.9)
Dilation of Meckel's cave 1/41 (2.4)
Agenesis of septum pellucidum 1141 (2.4)
Lipoma tuber cinereum 1/41 (2.4)

*Evaluated on both MRI and CT scan.
tUnlikely to be representative of the entire population (sample size too small).

Neuroradiological features

Neuroradiological imaging comprised T1-/T2-weighted (3D-)
MRI with coronal, axial and sagittal reconstruction of the brain
from 41 participants and of the spine from 7. In addition, CT
was available in three participants. Eleven individuals had two or
more examinations (average 3) at different ages, the earliest at 2
months of life. On average, each series spanned 4.5 years, with
the longest consisting of 10 MRIs over the course of 16 years
(online supplemental table 1). See table 1 for an in-depth over-
view and frequency of neuroradiological features in the present

cohort. Visualisation of the most significant anomalies is avail-
able in figure 1.

Skeletal features

Skeletal features were studied based on the radiological imaging
that were available in 40 participants. This comprised spine
X-rays (29 individuals), hand X-rays (27 individuals) and jaw/
tooth imaging (16 individuals, including orthopantomogra-
phies in 7). Hip scans were available in 14 participants, either as
isolated imaging or as part of a spinal column evaluation series.
Figure 2 shows an overview of relevant skeletal findings and
table 2 summarises their frequencies.

Genetic analysis and further clinical information
Non-radiological clinical data were collected to complement
the neurological and skeletal information, and are summarised
in online supplemental table 4 and further discussed in online
supplemental file 1. Online supplemental figure 2 offers an over-
view of the distinguishing facial features of some of the partici-
pants at different ages.

Figure 3 and online supplemental table 5 show the ANKRD11
variants in our cohort. Seventeen are novel, while all others have
been reported before in the literature or in databases (LOVD,
ClinVar, DECIPHER). Most variants occurred de novo; of 45
participants with available segregation analysis, 2 siblings and 4
unrelated individuals inherited the defective allele from a mildly
affected parent. Participants 4, 31 and 44, who had large chro-
mosome deletions involving multiple genes besides ANKRD11,
did not show a more severe clinical presentation than those with
intragenic variants. The recurring variant p.(Lys635GInfs*26),
found in five participants (8, 9, 12, 38 and 0), was associated
with heterogeneous clinical features ranging from normal cogni-
tion to severe ID, and with absence or presence of skeletal and
cerebral anomalies. We cannot exclude a different genetic origin
for the rarest or isolated anomalies as the majority of partici-
pants were analysed through single gene sequencing or targeted
Next Generation Sequencing (NGS) panels due to a strong clin-
ical suspicion.

DISCUSSION

We performed an in-depth, systematic evaluation of original
neuroradiological and skeletal imaging data from 53 individ-
uals with genetically confirmed KBG syndrome, and compared
results with the existing literature (figure 4). We found that both
neuroradiological and skeletal abnormalities in KBG syndrome
are very frequent as well as heterogeneous. Evaluation by two
independent groups supports the accuracy of the description and
prevalence of these findings.

We also compared imaging findings showing a frequency
greater than 20% with the type of variant identified in each
participant. No genotype-phenotype correlations were noted
(online supplemental table 6) which is consistent with previous
reports.’ 8 %

We could rarely determine the original indication for requesting
diagnostic imaging. In those cases, imaging was often performed
as part of the clinical follow-up second to epilepsy or other
neurodevelopmental signs. This may constitute a limitation in
our study, possibly leading to an overestimate of these features.
However, if we considered the prevalence across the 400 indi-
viduals with KBG reported to date rather than just the individ-
uals with MRI, some findings (eg, large cisterna magna) would
still show a marked increase compared with the general popula-
tion. This limitation does not affect the comparison between our
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Figure 1 Representative MRI images in our cohort. Arrows indicate the relevant details. (A) Pt. 16, coronal T2-weighted view: incomplete hippocampal
inversion, bilateral. (B) Pt. 7, sagittal T1: large cisterna magna. (C) Pt. 4, sagittal T1: Dandy-Walker variant. (D) Pt. 25, sagittal T2: empty sella. (E) Pt. 23, axial
T2 TSE: dilated and asymmetric lateral ventricles. (F) Pt. 10, axial T2 TSE: left trigonal enlargement. (G) Pt. 5, axial T2: arachnoid cyst in left cerebellopontine
angle. (H) Pt. 31, axial T2: arachnoid cyst in left ambient cistern. (I) Pt. 12, axial T2: bilateral patulous internal auditory canal. (J) Pt. 16, sagittal T1: lipoma
tuber cinereum. (K) Pt. 3, coronal T2: partial agenesis of septum pellucidum. (L) Pt. 12, axial T2: bilateral persistent hyperplastic primary vitreous. (M) Pt. 52,
sagittal T2: focal dorsal kyphosis due to anomalous thoracic T6-T7 vertebral differentiation. (N) Pt. 51, sagittal T2 TSE: hydromyelia and low-lying Conus
medullaris. (O) Pt. 38, sagittal T2 TSE: hydrosyringomyelia. Pt., participant.
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Figure 2 Main radiological characteristics of selected patients from our cohort, representative of the skeletal features of KBG syndrome. Arrows

indicate the most relevant details. (A) Pt. 10: orthopantomography showing macrodontia of the permanent upper incisors and dental crowding. (B) Pt.

32: macrodontia of the permanent upper incisors, dental crowding. (C) Pt. 1: cervical C2/C3 vertebral fusion. (D) Pt. 21: bilateral cervical ribs. (E) Pt. 12:
supernumerary cervical rib on the left side. (F) Pt. 10: bilateral C7 hypertrophic transverse process. (G) Pt. 26: thoracic hyperkyphosis. (H—J) Spinal column
anomalies of Pt. 39: tall lumbar vertebral bodies (H), kyphosis (1), left cervical rib and scoliosis due to thoracic hemivertebrae (J). (K—N) Evolution of the main
anomalies of hand bones over time: delayed carpal ossification with absence of the proximal row at about 3 years (K) and 6 years of age (L); partial fusion of
the lunate and triquetral carpal bones at 9 years (M); complete fusion of the lunate and triquetral bones at 10 years (N). (O) Pt. 32: agenesis of the coccyx:
only the outline of the first coccygeal vertebra is present. (P) Pt. 26: supernumerary coccygeal vertebrae. (Q) Pt. 13: short and dysmorphic metatarsal and
phalanges of fourth ray, bilaterally (right foot not shown). (R) Pt. 12: broad and short metatarsal and phalanges of first ray, bilaterally. Pt., participant.
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Table 2 In-depth overview of the skeletal and spinal features of the study cohort
Feature Participants, n/n evaluated (%) Evaluation type
Skull abnormalities 19/43 (44.2)
Wide anterior fontanel 13/43 (30.2) XR, CT, PE
Frontal bossing 3/43 (7.0) XR, MRI, PE
Craniosynostosis 216 (12.5) XR, CT, MRI
Other abnormalities of calvaria morphology 6/16 (37.5) XR, CT, MRI
Jaw and tooth abnormalities 44/51 (86.3)
Permanent upper incisors macrodontia 30/35 (85.7) XR, PE
Deciduous incisors macrodontia 9/16 (56.3) XR, PE
Tooth malposition/dental crowding 21/51 (41.2) XR, PE
Oligodontia 7/51 (13.7) XR, PE
Spine abnormalities 17132 (62.5)
Scoliosis 9/32 (40) XR, MRI
Hyperkyphosis 4/32 (20) XR, MRI
Hyperlordosis 3/32 (10) XR, MRI
Abnormal vertebral morphology 4/32 (12.5) XR, MRI
Coccygeal anomalies 4/32 (12.5) XR, MRI
Low-lying conus medullaris 417 (57.1) MRI
Hydromyelia/hydrosyringomyelia/ventriculus terminalis 417 (57.1) MRI
Rib abnormalities 18129 (62.1)
Cervical rib 14129 (48.3) XR
C7 hypertrophic transverse process 4129 (13.8) XR
Hand abnormalities 15/27 (55.6)
Carpal bone aplasia 1127 (3.7) XR
Carpal synostosis 3/27 (11.1) XR
Other abnormalities of carpal morphology 5127 (18.5) XR
Abnormalities of metacarpal morphology 2127 (7.4)
Short middle phalanx of the fifth finger 12127 (44.4) XR
Short middle phalanx of the second and fifth finger 3127 (11.1) XR
Cone-shaped epiphyses of the phalanges 127 (3.7) XR
Altered skeletal maturation 15127 (55.6)
Delayed maturation of the hand bones 14127 (51.9) XR
Advanced maturation of the hand bones 1127 (3.7) XR
Discordant maturation of carpals and phalanges 6/27 (22.2) XR
Short upper limbs 2/6 (33.3) XR
Short lower limbs 1/5 (20.0) XR
Hip abnormalities 814 (57.1)
Hip asymmetry 314 (21.4) XR
Hip dysplasia 3/14 (21.4) XR
Legg-Calve-Perthes disease 114 (7.1) XR
Absent femoral head ossific nucleus 114 (7.1) XR
Foot abnormalities 6/7 (85.7)
Broad and short tubular bones in first ray 3/7 (42.9) XR
Short/dysmorphic tubular bones in other rays 217 (28.6) XR
Cone-shaped epiphyses of the toes 27 (28.6) XR
Calcaneal alteration 117 (14.3) XR

PE, physical examination; XR, X-ray.

cohort and other retrospective reports, since the literature on
brain MRIs is usually based on the same assumptions. Further-
more, defining these prevalences is a useful secondary endpoint.
The main strength of this study consists of the in-depth descrip-
tion of the imaging findings in a large cohort of individuals with
KBG syndrome, which may be useful to researchers, clinicians
and families alike.

Neuroradiological anomalies
Brain MRI showed normal results in a few cases only (3/41); the
most common abnormalities included incomplete hippocampal

inversion (IHI), large cisterna magna and the identification of
patulous TAC as a novel report in KBG syndrome. Based on
participants with available serial MRIs, all features could be
considered constitutional. We found no signs of neurodegenera-
tion including atrophy or myelination defects.

Enlarged cisterna magna is an anatomical variant of the poste-
rior fossa consisting in a focal enlargement of the subarach-
noid space. It is a known feature of KBG syndrome (11.2% of
cases with available imaging data), but was observed at a higher
frequency in our cohort (28/44 patients, ie, 63.6%, p<0.001;
figures 1B and 4A). This prevalence is significantly higher than
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in the general population, where it is considered to occur in
about 3-10/1000 individuals.** ** Two of our participants with
enlarged cisterna magna also had low attachment of the tento-
rium and low torcula, presenting as benign features that were
not associated with Chiari malformation. One participant had a
posterior fossa abnormality at the mild end of the Dandy-Walker
continuum, with hypoplasia and anticlockwise rotation of the
cerebellar vermis and with dilated fourth ventricle (figure 1C).
A similar anomaly was reported in at least three individuals with
KBG in the literature.!* 2 However, the non-specific association
of this feature with various syndromes and the single report in a
cohort as large as ours argue against its clinical utility in differ-
ential diagnosis, as previously proposed.”®

MRI detected various forms of ventricular anomalies in 15 out
of 41 (36.6%) participants, including enlarged lateral ventricles
and dysmorphic trigone (figure 1E,F). The overall prevalence is
significantly higher than in the literature (p=0.009), although
most reports only mention ventriculomegaly and provide no
further details.

IHI, one of the most common findings in our cohort (26/41,
63.4%) and mostly bilateral (19/26; figure 1A), has been previ-
ously reported in a single individual with KBG,'" probably
because of different methodologies in diagnostic practice. It
arises from a subtle defect of the enfolding process of the brain,
and although the clinical significance is still debated, IHI is
often considered an anatomical variant. IHI can be found in
6%-24% of healthy individuals with brain MRI data, usually
monolateral on the left side and less frequently bilateral, but it
is more commonly reported in individuals with other subclinical
cortical malformations, with heterogeneous epilepsy syndromes
or with inherited neurodevelopmental conditions.”” ** The high

incidence of bilateral THI in KBG syndrome may indicate a
modest effect of ANKRD11 on cortical development, possibly
unrelated to clinical manifestations. Notably, we did not observe
subependymal heterotopia or diffuse abnormalities of cortical
gyration. In the literature there is a single study describing four
individuals with thin uncinate fascicles and localised sulcation
anomalies, mild and without overt polymicrogiria.”’ In our
retrospective cohort, we could not perform a detailed analysis
since volumetric MRI was not part of the diagnostic protocols,
and MRI tractography was available for only one participant.

We observed white matter (WM) abnormalities less frequently
(8/41) and mostly in the periventricular region, although we
observed generalised thickness reduction in two cases. Two
participants showed cerebellar involvement, one with poren-
cephaly, the other with small rounded hypointensities on
T2-weighted imaging representing a possible sign of calcifi-
cation. Only eight individuals were described in the literature
with heterogeneous WM abnormalities such as atrophy, delayed
myelination, periventricular leukomalacia and cerebral calcifica-
tions,” > *7'% indicating a lack of specificity for KBG syndrome.

Abnormalities of the sellar region were noted in five partic-
ipants and included empty sella (figure 1D), shallow pituitary
fossa and cystic lesion of the pars intermedia. One participant
was treated with somatotropin due to growth hormone defi-
ciency. Another had normal hormonal levels, while referring
physicians had not investigated the rest; all four had auxological
parameters within normal ranges (online supplemental table 2).
Only two individuals with sellar anomalies were described in the
literature.™ *® Empty sella in children is usually an indication of
pituitary gland hypolasia or aplasia and is considered one of the
main risk factors of hormone deficiencies.’!
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Figure 4  Stacked histograms comparing the imaging findings in our cohort with those reported in the literature. (A) Brain abnormalities at diagnostic
imaging. Cortical gyration anomalies consist solely of the four mild alterations reported in a volumetric study, and no macroscopic gyration defects were
detected by standard MRI in any of the other publications. (B) Skeletal abnormalities at diagnostic imaging. Skeletal features mainly determined through
physical examination rather than X-ray imaging, such as wide anterior fontanel and hip dysplasia, were not included because of the difficulty of establishing
accurate ratios of evaluated patients. *Significant difference at p<0.05. **Significant difference at p<0.001.

We observed vascular anomalies in three participants, all
benign anatomical variants reported with variable frequency in
the general population.®? Since only six individuals were investi-
gated specifically for vascular anomalies, these data do not fully
represent our retrospective cohort.

We noted cystic lesions in six participants, with arachnoid
cysts being the most frequent type (figure 1G,H), in accor-
dance with the literature. We also confirmed the rarity of corpus
callosum anomalies, hypoplasia of the optic nerve and intracra-
nial lipomas (figure 1J), while Chiari malformation and cere-
bellar atrophy'®!'! were absent in our cohort.

Novel features included a patulous IAC observed in 8 partici-
pants out of 12 with appropriate MRI or CT cross sections avail-
able (figure 1I). This rare anatomical variant, found in less than
0.5% of the general population, is characterised by a bilateral
and usually symmetrical height increase at the midportion of
the IAC.* It differs from dilatation due to acoustic neuromas
because the cortical margins and falciform crest of the canal
are preserved. Its significance in the pathogenesis of congenital
hearing impairment is controversial.>* ** In our cohort, hearing
loss was reported in only two of the eight participants with patu-
lous IAC, but in all four with confirmed normal IAC, suggesting
that an association seems unlikely. Nevertheless, IAC evaluation
may be considered during the follow-up of individuals with KBG
syndrome and hearing defects, since patulous IAC was proposed
as a risk of complications during ear surgery.**

Additional novel findings included partial agenesis of septum
pellucidum (figure 1K), dilation of Meckel’s cave, persistent
hyperplastic primary vitreous (figure 1L), and hypoplasia of
olfactory bulb and olfactory nerve. Interestingly, it has been
suggested that Ankrd11-deficient mice may show defects in

olfactory bulb development (A. Voronova, personal communica-
tion at KBG Scientific Meeting, 7 June 2022).

Some features, most notably IHI and arachnoid cysts, have
been proposed as non-specific markers of a genetic predisposi-
tion to seizures.”” % In our cohort, statistical analysis using Fish-
er’s exact test revealed that neither epilepsy presence or age of
onset, nor the severity of ID, was significantly associated with
any specific MRI finding, or with the burden of brain anomalies
(online supplemental table 7, online supplemental figure 2). This
supports the genetic aetiology of seizures in individuals with
KBG syndrome, arising from the role of ANKRD11 in neuronal
plasticity' rather than from structural abnormalities.

Skeletal and spine anomalies

Skeletal features have been studied more extensively in the past
compared with neuroradiological features, and their prevalences
match well with those of our cohort (figure 4B).

In 2018, we described an individual (participant 1 in this
study) with a long and prominent coccyx, and postulated that
this atypical anomaly should be considered in the differential
diagnosis.”” A second individual in the present cohort had an
elongated coccyx, while two more showed rare coccygeal anom-
alies (figure 20,P), reinforcing the notion that ANKRD11 may
be important—although not essential—for coccyx development.
Anomalies in the development of the axial skeleton in general
seem to be recurrent in KBG syndrome. Our cohort shows rare
instances of cervical C2/C3 vertebral fusion, C1/occipital bone
fusion, retroflexed odontoid process, dysmorphic dorsal verte-
brae and tall bodies of the lumbar vertebrae in a total of four
participants (figure 2C,H). Previous reports found abnormal
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vertebral morphology or vertebral fusion in about 30% of indi-
viduals with KBG syndrome.”* ® 172 Overall, the occurrence
of these features as isolated defects in the general population is
thought to be much lower, about 1 in 2000-5000 live births.*® %’
Most anomalies are benign, but some may progress to clinical
relevance due to spinal cord compression, while Cl/occiput
fusion usually requires surgical intervention.*®

Abnormal curvature of the vertebral column consisting of
kyphosis, lordosis or scoliosis was reported for 24.6% indi-
viduals with KBG in the literature, and if we consider both
imaging and clinical examinations, a similar rate emerged in
our cohort (26.9%; online supplemental table 4, figure 1M and
figure 2G-J).

Spine MRI in seven participants revealed low-lying conus
medullaris ending below the L2 vertebra (n=4), hydromyelia
(n=2), ventriculus terminalis (n=1) and hydro-syringomyelia
(n=1) (figure IN-O). While most of these findings are benign,
syringomyelia can slowly evolve and cause paralysis, sensory
loss and chronic pain starting from the third or fourth decade
of life.*® Six reports of tethered cord in the literature!” 3% 372
further suggest that particular attention should be given to these
findings. Importantly, a combination of medullary features with
scoliosis and other vertebral abnormalities may contribute to an
unfavourable clinical progression by spinal cord compression
or bending. One of our participants with hydromyelia also had
partial C1 vertebra/occiput fusion while another had hyperky-
phosis. No specific symptoms were reported at the time of data
collection, but since they were all younger than 20years, we
cannot exclude a later evolution. We suggest checking regularly
for symptoms such as lower back pain, sensory or motor deficit
of the legs, bladder or bowel dysfunction, and performing spine
MRI at the earliest suspicion of a progressive anomaly of the
spine. A prospective study and long-term follow-up in a larger
cohort would be required to establish the exact risks associated
with spinal anomalies.

Cervical ribs are known to be more frequent in KBG
syndrome? than in the general population, occurring in less than
1% of individuals and usually monolaterally.*® In the present
cohort, cervical ribs and hypertrophy of C7 cervical vertebra
transverse processes were bilateral in all but two cases and had a
significantly higher frequency than previously reported (62.1%
vs 28%, p<0.001). This is likely due to a more inclusive charac-
terisation of C7 transverse process hypertrophy. In the context
of other conditions, cervical ribs have been occasionally known
to cause blood vessel or nerve compression.* Thoracic outlet
syndrome has yet to be reported in KBG syndrome, but should
be considered in individuals experiencing numbness or pain of
the arm, pain of the neck/upper back/upper chest, discolouration
of the hand or dizziness.*’

Another known feature of KBG syndrome is brachydactyly,
often associated with different bone anomalies. Twelve of our
participants with hand X-rays showed short middle phalanx
of the fifth finger, with concomitant short middle phalanx of
the second finger in three cases, which represents a type 4A
brachydactyly.

Altered skeletal maturation is also common in KBG
syndrome.? '*'® In our cohort, one participant showed acceler-
ated skeletal maturation while 14 had an ossification delay more
than 2 SD below the sex-matched and age-matched population
mean. Four additional individuals had a delay of at least —1 SD.
Across all hand X-rays from 27 participants, we could observe a
general trend of delayed maturation (average —1.96+2.06 SD),
especially at younger ages (online supplemental table 3). We
noted a greater ossification delay of the carpal bones compared

with metacarpals and phalanges in nine participants, with a
discrepancy >2SD in six. We also observed recurrent abnormal-
ities of carpal bone morphology, including aplasia, dysmorphic
shape and lunate-triquetral fusion; the latter noted in three cases
and never reported before in KBG syndrome. Carpal fusion can
occur as an isolated finding in the paediatric population, but
is usually infrequent, about 1:200.** A longitudinal evaluation
of hand radiographs from one participant allowed us to study
the onset and evolution of carpal anomalies (figure 2K-N). At
3years S months of age, the participant showed delayed ossifi-
cation of the tubular bones and especially of the carpals, with
absence of the proximal row up to 6years of age. Maturation
rate improved over time, and at 9 years of age, the tubular bones
were adequate, while the carpals were still delayed; the lunate and
triquetral bones showed partial synostosis and were completely
fused together by 10years of age. These data suggest that the
marked ossification delay and morphological anomalies of the
carpal bones may share a common pathogenetic mechanism, and
support the crucial role of ANKRD11 in osteogenesis indicated
by mouse models.”’ * These uncommon anomalies may also
provide a useful contribution in suspecting KBG syndrome.
Foot X-rays showed a range of rare or isolated anomalies
including cone-shaped epiphyses of toes, and dysmorphic or
hypomorphic metatarsal bones and phalanges (figure 2Q,R).
Hip scans revealed only two participants with asymmetry in the
height of the femural heads and one participant with Legg-Calve-
Perthes disease of the right femur, which consists of femoral
head degeneration secondary to blood supply deprivation due to
unknown reasons. This anomaly has been observed in only one
other case in the literature'' and could be an incidental finding.

CONCLUSION

Skeletal, spinal and brain anomalies are quite common among
individuals with KBG syndrome. Combinations of these hetero-
geneous findings can be valuable in guiding the diagnostic suspi-
cion. Because of the phenotypic variability of KBG syndrome,
some individuals may display a single feature such as ID or short
stature as the predominant clinical aspect. This is especially true
of young children with deciduous dentition, who may not display
macrodontia yet. Even when WES or a gene panel is employed
to seek a molecular diagnosis, it may result in a variant of uncer-
tain significance that needs to be addressed. Brain MRI or X-ray
detection of the congenital features described in this study, such
as patulous IAC or costovertebral and hand bone anomalies, can
provide further clues for solving these cases. Brain MRI is not
recommended as a routine first-tier diagnostic test in the absence
of focal neurological deficits, especially because of concerns
regarding the sedation of children. However, available imaging
obtained while investigating ID or seizures may be reviewed to
look for suggestive features, even if benign.

This knowledge can also be useful for the management of
affected individuals. Some anatomical variants may be consid-
ered benign when isolated in the general population, but deserve
proper attention in the follow-up of individuals with KBG
syndrome. In fact, they can occur more frequently and in combi-
nation, with symptoms that may be difficult to detect in people
with ID or autistic features. Spine abnormalities in particular,
even if clinically silent at the time of detection, should be moni-
tored over time and investigated for signs of a possible evolution.

Lastly, the spectrum of abnormalities presented here can be
valuable for future research on the effects of ANKRD11 variants
on skeletal and neural development, by providing a reference for
cellular and animal models of KBG syndrome.
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