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Macrocephaly affects up to 5% of the pediatric population and is defined as an
abnormally large head with an occipitofrontal circumference (OFC) >2 standard
deviations (SD) above the mean for a given age and sex. Taking into account that about
2-3% of the healthy population has an OFC between 2 and 3 SD, macrocephaly is
considered as “clinically relevant” when OFC is above 3 SD. This implies the urgent
need for a diagnostic workflow to use in the clinical setting to dissect the several
causes of increased OFC, from the benign form of familial macrocephaly and the Benign
enlargement of subarachnoid spaces (BESS) to many pathological conditions, including
genetic disorders. Moreover, macrocephaly should be differentiated by megalencephaly
(MEG), which refers exclusively to brain overgrowth, exceeding twice the SD (3SD—
“clinically relevant” megalencephaly). While macrocephaly can be isolated and benign or
may be the first indication of an underlying congenital, genetic, or acquired disorder,
megalencephaly is most likely due to a genetic cause. Apart from the head size
evaluation, a detailed family and personal history, neuroimaging, and a careful clinical
evaluation are crucial to reach the correct diagnosis. In this review, we seek to underline
the clinical aspects of macrocephaly and megalencephaly, emphasizing the main
differential diagnosis with a major focus on common genetic disorders. We thus provide
a clinico-radiological algorithm to guide pediatricians in the assessment of children with
macrocephaly.

Keywords: macrocephaly, brain MRI, megalencephaly, head circumference, genetic diagnosis

INTRODUCTION

Macrocephaly is a relatively common clinical condition affecting up to 5% of the pediatric
population (1). It encompasses a broad range of clinical entities ranging from benign familial
macrocephaly and Benign External Hydrocephalus (BEH) to more than 200 genetic disorders.
Macrocephaly can also be a sign of serious acquired conditions such as progressive hydrocephalus,
vascular anomalies, or intracranial masses that may necessitate urgent intervention. Therefore, it
is fundamental for clinicians to recognize the clinical hallmarks of these conditions to reach the
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correct diagnosis. The differential diagnosis is indeed very
broad requiring a systematic approach including clinical
history, physical examination, and neuroradiological evaluation.
Neuroimaging has classically played a major role in the
evaluation of macrocephaly helping to distinguish acquired
causes from congenital abnormalities (2). From a clinical
point of view, some features including cutaneous and vascular
anomalies and several craniofacial dysmorphisms have helped
physicians to recognize specific neurogenetic disorders
presenting with macrocephaly. However, the increasing use
of Next Generation Sequencing (NGS) in the last decade
has allowed the identification of several novel genetic disorders
associated with macrocephaly, challenging their genetic diagnosis
in a clinical setting.

In this review, we conducted a search of the PubMed
database from January 1990 to March 2021, using the

terms  “macrocephaly,  “macrocrania,”  “megalencephaly,’
“hemimegalencephaly,’ “relative macrocephaly,”
“congenital/primary macrocephaly.” Additional references

that were cited in relevant articles were also used.

Therefore, we gathered information in the above articles
with the aim to (a) overview the definitions of macrocephaly,
highlighting its significance and classification; (b) overview the
most common causes of macrocephaly with a major focus on
common genetic disorders; (c) provide a general diagnostic
workflow to guide physicians in the differential diagnosis of
macrocephaly in the clinical practice.

TERMINOLOGY AND CLASSIFICATIONS

Macrocephaly (or macrocrania) is clinically defined as an
abnormally large head with an occipitofrontal circumference
(OFC) >2 standard deviations (SD) above the mean or greater
than the 97" centile for a given age and sex (3). Of note,
many children with mild macrocephaly, i.e., with an OFC
between +2 and +3 SD (corresponding to the 99.7% centile)
(4, 5) have normal development and up to 60% of them
have a familial recurrence of benign macrocephaly (6). On the
other hand, children with an OFC exceeding 3 SD typically
present with neurogenetic disorders characterized by intellectual
disability (ID), autism spectrum disorders (ASD), and frequent
comorbidities (7).

Macrocephaly identified in wutero or at birth is called
“congenital or primary macrocephaly” to distinguish from cases
in which a large head only develops postnatally (i.e., secondary
macrocephaly). Of note, the term “relative macrocephaly”
is used to describe a head circumference <2 SD but yet
disproportionately large compared to the height and weight
parameters of the individual (usually <2 SD) (8).

Importantly, macrocephaly should be distinguished from
megalencephaly (MEG), which refers to an oversized and
overweight brain (4, 9). Indeed, in contrast to the close
relationship between microcephaly and micrencephaly, MEG is
only one of the possible causes of macrocephaly. Other etiologies
include subdural fluid collections, hydrocephalus, intracranial
masses, and skeletal dysplasias (10-12).

According to the subjacent etiology and pathophysiology,
MEG has been classically divided into two groups, namely

anatomical/developmental and metabolic MEG (4, 11).
Anatomic/developmental MEG includes those enlarged brains
due to increased size or number of neuronal cells caused by
disruption of signaling pathways that regulate brain cellular
proliferation, differentiation, cell cycle regulation, and survival,
whereas metabolic megalencephaly results from an abnormal
accumulation of metabolic substances within the cells of the
brain (10).

On the other side, it is important to note that
anatomical/developmental MEG does not necessarily imply
macrocrania, as brain overgrowth may be unilateral or even
focal, thus not impacting significantly on head circumference
(13). Indeed, although anatomical/developmental MEG has
been classically considered a single brain malformation, it is
now recognized as a spectrum of brain overgrowth disorders, as
explained in detail subsequently (10, 13, 14).

OCCIPITAL CIRCUMFERENCE: FROM
FETAL TO POSTNATAL BRAIN
DEVELOPMENT

The fetal human brain begins to develop during the third week of
gestation and continues into early adulthood. Neural progenitor
cells begin to divide and differentiate into neurons and glia, the
two cell types that form the basis of the nervous system (15).
By the end of the embryonic period (gestational week 10), the
basics of the neural system are established. The brain structures
continue to develop during pregnancy, changing their size and
conformation in response to tightly regulated developmental
processes controlled by multiple genetic signaling pathways and
environmental factors.

Head circumference normally enlarges by approximately
1 mm per day between 26 and 32 weeks of gestation, and about
0.7 mm per day between 32 and 40 weeks (16).

The OFC of full-term babies ranges from 32 to 37cm,
corresponding to a brain weight of about 370 g. Initial postnatal
brain growth follows a general rule according to which OFC
increases by 2, 1, and 0.5 cm per month, during the first, second,
and third trimesters, respectively, for an overall expansion of
about 12 cm during the first year of life. Although a child’s head
growth slows during the second year, the attainment of almost
90% of adult head size is completed by the end of infancy (17).
Brain is fully developed by the age of 25 with an estimated
weight of about 1,500 g that corresponds to an OFC of 52-58 and
52.5-58.5 cm in females and males, respectively (3).

MACROCEPHALY AND AUTISM
SPECTRUM DISORDER

A growing body of literature has provided evidence that up
to 15% of individuals with ASD have macrocephaly (18, 19).
Disruption of the tight regulated processes of neurogenesis,
neuronal migration, and synaptogenesis leading to impaired
brain development and function, have been investigated as
common pathomechanisms for both ASD and macrocephaly
(20). Interestingly, an increase in neuronal numbers in prefrontal
cortex of subjects with ASD and macrocephaly has been reported,
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suggesting excess neurogenesis/neuronal proliferation as an
underlying pathomechanism for the increased cerebral size in
ASD (21). In addition, abnormal laminar positioning of cortical
projection neurons has been found at the brain MRI and
post-mortem analysis in children diagnosed with ASD (22),
underscoring the importance of a proper neuronal migration
to ensure the formation of the six-layers cerebral cortex and
the establishment of functional neuronal connectivity in the
developing brain. Once neurons have migrated, they undergo
structural changes to ultimately form synaptic connections
and incorporate into functional neuronal networks for proper
brain function. Inappropriate synaptic pruning or arborization,
resulting in increased dendrite number and size is a further
proposed mechanism linking ASD and macrocephaly (23).
Therefore, dysregulation of these developmental processes due
to mutations in genes involved in cell proliferation (e.g., PTEN),
chromatin remodeling (e.g., CHD and KMT2 gene families),
transcription and protein translation (e.g., FMR1) leads to
increase head size and a spectrum of developmental features
including ASD.

MEASURING THE OCCIPITAL
CIRCUMFERENCE: HOW AND WHEN?

Measuring the head circumference is an essential component
of the physical examination in pediatric practice. It could be a
challenging task to carry out, especially in restless young children
and in the presence of thick hair, or if the tape is not placed
properly. A precise measure of the head circumference should be
performed by putting the tape measure along the most prominent
diameter of the occiput and the mid-forehead (OFC). Then,
head circumference values should be plotted in appropriate head
circumference charts and normalized for age and gender (24).
Occipitofrontal circumference at birth should also be normalized
for week gestation of delivery and interpreted in the relation to
other birth and fetal growth parameters. Specific neonatal growth
charts are available for certain populations (25-27). Currently,
the most widely used growth charts until the age of 36 months
are those of Centers for Disease Control and Prevention (CDC).
Similarly, the WHO provides head circumference and growth
charts up to 5 years of age (28). New age- and sex-appropriate
US CDC charts were published in 2010 (http://www.cdc.gov/
growthcharts), also providing head circumference growth charts
until the age of 20. According to the American Academy of
Pediatrics, OFC should be measured periodically at the well-child
visits until the age of 2. In the absence of practice guidelines,
the OFC measurement is often overlooked in older children (29).
However, OFC measurement should be warranted in all children,
regardless their age, especially in presence of clinical signs of
increased intracranial pressure (ICP) and neurodevelopmental
delay or neurological impairment.

HISTORY TAKING AND PHYSICAL EXAM

Clues to causative factors are usually found on history and
examination. First, family history should be taken to identify

BOX 1 | Symptoms and signs of increased intracranial pressure in the
pediatric age.

Progressive increase of occipital circumference

Tense or bulging fontanelle

Change in the child’s behavior such as extreme irritability or sleepiness

Eye changes (crossed eyes, droopy eyelids, blurred or double vision, unequal
size of eye pupils, or continuous downward gaze)

Nausea or vomiting

Gait abnormalities

Loss of consciousness

Seizure

any possible genetic syndrome associated with macrocephaly that
may segregate in the family. Parental head circumference should
be always measured taking into account that isolated benign
megalencephaly is a familial trait in over 50% of cases (30).

Furthermore, an accurate developmental history should be
taken to address if the child met all developmental milestones
and there is any evidence of developmental regression and
behavioral change.

Perinatal history should be reviewed since prematurity could
be a risk factor for hydrocephalus.

Medical history should focus to detect possible causes of
hydrocephalus (e.g., intraventricular hemorrhage, meningitis,
intracranial neoplasm), presence of congenital anomalies,
neurological abnormalities, skin, and vascular anomalies.

The growth rate of OFC should be carefully compared with
previous values to seek any remarkable change (e.g., a sharp
increase of head size may suggest an acquired cause such as
hydrocephalus). It is also extremely important to compare OFC
with length/height and weight to figure out whether it is an
isolated macrocephaly, relative macrocephaly, or it is part of a
generalized overgrowth disorder.

The first and most important step in the clinical evaluation
of macrocephaly is the exclusion of raised ICP as it is a
neurosurgical emergency. Symptoms and signs of increased
ICP are summarized in Box 1. A bruit across the fontanelle
or systemic signs of congestive heart failure may indicate an
intracranial vascular malformation.

A careful physical exam should look at the presence
of organomegaly (observed in overgrowth and metabolic
disorders), skin and vascular anomalies (e.g., café-au-lait
spots, hypopigmented macules, penile flecking, cutaneous
naevi, hemangiomas, and other vascular anomalies seen in
neurocutanous syndromes and mTORopathies), segmental
overgrowth, craniofacial dysmorphisms, skeletal anomalies, and
other congenital malformations.

BRAIN IMAGING: WHEN AND HOW?

Neuroimaging has traditionally played a major role in the
diagnostic work-up of macrocephaly, namely in distinguishing
MEG from secondary causes of macrocephaly. However, there
are currently no recommendations from the American Academy
of Pediatrics or the American College of Radiology providing
imaging guidelines for macrocephaly (31). Therefore, requiring
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brain Magnetic Resonance Imaging (MRI) in a child with
macrocephaly usually relies on the individual experience of the
referring physician.

Recently, Sampson et al. proposed an evaluation algorithm
to decide which children with macrocephaly or OFC rapidly
increasing crossing two major percentiles should benefit
of a neuroimaging examination. In particular, imaging is
recommended in presence of risk factors such as developmental
delay (DD), neurological signs and/or symptoms, unexplained
irritability, and change in feeding, or concerns of abusive
head trauma. Complementary neuroimaging should be also
considered in cases with facial dysmorphism, associated body
overweight, and/or cutaneous or vascular hallmarks. Conversely,
brain MRI may not be initially necessary in children with no risk
factors or other abnormal physical features and a positive family
history of macrocephaly (31). Nevertheless, clinical vigilance
should be maintained even in those cases.

Regarding the choice of imaging modality, head US might be
considered as the initial approach in the case of open fontanels
since it does not require sedation and does not expose the
patient to ionizing radiation. However, brain MRI should be
considered the best modality to study these patients, as it has
the highest diagnostic accuracy. “Feed and wrap” techniques
should be attempted first in newborns and young infants in order
to try to avoid sedation. Head CT must be considered in the
setting of emergency or to evaluate bony structures in selected
cases, namely the skull base, cranial vault, and craniofacial bones,
due to the exposure to ionizing radiation. Finally, very low-dose
head CT and/or “quick brain” MRI protocols might be used
in the follow-up of secondary macrocephaly (for instance due
to hydrocephalus).

IMAGING APPROACH TO
MACROCEPHALY

As previously mentioned, neuroimaging studies are essential to
differentiate MEG from macrocephaly due to increased volume
of other intracranial components or abnormal masses and this
division represents the first step of the imaging assessment.
Therefore, careful image inspection should be made to
exclude secondary causes of macrocrania, namely hydrocephalus,
enlargement of the extracranial spaces, presence of intra or
extra-axial tumors or cysts or abnormal skull base/cranium
configuration due to a bone dysplasia (Supplementary Figure 1).

Concerning the patients with macrocrania due to CSF
expansion, it is important to separate the common Benign
enlargement of subarachnoid spaces (BESS) from the concerning
cases of true hydrocephalus. Indeed, the former is characterized
by a rather characteristic imaging pattern with predominant
enlargement of the anterior pericerebral CSF spaces, sometimes
accompanied by mild to moderate ventricular enlargement.
Conversely, if hydrocephalus is noted, the next step is to assess
which ventricular cavities are expanded to divide obstructive
from communicating hydrocephalus. It is also important to try
identifying the level and cause of obstruction as well as any sign
of acute decompensation and in the latter case immediately alert
the referring physician.

Whenever an intracranial mass/cyst with mass effect with or
without associated hydrocephalus is identified, the main goals
of neuroimaging are: (i) to assess its etiology or at least its
more probable benign or malignant nature, (ii) to identify any
additional intracranial and/or spinal lesions or other signs of
disease spread, and (iii) to guide surgical planning, if appropriate.
Finally, macrocrania can be present in the setting of a bone
dysplasia. Therefore, a careful evaluation of bone thickness,
signal intensity and/or density, and overall morphology of the
skull base, cranial vault, and facial bones, as well as delayed
patency or premature fusion of cranial sutures should be
systematically performed.

Once these secondary causes have been excluded, the
next step consists of an attempt to distinguish between
developmental/congenital MEG and metabolic ~MEG
(Supplementary Figure 2). Of note, diffuse, bilateral, and
homogeneous brain enlargement can be caused by both
developmental/congenital and metabolic MEG, while only
developmental/congenital MEG can present with unilateral or
bilateral asymmetric brain overgrowth. Imaging abnormalities
in metabolic MEG are usually dynamic, varying over time,
while in developmental/congenital MEG they are mostly stable,
except for myelination-related changes and possible overlapping
neurodegenerative features in mTORopathies (32). Additional
findings pointing toward a metabolic MEG include bilateral,
symmetric areas of TIWI or T2WI/FLAIR signal abnormalities
in the white matter or gray matter, as well as the presence of areas
of restricted diffusion or parenchymal cysts. Moreover, midline
or malformations of cortical development (MCD) are usually
absent in metabolic MEG. Identification of specific metabolic
causes of macrocrania often relies on a pattern recognition
approach (see specific conditions below) in the setting of
an appropriated clinical picture. Proton magnetic resonance
spectroscopy (H1-MRS) can also have a role in the diagnosis
of some of these conditions. Once metabolic MEG is excluded,
anatomical/developmental brain overgrowth can be assumed
and further subclassified according to the extent and location
of brain enlargement, including: (i) symmetric or asymmetric
bilateral involvement; (ii) complete or near complete unilateral
involvement (aka hemimegalencephaly, HMEG) (33), and (iii)
partial unilateral involvement of up to three cerebral lobes (aka
quadrantic dysplasia, lobar HMEG or hemi-HME), affecting
either predominantly the frontal lobe or the parietal-occipital
lobes (34). In the latter case, the brain parenchyma typically
extends to the contralateral side, a finding called the “occipital
sign” (33).

“Total HMEG” has been used to describe the specific
association of HMEG with overgrowth of the ipsilateral
brainstem and/or cerebellum (35). Although it is rather
uncommon, posterior cranial fossa structures may also be
involved in other conditions of the MEG spectrum, with
overgrowth of the cerebellum (with or without cerebellar cortical
dysplasia) often progressing more rapidly than the cerebrum
during the first 2 years of life, sometimes leading to acquired
cerebellar tonsillar ectopia (36, 37).

Once brain overgrowth has been confirmed and its extension
and location precisely described, associated intracranial
malformations should be carefully sought. Indeed, all
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forms of anatomical/developmental MEG may either have
a normal-appearing cortex or be associated with cortical
malformations (aka dysplastic MEG) and/or white matter
signal abnormalities age (37). Importantly, it has recently been
discovered that dysplastic HMEG correspond indeed to large
areas of focal cortical dysplasia Type II, with the size of the area
dependent upon both the timing and the extent of the causative
mutation (38). Midline abnormalities, involving the corpus
callosum, septum pellucidum, and fornix are also common in
this group of disorders (36, 39, 40) and aberrant midsagittal
fibers can be also depicted on DTI running either intra or
inter-hemispherically, especially on HMEG (41-43).

Finally, the basal ganglia and thalami may be also
involved, either showing increased volume or abnormal
morphology/definition (39, 44) and the lateral ventricle in the
affected hemisphere(s) may also exhibit straightened frontal
horn, colpocephalic dilatation, and global dilatation (33, 44-47).
Less frequently, partial lateral ventricular collapse might also be
present (39, 44).

OVERVIEW OF THE MAIN DIFFERENTIAL
DIAGNOSIS OF MACROCEPHALY

Macrocephaly Related to CSF Expansion
Benign Enlargement of Subarachnoid Spaces

Benign enlargement of subarachnoid spaces is the most
common cause of macrocephaly in infancy with an estimated
incidence of 0.5 per 1,000 live births (48). There is a male-to-
female predominance and intra-familiar recurrence of “benign
macrocephaly” has been reported in about 40% of cases (49).

Macrocephaly in BESS is due to an increase in subarachnoid
space volume, especially along the frontal convexities, and a
normal or only slight increase in the volume of the lateral
ventricles. BESS is considered a self-limiting condition, clinically
characterized by a rapid increase in head circumference around
the age of 6 months that stabilizes at around 18 months and then
resolves spontaneously by the age of 3 years (49).

Among the several pathogenic hypotheses that have been
proposed, the most accredited theory is the one related to
the arachnoid villi immaturity that would be unable to absorb
cerebrospinal fluid (CSF) (50, 51). Indeed, maturation of the
arachnoid villi is often complete by 18 months, corresponding
to the time when the increase in head circumference stabilizes.
The majority of infants do not show any clinical signs or
symptoms of increased ICP and are physically, neurologically,
and developmentally normal at follow-up. However, variable
gross motor and speech delays have been reported in several
studies (52).

For neuroradiologists, it is challenging to define the limit
between normal and enlarged subarachnoid spaces since it
changes with age. However, a craniocortical width above 10 mm
appears to be an overt sign of pathology (2). The earliest imaging
sign is often the enlargement of the frontal interhemispheric
fissure, followed by enlargement of the frontal subarachnoid
spaces. Concurrent findings may include enlargement of lateral
ventricles, the third ventricle, and the basal cisterns. Typically,
the “cortical vein sign” (i.e., visualization of cortical veins

within fluid collections at the cerebral convexities) is used to
distinguish BESS from a subdural fluid collection (e.g., chronic
subdural hematoma) (Figure 1). The most serious complication
is subdural hematoma, likely related to stretching of the
bridging veins traversing the enlarged subarachnoid spaces.
As the condition is self-limiting, treatment of BESS is mostly
conservative although shunting and temporary acetazolamide
treatment have been adopted in some cases (51).

Follow-up brain MRI can help to establish temporal resolution
and periodic clinical evaluations are warranted to ascertain there
are no interval neurodevelopmental delay/regression or new
neurological deficits.

Hydrocephalus

Despite the lack of a precise definition, hydrocephalus refers to
a disorder of CSF physiology resulting in abnormal expansion of
the cerebral ventricles, typically associated with increased ICP.

First, hydrocephalus should be distinguished by BESS, which
presents with the aforementioned neuroradiological pattern, in
absence of increased ICP signs. Several acquired and genetic
causes have been associated with hydrocephalus and are listed
in Supplementary Table 1 (53, 54). Based on pathophysiology,
it may be due to processes that affect ventricular outflow,
subarachnoid space function, cerebral venous compliance, or
CSF production/reabsorption.

Traditionally, hydrocephalus has been classified into
two major groups: obstructive or non-communicating
hydrocephalus, which arises from an obstruction in the
ventricular system, basilar cisterns, or foramen magnum,
and communicating hydrocephalus that occurs when
full communication exists between the ventricles and
sub-arachnoid space.

Among the many causes of obstructive hydrocephalus in
children, brain tumors (especially infratentorial), idiopathic
aqueductal ~ stenosis, X-linked hydrocephalus, Dandy-
Walker, and Chiari malformations are the most common.
Communicating hydrocephalus is rarer in children and
is usually caused by deficient resorption of CSF or by an
altered blood circulation within the brain, skull or chest.
Further rare causes of communicating hydrocephalus include
increased CSF production as seen in choroid plexus papilloma
or hypertrophy (55). Of note, infectious (e.g., meningitis)
and intracranial haemorrhagic lesions may cause both
obstructive and communicating hydrocephalus, due to
adhesions/obstructions in the subarachnoid spaces and
basal cisterns or due to a reduction of CSF reabsorption,
respectively. Of note, adhesions/obstructions may cause also
communicating hydrocephalus when the obstruction is not at
the basal cistern area.

It is crucial to distinguish on neuroimaging between acute and
chronic hydrocephalus, as the former needs urgent neurosurgical
evaluation and derivation procedures. Presence of diffuse
effacement of the cortical sulci and increased periventricular
interstitial fluid point toward an acute decompensated condition.

A thorough clinical history and physical exam could help
physicians to recognize a genetic form of hydrocephalus (56,
57). For instance, familial recurrence from the maternal side
may suggest X-linked hydrocephalus (MIM# 307000), the most
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FIGURE 1 | Brain MRI findings in Benign enlargement of subarachnoid spaces (BESS) of infancy. Coronal Head US image (A) of a 7-months-old girl with

macrocephaly shows bilateral enlargement of the frontal subarachnoid spaces and anterior interhemispheric fissure (thick white arrows). Note the presence of a few
vessels (white arrow) on US Doppler (B) crossing the enlarged subarachnoid space on the right side, corresponding to the “cortical vein sign.” Coronal (C) and axial
(D-F) T2WI performed a few days after better depict these findings, including presence of multiple small vessels bilaterally within these enlarged subarachnoid spaces

(black arrowheads). In addition, there is a small left frontal T2 hyperintense subdural collection (black thick arrows) as well as mild enlargement of the ventricular
system (black asterisks). Follow-up brain MRI of the same patient performed at 2.3 years of age including axial T2WI (G-1) depict expected spontaneous interval
reduction of the aforementioned enlarged subarachnoid spaces and resolution of the thin left subdural collection.

common heritable form of hydrocephalus, due to mutations in
L1CAM, encoding the L1 cell adhesion molecule (58). Recently,
two autosomal recessive forms of hydrocephalus have been
linked to mutations in MPDZ and CCDC88C that encode
a tight junction protein (MUPP-1) and a regulator of cell
migration (DAPLE), respectively. While the former disorders
are not typically associated with significant dysmorphisms,
hydrocephalus may be part of the phenotypic spectrum of
many other clinically recognizable syndromes, such as Pettigrew
syndrome (MIM# 304340), VACTERL-H (MIM# 314390) due to
ZIC3 mutations or RASopathies (i.e., Noonan syndrome, cardio-
facio-cutaneous syndrome, Costello syndrome) (59).

Metabolic Macrocephaly

Metabolic disorders presenting with increased head size have
been classically divided into three major groups: organic acid
disorders, lysosomal storage disorder, and leukoencephalopathies
(2, 11). As previously mentioned, when MEG is associated
with these entities, it is due to the accumulation of metabolic
substances within the brain, astrocyte swelling, or myelin
vacuolization, while the neuronal cytoarchitecture remains
relatively preserved (60). Moreover, even though some of these
entities present initially megalencephaly, brain atrophy may
occur later on, secondary to cell death or degeneration.
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maps (not shown), in keeping with restricted diffusion.

FIGURE 2 | Longitudinal brain MRI findings in Glutaric Aciduria type I. Axial (A=C) and coronal (D) T2TWI of an affected 1.3-years-old boy demonstrates enlargement
of the anterior temporal subarachnoid spaces (black arrowheads) and widening of the Sylvian fissures (thick black arrows) due to incomplete opercularization. There
are also bilateral, symmetric hyperintensities in the globus pallidus/posterior putamen, substantia nigra and central tegmental tracts (white arrows). Axial b1000
images (E,F) also depict hyperintensity in the globus pallidus and posterior putamen bilaterally (white arrows). There was corresponding mild hypointensity in the ADC

The clinical presentation of these disorders often provides
hints to suspect a diagnosis and promptly pursue a proper
metabolic screening. Developmental regression, decompensation
during high-energy demand periods (i.e., fever, infection,
prolonged fasting) should orient toward a metabolic disorder.
As well, the presence of hepatosplenomegaly, spasticity, ataxia,
dystonia, and a multisystemic involvement (e.g., eye, hearing,
and skeletal systems) may indicate an underlying metabolic
disorder. In addition, specific signs like the macular cherry-
red spots in the retina in GM2 Gangliosidosis and typical
neuroradiological patterns of white matter involvement may
suggest a specific disorder.

We only briefly outline the main clinical and
neuroradiological features of these disorders, leaving
further reading of this topic to other extensive

reviews (10).

Organic Acid Disorders

Glutaric Aciduria Type 1

Glutaric aciduria type 1 (GA1) is an autosomal recessive disorder
due to a deficiency of glutaryl-CoA dehydrogenase (GCDH),
a mitochondrial matrix protein involved in the catabolism of
tryptophan, lysine, and hydroxylysine (61). Lack of GCDH
activity mainly results in the accumulation of glutaric acid and
3-hydroxyglutaric acid which is thought to explain the neuronal

vulnerability (62). Macrocephaly is often present at birth. Initial
symptoms may be subtle (e.g., poor feeding and irritability),
but then untreated infants experience acute encephalopathic
crises triggered by catabolic events like infections (63).
These crises often lead to basal ganglia damage, resulting
in an irreversible dystonic-dyskinetic movement disorder
(64). Typical neuroradiological features include widening of
the Sylvian fissure, incomplete insular opercularization, mild
ventriculomegaly, prominent pretemporal subarachnoid spaces,
periventricular white matter changes, and subependymal nodules
(65). Striatal abnormalities initially involve the putamen and then
spread to the caudate nuclei and globus pallidus with areas of
restricted diffusion during acute phases (Figure 2) (66). Subdural
hygromas and hematomas may occur in a third of cases without
a history of trauma and should be differentiated from abusive
head trauma (67). Biochemical diagnosis of GA1 is suggested
by elevated glutaric acid and 3-hydroxyglutaric acid in the urine
organic acids.

Recommendations for the diagnosis and management of GA1
have recently been issued (68).

D2-Hydroxyglutaric Aciduria, L2-Hydroxyglutaric Aciduria
D2-hydroxyglutaric ~ aciduria ~ (D-2-HGA)  and  L2-
hydroxyglutaric aciduria (L-2-HGA) are rare autosomal recessive
disorders caused by deficiency of the mitochondrial enzyme
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FIGURE 3 | Brain MRI findings in L2-Hydroxyglutaric Aciduria. Axial T2WI (A-E) of an affected 11-year-old boy show diffuse, bilateral, and symmetric hyperintensity
involving mainly the subcortical and deep cerebral white-matter, while the periventricular white-matter, corpus callosum (asterisks), and internal capsules (white
arrowheads) are relatively spared. There is also mild, symmetric hyperintensity of the caudate nuclei and putamina (black arrows) and dentate nuclei (thick white
arrows). Axial T1WI (F) demonstrate bilateral, symmetric hypointensity involving mainly the subcortical cerebral white matter/U fibers (white arrows).

D-2-hydroxyglutarate dehydrogenase and L-2-hydroxyglutarate
dehydrogenase, which convert D-2-hydroxyglutarate (D-2-HG)
to 2-ketoglutarate and L-2 hydroxyglutarate (L-2-HG) to alpha
ketoglutarate, respectively (69). L2-hydroxyglutaric aciduria
is caused by mutations in L2ZHGDH. There are two types of
D-2-HGA: type I due to D2HGDH mutations (MIM# 600721)
and type II linked to gain-of-function mutations in IDH2 (MIM#
613657). A combined D2-/L2-hydroxygyltaric aciduria has also
been described (70).

Patients with L-2-HGA present with variable degrees of
psychomotor and speech delay followed by a slowly progressive
psychomotor decline. Macrocephaly is reported in half of the
affected children. Slowly progressive ataxia, spasticity, dystonia,
and seizures often occur (71). Common neuroradiological
features include diffuse, confluent cerebral white-matter
abnormalities mainly involving the subcortical region/U-
fibers with frontal predominance and centripetal progression
(71). The posterior fossa white matter, corpus callosum, and
internal capsules are usually spared. Bilateral involvement
of the basal ganglia, thalami, and dentate nucleus are also
frequently reported, as well as progressive cerebral white matter
atrophy over time (Figure 3) (71). There is a good correlation
between clinical severity and white matter abnormalities seen
on MRI (72, 73). Accumulation of L2-hydroxyglutarate
is associated with an increased lifetime risk for
cerebral tumors.

Cardinal clinical manifestations of D-2-HGA type I and
II include DD, hypotonia, seizures, and macrocephaly.
Seizure and cardiomyopathy and an overall more severe
phenotype are commonly observed in type 2 D-2-HGA
(69). Neuroradiological features include enlargement of the
lateral ventricles (predominantly the occipital horns) and
frontal subarachnoid spaces as well as subdural effusions and
subependymal pseudocysts and later multifocal white-matter
abnormalities (74). The diagnosis of D-2-HGA is further
supported by increased levels of D-2-HG in the urine, plasma,
and CSF.

Lysosomal Storage Disorder

Mucopolysaccharidosis

The term Mucopolysaccharidosis (MPS) refers to a group of
lysosomal disorders characterized by the absence of enzymes
involved in glycosaminoglycan (GAG) metabolism, resulting
in the accumulation of mucopolysaccharide deposits. Seven
types of MPS caused by 11 different enzymatic defects
have been described (75). Apart from Hunter syndrome
that follows an X-linked inheritance, all other MPS types
are autosomal recessive disorders. Their clinical presentation
broadly varies, depending on the type of enzyme defect
and the glycoprotein accumulated. The phenotypic spectrum
includes short stature, skeletal anomalies, a “coarse facial
appearance,” neurological abnormalities, cardiac anomalies,
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FIGURE 4 | Imaging characteristics of Mucopolyssacaridosis. Sagittal T1WI (A) and axial T2WI (B-D) of a boy with Hurler syndrome performed at 4 years of age
depict frontal bossing (white arrowhead), mild diffuse enlargement of the ventricular system (asterisks) as well as multiple dilated perivascular spaces (white thick
arrows). Also note platybasia of the cervical vertebrae (black thick arrows), J-shaped sella (black arrowhead), flat nasal bridge (open arrow), and mild hypertrophy of
the occipital squama (curved arrow), at this time point without significant stenosis of the cranio-cervical junction.

breathing irregularities, and hepatosplenomegaly. Individuals
with MPS often display macrocephaly that is at least in part
related to ventriculomegaly and prominent subarachnoid spaces.
Other neuroradiological features include focal periventricular
white matter signal abnormalities, J-shaped sella and cranio-
cervical junction stenosis, and vertebral anomalies (Figure 4)
(76). The measurement of total GAGs excretion in urine is widely
used as a biomarker for MPS (77). Guidelines for diagnosis and
management of MPS have been recently reviewed (78).

Leukoencephalopathies

Alexander Disease

Alexander disease (AD) is an autosomal dominant disorder
caused by mutations in GFAP, encoding the glial fibrillary acidic
protein (OMIM# 137780). Alexander disease is characterized
by diffuse demyelination with frontal lobe predominance and
the presence of Rosenthal fibers, that are eosinophilic (in light
microscopy) and osmophilic (in electron microscopy) inclusions
consisting of intermediate filaments and irregular deposition of
dense material (79).

The onset of symptoms for the majority of AD cases is before
the age of 2 years (infantile form). Signs and symptoms of
the infantile form typically include macrocephaly, severe DD
and regression, seizures, spasticity, and ataxia. Some subjects,
especially those with a neonatal presentation (neonatal form)
may develop hydrocephalus with disease progression. Prognosis
is poor for the neonatal and infantile forms with survival ranging
from weeks to several years (80, 81). Less frequently, onset occurs
later in childhood (juvenile form) or adulthood. The juvenile
form usually presents between age 4 and 10 years, and it is
characterized by neurodegeneration with death occurring in the
20-30s. The adult presentation has a more variable and milder
phenotype, usually in absence of macrocephaly (82).

On brain MRI, the infantile AD form is characterized by
the following diagnostic criteria: (i) extensive cerebral white
matter changes with frontal predominance, (ii) periventricular
rim with high T1 and low T2 signal intensities, (iii) abnormal
signal of basal ganglia and thalami, (iv) brainstem abnormalities,

particularly involving the medulla and midbrain, and (v) contrast
enhancement in multiple regions that is thought to be related
to accumulation of Rosenthal fibers secondary to dysfunction of
astrocytic endfeet (Figure 5) (83). Juvenile or adult forms have a
remarkably different MR pattern, with predominant involvement
of the lower brainstem (84).

Canavan Disease

Canavan Disease (CD) is an autosomal recessive disorder (MIM#
608034) caused by mutations in the aspartoacylase (ASPA)
gene, encoding the ASPA enzyme that hydrolyzes N-acetyl-L-
aspartic acid (NAA) to aspartate and acetate in oligodendrocytes.
Consequently, defective N-acetylaspartate catabolism reduces
levels of brain acetate that is crucial for myelin lipid synthesis
and leads to accumulation of NAA, resulting in spongiform
degeneration of cerebral white matter (85). After an initial
normal development within the first months of life, children
with CD experience developmental regression with progressive
spasticity, seizures, vision impairment, and pseudobulbar signs
(86). Macrocephaly is almost always present within the first year
of life. Prognosis is poor with death usually occurring before age
of 10.

Brain MRI shows bilateral symmetric T2 white matter
hyperintensity involving predominantly the subcortical white
matter including subcortical U-fibers/arcuate fibers, as well as
variable involvement of the basal ganglia/thalami and cerebellar
white matter (87). Importantly, MR spectroscopy is almost
pathognomonic of this disease, showing an elevated NAA peak
(88). As the condition progresses, the white matter abnormalities
progress centripetally and brain atrophy ensues, with progressive
enlargement of the ventricular system (Figure 6).

Megalencephalic Leukoencephalopathy With

Subcortical Cysts

Megalencephalic leukoencephalopathy with subcortical cysts
(MLC) is a neurodevelopmental disorder caused by biallelic
mutations in the MLCI gene in two-third of cases (MLC1) (89). It
may also be due to biallelic (MCL2A) or more rarely monoallelic
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FIGURE 5 | Brain MRI findings of Alexander Disease (infantile form). Axial T2WI (A-D) of a 1.2-years-old girl exhibit diffuse, symmetric, and confluent areas of
white-matter hyperintensity with a postero-anterior gradient. Also, note areas of hyperintensity in the medulla oblongata (thick black arrows) as well as in the caudate
nuclei and putamina (asterisks). Axial b1000 images (E,F) show focal areas of mild symmetric hyperintensity involving the globus pallidus and the head of the caudate
bilaterally (white arrows). There was corresponding hypointensity in the ADC maps (not shown) in keeping with restricted diffusion. Axial post-gadolinium T1WI (G,H)
depict small “caps” of contrast enhancement around the frontal horns bilaterally (thick white arrows).

variants (MCL2B) in HEPACAM, encoding Glial CAM which is
an MLCl-interacting protein in junctions between astrocytes
(90). The typical presentation of MLC includes macrocephaly
(between +4 and 6 SD) during the first year of life in a child
with mild DD who develops gradual motor deterioration with
ataxia and spasticity (60). However, the clinical course is not as
severe as the one observed in Alexander and Canavan disease.
Seizures are common whereas cognition is usually preserved.
The neuroradiological hallmarks include diffuse, confluent areas
of white matter signal abnormality with relative sparing of
the corpus callosum and associated brain swelling as well
as subcortical cysts and/or areas of near-cyst white matter
rarefaction predominantly located in the anterior temporal and
frontopolar regions (Figure 7). White matter edema decreases
with time leading to atrophic changes. Clinical presentation and
neuroradiological findings in MLC1 and MCL2A (classic MLC)
overlap, with a common progressive course. In addition, affected
patients usually demonstrate a double-line signal abnormality in
the posterior limb of the internal capsule as well as cerebellar
involvement. On the other hand, MCL2B shows a milder
phenotype with preservation of the motor function as well as
sparing of the cerebellar white-matter and posterior limb of the
internal capsule. Moreover, it usually presents neuroradiological
signs of stability or improvement over years (91).

Childhood Ataxia With Central Hypomyelination/Vanishing
White Matter Disease (CACH/VWMD)

Vanishing white matter disease (VWMD; MIM# 603896) is an
autosomal recessive leukoencephalopathy belonging to the group

of astrocytopathies that is caused by mutations in any of the five
genes (EIF2B1, EIF2B2, EIF2B3, EIF2B4, and EIF2B5) encoding
the subunits of eukaryotic translation initiation factor 2B (eIF2B)
that is essential for protein synthesis (92, 93). Genotype-
phenotype correlation has been outlined with a phenotypic
spectrum ranging from the antenatal or early infantile-onset with
the poor outcome to adult-onset with slow progression (91).
Affected individuals typically have normal early development,
followed by neurological deterioration triggered by stress-
provoked episodes (minor head trauma or febrile infections) of
rapid decline. Head circumference is usually normal; however,
severe progressive macrocephaly occurring after the age of 2 years
has been reported (91, 93). Neurological symptoms may include
ataxia, spasticity, seizures, cognitive or psychiatric problems,
the latter being especially common in adolescence and adult-
onset. Clinical severity is usually inversely related to the age of
onset. In addition, irrespective of their age, females with VWMD
are also often affected by primary or premature ovarian failure
(ovarioleukodistrophy) (94).

Vanishing white matter disease, especially the classic
early-infantile form, is usually a well-recognizable disorder,
characterized by diffuse and symmetric T2WI/FLAIR
hyperintensities involving mainly the deep and sub-cortical white
matter with progressive rarefaction and cystic degeneration, with
corresponding increased diffusion and eventually a parenchymal
CSF-like signal (Figure 8). Radiating stripes may be detected
inside the cystic areas on T1WI, FLAIR, and PD. The cerebellar
white matter and the central tegmental tracts may also be
involved, while the outer rim of the corpus callosum, the anterior
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FIGURE 6 | Brain MRl findings of Canavan disease. Axial T2WI (A-D) of a 2.3-years-old female infant with Canavan disease demonstrate diffuse, bilateral, and
symmetric supratentorial and infratentorial white-matter hyperintensity associated with enlargement of the ventricular system (asterisks). There is also hyperintensity of
the central gray-matter, mainly the globus pallidus and thalami bilaterally (black arrowheads). MR proton spectroscopy (intermediate TE) (E) depict increased NAA
peak (thick white arrow) relatively to the other peaks, a feature near pathognomonic of this disease.

branch of the internal capsule, and the anterior commissure
are usually spared. Proton spectroscopy reveals progressive
disappearance of the major metabolites, replaced by lactate and
glucose (92, 95, 96).

Fragile X Syndrome

Fragile X syndrome (OMIM# 300624, FXS) has been traditionally
considered the most common genetic cause of ID and ASD in
males with a prevalence ranging from 1/3,717 to 1/8,918 (97).

It is most often caused by a trinucleotide expansion (CGG
>200, also called a full mutation) in the 5’-untranslated region of
the FMRI gene, resulting in transcriptional silencing of the FMR1
promoter with a consequent loss of its product, the Fragile X
mental retardation 1 protein (FMRP). Other genetic mechanisms
including intragenic deletions/duplications and single-nucleotide
variants are responsible for <1% of the molecular diagnoses of
FXS. Allelic disorders with a premutation-sized repeat (55-200
CGG repeats) are Fragile X-associated tremor/ataxia syndrome
(FXTAS) and Fragile X-associated primary ovarian insufficiency
(EXPOI) (98).

Fragile X mental retardation 1 protein has a central role
in gene expression and regulates the translation of several
mRNAs (99), many of which are involved in the development
and maintenance of synaptic connectivity (100, 101). These
observations are in line with the synaptic dysfunction found

in mouse models of FXS that recapitulate the behavioral
features, including ASD, observed in the majority of FXS
cases (102).

Clinically, macrocephaly and other craniofacial features (long
face, prominent forehead and chin, high-arched palate, and
large protruding ears) are found in about 80% of cases (103).
Fragile X syndrome is indeed a clinically recognized syndrome in
over 90% of subjects with positive FXS testing (104). However,
these features may be absent during early childhood and
become more evident over age. Similarly, macroorchidism and
connective tissue involvement, including mitral valve prolapse,
aortic root dilatation, joint hypermobility, and soft velvety skin,
become more evident in post-pubertal males. Epilepsy has been
recorded in 15-20% of cases and no specific brain anomalies
have been reported in up to 50% of cases with neurological
comorbidities (103).

Notably, FXS testing has been considered a first
diagnostic-tier in patients with ID/ASD, according to the
recommendations by the American College of Medical
Genetics and Genomics and the American Academy of
Pediatrics (105) before the advent of the recent genetic
technologies. Yet, the identification of several novel ID genes
and the large use of chromosomal microarray and NGS
technologies in recent years have moved FXS testing to a
second diagnostic-tier investigation (106, 107). Contrarily to
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FIGURE 7 | Imaging characteristics of Megalencephalic Leukoencephalopathy With Subcortical Cysts (classic form). Axial T2WI (A-D), axial (E,F), and coronal (G)
T1WI, and coronal FLAIR (H) performed in an affected boy at 1.8 years of age show diffuse, bilateral, and symmetric cerebral white matter hyperintensity including the
subcortical white-matter/U-fibers, leading to brain swelling and effacement of the cortical sulci. There is a characteristic double-line signal abnormality in the posterior
limb of the internal capsule (white arrows), i.e., a residual central dark line surrounded by two strands of hyperintensity in this location. Also note the typical areas of
cystic-like white-matter rarefaction in the temporal-polar regions on T1WI and FLAIR (thick white arrows).

FIGURE 8 | Imaging characteristics of Childhood Ataxia with Central Hypomyelination/Vanishing White Matter Disease (CACH/VWMD). Axial T2WI (A-D) and FLAIR
(E-H) of an 11-year-old boy with CACH/VWMD demonstrates bilateral, confluent, symmetric periventricular, and deep white matter hyperintensity, with relative sparing
of the anterior limb of the internal capsule (black arrowheads) and the subcortical white-matter/U-fibers. There are areas of cystic degeneration around the frontal
horns (white arrows) and in the centrum semi-oval bilaterally (thick black arrows), with some radiation stripes depicted within the latter location.
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FXTAS, Fragile X syndrome does not present suggestive features
on neuroimaging.

Macrocephaly in Skeletal Dysplasias
Macrocephaly is observed in a wide range of skeletal dysplasias,
reflecting variation in the density, size, and shape of the
skull. First, it is important to recognize treatable conditions,
like vitamin D deficiency rickets (108). Softening of the skull
(craniotabes), frontal bossing, and delayed closure of fontanelles
are typical skull defects in an infant with failure to thrive, delayed
walking, restlessness, lack of sleep, and other clinical signs
including enlargement of the ends of the ribs (“rachitic rosary”),
bowed legs, knock knees, thickened wrist, and ankles (109, 110).
Another treatable condition is Beta-thalassemia (111) in which
macrocephaly is attributable to extracranial hematopoiesis in the
skull bones.

Among the several types of skeletal dysplasias,
Achondroplasia is the most common cause of disproportionate
short stature, and it is constantly associated with macrocephaly.
Affected individuals have rhizomelic shortening of the
limbs, macrocephaly, and characteristic facial features with
frontal bossing and midface retrusion (112). In addition to
a disproportionate neurocranium, macrocephaly could be
also related to a small foramen magnum that impedes CSF
drainage, resulting in ventriculomegaly and possible injury of
the bulbomedullary junction. Further common neuroimaging
findings are bilateral deep transverse temporal sulci, incomplete
hippocampal rotation, oversulcation of the mesial temporal
lobe, loss of gray-white matter differentiation of the mesial
temporal lobe, and a triangular shape of the temporal horn
(113). Typical skeletal abnormalities include wide ribs, square
iliac bones, a “champagne glass”—shaped pelvic inlet, short and
robust tubular bones and proximal femoral radiolucency, short
pedicles, narrowing of the lumbar interpediculate distances, and
spinal stenosis. It is a clinically recognizable disorder due to a
gain of function mutation (c.1138G> A, p.Gly380Arg) in FGFR3
(MIM# 100800). Other mutations in the same gene, with the
recurrence of ¢.1620C>A and ¢.1620C>G, both resulting in the
p-Asn540Lys substitution, result in a milder phenotype, namely
Hypocondroplasia (MIM# 146000) (114).

Macrocephaly may be also found in osteopetrosis (i.e.,
an increase in calvarial density), a clinically and genetically
heterogenous condition characterized by increased bone mass
owing a defect in osteoclast function or formation. Several
causative genes have been identified to date, being half of the
cases explained by biallelic variants in TCIRGI (115, 116).

Progressive thickening of the craniofacial bones is also
observed in craniometaphyseal dysplasia, a genetic craniotubular
bone disorder characterized by early progressive hyperostosis and
sclerosis of the craniofacial bones, and abnormal modeling of
the metaphyses of the tubular bones (117). Craniometaphyseal
dysplasia has been linked to heterozygous mutations in ANKH
(MIM# 123000) (118) and biallelic mutations in GJAI (MIM#
218400) (119). Another sclerosing bone dysplasia is the
Osteopathia striata with cranial sclerosis, an X-linked dominant
disorder due to mutation in AMERI (MIM# 300373). It is a
recognizable condition for the presence of longitudinal striations

visible on radiographs of the long bones, pelvis, and scapulae
(120). In males, the disorder is usually associated with fetal
or neonatal lethality. Craniodiaphyseal dysplasia is a further
skeletal dysplasia characterized by generalized hyperostosis and
sclerosis, especially involving the skull and facial bones, due to
heterogenous mutations in SOST gene (MIM# 122860) (121).
The association of macrocephaly with constricted thoracic cage
and short ribs may suggest two types of Short-rib thoracic
dysplasia, due to biallelic variants in IFT81 (MIM# 617895) (122)
or WDR60 gene (MIM# 615503) (123).

Absent vertebral body ossification and macrocephaly are
found in Spondylo-megaepiphyseal-metaphyseal dysplasia,
associated with biallelic variants in NKX3-2 (MIM# 613330)
(124). Bone fragility, craniosynostosis, ocular proptosis,
hydrocephalus, and distinctive facial features including
frontal bossing, midface hypoplasia, and micrognathia are
a typical hallmark of Cole-Carpenter syndrome-2 (CLCRP2)
(MIM# 616294), due to biallelic variants in SEC24D (125).
Another clinical recognizable disorder is Robinow syndrome,
characterized by distinctive facial features (hypertelorism,
midface hypoplasia, large nasal bridge, short upturned nose,
and anteverted nares), genital anomalies, mesomelic limb
shortening, and brachydactyly (126). Vertebral segmentation
defects and ribs fusion occur in the recessive form linked to
ROR2 mutations (MIM# 268310) (127) whereas umbilical hernia
and supernumerary teeth are more common in the autosomal
dominant forms due to WNT5A (MIM# 180700), DVL1 (MIM#
616331), DVL3 (MIM# 616894) mutations (128).

Macrocephaly Associated With

Neurocutaneous Syndromes
Neurofibromatosis Type 1
Neurofibromatosis type I (NF1), also called von Recklinghausen
disease, belongs to the group of neuro-oculo-cutaneous
disorders, collectively known as Phakomatoses. It is one of the
most common inherited genetic conditions with an incidence
approximately of 1 in 3,000 (129). It is caused by mutations
in NF1, encoding neurofibromin which functions as a tumor
suppressor and negative growth regulator by inhibiting the
Ras/MAPK signaling pathway. Traditionally, a clinical diagnosis
is established in the presence of any two of the following criteria:
(1) cafe-au-lait spots; (2) axillary or inguinal freckling; (3) Lisch
nodules; (4) neurofibromas/plexiform neurofibroma; 5) optic
pathway gliomas (OPG); (6) distinctive osseous lesion such
as sphenoid dysplasia and pseudoarthrosis; (7) first degree
relative with NF1 (130). Since not all these features are clinically
present during the first years of life, molecular genetic testing
is recommended in children even though they fulfill only
pigmentary features of NF1 (131). Moreover, subtle clinical
presentations and significant intrafamilial variability have been
largely reported (132), raising concerns regarding the need
to revisit the diagnostic criteria (133). Although they remain
unchanged, the diagnosis and management of NF1 have been
recently updated (129).
Recently,  an
neurodevelopmental

NF1  and
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ipsilateral optic nerve glioma.

FIGURE 9 | Imaging characteristics of Neurofibromatosis Type 1 (NF1). Axial FLAIR (A-C) and sagittal T1 WI (D) of an 18-year-old boy with NF1 reveals multiple focal
areas of abnormal hyperintensity (FASI) (white arrows) distributed in the dentate nuclei, middle cerebellar peduncles, mesencephalic tegment, hippocampi, and

pulvinar bilaterally as well as left globus pallidus. There is also diffuse thickening of the corpus callosum (thick white arrows). Coronal contrast-enhanced T1WI FAT SAT
of the orbits (E) of the same patient show thickening, tortuosity, and enhancement of the intra-orbital segment of the right optic nerve (open arrow), in keeping with an

acknowledged (134). Macrocephaly is observed in about 35-45%
of NFI cases and is thought to be related to a dysregulation
of growth process driven by abnormal Ras/MAPK signaling
pathway leading more commonly to diffuse, symmetric
megalencephaly with a thick corpus callosum (135). In the vast
majority of cases, the cortex remains unremarkable at visual
inspection. Rarely, MCD have been reported in NF1, including
unilateral MEG/HMEG and also polymicrogyria (PMG) (136-
138). Additional neuroimaging stigmata of NF1 include the
typical unidentified bright objects (UBOs) in the basal ganglia,
internal capsule, brainstem, and cerebellum that usually appear
by 3 years of age and regress spontaneously in adolescence
(Figure9) (135). Subjects with NF1 have an increased
oncogenic risk, including juvenile myelomonocytic leukemia,
rhabdomyosarcoma, malignant peripheral nerve sheath tumor
and non-invasive pilocytic astrocytoma, particularly OPG (131).
The latter represents the major management challenge since
clinical assessment for OPG is advised every 6-12 months until
8 years, but routine MRI assessment is not recommended in
asymptomatic NF1 individuals and no signs of clinical visual
pathway disturbance.

Neurofibromatosis type 1 has an overlap clinical phenotype
with Legius syndrome (MIM# 611431), originally termed
“neurofibromatosis type 1-like syndrome” and caused by

SPRED1 mutations. Affected subjects frequently fulfill the
diagnostic criteria for NF1 based on pigmentary manifestations
of café-au-lait spots and distinctive freckling patterns and may
also present with macrocephaly (139).

Tuberous Sclerosis Complex

Tuberous sclerosis complex (TSC), formerly known as
Bourneville Disease, is an autosomal dominant neurocutaneous
disorder due to mutations in TSCI or TSC2, two tumor
suppressor genes belonging to the GATORI complex that
negatively regulates mTOR-PIK3CA pathway (140). Affected
patients usually present abnormalities of the skin, brain, kidney,
heart, and lungs (141, 142).

CNS involvement is seen in most patients with TSC;
cardinal neurologic manifestations include supratentorial
cortical tubers, corresponding on histology to FCD type IIb,
radial migration lines, subependymal nodules, subependymal
giant cell astrocytomas as well as white-matter cysts and
cerebellar tubers (143, 144). Macrocephaly may be due to both
MEG/HMEG (145-149) and obstructive hydrocephalus related
to subependymal giant cell astrocytoma. Imaging findings of
cortical tubers are similar to those of FCD type IIb (see related
paragraph), although with possible associated calcifications.
Similar to FCD, the imaging characteristics of cortical tubers
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FIGURE 10 | Imaging characteristics of Tuberous Sclerosis (TS). Axial (A) and coronal (B) FLAIR images, sagittal T2WI (C) and axial post-gadolinium TWI (D) of a
14-years-old boy with TS demonstrate a contrast-enhanced mass larger than 10 mm in the region of the right foramen of Monro (thick white arrow) and with
progressive growth in comparison with previous studies (not shown), compatible with a giant cell astrocytoma. There is the contralateral deviation of the septum
pellucidum and asymmetric dilatation of the ventricular system (asterisks) including the temporal horns with incipient signs of periventricular interstitial edema and
effacement of the cortical sulci in keeping with decompensated hydrocephalus. Also note a small contralateral, contrast-enhancing subependymal nodule (black
arrow). Axial TTWI (E-G) and coronal T2WI (H) in another patient with TS at the age of 11 years reveals right hemimegalencephaly associated with marked abnormal
cortex and white matter as well as enlargement of the ipsilateral ventricular system (asterisks). Also, note small subependymal nodules (white arrowheads) as well as
enlargement of the right cerebellar hemisphere (thick white arrows).

change over time, being more visible in the neonatal period  secondary to diffuse symmetric megalencephaly and associated
(when they are hypointense on T2 and hyperintense on T1-  with frontal bossing and hypertelorism. The ventricles are also
weighed images), likely reflecting rapid changes of myelination  slightly larger while the corpus callosum may be hypoplastic
in epileptogenic areas (Figure 10) (150). Of note, cyst-like  (160). Jaw keratocysts and ectopic calcifications, particularly in
cortical tubers have been strongly associated with TSC2 gene  the falx (sheet-like), and bridging of the sella turcica are typical
mutations and a more aggressive seizure phenotype (151).  hallmarks that become evident during the second decade of
Cerebellar tubers are also more commonly seen in the context life. Other typical features include facial milia, palmar/plantar
of TSC2 and typically present peculiar imaging characteristics  pits, cardiac, and ovarian fibromas and predisposition to various
due to the frequent association with calcification, contrast tumors including basal cell carcinoma and medulloblastoma.
enhancement and slight atrophy of the involved cerebellar region =~ Medulloblastomas associated with GS occur at a very young
with associated folial retraction (152-155). Specific guidelines  age (up to 3 years), belong to the Sonic Hedgehog group, and
for diagnosis, surveillance, and management have been outlined  usually present a desmoplastic or classic phenotype on histology
by the International Tuberous Sclerosis Complex Consensus  (161). The risk of developing medulloblastoma is substantially

Group (143). higher in individuals with SUFU mutations (33%) than in those

. . . with PTCH1/2 pathogenic variants (<2%). Conversely, PTCH1
Gorlin Syndrome (Nevoid Basal Cell Carcinoma mutations present a stronger association with odontogenic
Syndrome) keratocysts (162, 163). Spinal vertebral anomalies such as

Gorlin syndrome (GS), also known as nevoid basal cell  hemivertebrae, fusion or elongation of the vertebral bodies, and

carcinoma syndrome, is a neurocutaneous disorder linked to  (Jeft lip/palate can also be detected in some cases (164-166).
heterozygous mutations in PTCHI (60-85%) and SUFU (<10%),

two important genes of the Sonic Hedgehog signaling pathway ~ Macrocephaly in Overgrowth Syndromes
(156). To date, the association of PTCH2 variants with GS  Overgrowth syndromes comprise a heterogeneous group of
remains controversial (157, 158). diseases that are characterized by excessive tissue development,
It is a clinically recognizable disorder characterized by skin ~ which may be generalized or segmental. Despite the lack of
abnormalities, jaw keratocysts and skeletal anomalies that should  a formal diagnosis, the term overall overgrowth usually refers
be suspected in the presence of specific diagnostic criteria (159).  to a disorder displaying height and head circumference > +2
Macrocephaly is commonly found during the first months of life, ~ SD, target height (calculated based on mid-parental height)
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as well above 42 SD, with or without associated dysmorphic
features (167). Another term often used as synonymous is
macrosomia, defined as weight and length/height >97 centile.
On the other hand, regional segmental overgrowth is excessive
growth compared to an equivalent body part or age-related peer
group (168).

Some important considerations should be kept in mind when
facing overgrowth syndromes. First, they should be distinguished
by several non-genetic causes of overgrowth that include (i)
familial trait, (ii) endocrine conditions (e.g., precocious
puberty, hyperthyroidism, congenital adrenal hyperplasia,
growth hormone-secreting adenoma, familial glucocorticoid
deficiency, and aromatase deficiency), and (iii) over-nutrition
conditions including newborn/infants of diabetic mothers (169).
Conversely, the presence of DD/ID, congenital malformations,
abdominal wall defects, organomegaly, and dysmorphic features
should alert pediatricians for a possible genetic etiology. Of note,
neonatal hypoglycemia could be found in both acquired causes
(e.g., newborn of a mother with gestational diabetes) and genetic
syndromes [e.g., Beckwith-Wiedemann syndrome (BWS) and
some mTOR-related disorders]. Depicting the natural history of
growth in charts is extremely important to recognize a specific
instance of growth acceleration (mostly from acquired causes
such as precocious puberty) and it may also help to recognize
specific growth patterns of syndromes, such as Cantu and Sotos
syndromes. Finally, disorders with associated oncogenic risk
should be promptly recognized to adopt accurate surveillance
(170). Among overgrowth syndromes, overall overgrowth related
to germline mutations has to be distinguished from segmental
overgrowth, mostly due to somatic mutations in genes of the
PI3K-AKT-mTOR pathway.

(Segmental) Overgrowth Syndromes With
Vascular/Skin Features
Syndromes Caused by Abnormalities in the
PI3K-AKT-mTOR Pathway
Mutations in several core components of the PI3K-AKT-mTOR
pathway have been recently recognized to cause a broad disease
spectrum. The PI3K-AKT-mTOR pathway is well known to play
a crucial role in cell growth, maturation, proliferation, and energy
metabolism (171). Both gain-of-function variants in activator
genes (such as MTOR, AKT3, and PIK3CA) (172, 173) and
loss-of-function variants in negative regulator genes (such as
TSCI and TSC2) (174) lead to upregulation of mTOR signaling,
resulting in cellular overgrowth and abnormal migration.
Collectively, these disorders not only overlap molecularly, but
also share clinical, neuroimaging, and neuropathologic features
that are clinically recognizable in most affected individuals.
Mutations in activator genes may be germline (ie,
constitutional) or, more commonly, somatic (i.e., post-zygotic),
depending on the developmental stage of brain development at
which the mutation occurs. This leads to a phenotypic spectrum
including focal cortical dysplasia (175), HME, MEG (172, 173),
and segmental body overgrowth (12, 176-178). In addition,
there are commonly vascular and skin features that should orient
clinicians toward this diagnosis.

Recently, a general genotype-phenotypic correlation has been
outlined (179): mildly activating variants (that are typically
germline) are associated with diffuse MEG with ID and/or ASD;
moderately activating variants (typically high-level mosaic) are
associated with MEG with pigmentary abnormalities of the skin;
and strongly activating variants (usually very low-level mosaic)
are associated with focal brain malformations including HME
and focal cortical dysplasia (Figures 11-13).

PIK3CA-Related Overgrowth Syndromes

PIK3CA-related overgrowth syndromes (PROS) are an umbrella
term that refers to a very large spectrum of conditions
frequently associated with MEG/HMEG caused by a common
genetic signature, namely gain of function mutations in
PIK3CA gene leading to activation of the PI3K-AKT-mTOR
pathway. Among the diverse PROS phenotypes there are the
macrocephaly-capillary malformation-polymicrogyria syndrome
(MCAP), hemihyperplasia-multiple lipomatosis, muscle
hemihypertrophy, congenital facial infiltrating lipomatosis,
epidermal nevi, isolated large lymphatic malformation, isolated
macrodactyly, fibroadipose overgrowth, seborrheic keratosis,
and benign lichenoid keratosis (12). More recently, it has been
proposed to also include the Klippel-Trenaunay syndrome in
this group (180, 181).

MCAP

Somatic mutations in PIK3CA account for about 90% of the
Megalencephaly-capillary malformation syndrome (MCAP)
cases reported so far (182), including subjects initially
described as macrocephaly-cutis marmorata telangiectatica
congenital syndrome.

MCAP is characterized by MEG frequently associated with
other MCD, capillary malformations especially midline nevus
flammeus of the upper lip or nose, syndactyly of toes
(and less often fingers, 3-4 or 2-3-4), variable segmental
body overgrowth and soft or doughy skin with connective
tissue laxity. Cranio-facial features included macrocephaly with
dolichocephaly, frontal bossing, deep-set eyes, and full cheeks
(Figures 12A-E,I-L). The diagnosis of Megalencephaly-capillary
MCAP can be assumed when MEG and either vascular
malformations or syndactyly are present (36, 172, 183). So far,
the risk of malignancy in this entity appears to be lower than in
the majority of other overgrowth syndromes (36).

On brain MRI, besides symmetric or asymmetric MEG
(corresponding to diffuse overgrowth of brain structures),
PMG is also identified in a significant proportion of patients,
usually with a perisylvian distribution, although it can be more
extensive in some cases. Ventriculomegaly (communicating
hydrocephalus) is additionally identified, and variable degrees
of brain and ventricular asymmetry may be seen. The corpus
callosum is either significantly (mega-corpus callosum) or
moderately thick. Of note, these neuroimaging features overlap
with the MPPH syndrome (see below) which however is due to
mutations in a different gene (36). Regular follow-up MRIs are
recommended as cerebellar tonsillar ectopia and hydrocephalus
(obstructive hydrocephalus) can also develop (184).
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FIGURE 11 | Imaging characteristics of brain overgrowth disorders (continuation). Axial T2WI (A-C) of a 16-years-old boy demonstrate right unilateral
megalencephaly/hemimegalencephaly with abnormal cortex (black arrows) and abnormal white-matter signal intensity (asterisks). There is also enlargement of the
right mesencephalon (white arrowhead) and medulla oblongata (black arrowhead) as well as enlarged and dysplastic right cerebellar hemisphere (thick white arrow).
These findings were previously designated as “total hemimegalencephaly.” Coronal (D) and axial (E) TIWE and axial T2WI (F) of another child performed at 1.8 years
of age show a right anterior form of unilateral megalencephaly/hemimegalencephaly with abnormal cortex (white arrowheads) and abnormal white-matter signal
intensity (asterisks) within the affected region. Coronal (G) and axial (H,l) T2WI acquired in a third child at 2 months of age depict instead a right posterior form of
unilateral megalencephaly/hemimegalencephaly, also with abnormal cortex (white arrowheads) and white-matter (asterisks) within the affected region, with
enlargement of the ipsilateral occipital horn of the lateral ventricle.

CLOVES Syndrome spectrum and resulting in dramatic overgrowth of both hands
CLOVE(S) syndrome (acronym for Congenital Lipomatous and feet, extensive capillary malformations of the skin and
asymmetric Overgrowth of the trunk, lymphatic, capillary, several epidermal nevi. MEG/HMEG may occur, as well as
venous, and combined-type Vascular malformations, Epidermal =~ MCD and agenesis or dysgenesis of the corpus callosum,
nevi, Skeletal, and spinal anomalies) is one of the several often associated with asymmetric enlargement of the face
now-distinct entities previously included in the heterogeneous  (188). As above mentioned, spinal abnormalities are also a
designation of Proteus syndrome (PS) due to the phenotypic  key feature of CLOVES and include scoliosis, neural tube
overlap between the two conditions (185-187). It is due to  defects as well as high-flow spinal or para-spinal arterio-
somatic mutation in PIK3CA, therefore falling in the PROS  venous malformations, potentially causing ischemic myelopathy
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FIGURE 12 | Photos of affected patients with either somatic or germline mutations in genes of the PISK-AKT-mTOR pathway. (A-C) Photos of the face (A), occipital
region (B), and left foot (C) of a subject with MCAP (somatic PIKBCA mutation p.Pro104Leu) showing MEG, occipital capillary malformation, and syndactyly of the
second, third, and fourth toes. (D,E) Photos of the face (D) and left foot (E) of a subject with MCAP (somatic PIKBCA mutation p.Glu545Asp) showing MEG, capillary
malformation of the philtrum, skin laxity of the forehead, and syndactyly of the second, third, and fourth toes. (F,G) Photos of lower limbs with pigmentary defects in a
patient with Megalencephaly-Polymicrogyria-Pigmentary Mosaicism Syndrome (somatic MTOR mutation p.Thr1977lle). (H) Diffuse vascular anomaly in the left lower
leg in a subject with somatic mutation in PIK3CA (p.Gly914Arg). (I-L) Photos of the face (I) and lower extremities (L) of a subject with MCAP (somatic PIK3CA
p.Met1043lle) showing facial and body asymmetry, MEG with a prominent forehead, and capillary malformations on the face and body. (M) Photo of a subject with
MEG, frontal bossing, nevus flammenus and retrognathia, harboring a germline variant in MTOR (p.Glu1799Lys). (N) Photos of a female with MEG and broad forehead
harboring a germline variant in PIK3CA (p.Pro104Leu). Part of these photos are re-printed with permission from ref (182).

(189). Of note, these vascular malformations do not occur in  as Klippel-Trenaunay-Weber syndrome) that in opposition
PS (187). with the former syndrome, is due to RASAl mutations
and is characterized by the presence of high-flow vascular
malformations (191).

Neuroimaging features include unilateral
megalencephaly/ HMG (192, 193), single or multiple brain
and/or spinal cavernomas as well as intracranial aneurysms
(194-197). The incidence of ischemic stroke appears to be
increased in this syndrome due to paradoxical emboli in the
context of thromboembolism (198).

Klippel-Trenaunay Syndrome

Similar to CLOVES, Klippel-Trenaunay syndrome (KTS)
is due to somatic mutations in PIK3CA (190), becoming
its most relevant differential diagnosis. Klippel-Trenaunay
syndrome, also known as angio-osteohypertrophy syndrome,
is characterized by a triad of capillary malformations with
a port-wine stain appearance mostly involving lower limbs,
asymmetrical soft tissue/osseous hypertrophy, and venous
varicosities. Other slow-flow vascular lesions (venous, lymphatic, ~ Megalencephaly-Polymicrogyria-Pigmentary Mosaicism

or mixed malformations) are frequently present, as well as  Syndrome (MPPM)

intra-abdominal hemangiomas and digital abnormalities. Other =~ The name of this syndrome has been recently proposed
clinical features occasionally reported include seizures and  to describe patients with MEG or HMEG and pigmentary
DD (180, 181). It is important not to misdiagnose Klippel-  mosaicism of the skin due to mosaic, moderate-grade gain
Trenaunay syndrome with Parkes Weber syndrome (also known  of function mutations in the MTOR gene (179). This entity
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probably represents most of the previous cases designated as
hypomelanosis of Ito (179) (Figures 12EG).

Proteus Syndrome

Proteus syndrome (OMIM #176920) is a rare overgrowth
syndrome characterized by segmental overgrowth of
multiple tissues resulting in vascular malformations, lipomas,
hyperpigmentation, and various types of nevi. In particular,
cerebriform connective tissue nevi (CCTN) are present in most
individuals with PS and are nearly pathognomonic. Proteus
syndrome has been related to only one somatic activating
mutation (c.49G>A,p.Glul7Lys) in AKTI (199). Macrocephaly
may be present as well as unilateral MEG/HMEG with cortical
dysgenesis (200-204). However, no AKT1 mutations have been
identified in affected brain tissues so far.

There is also a higher risk of intracranial meningiomas in this
condition (204, 205). Dolichocephaly, hyperostosis of the skull
and the external auditory meatus as well as unilateral condylar
hypoplasia can also occur (204). Finally, spinal dysmorphism,
characterized by abnormal vertebral bodies and scoliosis, as well
as spinal lipomatosis is another common imaging feature of this
disorder (198, 200).

Overgrowth Syndromes Without Vascular/Skin
Features

This group of overgrowth syndromes has been widely reviewed
elsewhere (206). We briefly discuss those that are clinically
recognizable and may require a specific diagnostic work-up,
e.g., BWS.

Beckwith-Wiedemann Syndrome

Beckwith-Wiedemann syndrome (OMIM# 130650) is a genomic
imprinting disorder mapped to 11p15.5 region, characterized
by generalized or lateralized overgrowth (hemihyperplasia),
macroglossia, omphalocele, visceromegaly, kidney defects,
neonatal hypoglycaemia, and predisposition to embryonal
tumors. Typical craniofacial features include ear creases/pits and
infraorbital creases. In addition, cleft palate, infraorbital creases,
and midface retrusion may also occur (207). More commonly,
linear growth slows around the age of 8 years, and the facial
and physical features become less obvious with age. The clinical
diagnosis of BWS has traditionally required the presence of at
least 2 major and 1 minor criteria (208). Advances in molecular
testing suggest a broader phenotype with possible subtle clinical
presentations and an updated Consensus Statement for the
clinical and molecular diagnosis and management of BWS has
been recently outlined (209).

Different imprinting mechanisms responsible for BWS
include (i) loss of methylation of the imprinting center 2 on the
maternal chromosome, (ii) gain of methylation of imprinting
center 1 on the maternal chromosome, and (iii) paternal
uniparental disomy of 11p15.5. CDKN1C mutations (iv) are
present in only 5% of sporadic BWS cases but in 40% of patients
with a family history of BWS (208).

It is extremely important to recognize BSW because
identification of the molecular defects within the imprinted

11p15.5 region can predict familial recurrence and the risk and
type of embryonal tumor (209).

Brain malformations, including posterior fossa abnormalities
and callosal dysgenesis have been occasionally described in this
syndrome (210).

Sotos Syndrome

Sotos syndrome (OMIM# 117550) is an overgrowth syndrome
characterized by a distinctive facial appearance that includes
broad and prominent forehead with a dolichocephalic head
shape, sparse frontotemporal hair, downslanting palpebral
fissures, malar flushing, long and narrow face, and a pointed
chin (that becomes prominent and squared over years) (211,
212). Intellectual disability is usually mild to moderate (213).
Up to a third of patients have additional CNS anomalies
(e.g., ventriculomegaly) and seizures, congenital heart defects,
scoliosis, and renal anomalies. Cancer occurrence, in particular
acute myelocytic leukemia, has been reported in about 3% of
cases (214). Sotos syndrome is due to heterozygous mutations
in NSDI, a transcription coregulator gene, encoding the
nuclear receptor binding SET domain protein 1 with histone
methyltransferase function. Although this syndrome can be
transmitted in an autosomal dominant manner, in the vast
majority of cases it is caused by de novo germline mutations.
Brain MRI of patients with Sotos syndrome shows a large brain
with normal cortical appearance. Ventriculomegaly, presence of
a cavum of septum pellucidum/cavum vergae and enlargement
of extra-cerebral spaces are also common, as well as thinning
of the posterior portions of the corpus callosum (215, 216).
Periventricular heterotopias have also been reported in this
syndrome (215) (Supplementary Figure 3).

In the recent years, novel disorders displaying features
reminiscent of Sotos syndrome have been identified. Among
these, Malan syndrome (MIM# 614753, also called Sotos-2
syndrome), due to mutations in NFIX, is characterized by
an overlap of the facial phenotype with NSD1-positive Sotos
syndrome (now called Sotos-1), including prominent forehead,
high anterior hairline, downslanting palpebral fissures and
prominent chin (217, 218).

Weaver Syndrome
Weaver syndrome (OMIM# 277590) is a further overgrowth
disorder that shares some overlap craniofacial and clinical
features with Sotos syndrome. It is due to heterozygous
mutations in EZH2, encoding a member of the Polycomb-
group (PcG) family, which has transcriptional repressive function
(219, 220). The typical facial gestalt of Weaver syndrome
includes broad forehead and face, hypertelorism, almond-shaped
and downslanting palpebral fissures, prominent wide philtrum,
retrognathia, and a deep horizontal chin groove. The latter
features often help to distinguish Weaver from Sotos syndrome
(221). Other features can include advanced bone age, large
hands and feet, camptodactyly, deep-set nails, low-pitched cry,
umbilical hernia, and soft doughy skin. Intellectual disability is
virtually present in all cases.

Neuroimaging findings have only been reported in a few
patients with Weaver syndrome, but include most often
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ventriculomegaly, periventricular leukomalacia, cerebellar
abnormalities, and scoliosis (219). Cortical abnormalities
(PMG and pachygyria) have also been occasionally described
(219, 222, 223).

Embryonal and hematologic tumors have been reported in up
to 5% of the patients (224, 225), though no specific protocol for
cancer surveillance has yet been validated (226).

PIBK-AKT-MTOR- Related Megalencephaly
PTEN Hamartoma Tumor Syndrome

Germline heterozygous mutations in PTEN, a tumor suppressor
gene that antagonizes the (PI3K)/AKT signaling, are linked to a
wide range of MEG phenotypes, collectively referred as PTEN
hamartoma tumor syndrome (PHTS). They include Cowden
syndrome (CS; OMIM# 158350), Bannayan-Riley-Ruvalcaba
syndrome (BRRS; OMIM# 153480), ASD with macrocephaly,
adult Lhermitte-Duclos disease, and occasionally segmental
overgrowth (due to somatic PTEN mutations) (227-229).

Although clinical manifestations of PHTS differ significantly,
all four syndromes are characterized by aberrant tissue growth
likely related to loss of tumor suppressor role of PTEN.

Subjects with CS typically present in early adulthood
with macrocephaly, characteristic skin lesions, development of
multiple benign hamartomas, and an increased risk of certain
cancers, particularly of breast, uterus, and thyroid. Diagnostic
criteria for CS have been developed and are available online at
the National Comprehensive Cancer Network (NCCN).

On the other hand, BRRS is typically diagnosed in
children with macrocephaly, hamartomas (including lipomas,
haemangiomas, or intestinal polyps), penile freckling in males,
DD/ID and ASD (230). Interestingly, ASD is thought to
have a distinct neurobehavioral phenotype in PHTS (81).
Macrocephaly is often present at birth and is the most common
feature among the diverse clinical PHTS phenotypes. About
two-third of children have OFC between +4 SD and 6
SD (227, 231), reaching an average at adult age of 60.0cm
in females and 62.8cm in males (232). Conversely, height
and weight measurements are always in the normal range
(233). A recent retrospective study has revealed that the
most common clinical features include dermatological findings
(66%), gastrointestinal symptoms (34%), and abnormal thyroid
imaging (26%) (227). Notably, the association of macrocephaly
with penile flecking, should alert pediatricians regarding
a possible underlying BRRS. Other relevant dermatological
features include café-au-lait spots, skin tags, nevi, papillomatous
papules, haemangiomas, trichilemmomas, hyperpigmented, and
hypopigmented lesions. The presence of abdominal pain,
rectal bleeding, and constipation should induce to request a
colonoscopy to screen for possible polyps although they are
rare during childhood. Thyroid cysts and nodules have been
detected in almost a third of patients and thyroid cancer has been
occasionally reported in PHTS subjects <18-year-old. Specific
cancer surveillance indeed includes annual thyroid ultrasound
even in children. More recently, clinical criteria taking into
account the full phenotypic spectrum of PHTS disorders have

been proposed in order to maintain their overview and overcome
the limitations of individual classifications (228).

Neuroimaging abnormalities are present in at least half
of the affected patients (221), consisting mainly of bilateral
symmetric MEG with corpus callosum thickening and tonsillar
ectopia (Figures 13A-C). Rarely, unilateral MEG or other
malformations of cortical development have also been described,
including PMG (234-237). Other common imaging features
include multifocal periventricular white matter signal changes,
dilated perivascular spaces (227, 238) as well as intracranial and
spinal vascular malformations (including developmental venous
anomalies and dural arteriovenous fistulas) (231). Patients with
PHTS may demonstrate a lesion in the posterior fossa compatible
with Lhermitte-Duclos disease (dysplastic gangliocytoma of the
cerebellum) (236). This entity usually presents in the third or
fourth decade and although it may occur sporadically in near half
of adult cases, it is considered an important criterion of PHTS in
that age group (228). Briefly, it is a slow-growing lesion currently
classified as a WHO grade I tumor and characterized on MRI by
a “striated folial pattern” involving both gray and white-matter,
with variable contrast enhancement and some mass effect over
the IV ventricle.

Of note, pediatric and adult clinical scoring systems
(Cleveland Clinic PTEN Risk Calculation tools) for an accurate
a priori selection of patients for PTEN mutation testing have
been formulated (239). Using this score system, presence of
macrocephaly associated with at least one of the additional four
criteria has been proved to be highly sensitive criteria to guide
PTEN mutation in this specific age group (239).

MCAP (Germline Variants)

About 10% of cases with MCAP harbor germline variants
in PIK3CA, resulting in mild PI3K-AKT-mTOR activation.
Accordingly, their phenotype includes MEG and ID, in absence
of other typical features such as vascular anomalies and limb
overgrowth, usually observed in MCAP cases due to somatic
PIK3CA mutations (182).

Megalencephaly-Polymicrogyria-Polydactyly-
Hydrocephalus
Megalencephaly-polymicrogyria-polydactyly-hydrocephalus
(MPPH) syndrome is caused by mutations, in order of
frequency, of either PIK3R2, AKT3, or CCND2 genes with
consequent activation of the PI3K-AKT-mTOR pathway
(172). Differently from MCAP, in which 90% of mutations are
somatic, mutations leading to MPPH are more frequently de
novo germinal variants (179). Although MCAP and MPPH
are caused by mutations involving different components of
the mTOR pathway and MPPH is not included in the group
of PROS disorders, their clinical features partially overlap.
Indeed, MPHH is also characterized by MEG/HMEG, bilateral
PMG, ventriculomegaly, mild to severe ID and epilepsy, and
sometimes post-axial polydactyly. However, differently from
MCAP, vascular malformations, syndactyly, and heterotopia are
not usually present in MPPH (36).

The most severe MPPH phenotype is observed in children
with CCND2 mutations. Conversely, PIK3R2 cases usually show
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lesions (white arrowheads).

FIGURE 13 | Imaging characteristics of brain overgrowth disorders. Sagittal (A) and axial (B) T1WI and axial T2WI (C) of a 3.5-years-old boy with macrocephaly due
to a pathogenic PTEN mutation reveals signs of bilateral, symmetric megalencephaly with regular cortex and normal signal-intensity white matter. Note presence of
frontal bossing (arrowhead), mega corpus callosum (open arrows), thickened anterior commissure (arrow), mild tonsillar herniation (thick white arrow), and peri-atrial
dilated perivascular spaces, mainly on the left side (black thick arrow). Axial T1 WI (D-F) of a different patient with macrocephaly at 3.4 years of age show signs of
unilateral megalencephaly/hemimegalencephaly with normal cortex and normal white matter. Note the “occipital sign” (black arrows) as well as anterior pointing of the
left frontal horn (thick black arrow) and thickening of the midline structures (black arrowheads). Axial T1WI (G), axial T2WI (H), and sagittal TTIWI (1) in a child with
megalencephaly capillary syndrome performed at 1.6 years of age depict bilateral, asymmetric dysplastic megalencephaly with abnormal perisylvian polymicrogyric
cortex (black arrows) and white matter signal changes (asterisks) as well as bilateral cerebellar dysplasia (thick white arrows). Also, note bilateral facial lipomatous

only ventriculomegaly and milder cognitive impairment. Somatic
mutations in AKT3 also account for a minority of MPPH cases,
usually presenting with MEG without PMG, whereas somatic
PIK3R2 mutations have been associated with PMG and normal
OFC (240).

Non-syndromic MEG
Non-syndromic MEG with ID, with possible autism and epilepsy
has been reported in about 20 individuals harboring germline

MTOR mutation (241). In addition, germline mutations in AKT3
account for a minority of non-syndromic MEG (242) and just two
MEG cases have been found to carry germline PIK3CA variants
(182) (Figures 12M,N).

Hemimegalencephaly

In contrast to non-syndromic MEG, HMEG is exclusively due
to somatic mutations in PIK3CA, MTOR and AKT3 (172,
182, 241, 243) that result in a clinically severe phenotype,
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characterized by intractable epilepsy, severe ID, ipsilateral white
matter anomalies, dilated/dysmorphic lateral ventricle, and
cortical dysplasia. Notably, FCD and HMEG belong to the same
phenotypic spectrum due to somatic mutations in the PI3K-
AKTmTOR genes (Figures 11, 13D-F).

PRACTICAL APPROACH TO THE
DIAGNOSIS OF MACROCEPHALY

An accurate diagnosis of patients with macrocephaly requires
a multidisciplinary team approach. First, a careful review
of medical history and physical examination, involving the
pediatrician, neurologist, and clinical geneticist are the first
steps to generate a thorough phenotypic characterization.
Concurrently, brain MRI should be carefully reviewed by
an expert neuroradiologist in order to differentiate between
true megalencephaly (either developmental or metabolic) and
secondary causes of macrocrania, as well as to detect any
associated imaging features suggestive of a particular group
of disorders or even specific entities. A proposed algorithm
for macrocrania evaluation is presented in Figure 14. After
initial clinical and neuroimaging assessment, the subsequent
diagnostic work-up should be customized for each suspected
macrocephaly subgroup.

If hydrocephalus is found on brain MRI and acquired
causes are ruled out, a careful neuroradiological assessment
may identify neuroradiological features, possibly suggesting
a specific genetic etiology, such as aqueductal stenosis due
to LICAM mutations (Supplementary Table 1). In parallel, a
clinical evaluation may unveil dysmorphisms and congenital
features of specific disorders associated with hydrocephalus, like
Pettigrew syndrome. If clinical and neuroradiological evaluations
are not suggestive of a specific disorder but a genetic etiology
is highly suspected, a hydrocephalus NGS panel or exome
sequencing may be required.

In the presence of overgrowth, it is important to recognize
whether it is generalized or segmental and identify possible
associated vascular/cutaneous anomalies because genetic work-
up is different for the two main overgrowth subgroups.
Indeed, the presence of segmental overgrowth plus vascular/skin
anomalies should orient clinicians toward a PI3K-AKT-mTOR
pathway-related disorder usually due to somatic mutations (with
the exception of a few MCAP cases related to germline AKT3
mutations). Accordingly, genetic testing in these cases should
be pursued on DNA extracted from specimen of affected tissues
(e.g., fibroblast, buccal swab, brain tissues if available). Among
the overgrowth syndromes, it is also important to recognize
clinical hallmarks of Beckwith-Wiedemann syndrome since it
is an imprinting disorder, requiring specific genetic work-up
(Table 1). Some craniofacial features might help to recognize
specific overgrowth disorders such as Sotos and Weaver
syndromes. However, other monogenic disorders presenting with
a generalized overgrowth could be investigated by an overgrowth
panel or exome sequencing.

The presence of developmental regression, coarse face,
and specific white matter anomalies on brain MRI are
all features suggestive of a possible metabolic disorder or

leukoencephalopathy. The presence of organomegaly should be
assessed by abdominal ultrasound when these disorders are
suspected. Brain MRI pattern recognition, complemented by
proton spectroscopy in some cases, can suggest the diagnosis or,
at least, reduce the differential diagnosis. Metabolic testing for
these disorders include urine organic acids, plasma and urine
amino acids, and acylcarnitine profile for organic acid disorders
and lysosomal enzyme dosage on leukocytes if a lysosomal
disorder is suspected. The diagnosis of metabolic disorders
and leukoencephalophathies can be eventually confirmed by
molecular testing.

Other conditions presenting with macrocephaly that should
be clinically recognized are the Neurocutaneous syndromes,
namely NF1, TSC, and GS. In presence of the typical hallmarks of
these disorders a targeted molecular testing should be requested.
Similarly, FXS could be clinically recognized and requires a
specific molecular testing.

The presence of macrocephaly and skeletal anomalies often
requires the involvement of radiologists and clinicians expert
in skeletal dysplasia. However, at least a few conditions should
be recognized by all pediatricians and properly investigated.
The presence of bowed legs, bell-shaped chest, thickened wrist,
and ankles should rise the suspicious of acquired rickets
and vitamin D3 level should be assessed. The association
of microcytic anemia and macrocephaly should suggest an
underlying diagnosis of untreated Beta-thalassemia. Hence,
hemoglobin electrophoresis and molecular genetic testing should
be performed. Among various skeletal dysplasias presenting with
macrocephaly, Achondroplasia is by far the most common and
easily recognized given the association of macrocephaly, short
stature, rhizomelic shortening of limbs, and typical craniofacial
features. Hypochodroplasia, the least severe form, may be
clinically recognized as well. When these disorders are suspected,
molecular testing of FGFR3 should be pursued. In absence of
hints of other skeletal dysplasia (e.g., osteopetrosis and others)
a gene panel for skeletal dysplasias or exome sequencing could
be requested.

The association of macrocephaly with DD/ID includes a
clinically and genetically heterogenous group of disorders with
more than 150 syndromes listed in the OMIM database.
Among these, it is extremely important to recognize the PI3K-
AKT-mTOR pathway-related disorders, namely the MCAP, and
HMEG that are associated with somatic mutations. Overall, the
molecular diagnosis of these disorders could be achieved either
through a target gene testing or more commonly by a gene
panel (PI3K-AKT-mTOR panel), but it is mandatory to keep
in mind the suspected clinical diagnosis given the possibility of
underlying somatic mutations that would be missed by testing
DNA extracted from blood.

In the absence of clinical cues for the above-mentioned
disorders or other specific genetic syndromes, the association
of macrocephaly, DD/ID, and possible dysmorphisms should
be investigated by a chromosomal microarray and if it yields
negative or unremarkable results a macrocephaly panel or
exome sequencing should be pursued. Although the exact
diagnostic rate of copy number variants in macrocephaly
remains elusive, it is well known that many causative genes,
such as transcriptional repressor and tumor suppressor genes,
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yes Hydrocephalus related to: no Genetic disorders of hydrocephalus
[ OFC>2SD (rapidly progressive) and signs of ICP ? I > CNS neoplasms, infection, =—>| Primarily CNS involvement (L1CAM,
o inflammation, haemorragies, MPDZ, CCDC88C)
¢ MAV Hydrocephalus as part of
[ OFC>2SD, DD/ID, neurological signs ]L) To consider BESS syndromic spectrum (e.g.
RASopathies, MPS etc.)
¢ no
( " "
OFC>2SD + white matter anomalies yes Organic acid disorders (GA1, D2HA, L2HA)
+/- developmental regression, +/- —_— Lysosomal storage disorder (MPS)
L organomegaly, +/- coarse face? ) Leukoencephalopathies (AD, CD, MLC, CACH/VWMD)
¢ no
[ OFC>2SD + typical craniofacial features, +/- )
macroorchidi.sm and connective tissue L) [ Fragliexieyndrome ]
g involvement J
‘L no
yes Acquired rachitism (vit. D deficiency)
[ OFC>2SD + skeletal anomalies? ] —— Beta-thalassemia (skull hyperostosis)
¢ Skeletal dysplasias
no
( OFC>2SD + typical cutaneous stigmanta (e.g.
cafe-au-lait spots, hypomelanotic macules, yes N Neurofibromatosis 1 or
shagreen patch, angiofibromas, basal cell Tuberous Sclerosis Complex or
\_ carcinoma, facial milia etc.) Gorlin syndrome
¢ no ( (Segmental) overgrowth with skin/vascular anomalies: )
OFC>2SD + segmental/generalized (height>2SD) yes WIEA, MPPH’ LG e, CLO.VES synQrome, e
. X — Generalized overgrowth syndromes without skin/vascular
overgrowth +/- skin/vascular anomalies -
anomalies:
¢ no \_ Beckwith-Wiedemann syndrome, Weaver syndrome etc. )
{ 3
OFC>2SD + DD/ID + PTEN-related features or Yes > PTEN hamartoma tumour syndrome (CS, BRRS)
skin/vascular anomalies L +/- syndromic MEG, HMEG, MCAP, MPPH, MPPM
¢ no
yes
OFC>2SD + DD/ID +/- dysmorphisms and — [ > 100 monogenic neurodevelopmental disorders ]
congenital anomalies?
FIGURE 14 | Diagnostic algorithm of macrocephaly. BESS, Benign enlargement of subarachnoid spaces; BRRS, Bannayan-Riley-Ruvalcaba syndrome; CS, Cowden
syndrome; CNS, central nervous system; D2HA, D2-hydroxyglutaric aciduria; L2HA, L2-hydroxyglutaric aciduria; DD, developmental delay; KTS, Klippel-Trenaunay
syndrome; ICP, increased intracranial pressure; GA1, glutaric aciduria type 1; MAV, arteriovenous malformations; MPS, mucopolysaccharidosis; AD, Alexander
disease; CD, Canavan disease; MLC, megalencephalic leukoencephalopathy with subcortical cysts; MCAP, megalencephaly-capillary malformation syndrome; MPPH,
megalencephaly-polymicrogyria-polydactyly-hydrocephalus syndrome; MPPM, megalencephaly-polymicrogyria and pigmentary mosaicism; CACH/VWMD, childhood
ataxia with central hypomyelination/vanishing white matter disease.

act through a loss-of-function mechanism and therefore their
haploinsufficiency leads to a clinical phenotype including MEG.
If available, exome sequencing may be preferred to macrocephaly
panels, first looking at genes known to be associated with
macrocephaly through a bioinformatic customized panel, and
then in case of negative results, expanding the analysis to include
a broader set of genes not yet associated with a specific phenotype
and potential new candidate genes. Genetic investigations for
each macrocephaly group are summarized in Table 1.

MANAGEMENT, TREATMENT, AND
FUTURE DIRECTIVES

Management of macrocephaly greatly varies according to
different etiologies. An extensive overview of management of all
disorders is behind the scope of this review.

We mostly would like to stress the importance of cancer
surveillance in some disorders related to macrocephaly including
PHTS, GS, NF1, TSC, L-2-HGA, and many overgrowth
syndromes such as BWS and Sotos syndrome among others.
Specific protocols exist for most of these disorders and should
be carefully followed once a diagnosis has been molecularly
confirmed (226, 231).

Supportive management (e.g., occupational therapy,
physiotherapy, and speech therapy) is the only available
treatment for the majority of neurodevelopmental disorders
presenting with macrocephaly.

However, metabolic disorders are a group of disorder for
which enzyme replacement therapy and in some cases gene
therapies have been successfully adopted. For instance, enzyme
replacement therapy is currently available for MPSI, MPS II,
MPS VI, and MPS IVA (244, 245). In support of conventional
therapies, new therapeutic methods have been developed for
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TABLE 1 | Genetic investigations in macrocephaly-related disorders.

Macrocephaly subgroups

Investigations

Macrocephaly related to CSF expansion

Benign enlargement of subarachnoid spaces
Hydrocephalus due to acquired cause

Hydrocephalus due to genetic etiology

Hydrocephalus due vein of galen aneurysmal malformation

Macrocephaly with: +/- white matter anomalies, +/- developmental
regression, +/- organomegaly, +/- coarse face

Organic acid disorders (GA1, D2HA, L2HA)

Lysosomal storage disorder (MPS)

Leukoencephalopathies (AD, CD, MLC, CACH/VWMD)
Fragile X syndrome

Macrocephaly and skeletal anomalies

(Acquired) rickets

Beta-thalassemia

Skeletal dysplasias

Neurocutaneous syndromes

Neurofibromatosis 1

Tuberous sclerosis complex

Gorlin syndrome

Macrocephaly and segmental overgrowth syndromes
(Segmental) overgrowth with skin/vascular anomalies
MCAP

MPPH

Proteus syndrome

CLOVES syndrome

KTS

Generalized overgrowth syndromes without skin/vascular anomalies
Beckwith-Wiedemann syndrome

Other overgrowth syndromes (Weaver syndrome, Sotos syndromes, etc.)

Macrocephaly and clinical features of PTEN-/PI3BK-AKTmTOR related
disorders

PTEN hamartoma tumor syndrome (CS, BRRS)
+/- syndromic MEG

HMEG

MCAP

MPPH

MPPM

Macrocephaly + DD/ID, +/- dysmorphisms and congenital anomalies
(>100 monogenic disorders in OMIM database)

None

To settle according to the underlying diagnosis
Target gene sequencing or hydrocephalus panel
RASAT and EPHB4 gene testing (+/—MLPA)

Urine organic acid, plasma and urine amino acids, acylcarnitine profile;
Target gene testing/Gene panel testing

Lysosomal enzyme testing on leukocyte/gene panel
Target gene testing/gene panel

Target gene testing or leukodystrophy panel
FMR1 gene testing

Vitamin D3 dosage
Hemoglobin electrophoresis, HBB gene testing
Target genetic testing (e.g., Achondroplasia) or skeletal gene panel/ES

NF1/SPRED1 gene testing
TSC1, TSC2 gene testing
PTCH1, SUFU gene testing

PIKBCA gene testing on affected specimen* (somatic mutations 90%)
AKT3 gene testing on blood (germline mutations in a small subset of children)

AKT1 mutation (c.49G>A,p.Glu17Lys) testing on affected specimen* (100% somatic
mutation)

PIK3CA gene testing on affected specimen* (100% somatic mutations)
PIK3CA gene testing on affected specimen* (100% somatic mutations)

Methylation analysis (loss of maternal methylation at IC2 (50%, IC1 (5), loss of
maternal methylation at IC2, and gain of methylation at CI1 (paternal UDP) (20%)
Heterozygous maternal CDKN1C pathogenic variants

Microdeletion, microduplication, paternal UDP (9%)

Cytogenetic duplication, inversion or translocation of 11p15.5 (<1%)

Target gene testing or gene panel sequencing/ES

PTEN gene testing, +/- MLPA on blood (germline mutations)

MTOR (+), AKT3, (PIK3CA) gene testing on blood (germline mutations)
MTOR, AKT3, PIKBCA gene testing on blood (somatic mutations)

PIK3CA gene testing on blood (10% germline mutations)

PIK3R2(++), CCND2(+), AKT3 gene testing on blood (germline mutations)

MTOR and AKT3 gene testing on affected specimen* (occasionally somatic
mutations)

MTOR mutations (p.Cys1483Tyr/Phe, p.Thr1977lle) gene testing on affected
specimen*

Chromosomal microarray
Macrocephaly panel/ES

BESS, Benign enlargement of subarachnoid spaces; BRRS, Bannayan-Riley-Ruvalcaba syndrome; CS, Cowden syndrome; CNS, central nervous system; D2HA, D2-hydroxyglutaric
aciduria; KTS, Klippel-Trenaunay syndrome, L2HA, L2-hydroxyglutaric aciduria;, GA1, glutaric aciduria type 1, GM, Gangliosidosis type 2; ES, exome sequencing;, MPS,
mucopolysaccharidosis; AD, Alexander disease; CD, Canavan disease; MLC, megalencephalic leukoencephalopathy with subcortical cysts; MLPA, multiplex ligation-dependent
probe amplification, MCAR, megalencephaly-capillary malformation syndrome; MPPH, megalencephaly-polymicrogyria-polydactyly-hydrocephalus syndrome; MPPM, megalencephaly-
polymicrogyria and pigmentary mosaicism; CACH/VWMD, childhood ataxia with central hypomyelination/vanishing white matter disease.

*Buccal swab, saliva, fibroblasts, resected brain tissue.
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MPS, such as new recombinant enzymes that can penetrate
the blood-brain barrier, hematopoietic stem cell transplantation,
gene therapy using a viral vector system or gene editing (245-
247). The ISRIB, an activator of eIF2B, is a promising molecule
in the treatment of VWMD since it can stabilize the mutant
elF2B and restores the residual catalytic activity to wild-type
levels (248, 249). Moreover, there has been a growing interest
in mTOR inhibitors as promising antiepileptogenic therapies,
such as rapamycin and everolimus in TSC (250, 251). Given the
important role of mMTOR in the development of several different
forms of MEG, it might be possible that mTOR inhibitors will be
used in the next future to treat a broader range of MTOR-related
disorders associated with epilepsy and MEG.

Another promising therapeutic approach includes antisense
oligonucleotides (ASOs) that are short, synthetic, single-stranded
oligodeoxynucleotides able to alter RNA, modifying protein
expression through several distinct mechanisms. They have
been successfully used in several neurological disorders (e.g.,
Spinal muscular atrophy and Huntington disease) and there
are encouraging results in the mouse model of AD (252). It is
reasonable to expect in the coming years novel research trials with
ASOs in several neurodevelopmental disorders presenting with
macrocephaly, such as MTOR-related disorders and FSX.

CONCLUSION

Macrocephaly encompasses an extremely heterogeneous
group of disorders with a wide range of etiologies, radiologic
characteristics, clinical features, and neurodevelopmental
outcomes. Recent advances in genetic methods such as
exome and genome sequencing have allowed the continuous
identification of novel disorders associated with macrocephaly,
providing insight into the complexity of brain development.
Combining neurological and dysmorphological
assessments are crucial to promptly recognize a specific
macrocephaly class and in turn pursue targeted diagnostic
testing. Accurate classification of macrocephaly is a key for
diagnosis, workup, and prognosis. However, we still do not
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