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Introduction.  – Some  metabolic  bone  disorders  may  result  in  the premature  closure  of one  or  more  calvarial
sutures  during  childhood,  potentially  leading  to  a cranioencephalic  disproportion.  The  aim of  this  paper  is
to  review  the  characteristics  and  consequences  of craniosynostosis  associated  with  metabolic  disorder.
Material and  methods.  –  A review  of the literature  on metabolic  forms  of craniosynostosis  was  performed.
Results.  –  The  most  common  forms  of craniosynostosis  associated  with  metabolic  bone  disorder  were
isolated  sagittal  suture  fusion  with  or without  scaphocephaly,  and sagittal  suture  fusion  associated  with
coronal suture  fusion  (oxycephaly)  or also  with  lambdoid  suture  fusion  (pansynostosis).  Synostosis  may
be well-tolerated,  but in some  subjects  results  in neurodevelopmental  and  functional  impairment  that
is sometimes  severe.
ucopolysaccharidosis
ucolipidosis

raniostenosis
yndromic synostosis
econdary craniosynostosis

Conclusion. –  The  impact  of  metabolic  synostosis  is very  variable,  depending  on the  specific  underlying
metabolic  disease,  with  a  large  spectrum  of  morphological  and  functional  consequences.  Diagnosis  should
be early  and  management  should  be  carried  out by  a multidisciplinary  team  with  expertise  in  both  rare
skeletal  disorders  and  craniosynostosis.  The  impact  of  emergent  medical  therapies  recently  developed
for  some  of  these  diseases  will  be assessed  by  systematic  coherent  follow-up  of international  registries.
steopetrosis
kull

. Introduction

Craniosynostosis is defined as the deformation of skull growth
ssociated with premature closure of one or more skull vault
utures. Most craniosynostoses are isolated but they can also
e part of a syndrome (7). Several genes responsible for skull
rowth and morphogenesis have been identified; those most
ften involved in craniosynostoses are FGFR1,  2 and 3, TWIST and

CF12. In some children, craniosynostosis is secondary to genetic
isorder, including syndromes with other associated anomalies,
r associated with underlying metabolic disease affecting both
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rench referral center for craniosynostosis, université de Lyon, hôpital femme-mère-
nfant, 59, boulevard Pinel, 69003 Lyon, France.
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intramembranous and endochondral ossification in the skull. In
some cases, craniosynostosis may  be the inaugural symptom lead-
ing to the discovery of the metabolic disorder; otherwise, it may  be
found during systematic follow-up of such rare genetic disorders.

The present report focuses on craniosynostosis secondary to
rickets, mineral metabolism disorder and mucopolysaccharidosis.

2. Material and methods

A review of the literature was  performed for secondary
metabolic forms of craniosynostosis associated with rickets, min-
eral metabolism disorder or mucopolysaccharidosis, using the

following search-terms: “metabolic craniosynostosis”; “craniosyn-
ostosis AND rickets”, “craniosynostosis AND mucopolysacchari-
dosis”. Only articles in English were considered, for the period
1950–2019.

https://doi.org/10.1016/j.neuchi.2019.09.008
http://www.sciencedirect.com/science/journal/00283770
http://crossmark.crossref.org/dialog/?doi=10.1016/j.neuchi.2019.09.008&domain=pdf
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. Results

.1. Craniosynostosis and rickets

The association of craniosynostosis and rickets has been known
ince the XIX century, with the first reported description by Hes-
hl in 1873 [1]. At that time, nutritional rickets was, by far, the
ajor rickets etiology. In 1964, Reilly and Fraser evaluated the

ncidence of craniosynostosis in nutritional rickets as ≈1/4 in a
eries of 16 patients [2]. Since then, the epidemiology of rickets
as evolved. Nutritional rickets is less frequent and craniosynosto-
is due to nutritional rickets is thus nowadays exceptional, such as
he cases described by Wang et al. (children with nutritional rick-
ts) [3] or Shetty et al. (rickets secondary to prolonged exposure to
nti-acid treatment) [4].

Currently the association between craniosynostosis and rick-
ts concerns mainly familial forms of rickets or mineral disorders
ith an underlying genetic origin [5,6]. Craniosynostosis can,

or example, be found in X-linked hypophosphatemia (XLH), in
itamin-D-resistant rickets (VDDR) due to 1-alpha hydroxylase
eficiency, or in hypophosphatasia (HPP) [7].

.2. X-linked hypophosphatemia and craniosynostosis

X-linked hypophosphatemia is a rare inherited disorder due to
oss-of-function mutations in the PHEX gene. Impaired expression
nd function of PHEX in osteocytes, osteoblasts and odontoblasts
eads to accumulation of mineralization inhibitors such as ASARM
eptides and osteopontin (OPN) in calcified tissues, and increased
roduction and secretion of FGF23. As a result, children present
one deformation at walking age, rickets, bone pain and growth
etardation. Around 2/3 of patients with XLH show craniosynosto-
is [8]. Prevalence on MRI  is even higher (personal data). Beyond the
mpaired mineralization responsible for rickets and short stature,
ross-binding of FGF23 with FGFR2 and FGFR3 at the cranial sutures
as also been suggested to contribute to cranial suture fusion [9].
ike for other causes of rickets and mineral disorders, diagnosis of
raniosynostosis usually follows diagnosis of XLH. Many questions
emain unanswered, such as the age of development of craniosyn-
stosis, progression and the main determinants of suture fusion
8].

.3. VDDR due to 1-alpha hydroxylase deficiency and
raniosynostosis

Biallelic mutations in the 25-hydroxyvitamin D 1-alpha-
ydroxylase gene (CYP27B1) cause vitamin-D-resistant rickets.
atients present typical hypocalcemic rickets in early childhood,
esembling nutritional rickets that does not resolve despite vita-
in  D therapy [10]. Similarly to patients with nutritional rickets,

hese patients are at risk of developing craniosynostosis. Though
he association between 1-alpha hydroxylase deficit and craniosyn-
stosis is well known, its actual incidence is unknown because of
he rarity of the condition.

Other anomalies in mineral metabolism may  be associated with
raniosynostosis, such as hypophosphatasia, pseudohypoparathy-
oidism and mucopolysaccharidosis.

.4. Hypophosphatasia and craniosynostosis

Hypophosphatasia is a rare inborn error of metabolism char-
cterized by defective bone mineralization, with highly variable

linical expression. It is due to mutations in the ALPL gene, caus-
ng deficiency in alkaline phosphatase enzyme activity. Depending
n the severity of the enzymatic defect, patients present variable
egrees of bone impairment or other tissue defects. The perinatal
gie 65 (2019) 258–263 259

form is frequently lethal, usually associated with neonatal respira-
tory distress, convulsions, hypotrophy and hypotonia. Diagnosis is
rapidly suggested by an association of typical radiological features,
hypercalcemia/hyperphosphatemia and low alkaline phosphatase
(ALP) activity. In the infantile form, clinical signs appear before
6 months of age, and include variable features such as stunting,
hypotonia, frequent respiratory infections, hypercalcemia, pec-
tus deformity, and progressive craniosynostosis. The radiological
features are cupping and fraying of long-bone metaphyses, with
widened and heightened growth plates and global hypomineraliza-
tion. The disease may  also be diagnosed in adults presenting with
fracture, chondrocalcinosis or dental issues. Hypophosphatasia is a
differential diagnosis of rickets, as patients have low levels of alka-
line phosphatase, and may  have high circulating levels of calcium
and phosphate [11]. About 2/3 of patients with infantile hypophos-
phatasia present craniosynostosis [2,12,13], mainly associated with
the most severe forms of hypophosphatasia. The pathophysiology
of the cranial fusion in ALPL deficiency is still unknown. Biochemical
analyses on bone samples of operated patients and analyses of the
different types of ALPL mutation associated with hypophosphatasia
have failed to identify which factors play a role in certain patients
developing synostosis [12]. When diagnosis of hypophosphatasia
is early, the craniosynostosis, when present, is usually taken into
consideration and recognized promptly, since synostosis is a clas-
sical feature of the infantile form of hypophosphatasia [6,14,15]. In
some rare cases the diagnosis of synostosis will precede diagnosis
of hypophosphatasia.

3.5. Pseudohypoparathyroidism and craniosynostosis

Pseudohypoparathyroidism has been recently reclassified as
part of a larger group of disorders named “inactivating PTH/PTHrp
Signaling Disorders” (iPPSD). This disease group encompasses type
1A and 1B pseudohypoparathyroidism and acrodysostosis. These
disorders share abnormal biochemical features such as PTH resis-
tance and premature fusion of the growth plate, usually known
as “Albright hereditary osteodystrophy” [16]. Craniosynostosis has
been reported repeatedly in these diseases, sometimes as severe
synostosis affecting several sutures with raised intracranial pres-
sure [17]. However, there are as yet no cohort studies analyzing the
incidence of craniosynostosis in the various iPPSDs [18].

3.6. Mucopolysaccharidosis, mucolipidosis and craniosynostosis

Mucopolysaccharidosis (MPS) and mucolipidosis belong to the
family of heritable disorders caused by a deficiency of the lysosomal
enzymes required to degrade glycosaminoglycans and impair-
ing lysosomal enzyme transport. These disorders are chronic and
progressive, usually displaying a wide spectrum of clinical manifes-
tations for a given enzyme deficiency. There is wide variability in
severity. Patients with severe forms of the disease exhibit symp-
toms occurring early in childhood and simultaneously affecting
diverse organ systems, with cognitive retardation. Conversely, indi-
viduals with attenuated disease have fewer and later symptoms,
with mild or no cognitive impairment. On screening, suture abnor-
malities are commonly detected in severe forms of MPS, with
≥1 abnormalities in more than 75% of cases, although skull mor-
phology is abnormal in only half. In some rare cases, it is skull
deformation that leads to further examinations and finally to diag-
nosis of MPS  [19].

Craniosynostosis in MPS  usually develops within the first years
of life, and is present in 40% of children under 6 years of age. Several

sutures are affected: 2/3 of subjects have 2 or 3 sutures partially or
completely fused while the remaining third develop pansynostosis
[20]. Type II and III mucolipidosis may  also develop pansynostosis,
often severe.
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Table 1
Craniosynostosis types and metabolic bone disorder.

X-linked hypophosphatemia +
VDDR due to 1-alpha deficiency +
Hypophosphatasia + +
Pseudohypoparathyroidism +
Mucopolysaccharidosis ± +
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Mucolipidosis type 2 +
Osteopetrosis +

.7. Osteopetrosis and craniosynostosis

Osteopetrosis is a heterogeneous group of ultra-rare skeletal
isorders characterized by increased bone mass associated with

 defect in osteoclast function. At least 10 genes have been iden-
ified, with various patterns of inheritance; the most severe types,
ften referred to as “malignant types” because of the rapid disease
rogression, are autosomal recessive. In these types, bone remod-
ling may  alter skull growth; in some cases this can be associated
ith craniosynostosis, most commonly multisutural [21]. Because

f the abnormal thickness of the skull vault, the risk of cranioen-
ephalic disproportion and brain compression is extremely high in
his condition, if untreated.

. Discussion

Diagnosis of craniosynostosis is clinical, based on skull defor-
ation associated with premature skull suture fusion.
However, in rare skeletal disorders, suture closure occurs

econdarily, generally later than in isolated synostosis, at a devel-
pmental stage in which the vault is only mildly deformable; thus
he change in morphology will be limited. This limited or absent
eformation hinders clinical recognition of the synostosis. Radio-

ogical examination may  be required to identify and confirm the
ssociated skull synostosis.

It is noteworthy that, in some instances, even radiological diag-
osis can be difficult, as a persistent sclerotic inactive ridge might
e interpreted as a normal suture [6,22–24].

Two main forms of synostosis are associated with skeletal
etabolic bone disorders:

isolated fusion of the sagittal suture;
multisutural fusion with oxycephaly or pansynostosis (Table 1).

In some metabolic bone disorders, the sagittal suture is pre-
ominantly affected. This is the case of most patients with XLH
nd vitamin-D-resistant rickets, though In some rare cases sagit-
al suture fusion can be associated with premature coronal suture
usion in XLH [8]. Cases of synostosis limited to the sagittal suture
ave also been reported in MPS  [19]. However, in MPS, as in pseudo-
ypoparathyroidism and osteopetrosis, radiological examination
ostly finds oxycephaly or pansynostosis.
In hypophosphatasia, both scaphocephaly and pansynostosis

an be found [25].
It noteworthy that suture closure is a dynamic event and can be

synchronous. Thus at an early stage of the disease, some sutures
ight be still present, whereas on later examination they appear

s fused [12].
The morphology of the skull depends on the type and number

f affected sutures, but also on the age at which closure occurs and
n the underlying skeletal disorder.

The typical scaphocephalic deformation of the skull, with

ncreased anteroposterior growth, reduced transversal growth and
rotrusion of the forehead, develops in case of antenatal sagittal
uture closure or of sagittal fusion occurring in the first months
f life. This deformation is similar to that typical of isolated
gie 65 (2019) 258–263

scaphocephly and is easily recognizable clinically. Conversely,
when sagittal closure occurs at a later stage, there may  be no defor-
mation of the skull and “non-scaphocephalic” closure of the sagittal
suture is identified only on radiological examination. This is often
the case in XLH patients [8]. In case of early fusion of the sagittal
and coronal sutures, the skull may  develop an oxycephalic aspect. A
bregmatic bump can be palpated or even seen. There may  be retru-
sion of the supraorbital bandeau. Pansynostosis may  occur when
the lambdoid sutures also close. However, it should be stressed that,
even in case of closure of several sutures, the morphological impact
may  very limited in a large percentage of subjects and, in most cases
of rare skeletal disorders, because of this limited or absent skull
deformation, purely clinical diagnosis of synostosis may  be missed.

4.1. Progression risks

The risks associated with metabolic synostosis are, like in iso-
lated synostosis, functional and esthetic. However, because skull
deformation is mild in most subjects with metabolic disorders,
the esthetic consequences are often minimal. Conversely, the
risk of functional complications is high in metabolic synostosis,
depending on the underlying condition. It seems to be higher in
hypophosphatasia with pansynostosis or in some cases of pseu-
dohypoparathyroidism than in mucopolysaccharidosis. Probably,
the changes in skull content (the brain itself, and CSF spaces)
characteristic of mucopolysaccharidosis provide enough room to
compensate for the effects of the craniosynostosis. Although sutu-
ral alteration is frequent, functional impact in MPS  is extremely
rare [20]. Nevertheless, some cases of children with MPS  and docu-
mented intracranial hypertension needing decompressive surgery
have been reported [19,20].

Like in isolated or complex craniosynostosis, the functional
risk in craniosynostosis associated with metabolic bone disorder
concerns cranioencephalic disproportion, leading to intracranial
pressure elevation and caudal descent of the cerebellar tonsils into
the upper cervical canal (Chiari type 1 malformation) due to the
reduced intracranial volume. A role of impaired venous flow has
also been postulated as contributing to these anomalies in case of
metabolic craniosynostosis during fetal life or in the first weeks
after birth.

Chronic headache is the typical clinical manifestation of cran-
ioencephalic disproportion. However, cognitive and behavioral
impairment is also sometimes seen in children with metabolic
craniosynostosis in whom the cranioencephalic disproportion is
overlooked and not treated timely. Rarely, and only in case of severe
intracranial hypertension, visual function can be affected, with a
risk of papilledema and optic atrophy.

Syringomyelia can occur in case of herniated cerebellar ton-
sils. The risk of acquired herniation of the cerebellar tonsils (Chiari
type I malformation) is relatively high in XLH, pseudohypoparathy-
roidism and osteopetrosis, not only in subjects with pansynostosis
but also in cases where only the sagittal suture is affected, inde-
pendently of changes in skull shape. In other words, Chiari type 1
malformation can also be found in non-dolichocephalic patients [8].

The craniovertebral junction can also be affected in MPS, but
without cerebellar tonsils herniation in the great majority of cases.

4.2. Investigations for craniosynostosis

Complementary investigations in addition to those required for
diagnosis of the underlying bone metabolic disorder are warranted
when associated synostosis is suspected.
Skull computed tomography (CT) with 2D and 3D reconstruc-
tion confirms the diagnosis of synostosis and analyzes the skull and
its contents, screening for radiological signs of intracranial pres-
sure (ICP) elevation (thumb-printing) and determining position of
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ig. 1. Axial Skull CT (A) and sagittal MRI  (B) of a child with X-linked hypophosph
ith  pseudohypoparathyroidism; 3D skull CT (E) and sagittal reconstruction (F) of a

he cerebellar tonsils (Chiari malformation) (Figs. 1 and 2). Though
ighly reliable, the use of this examination in young children is lim-

ted because of the risks associated with irradiation. However, it can
nable discovery of craniosynostosis in the majority of older chil-
ren, especially in case of “non-dolichocephalic” sagittal synostosis
nd in subjects with relatively normal skull morphology.

Brain magnetic resonance imaging (MRI) provides precise brain
tudy without X-ray exposure. However, the cranial vault remains
ifficult to assess on MRI, which further requires sedation in young
hildren. Nevertheless, this examination is particularly useful in
ase of Chiari malformation, to screen for associated syringomyelia.

Fundoscopy or optical coherence tomography (OCT) should also

e performed in all patients, to screen for papilledema.

Neuropsychological testing and school performance assessment
an be useful in case of confirmed synostosis. However, the results
f such investigations can be difficult to interpret in rare skeletal
a; Lateral view X-rays (C) and CT sagittal reconstruction (D) of the skull of a child
 with hypophosphatasia. Note the thumb-printing and descent of cerebellar tonsils.

disorders because of the concomitant effects of the synostosis and
of the underlying disease.

4.3. Management

The management of symptomatic craniosynostosis associated
with rare skeletal disorders is surgical, pharmacological treat-
ments showing limited results [26,27]. Nevertheless, some rare
metabolic disease may  respond to specific drugs or treatments,
but impact on skull growth remains to be determined. This is the
case, for example, of some types of osteopetrosis, which respond

to bone-marrow transplantation but, in most cases, without any
significant impact on the associated synostosis and raised ICP.

Similarly, some forms of skeletal disease which respond
to new therapeutic drugs, such as asfotase alpha for severe
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Fig. 2. Skull CT and MR imaging in a child with

ypophosphatasia, and had 1-year survival of less than 20% before
he advent of enzymotherapy [28], still develop craniosynostosis.

The question of the impact of these emergent therapies devel-
ped in recent years will probably be answered by systematic and
oherent follow-up of large cohorts of patients through registries.

Surgical treatment of craniosynostosis associated with rare
keletal disorder aims to treat (or prevent) the functional conse-
uences and to improve the esthetic component.

Surgery should always be discussed by a multidisciplinary team
ith expertise in both craniofacial and also rare skeletal disorders.

urgical treatment is usually indicated if the patient is symp-
omatic, but the prognosis of the disease should always be taken
nto account (e.g., in type II mucolipidosis with pansynostosis). In
ther cases, prophylactic surgery may  be discussed.

Surgery can be proposed in case of pansynostosis: for exam-
le, biparietal skull decompression to prevent the potential
onsequences of chronic ICP elevation, or occipito-cervical decom-
ression without duraplasty to treat progressive or extensive
ervical syringomyelia.

In asymptomatic children with well-tolerated synostosis,
urgery is usually not mandatory. However, strict clinical and
nstrumental surveillance is required to detect any clinical or
natomical deterioration.

. Conclusion

Because of the potentially severe consequences of craniosynos-
osis, it is essential to screen for sutural abnormalities in children
ith rare skeletal metabolic disorders known to be associated with

raniosynostosis at the time of diagnosis of the underlying con-
ition. Craniosynostosis should also be screened for in case of
bnormal skull morphology, clinical manifestations of raised ICP,
r symptoms and signs suggesting Chiari type 1 malformation or
yringomyelia.

Conversely, metabolic bone disorders should be screened for
uring follow-up of patients operated on for craniosynostosis in

he first months of life.

Referral to specialized centers with multidisciplinary teams,
ombining double expertise in the management of rare skeletal
isorders and craniofacial malformations, is recommended.

[

petrosis (A–C) and in a child with MPS  (D–F).
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