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Summary

The purpose of this overview is to increase the awareness of clinicians regarding the FGFR craniosynostosis
syndromes and their management.

Goal 1

Describe the clinical characteristics of FGFR craniosynostosis syndromes.
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Review the genetic causes of FGFR craniosynostosis syndromes.

Goal 3

Provide an evaluation strategy to identify the genetic cause of an FGFR craniosynostosis syndrome in a proband.

Goal 4

Summarize current management recommendations for individuals with an FGFR craniosynostosis syndrome.
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Inform risk assessment and surveillance of at-risk relatives for early detection and treatment of FGFR
craniosynostosis syndromes.
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1. Clinical Characteristics of FGFR Craniosynostosis Syndromes

Clinical Description

To date, more than 500 individuals with an FGFR craniosynostosis syndrome have been reported. The spectrum
of severity ranges from severe prenatal multisuture craniosynostosis with feeding and airway issues to isolated
unicoronal craniosynostosis. Included in this overview are the following FGFR craniosynostosis phenotypes:

 Apert syndrome

+ Beare-Stevenson cutis gyrata syndrome
 Bent bone dysplasia

+ Crouzon syndrome

 Crouzon syndrome with acanthosis nigricans
« Jackson-Weiss syndrome

« Muenke syndrome

« Pfeiffer syndrome

« Isolated coronal synostosis

Considerable phenotypic overlap notwithstanding, discriminating features can aid in the specific diagnosis (see
Table 1). The following individual phenotypes are recognized.

Apert syndrome

« Craniofacial. Head shape is determined by the sutures involved and the timing of premature fusion; the
majority of individuals have some degree of turribrachycephaly. Midface retrusion is moderate to severe,
with a greater degree of vertical impaction of the midface than most individuals with Crouzon syndrome
[Forte et al 2014]. Additional common features include: ocular anomalies (e.g., proptosis, strabismus,
refractive error, anisometropia), cleft palate, dental anomalies (crowding, delayed eruption, crossbite,
missing teeth), and hearing loss (80%) that is most often conductive.

 Respiratory. Multilevel airway obstruction is common, including choanal stenosis, tongue-based airway
obstruction, and tracheal anomalies.

« Extremities. Findings include soft tissue and bony ("mitten glove") syndactyly with or without polydactyly
of fingers and toes often involving fusion of the second, third, and fourth digits with variable inclusion of
the first and fifth digits; synonychia (a single nail for the second, third, and fourth digits) more commonly
involving the upper extremities; synostosis of the radius and humerus in some individuals; and occasional
rhizomelia [Cohen & Kreiborg 1995, Wilkie et al 1995].

» Neurologic. Variable developmental delay and/or intellectual disability (50%) is possibly related to the
timing of craniofacial surgery [Renier et al 1996]; ventriculomegaly is common, progressive
hydrocephalus is less common (2%); structural brain malformations (e.g., Chiari I malformation, absent
septum pellucidum, agenesis of the corpus callosum) have been reported.

+ Gastrointestinal anomalies. Malrotation is the most common [Hibberd et al 2016]. Congenital
diaphragmatic hernia has been reported in five infants [Witters et al 2000, Bulfamante et al 2011, Sobaih &
AlAli 2015, Kosinski et al 2016, Kaur et al 2019]. Distal esophageal stenosis, pyloric stenosis, esophageal
atresia, and ectopic anus have all been reported [Cohen & Kreiborg 1993, Pelz et al 1994, Zarate et al 2010,
Hibberd et al 2016].

« Integument. Hyperhidrosis, acneiform lesions, and nail dystrophy have been reported [Cohen & Kreiborg
1993, Cohen & Kreiborg 1995, Bissacotti Steglich et al 2016].

o Other

o Fused cervical and/or thoracic vertebrae (68%), usually C5-C6
o Cardiac anomalies (10%) (e.g., ventricular septal defect, overriding aorta)


https://www.ncbi.nlm.nih.gov/books/n/gene/apert/
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o Ovarian dysgerminoma (1 individual) [Rouzier et al 2008]. A single instance of low-grade papillary
urothelial carcinoma was reported. It is unclear if these tumors are related to Apert syndrome.

Beare-Stevenson cutis gyrata syndrome

Craniofacial. Multisuture craniosynostosis with cloverleaf skull is the most common skull configuration.
Moderate-to-severe midface retrusion, proptosis, abnormal ears, cleft palate, conductive hearing loss,
natal teeth, and relative prognathism are seen.

Respiratory. Multilevel airway obstruction includes choanal stenosis, tongue-based airway obstruction,
and tracheal anomalies, with survivors requiring endotracheal intubation with mechanical ventilation
and/or tracheostomy.

Extremities. Hands and feet are normally formed aside from cutis gyrata.

Neurologic. Intellectual disability is present in all affected individuals who have survived (neonatal
mortality is common). Hydrocephalus and Chiari I malformations are common.

Integument. Widespread cutis gyrata and acanthosis nigricans are usually evident at birth; hirsutism, skin
tags, prominent umbilicus with redundant tissue, and accessory nipples are also seen.

Other findings include genitourinary anomalies (e.g., bifid scrotum, prominent labial raphe, rugated labia
majora), pyloric stenosis, and anterior anus.

Bent bone dysplasia

Craniofacial. Variable features include hypomineralization of the calvarium, coronal craniosynostosis,
open metopic suture, hypertelorism, megalophthalmous, midface hypoplasia, low-set posteriorly rotated
ears overfolded superior helix, hypoplastic ears, gingival hyperplasia, prenatal teeth, and micrognathia
[Merrill et al 2012].

Respiratory. Perinatal lethal skeletal dysplasia with bell-shaped thorax

Extremities. Bent long bones, osteopenia, irregular periosteal surfaces (especially the phalanges),
brachydactyly

Gastrointestinal. Hepatosplenomegaly, extramedullary hematopoiesis

Integument. Hirsutism.

Other. Osteopenia, hypoplastic clavicles, narrow ischia, hypoplastic pubis, clitoromegaly

Crouzon syndrome

Craniofacial. Craniosynostosis in most individuals. Head shape depends on the sutures involved and the
timing of premature fusion, ranging from normal head shape to cloverleaf skull. Infants without
craniosynostosis may have normal facial features at birth with craniofacial features developing over the
first year or two of life including: significant proptosis, external strabismus, midface retrusion, convex
nasal ridge, and relative prognathism. Facial features can be highly variable among affected family
members. High arched palate is common; cleft palate is less common. Hearing loss occurs in 74% and is
most often conductive.

Respiratory. Variable from no airway issues to multilevel airway obstruction including choanal stenosis,
tongue-based airway obstruction, and tracheal anomalies

Extremities. Normal (although shortened phalanges compared to unaffected family members have been
identified on radiographs) [Murdoch-Kinch & Ward 1997]

Neurologic. Structural brain malformations are uncommon; Chiari I malformation, progressive
hydrocephalus (30%) often with tonsillar herniation have been reported. Most individuals have normal
intelligence, although there is a risk for developmental delays, especially in individuals with hydrocephalus
and increased intracranial pressure. A study of 31 adults with Crouzon syndrome reported a lower level of
education, lower chance of having a romantic partner, and fewer children. There were no differences in
housing type, and affected individuals' estimation of their overall health was similar to healthy controls
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with the exception of a higher use of anti-seizure medication. Depressed mood was more common in
individuals with Crouzon syndrome, but overall positive attitude to life was similar to control individuals.
There was significant variability among affected individuals [Fischer et al 2014].

 Integument. Linear skin rugations, deep creases, and redundant scalp skin (similar to those seen in
Beare-Stevenson cutis gyrata syndrome) were reported in individuals with pathogenic variants
c.Ser267Pro and c.Val274_Glu275delinsLeu [LeBlanc et al 2018].

o« Other. Approximately 25% have vertebral fusion, most often C2-C3. Sacrococcygeal appendage has also
been described [Lapunzina et al 2005].

Crouzon syndrome with acanthosis nigricans

« Craniofacial. Craniosynostosis with variable head shape depending on involved sutures. Significant
proptosis, external strabismus, prognathism. Hearing loss is reported in 14%.

 Respiratory. Variable from no airway issues to multilevel airway obstruction including choanal stenosis,
tongue-based airway obstruction, and tracheal anomalies

 Extremities. Normal (although shortened phalanges compared to unaffected family members have been
identified on radiographs) [Murdoch-Kinch & Ward 1997]

» Neurologic. Intellect is typically normal, although there is a risk for developmental delay especially in
children with increased intracranial pressure as a result of hydrocephalus.

 Integument. Acanthosis nigricans (pigmentary changes in the skin fold regions) can be present in the
neonatal period or appear later.

 Other. Odontogenic tumors have been reported [Xu et al 2018].

Jackson-Weiss syndrome

« Craniofacial. Multisuture craniosynostosis with proptosis and prognathism; hearing loss (68%) is usually
conductive.

 Respiratory. Variable from no airway issues to multilevel airway obstruction including choanal stenosis,
tongue-based airway obstruction, and tracheal anomalies

 Extremities. Broad and medially deviated great toes, with 2/3 toe syndactyly, and normal hands; short
first metatarsal, calcaneocuboid fusion, and abnormally formed tarsals; genu valgum

» Neurologic. Intellect is typically normal.

Muenke syndrome. Some individuals have no apparent features and are only identified after they have a child
diagnosed with Muenke syndrome.

« Craniofacial. Variable features including uni- or bicoronal craniosynostosis; unicoronal synostosis, more
often seen in males [Honnebier et al 2008]; in some individuals, absence of craniosynostosis and normal
or macrocephalic head shape; mild-to-significant midface retrusion; hypertelorism; bilateral, symmetric,
low- to mid-frequency sensorineural hearing loss (61%) [Honnebier et al 2008].

« Extremities. Variable. Carpal and tarsal fusions are diagnostic when present but are not always present.
Brachydactyly, carpal bone malsegregation, or coned epiphyses may occur.

« Neurologic. Intelligence ranges from normal to mild intellectual disability; social difficulties and mild
neuropsychiatric issues (e.g., attention-deficit/hyperactivity disorder) are more common compared to
unaffected sibs. Seizures are reported in 20% of individuals.

o Other. Osteochondroma [Barbosa et al 2009]

Pfeiffer syndrome shares significant phenotypic overlap with Crouzon syndrome, and individuals with the same
pathogenic variant have been diagnosed with either Pfeiffer or Crouzon syndrome, although some FGFR
pathogenic variants have been reported only in individuals with Pfeiffer syndrome.


https://www.ncbi.nlm.nih.gov/books/n/gene/muenke/
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« Craniofacial. Multisuture craniosynostosis in most individuals. Head shape depends on the sutures
involved and the timing of premature fusion, ranging from normal head shape to cloverleaf skull.
Individuals without craniosynostosis have been described. Midface retrusion is moderate to severe, with a
greater degree of vertical impaction of the midface compared to individuals with Crouzon syndrome
[Forte et al 2014]. In individuals with severe craniosynostosis with shallow orbits, eyes are very prominent
and there is a risk for subluxation of the globe. Hearing loss occurs in 92% and is most often conductive.
Hearing loss may be associated with stenosis or atresia of the external auditory canal. Some individuals
have cleft palate [Stoler et al 2009].

 Respiratory. Some individuals have multilevel airway obstruction, including choanal stenosis/atresia,
laryngotracheal abnormalities including tracheal cartilaginous sleeve, and tongue-based airway
obstruction.

 Extremities. Thumbs and great toes are broad and medially deviated, with a variable degree of
brachydactyly. Synostosis of the radius and humerus occurs in some individuals particularly those with
FGFR?2 pathogenic variant p.Trp290Cys. Ankylosis of the knees has been reported. In one family,
involvement of the feet was the only clinical feature [Rossi et al 2003].

 Neurologic. Intelligence ranges from normal to severe intellectual disability. Seizures and an increased
risk for early death are reported. Early surgery to prevent cephalocranial disproportion and intervention
to manage sleep apnea may promote improved cognitive outcomes in children with severe presentations
[Wenger et al 2019]. Approximately 28% of children require surgical intervention for hydrocephalus
[Cinalli et al 1998]. Approximately 50% of individuals with cloverleaf skull have Chiari I malformation
[Cinalli et al 1995].

+ Other. Sacrococcygeal eversion/appendage has been described [Oliveira et al 2006, Lai et al 2008]. Prune
belly has been reported in two infants [Bracero et al 1988, Penia-Padilla et al 2019].

Isolated coronal synostosis

« Intellect. Normal

o Craniofacial. Unilateral or bilateral coronal synostosis, asymmetric brachycephaly and/or orbital
hypertelorism

« Extremities. Normal

Table 1. Distinguishing Characteristics of FGFR Craniosynostosis Syndromes

Additional
Phenotype Craniosynostosis Craniofacial/ Hands/Feet Neurologic Other
Airway Features
" reruson 1D (-50%
proptosis) o Soft tissue & o Stable
Multisuture « Cleft palate bony ventriculomegaly o Vertebral fusions
. . syndactyly (>50%) (often C5-C6)
Apert craniosynostosis, e« CHL . . .
. . w/or w/o o Chiari I, absent « Hyperhidrosis
syndrome typically incl o Dental
. polydactyly of septum o Acne
coronal sutures anomalies . .
. fingers & toes pellucidum, o Nail dystrophy
o Multilevel . )
. + Synonychia agenesis corpus
airway
callosum

obstruction



Table 1. continued from previous page.

Additional
Phenotype Craniosynostosis Craniofacial/ Hands/Feet
Airway Features
o Severe midface
retrusion w/
Beare- Multisuture proptosis
Stevenson craniosynostosis, e Cleft palate
cutis cloverleaf skull « CHL Normal
gyrata in most o Natal teeth
syndrome individuals o Multilevel
airway
obstruction
« Open metopic
suture o Brachydactyly
Bent bone . H}.lpertelorlsm o Bony nodules
. Coronal o Midface on phalanges
dysplasia .
hypoplasia &
o DPrenatal teeth metacarpals
o Low-set ears
o Variable
Variable mldfa'ce
. retrusion &
multisuture .
Crouzon . . proptosis T w/ .
craniosynostosis; Typically normal
syndrome may occur later age.
in childhood - CHL &SNHL
o *airway
obstruction
o Variable
Variable m1dfa.ce
Crouzon . retrusion &
. multisuture .
with . . proptosis T w/
. craniosynostosis; Normal
acanthosis may occur later age.
nigricans . 5. 0 od . CHL & SNHL
e Fairway
obstruction
o Broad
medially
) deviated great
o Proptosis
toes, 2/3
Jackson- . « CHL
. Multisuture ) syndactyly,
Weiss . . o+ multilevel
craniosynostosis . tarsal &/or
syndrome airway
. metatarsal
obstruction )
fusion
o Normal
hands
Uni- or o Variable
Muenke  bicoronal mldfa.ce o Brachydactyly
. . retrusion & o Carpal &
syndrome craniosynostosis . .
proptosis tarsal fusions
(85%)

SNHL

Neurologic

o 1D (100%)
« Hydrocephalus
o Chiaril

Lethal, no data

+ Hydrocephalus
e Chiaril
e ID uncommon

o Hydrocephalus
e Chiaril
¢ ID uncommon

Most w/normal
intelligence

« DD (66%)

o« ID (36%)

. ADHD (24%)
o Seizures (20%)

GeneReviews®

Other

« High rate of
neonatal death

o Cutis gyrata

o Acanthosis nigricans

« Hirsutism

o Hepatosplenomegaly
 Clitoromegaly
» Hirsutism

Vertebral fusions in 25%
(often C2-C3)

Acanthosis nigricans

Genu valgum
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Table 1. continued from previous page.

Additional
Phenotype Craniosynostosis Craniofacial/ Hands/Feet Neurologic Other
Airway Features

o Most w/
moderate to o Broad
Most w/ severe midface medially
Pfeiffer multisuture retrusion & deviated o Hydrocephalus o = fusions at elbows
syndrome craniosynostosis, proptosis thumbs & o Chiaril and knees
some w/ « CHL great toes « ID1 ot sacral appendage
cloverleaf skull o+ multilevel o« £
airway brachydactyly
obstruction

o Proptosis if

. bicoronal
Isolated Uni- or craniosynostosis
coronal bicoronal . 4 Normal See footnote 2.
. . . e Variable
synostosis craniosynostosis .
midface
retrusion

ADHD = attention-deficit/hyperactivity disorder; CHL = conductive hearing loss; DD = developmental delay; ID = intellectual
disability; SNHL = sensorineural hearing loss

1. Intellectual disability is common in those with severe craniosynostosis but may be lessened with aggressive medical and surgical
management of cephalocranial disproportion and sleep apnea.

2. Infants with FGFR2 isolated coronal synostosis may develop features of Crouzon or Muenke syndromes over time.

Clinical Complications

Common complications that affect medical management for FGFR craniosynostosis syndromes are described in
this section. Unless otherwise indicated, the following general descriptions do not include Muenke syndrome or
isolated coronal synostosis.

Craniosynostosis. The majority of individuals with an FGFR craniosynostosis syndrome have congenital
craniosynostosis. However, craniosynostosis can also develop later in infancy or childhood, and individuals with
congenital craniosynostosis can prematurely fuse additional sutures over time. Individuals with Muenke
syndrome are more likely to have premature fusion of coronal sutures only, while other FGFR craniosynostosis
syndromes (e.g., Apert, Crouzon, Pfeiffer) are associated with progressive postnatal premature fusion of sutures.

Unicoronal craniosynostosis results in asymmetric forehead with nasal twist and harlequin eye deformity.
Bicoronal craniosynostosis results in turribrachycephaly.

Multisuture craniosynostosis results in a variable head shape determined by the involved sutures, presence of
hydrocephalus, and timing of premature fusion. The shape of the skull results from the pressure of the
developing brain expanding outwards into the space allowed by the skull. There is typically expansion
perpendicular to the fused suture. When multiple sutures are fused, expansion occurs into the portion of the
skull with least resistance, resulting in predictable head shapes. Prenatal pansynostosis results in a cloverleaf
(Kleeblatschadel) head shape. Pansynostosis that occurs later in infancy or childhood does not result in a
cloverleaf head shape, and may only be identified on head CT with an arrest in head circumference growth.
Affected individuals may or may not have microcephaly.

Feeding issues can be multifactorial, and can be caused by any of the following:

« Palatal anomalies affecting the quality of suck (e.g., high arched palate, narrow palate, cleft palate)
« Respiratory difficulties due to airway obstruction (e.g., choanal stenosis, choanal atresia, tracheomalacia,
laryngomalacia). Infants with choanal stenosis or atresia attempt to latch but abruptly unlatch to breathe
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through their mouth. The degree of narrowing of the bony passage correlates with the amount of time an
infant can attempt to suck before unlatching.

» Ascending and/or descending aspiration

 Coordination difficulties with sucking, swallowing, and breathing, which may be seen without other signs
of neurologic dysfunction

o Severe neurologic dysfunction (e.g., severe hydrocephalus, symptomatic Chiari I malformation)

« Gastrointestinal issues (e.g., pyloric stenosis, malrotation, volvulus)

Multilevel airway obstruction. Most individuals have some degree of airway obstruction, though contributing
factors can vary with age:

» Narrowed nasal passages as a result of bony atresia or stenosis, including choanal atresia or stenosis. For
infants with choanal stenosis respiratory difficulty can increase over time as the bony passage remains
relatively stable but the lung tidal volumes increase with growth. Infants with choanal stenosis may
gradually require more time to finish a smaller volume. Nasal flaring, retractions, and repeated unlatching
during a feeding with mouth breathing can be seen.

» Tongue-based airway obstruction, which may be exacerbated in infants with cleft palate after palate repair
o Tracheal anomalies including fused rings and tracheal cartilaginous sleeves. Tracheal cartilaginous sleeves
are often asymptomatic but pose a significant risk of sudden death caused by obstruction of the airway

with mucous during illness. Tracheal cartilaginous sleeves can be identified during operative airway
evaluation, as recommended for all children with a multisuture craniosynostosis syndrome [Pickrell et al
2017, Wenger et al 2017].

 Airway inflammation as a result of chronic aspiration

Sleep apnea. Obstructive sleep apnea (OSA), caused by multilevel airway obstruction, may develop or worsen
during childhood or adulthood. The majority of individuals with FGFR craniosynostosis syndromes have
midface retrusion, which can contribute to obstructive sleep apnea. This can be challenging to treat, as
continuous-positive-airway-pressure masks place pressure on the maxillae and can worsen midface retrusion
with consistent wear during childhood, which can produce more airway resistance and potentially worsen OSA
[Driessen et al 2013].

Central sleep apnea is more common in children with Chiari I malformation and/or significant hydrocephalus.
Children with Pfeiffer syndrome as a result of FGFR2 pathogenic variant p.Trp290Cys appear to be particularly
susceptible to central sleep apnea, and 100% of reported surviving individuals have required mechanical
ventilation during sleep for at least some period of time [Wenger et al 2019].

Ocular abnormalities. Coronal craniosynostosis and underdevelopment of the maxillary arches results in
decreased depth of the bony orbit and proptosis. Some individuals with particularly shallow orbits have globe
subluxation (i.e., eyelids retract behind the globe). Individuals with proptosis often have difficulty keeping their
eyes closed fully while asleep leading to exposure keratopathy and corneal scarring.

Individuals with mild involvement of the bony orbit may have downslanted palpebral fissures. Other
ophthalmologic abnormalities include strabismus, refractive error, anisometropia, iris hypoplasia, and posterior
embryotoxon [McCann et al 2005].

In individuals with increased intracranial pressure — particularly if there is not prompt and aggressive
intervention - papilledema can occur, leading to optic atrophy and loss of vision.

Hearing loss. Conductive hearing loss is more common than sensorineural for all FGFR craniosynostosis
syndromes except Muenke syndrome.

Dental anomalies. Tooth agenesis, enamel opacities, and abnormal patterns of tooth eruption are common.
Dental maturation is more significantly delayed in individuals with Apert than Crouzon syndrome [Reitsma et al
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2014]. There is often dental crowding, especially in the maxillary arch. Most children develop malocclusion as a
result of progressive maxillary retrusion and/or abnormalities in mandibular growth [Kolar et al 2017].

Limb anomalies. Synostosis of the radius and humerus occurs in some individuals, most commonly in those
with Apert syndrome, occasionally in those with Pfeiffer syndrome, especially in those with FGFR2 pathogenic
variant p.Trp290Cys. Upper-arm mobility may also be limited by glenohumeral dysplasia, leading to progressive
decrease in forward flexion and abduction of the upper arm, limiting the ability to perform overhead tasks.
Some individuals have an increased susceptibility to fractures, including femoral fractures [Author, unpublished
data]. Broad, medially deviated thumbs and great toes are characteristic of Pfeiffer syndrome. Mildly broad
thumbs have been reported in individuals with other FGFR craniosynostosis syndromes. Preaxial and/or
postaxial polydactyly are rare [Mantilla-Capacho et al 2005].

Vertebral anomalies. Vertebral fusions are more common in individuals with Apert syndrome than Crouzon
syndrome. Approximately half of individuals with vertebral fusions have multiple fusions. This can result in
scoliosis and/or instability [Shotelersuk et al 2002, Lin et al 2019]. Cervical spine instability has been reported.
Some children have been reported to have atlanto-axial subluxation and C1 spina bifida occulta [Breik et al
2016].

Neurologic. Hydrocephalus is a prominent feature of Crouzon and Pfeiffer syndromes and may occur at any
time. Many children with Crouzon and Pfeiffer syndromes who have multisuture craniosynostosis require a
surgical treatment for obstructive hydrocephalus (e.g., ventriculoperitoneal shunt, endoscopic third
ventriculostomy) within the first two to three years of life, and some require intervention early in infancy. The
foramen magnum develops differently and intra-occipital synchondroses may fuse early in each of the FGFR
craniosynostosis syndromes, which may contribute to hydrocephalus and abnormal head shape [Rijken et al
2015, Coll et al 2018]. Stable ventriculomegaly is seen in more than half of children with Apert syndrome, and
these children are much less likely to require surgical interventions for hydrocephalus.

Structural brain anomalies are more common in individuals with Apert syndrome, including abnormalities of
the corpus callosum, absent septum pellucidum, posterior fossa arachnoid cyst, and limbic malformations.
Chiari I malformations and/or low-lying cerebellar tonsils can be seen, and 73% of those with Crouzon
syndrome have been reported to have chronic tonsillar herniation. This is in stark contrast to Apert syndrome,
where only 2% have chronic tonsillar herniation.

Neurodevelopment ranges from normal to severe intellectual disability. Most children with significant
impairments have had cloverleaf skull, structural brain anomalies, and/or significant hydrocephalus. For
children with multisuture craniosynostosis, early and aggressive surgical intervention to address increased
intracranial pressure may prevent intellectual disability [Wenger et al 2019]. Neurobehavioral and developmental
challenges may also be as a result of hearing impairment, vision impairment, physical limitations (e.g., limb
anomalies), and sleep apnea.

Cardiovascular. Structural cardiac defects occur in approximately 10% of individuals with Apert syndrome but
are uncommon in individuals with Crouzon and Pfeiffer syndromes. Complex congenital heart disease is
associated with an increased risk of morbidity and mortality because of the cardiac lesion as well as with other
procedures (e.g., positive pressure ventilation via tracheostomy can contribute to poor outcomes in children with
single-ventricle physiology). Cardiac defects that result in atrial shunts can increase the risk of embolic stroke
during craniosynostosis surgery. Children with severe, untreated obstructive sleep apnea can develop right
ventricular hypertrophy and pulmonary hypertension.

Other

« Gastrointestinal. Structural malformations include malrotation, pyloric stenosis, and esophageal atresia.
 Genitourinary. Hydronephrosis and cryptorchidism have been reported.
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Prognosis. Multigenerational families with Crouzon and Apert syndromes have been reported. Many adults
with Crouzon syndrome and some with Apert syndrome are fully independent, though some individuals have
physical or cognitive limitations that require assistance.

Differential Diagnosis

Craniosynostosis can be primary or secondary. In primary craniosynostosis, abnormal biology of the suture
causes premature suture closure, as in FGFR craniosynostosis syndromes. Primary craniosynostosis can be
isolated or part of a syndrome.

In secondary craniosynostosis, the suture biology is normal, but abnormal external forces result in premature
suture closure.

Isolated Primary Craniosynostosis

Single-suture craniosynostosis results in recognizable head shapes: metopic (trigonocephaly), sagittal
(scaphocephaly), lambdoid (posterior asymmetric flattening with vertical displacement of one ear and tilt of
skull base), unicoronal (asymmetric forehead with nasal twist and harlequin eye deformity), and bicoronal
(turribrachycephaly).

Among 204 individuals with apparently nonsyndromic and nonfamilial single-suture craniosynostosis, the
likelihood of finding an underlying genetic difference varied by suture involvement [Wilkie et al 2010,
Mathijssen 2015].

« Isolated unicoronal craniosynostosis. Among individuals with apparently nonsyndromic unicoronal
craniosynostosis the prevalence of any syndrome was 17%; Muenke syndrome was identified in 10%.

« Isolated bicoronal craniosynostosis. Among individuals with apparently isolated bicoronal
craniosynostosis, Muenke syndrome was diagnosed in 38%; no other syndromes were identified.

Note: (1) Those with apparently isolated synostosis of the lambdoid, sagittal, or metopic sutures had no
pathogenic variants identified [Wilkie et al 2010, Mathijssen 2015]. (2) A study in individuals with either
syndromic or nonsyndromic metopic craniosynostosis found no pathogenic variants in FGFRI, CERI, or
CDON, suggesting that analysis of these genes is not warranted in persons with metopic craniosynostosis [Jehee
et al 2006].

Syndromic Primary Craniosynostosis

Craniosynostosis is a finding in more than 150 genetic disorders. Additional syndromes that should be
considered are included in Table 2.

Table 2. Syndromes of Interest in the Differential Diagnosis of FGFR Craniosynostosis Syndromes

Clinical Features of Differential Disorder

Gene(s) Disorder MOI
Craniosynostosis Facial features Hand & foot findings
Micrognathia, epicanthal Postaxial polydactyly,
o folds, upslanted palpebral . L
Opitz trigonocephaly . clinodactyly, ulnar deviation
. fissures, strabismus, .
CD9  syndrome (C syndrome) AD  Trigonocephaly anteverted nares. broad of fingers, terminal transverse
(OMIM 211750) ’ limb reduction, metacarpal

nasal bridge, short nose,

macrostomia hypoplasia, syndactyly


https://omim.org/entry/211750
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Table 2. continued from previous page.

Gene(s) Disorder

EFNBI

(OMIM 304110)
X-linked otopalatodigital
FLNA spectrum disorders
GLI3 Greig cephalopolysyndactyly
syndrome
HE L Philadelphia-type
craniosynostosis 2
MSX2 Boston-type craniosynostosis

(OMIM 604757)

Antley-Bixler syndrome (See

POR Cytochrome P450

Oxidoreductase Deficiency.)

RAB23 201000)

RECQL4 Baller-Gerold syndrome

Shprintzen-Goldberg

SKI
syndrome

SOX9

TGFBRI
TGFBR2

TWIST1 Saethre-Chotzen syndrome

Craniofrontonasal syndrome

Carpenter syndrome (OMIM

Campomelic dysplasia

Loeys-Dietz Syndrome

MOI

XL

XL

AD

AD

AD

AR

AR

AR

AD

AD

AD

AD

Clinical Features of Differential Disorder

Craniosynostosis

Coronal

Variable

Macrocephaly

Sagittal

Coronal; cloverleaf
skull

Brachycephaly or
turricephaly

Variable sagittal,
lambdoid & coronal;
acrocephaly

Coronal or lambdoid;
brachycephaly

Coronal, sagittal, or
lambdoid

Not observed

Sagittal; dolichocephaly

Coronal (uni- or
bilateral)

Facial features

Asymmetric frontal
bossing, low posterior
hairline, widow's peak,

hypertelorism, broad bifid
nose, * cleft lip & palate

Variable

Frontal bossing,

hypertelorism, wide nasal

bridge

Prominent forehead

Fronto-orbital recession or

frontal bossing

Midface retrusion

Midface retrusion, flat

nasal bridge, epicanthal

folds, corneal opacity

Proptosis, prominent
forehead

Tall or prominent
forehead, proptosis,
hypertelorism,
downslanted palpebral

fissures, malar flattening

Micrognathia, midface

hypoplasia, macrocephaly,

Pierre Robin sequence

Hypertelorism, bifid uvula

+ cleft palate

Low frontal hairline,

ptosis, strabismus, facial

asymmetry

11

Hand & foot findings

Hands/feet: splitting nails,
fingers & toes deviated distally
or hypoplastic

Variable, hypoplasia of 1st
digit of hands & feet

Polydactyly of the hands
(often postaxial), & feet w/
syndactyly of toes 1-3 & often
a duplicated hallux

Hands/feet: cutaneous
syndactyly

Feet: short 1st metatarsals

Hands: arachnodactyly,
clinodactyly, camptodactyly,
metacarpal synostoses, wrist
deviation

Feet: rocker-bottom,
metatarsal synostoses, talipes

Hands: brachydactyly,
syndactyly, aplasia/hypoplasia
of middle phalanges

Feet: preaxial polydactyly

Hands: radial ray defect
(thumb aplasia/hypoplasia,
radius aplasia/hypoplasia)

Hands: arachnodactyly;
camptodactyly
Feet: malposition, pes planus

Shortening of phalanges in
hands & feet, talipes
equinovarus

Pes planus

Hands: + 2/3 syndactyly

AD = autosomal dominant; AR = autosomal recessive; ID = intellectual disability; MOI = mode of inheritance; XL = X-linked

1. Klopocki et al [2011]
2. Robin et al [1996]

See Craniosynostosis: OMIM Phenotypic Series to view genes associated with this phenotype in OMIM.


https://omim.org/entry/304110
https://www.ncbi.nlm.nih.gov/books/n/gene/opd/
https://www.ncbi.nlm.nih.gov/books/n/gene/opd/
https://www.ncbi.nlm.nih.gov/books/n/gene/gcps/
https://www.ncbi.nlm.nih.gov/books/n/gene/gcps/
https://omim.org/entry/604757
https://www.ncbi.nlm.nih.gov/books/n/gene/abs/
https://www.ncbi.nlm.nih.gov/books/n/gene/abs/
https://omim.org/entry/201000
https://www.ncbi.nlm.nih.gov/books/n/gene/bgs/
https://www.ncbi.nlm.nih.gov/books/n/gene/sgs/
https://www.ncbi.nlm.nih.gov/books/n/gene/sgs/
https://www.ncbi.nlm.nih.gov/books/n/gene/campo-dysp/
https://www.ncbi.nlm.nih.gov/books/n/gene/loeys-dietz/
https://www.ncbi.nlm.nih.gov/books/n/gene/scs/
https://omim.org/phenotypicSeries/PS123100
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Secondary craniosynostosis. In children with deficient brain growth, all cranial sutures fuse prematurely and

the head is symmetric and microcephalic. Abnormal head positioning in utero or in infancy may also produce
an abnormal head shape (plagiocephaly); the abnormality often resolves with appropriate head positioning but
occasionally results in craniosynostosis [Hunt & Puczynski 1996, Kane et al 1996].

2. Causes of FGFR Craniosynostosis
Three genes, FGFRI, FGFR2, and FGFR3, are associated with FGFR craniosynostosis syndromes (Table 3).

Table 3. Molecular Genetics of Craniosynostosis Syndromes

Proportion of Affected
Phenotype Gene Individuals w/a Pathogenic MOI Comment
Variant Detectable in Gene

FGFR2 pathogenic variants p.Ser252Trp &

p.Pro253Arg are the most common cause of
Apert syndrome FGFR2 100% AD  Apert syndrome. !

Intragenic deletions/duplications reported in 3

individuals 2

Beare-Stevenson cutis gyrata FGER2 100% AD .Intr'agemc ?6’3—bp deletion reported in 1
syndrome individual

The causative FGFR2 pathogenic variants in
Bent bone dysplasia FGFR2 100% AD Bent bone dysplasia have been identified in the
transmembrane domain only. 4

Crouzon syndrome FGFR2 100% AD

The causative FGFR3 pathogenic variant in

Crouzon syndrome w/acanthosis FGFR3 100% AD  Crouzon syndrome w/acanthosis nigricans is

fugricans p.Ala391Glu. >
Jackson-Weiss syndrome FGFR2 100% AD
The causative FGFR3 pathogenic variant in
0,
Muenke syndrome FGFR3 | 100% AD Muenke syndrome is p.Pro250Arg. ©
FGFRI <5%7 AD
0,
Pfeiffer syndrome FGFR2 | >95% AD
FGER3 1 individual AD FGFR3 pzlithogemc variant P.Ala391Glu .
reported in 1 person w/Pfeiffer syndrome
FGFR2 Rare® AD
Isolated coronal synostosis
FGFR3 <100%° AD

1. Bochukova et al [2009]

2. Oldridge et al [1999], Bochukova et al [2009], Fenwick et al [2011]

3. Slavotinek et al [2009]

4. Merrill et al [2012]

5. Mulliken et al [1999]

6. Muenke et al [1997]

7. FGFR1 Pfeiffer syndrome may be underdiagnosed because of variable severity, some individuals do not have craniofacial
manifestations [Flottmann et al 2015].

8. Rymer et al [2019]

9. It is unclear whether individuals reported to have FGFR2 or FGFR3 isolated coronal craniosynostosis later developed other FGFR
phenotypes, as features of Crouzon and Muenke syndromes are progressive and difficult to appreciate in infancy.


https://www.ncbi.nlm.nih.gov/books/n/gene/muenke/
https://www.ncbi.nlm.nih.gov/books/n/gene/muenke/
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3. Evaluation Strategies to Identify the Genetic Cause of an FGFR
Craniosynostosis Syndrome in a Proband

An FGFR craniosynostosis syndrome should be suspected in fetuses and individuals presenting with classic or
suggestive findings of uni- or bicoronal craniosynostosis or cloverleaf skull, characteristic facial features, and/or
variable hand and foot findings (see Table 1). Note that these features can vary from severe and life threatening
to extremely mild, and may not be apparent in an affected neonate. Features typically become more prominent
with age.

Establishing a specific genetic cause of an FGFR craniosynostosis syndrome:

« Can aid in discussions of prognosis (which are beyond the scope of this GeneReview) and genetic
counseling;

« Isbased on clinical and radiologic findings and the identification of a pathogenic variant in FGFR1I,
FGFR2, or FGFR3, and involves medical history, physical examination, imaging, family history, and
genetic testing.

Note: As no formal clinical diagnostic criteria exist, specific diagnosis should be confirmed by genetic
testing.

Medical History

An FGFR craniosynostosis syndrome should be suspected in a fetus with prenatal ultrasound findings of
craniosynostosis involving the coronal sutures, especially cloverleaf skull, polysyndactyly, midface retrusion, and
growth restriction. Bent bone dysplasia should be suspected in a fetus with features of a skeletal dysplasia
including hypoplastic thorax with short ribs, short limbs, curved femurs, or skull deformity.

Physical Examination

A physical examination should include standard growth parameters (height, weight, head circumference) and
address the following key issues:

« Abnormal head shape to evaluate for craniosynostosis as well as bulging fontanelle, which could suggest
increased intracranial pressure

o Orbital protection and particular attention to whether the lids fully cover the eyes during sleep

o Nasal flaring, retractions or other signs of obstructive breathing, or inability to pass a nasogastric tube or
suction catheter, suggestive of choanal stenosis/atresia

o Careful examination of hands and feet for polysyndactyly or thumb anomalies

« Range of motion of elbows and knees to evaluate for radioulnar synostosis and/or joint contractures

 Genitourinary exam for sacral appendage or other anomalies

Family History

A three-generation family history should be taken, with attention to relatives with clinical and radiographic
manifestations of an FGFR craniosynostosis syndrome (e.g., specific questions about individuals with abnormal
head shapes, prominent eyes, midface retrusion, skeletal dysplasia, and/or other structural birth defects.
Relevant findings from direct examination or review of medical records (including results of molecular genetic
testing) must be documented.
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Molecular Genetic Testing

Approaches include gene-targeted testing (targeted analysis, single-gene testing, multigene panel) or
comprehensive genomic testing (exome sequencing, exome array, genome sequencing). Gene-targeted testing
requires that the clinician determine which gene(s) are likely involved, whereas genomic testing does not.
Options for testing include the following.

Targeted analysis or single-gene testing can be considered in a proband with clinical features characteristic of a
specific FGFR craniosynostosis syndrome (see Table 1).

« Apert syndrome. Targeted analysis of FGFR2 pathogenic variants p.Ser252Trp and p.Pro253Arg

« Beare-Stevenson cutis gyrata syndrome. Targeted analysis of FGFR2 pathogenic variants p.Ser372Cys
and p.Tyr394Cys

« Bent bone dysplasia. Targeted analysis of FGFR2 pathogenic variants p.Met391Arg and p.Tyr381Asp

« Crouzon syndrome with acanthosis nigricans. Targeted analysis of FGFR3 pathogenic variant
p-Ala391Glu

« Jackson-Weiss syndrome. Sequence analysis of FGFR2 to detect small intragenic deletions/insertions and
missense, nonsense, and splice site variants can be performed first; typically, exon or whole-gene
deletions/duplications are not detected. If no pathogenic variant is found, perform gene-targeted FGFR2
deletion/duplication analysis to detect intragenic deletions or duplications.

« Muenke syndrome. Targeted analysis of FGFR3 pathogenic variant p.Pro250Arg. Sequence analysis of
TCF12 should be considered next if no pathogenic variant is found (see Table 2).

« Pfeiffer syndrome. Sequence analysis of FGFR2 to detect small intragenic deletions/insertions and
missense, nonsense, and splice site variants can be performed first; typically, exon or whole-gene
deletions/duplications are not detected. If no pathogenic variant is found, perform gene-targeted FGFR2
deletion/duplication analysis to detect intragenic deletions or duplications.

A craniosynostosis multigene panel that includes FGFRI, FGFR2, FGFR3, TCF12, TWIST1, and other genes of
interest (see Table 2 and Table 3) is most likely to identify the genetic cause of the condition while limiting
identification of variants of uncertain significance and pathogenic variants in genes that do not explain the
underlying phenotype. Note: (1) The genes included in the panel and the diagnostic sensitivity of the testing
used for each gene vary by laboratory and are likely to change over time. (2) Some multigene panels may include
genes not associated with the condition discussed in this GeneReview. (3) In some laboratories, panel options
may include a custom laboratory-designed panel and/or custom phenotype-focused exome analysis that
includes genes specified by the clinician. (4) Methods used in a panel may include sequence analysis, deletion/
duplication analysis, and/or other non-sequencing-based tests. For these disorders a multigene panel that also
includes deletion/duplication analysis is recommended (see Table 3).

For an introduction to multigene panels click here. More detailed information for clinicians ordering genetic
tests can be found here.

Comprehensive genomic testing (which does not require the clinician to determine which gene[s] are likely
involved) can be considered. Exome sequencing is most commonly used; genome sequencing is also possible.

For an introduction to comprehensive genomic testing click here. More detailed information for clinicians
ordering genomic testing can be found here.


https://www.ncbi.nlm.nih.gov/books/n/gene/app5/#app5.Multigene_Panels
https://www.ncbi.nlm.nih.gov/books/n/gene/app5/#app5.Multigene_Panels_FAQs
https://www.ncbi.nlm.nih.gov/books/n/gene/app5/#app5.Comprehensive_Genomic_Testing
https://www.ncbi.nlm.nih.gov/books/n/gene/app5/#app5.Comprehensive_Genomic_Testing_1
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4. Management of Individuals with an FGFR Craniosynostosis
Syndrome

Evaluations Following Initial Diagnosis

To establish the extent of disease and needs in an individual diagnosed with an FGFR craniosynostosis
syndrome, the evaluations summarized in Table 4 (if not performed as part of the evaluation that led to the
diagnosis) are recommended. Note: For reccommended evaluations following initial diagnosis of Muenke
syndrome, see Muenke Syndrome.

Table 4. Recommended Evaluations Following Initial Diagnosis in Individuals with FGFR Craniosynostosis Syndromes

System/Concern

Craniofacial

Eyes

Ears

Respiratory

Musculoskeletal

Gastrointestinal

Neurologic

Development

Cardiovascular

Genitourinary

Other

Evaluation

Physical exam to identify cleft palate, ear anomalies,
face shape, fontanelles, suture ridging, head shape, &
skull base symmetry

Consultation w/pediatric ophthalmologist

Ear-specific hearing diagnostic eval

Assess for airway symptoms (snoring, stridor, apnea,
respiratory distress).

Overnight polysomnography (sleep study)

Consider consultation w/otolaryngologist & sleep
medicine specialist.

CT scan of head/skull/sutures

Cervical spine imaging to evaluate for vertebral
fusions & instability, which may also manifest as
scoliosis

Hand radiographs to evaluate extent of syndactyly
(commonly incl bony fusion) or symphalangism

Upper GI w/small-bowel follow-through if
symptomatic or during preoperative eval for
gastrostomy tube

CT scan or MRI of the head to evaluate for
hydrocephalus & CNS anomalies. Monitor head
growth closely.

Assessment for developmental disabilities

Cardiac assessment

Assessment for cryptorchidism in males
Renal ultrasound

Consultation w/clinical geneticist & genetic counselor

CNS = central nervous system

Comment

Assessing severity of maxillary hypoplasia is important to
determine risk for airway compromise.

Incl assessment of eye surfaces, eye alignment, & optic
nerves.

W/wakefulness, sleep, & feeding

To identify & quantify degree of sleep apnea

Airway endoscopy (flexible bedside endoscopy; diagnostic
laryngoscopy & bronchoscopy) may help identify types &
degree of airway narrowing.

CT w/3D reconstruction will delineate suture involvement
& guide preoperative planning.

CT of cervical spine before any surgery, & if abnormal,
consultation w/spine expert to delineate spine precautions.
Or perform radiograph after age 2 yrs (when vertebrae are
ossified).

Consultation w/hand surgeon & hand therapist

To evaluate for intestinal malrotation

Consider brain MRI if concern for hydrocephalus or Chiari
I malformation.

Referral for early intervention services. Consider referral to
a neurodevelopmental specialist.

Echocardiogram if murmur present or if clinical cardiac
concerns

If present, referral to urologist
To evaluate for hydronephrosis

To incl recurrence risk counseling


https://www.ncbi.nlm.nih.gov/books/n/gene/muenke/
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Treatment of Manifestations
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Individuals with an FGFR craniosynostosis syndrome benefit from a multidisciplinary craniofacial team
approach including plastic surgeons, neurosurgeons, otolaryngologists, dentists, audiologists, speech
pathologists, developmental pediatricians, social workers, and clinical geneticists. Note: For recommended
treatment of manifestations of Muenke syndrome, see Muenke Syndrome.

Table 5. Treatment of Manifestations in Individuals with FGFR Craniosynostosis Syndromes

Manifestation/Concern

Craniosynostosis

Midface retrusion

Cleft palate

Feeding/swallowing difficulties 8

Dental

Strabismus

Proptosis

Hearing loss

Airway obstruction

Sleep apnea

Treatment

In general, multisuture craniosynostosis

should be surgically repaired in 1st yr of
life. 1,234

Jaw surgery to advance the midface

Palate surgery is typically performed prior to
development of pressure consonants.

Feeding therapy is helpful to assess
swallowing safety & support eating by
mouth.

Pediatric dental care & eval by craniofacial
orthodontist as part of coordinated
craniofacial team care

Strabismus should be treated by
ophthalmologist w/expertise in eye
alignment in children w/craniosynostosis.

Early initiation of topical eye lubrication if
inadequate lid closure

Placement of tympanostomy tubes

Hearing aids, bone conduction sound
processors, tympanoplasties, & aural atresia/
stenosis repair

Awareness of potential airway compromise &
proactive airway management are crucial in
infants & children.

Temporizing measures to bypass airway
obstruction:

o Placement of nasal stents
« Endotracheal intubation
« Tracheotomy

Surgical interventions (adenoidectomy, nasal
airway procedures, tracheostomy) are often
helpful.

Supplemental oxygen via nasal cannula is
sometimes beneficial.

Considerations/Other

Specific timing guided by child's anatomy, risk

for 1 intracranial pressure, & respiratory status >

« Typically in childhood or adolescence © 7

o Early midface advancement may be
pursued to treat airway obstruction.

To improve speech production & intelligibility

Swallowing is formally assessed after craniofacial
surgeries.

Orthodontist plays an important role in
determining type & timing of orthodontic &
orthognathic interventions.

Amblyopia is a major cause of visual impairment.

Tarsorrhaphy may be indicated, e.g., w/globe
subluxation or to prevent globe luxation &/or
exposure keratopathy.

If chronic middle ear effusions are present

Optimization of hearing facilitates language &
communication development.

o Specific airway management depends on
level & severity of obstruction.

o Residual OSA after soft tissue & skeletal
procedures is common.

Infants & children requiring tracheotomy may
also need ventilator-delivered positive pressure to
normalize gas exchange & achieve normal sleep
& growth. 8

Avoid use of CPAP/BiPAP for long-term
treatment of sleep apnea when possible, as
pressure on midface exacerbates midface
retrusion.

Reducing sleep apnea & improving sleep quality
may improve learning, cognition, & behavior.


https://www.ncbi.nlm.nih.gov/books/n/gene/muenke/
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Table 5. continued from previous page.

Manifestation/Concern

Syndactyly

Malrotation

Speech abnormalities

Developmental delay

Congenital heart defects
Cryptorchidism in males or

hydronephrosis

Scoliosis

Acne

Treatment

Type & timing of surgeries depends on
presence of thumb syndactyly & extent of soft
tissue deficiency.

Treatment can be separated into early phase
(syndactyly releases) & late phases
(functional osteotomies). %> 10

Standard treatment per surgeon

Speech eval by speech-language pathologist
w/craniofacial expertise to guide speech

therapy recommendations

Early intervention services
Standard treatment per cardiologist
Standard treatment per urologist

Standard treatment per orthopedist

Oral isotretinoin may be considered for those
w/refractory acne not responsive to standard
therapies. 12

17

Considerations/Other

A common goal: improve hand & foot function
w/smallest number of surgeries

Most individuals require multiple procedures &
revisions throughout childhood. 11

Upper GI series prior to gastrostomy tube
placement

Articulation, resonance, language development,
& intelligibility may be affected.

Consider consultation w/developmental
pediatrician or neurodevelopmental specialist.

Consider preoperative closure of intra-cardiac
shunts to ¥ embolic risk before synostosis
surgery.

Oral isotretinoin is a known human teratogen &
should not be prescribed to females of
childbearing age unless 2 independent forms of
birth control are instituted & monthly pregnancy
tests performed.
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Table 5. continued from previous page.

Manifestation/Concern Treatment Considerations/Other
Emotional & behavioral Psychosocial assessments & mental health Recognize & address potential bullying/teasing
adjustment support throughout childhood 13 by peers.

OSA = obstructive sleep apnea

1. Cranioplasty involves release of fused sutures and repositioning and reconstruction of the calvaria, in order to prevent increased
intracranial pressure and reduce progressive abnormal craniofacial development.

2. Several techniques including endoscopic strip craniectomy, advancement through posterior distraction, and traditional cranioplasty
are in current use. It is important to delay traditional anterior cranial fronto-orbital advancement until as late as possible in syndromic
cases because of a high rate of relapse when done at early ages. Thus, early posterior cranial expansion can be used early in life to
minimize progression of the anterior deformity. Early distraction osteogenesis can be a temporizing measure to allow subsequent
traditional surgeries to be performed at a favorable age [Hopper 2012].

3. Early surgery may be performed to reduce intracranial pressure; however, young infants with Apert syndrome may have minimal
physiologic reserve, which may affect surgical outcomes. Later surgeries tend to lead to a more stable bony correction [Taylor & Bartlett
2016].

4. A staged approach to increase intracranial volume and protect the globes is often pursued, and most children with bicoronal
craniosynostosis benefit from a fronto-orbital advancement.

5. The goals of craniofacial surgery are to provide adequate intracranial volume to allow brain development and to improve head shape.
The timing and sequence of surgical interventions are dependent on the individual's functional, aesthetic, and psychological needs
[McCarthy et al 2012].

6. Timing of jaw surgery is guided by the affected individual's occlusion and degree of airway obstruction.

7. Compared with Le Fort III distraction, Le Fort II distraction with simultaneous repositioning of the zygomas improves the facial and
orbital relationships for older children with Apert syndrome [Hopper et al 2013].

8. Serious caution must be taken in the placement and care of tracheostomies in individuals with tracheal cartilaginous sleeves because
of abnormal tissue healing and granulation tissue formation [Wenger et al 2017].

9. Fearon & Rhodes [2009]

10. Recent studies describe novel techniques to improve aesthetic outcomes in children with complex syndactylies [Lohmeyer et al
2016].

11. Pettitt et al [2017]

12. Evidence suggests that oral isotretinoin may be more effective than standard therapies, and biologic models support a role for
isotretinoin in regulating androgens and FGFR2 signaling [Melnik et al 2009].

13. Suggested areas of focus include the parents' and family's emotional, social, and financial needs; the child's neurocognitive
development and educational needs; and potential barriers to care [McCarthy et al 2012].

Surveillance

Note: (1) For recommended surveillance for Muenke syndrome, see Muenke Syndrome. (2) For additional
surveillance recommendations specific to Apert syndrome, see Apert Syndrome.

Table 6. Recommended Surveillance for Individuals with FGFR Craniosynostosis Syndromes
System/Concern Evaluation Frequency

« Close monitoring of head
circumference / head growth
« Eval for signs of 1 intracranial
Hydrocephalus pressure (e.g., headaches,

vomiting)

Clinical eval at least every 3 mos in 1st year of life; can be done
in conjunction w/team visits to assess for craniosynostosis

Ophthalmologic exam for papilledema At least annually, & w/any concerning symptoms

o Consider cervical spine CT when head CT is obtained.
o Consider radiographs at age 3-4 yrs to evaluate for
progressive C-spine fusion.

Cervical spine Cervical spine radiographs &/or CT
instability cervical spine


https://www.ncbi.nlm.nih.gov/books/n/gene/muenke/
https://www.ncbi.nlm.nih.gov/books/n/gene/apert/
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Table 6. continued from previous page.
System/Concern Evaluation Frequency

At the time of 1st anesthesia, performed by otolaryngologist.
Craniofacial otolaryngologist should direct timing of operative

Tracheal anomalies Operative airway eval airway eval if no sedation is planned, but eval should occur in
infancy because of risk of sudden death if tracheal
cartilaginous sleeve is present.

Dental issues Eval by craniofacial orthodontist When secondary teeth erupt

Ophthalmologic exam of optic nerves;
Vision issues eval for sclerocornea, orbital protection, At least annually, & urgently if any concern arises
strabismus &/or amblyopia

Hearing loss Audiology eval At least annually

Clinical eval for symptoms of sleep apnea At least every 3 mos in 1st year & annually thereafter

Sleep apnea Polvsomnoeranh As indicated by clinical symptoms; if central apnea present,
4 graphy consider brain MR exam to evaluate for Chiari I malformation.
o Atage ~18 mos, then annually
Speech issues Speech pathology eval o Additional speech assessments before & after midface
surgeries

Early intervention &/or

Neurodevelopment L
velop neurodevelopmental pediatrics eval

At least every 3 mos in 1st yr & annually thereafter

Agents/Circumstances to Avoid

Individuals with cervical spine anomalies may be at risk for spinal cord injury with hyperextension and may
require fiberoptic intubation and/or sports restrictions for activities that pose a risk for head/neck injury.

Individuals with exophthalmos may require protective eyewear during activities with risk of eye injury (e.g., ball
sports).

Evaluation of Relatives at Risk

It is appropriate to clarify the genetic status of apparently asymptomatic older and younger at-risk relatives of an
affected individual in order to identify as early as possible those who would benefit from who would benefit
from early surveillance and intervention. Evaluations can include the following:

« Molecular genetic testing if the FGFR pathogenic variant in the family is known
» Assessment based on clinical and radiographic criteria (Note: Manifestations may not be readily evident in
all affected individuals.)

See Genetic Counseling for issues related to testing of at-risk relatives for genetic counseling purposes.

Pregnancy Management

Pregnant women carrying fetuses affected by FGFR craniosynostosis syndromes should be monitored during
pregnancy for features that can affect early morbidity and mortality, and should be encouraged to deliver in a
hospital with ready access to pediatric otolaryngology, plastic surgery, neurosurgery, and pulmonary medicine.
Because of the high rate of respiratory obstruction such as choanal atresia, a health care provider skilled in
endotracheal intubation and resuscitation should be present at the delivery.

See MotherToBaby for further information on medication use during pregnancy.


https://www.mothertobaby.org/
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Therapies Under Investigation

Search ClinicalTrials.gov in the US and EU Clinical Trials Register in Europe for access to information on

clinical studies for a wide range of diseases and conditions. Note: There may not be clinical trials for this
disorder.

5. Genetic Risk Assessment

Genetic counseling is the process of providing individuals and families with information on the nature, mode(s) of
inheritance, and implications of genetic disorders to help them make informed medical and personal decisions. The
following section deals with genetic risk assessment and the use of family history and genetic testing to clarify genetic
status for family members; it is not meant to address all personal, cultural, or ethical issues that may arise or to
substitute for consultation with a genetics professional. —ED.

Mode of Inheritance

The FGFR craniosynostosis syndromes are inherited in an autosomal dominant manner.

Risk to Family Members

Parents of a proband

 An individual with an FGFR craniosynostosis syndrome may have an affected parent or may have the
disorder as the result of a de novo pathogenic variant.

o With a milder phenotype - as can be seen in Muenke syndrome, Crouzon syndrome, Pfeiffer
syndrome, and Jackson-Weiss syndrome - inheritance of the pathogenic variant from an affected
parent is common; in the most severe forms (e.g., bent bone dysplasia), de novo pathogenic variants
are common.

o FGFR3 isolated coronal synostosis is usually inherited from a heterozygous parent who may or may
not be affected.

« Molecular genetic testing and clinical and radiographic evaluations are recommended for the parents of a
proband with an apparent de novo pathogenic variant

o If the pathogenic variant found in the proband cannot be detected in leukocyte DNA of either parent,
possible explanations include a de novo pathogenic variant in the proband or germline mosaicism in a
parent.

o The family history of some individuals diagnosed with an FGFR craniosynostosis syndrome may appear to
be negative because of failure to recognize the disorder in family members or reduced penetrance.
Therefore, an apparently negative family history cannot be confirmed unless molecular genetic testing and
clinical and radiographic evaluations have been performed on the parents of the proband.

o If the parent is the individual in whom the pathogenic variant first occurred, the parent may have somatic
and germline mosaicism for the variant and may be asymptomatic or mildly/minimally affected. To date,
Crouzon syndrome is the only FGFR craniosynostosis syndrome in which parental mosaicism has been
reported.

« Note: Advanced paternal age has been shown clinically to be associated with de novo pathogenic variants
for Crouzon syndrome, Apert syndrome, Pfeiffer syndrome [Glaser et al 2000], Beare-Stevenson cutis
gyrata syndrome, and Muenke syndrome [Rannan-Eliya et al 2004]. Paternal age effect in de novo
mutation has been conclusively demonstrated at the molecular level in Apert syndrome [Moloney et al
1996, Yoon et al 2009]. It has been proposed that FGFR pathogenic variants are paradoxically enriched in
the male germline because they confer a selective advantage to the spermatogonial cells in which they
arise [Goriely et al 2003, Choi et al 2008, Bochukova et al 2009, Yoon et al 2009].


https://clinicaltrials.gov/
https://www.clinicaltrialsregister.eu/ctr-search/search
https://www.ncbi.nlm.nih.gov/books/n/gene/muenke/
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Sibs of a proband. The risk to sibs of the proband depends on the genetic status of the proband's parents:

o Ifa parent is affected and/or is known to have the pathogenic variant identified in the proband, the risk to
the sibs of inheriting the pathogenic variant is 50%.

o The FGFR craniosynostosis categorical phenotype is usually consistent within family members
heterozygous for the same pathogenic variant, though the severity and specific manifestations can
vary widely among affected individuals. For example, if the proband has the clinical findings of
Pfeiffer syndrome, heterozygous sibs of the proband will likely have clinical findings that are also
consistent with Pfeiffer syndrome rather than Crouzon, Jackson-Weiss, or Apert syndrome.
Nonetheless, rare examples of varied phenotype among affected individuals in a given family have
been reported: Moko & Blandin de Chalain [2001], Aravidis et al [2014], and Bessenyei et al [2014]
describe families in which some family members had findings suggestive of Pfeiffer syndrome,
whereas others had findings suggestive of Jackson-Weiss or Crouzon syndromes.

o Significant differences in clinical severity of a given type of FGFR craniosynostosis syndrome may
be observed in heterozygous sibs. For example, the sutures that are fused at birth and degree of
respiratory support required may vary significantly in families with Crouzon syndrome. In families
with Muenke syndrome, there is decreased penetrance of craniosynostosis and variability in hearing
loss.

o If the FGFR pathogenic variant found in the proband cannot be detected in the leukocyte DNA of either
parent, the risk to sibs is slightly greater than that of the general population because of the possibility of
parental germline mosaicism. Parental germline and somatic mosaicism in Crouzon syndrome has been
reported [Goriely et al 2010].

o If the parents have not been tested for the pathogenic variant identified in the proband but are clinically
unaffected, sibs are still presumed to be at increased risk for an FGFR craniosynostosis syndrome because
of the possibility of reduced penetrance/variable expressivity in a heterozygous parent or parental
germline mosaicism.

o This risk appears to be low for Apert, Beare-Stevenson cutis gyrata, bent bone dysplasia, and Pfeiffer
syndromes.

o For Crouzon and Muenke syndromes, variable expressivity between family members necessitates
careful clinical evaluation of apparently unaftected relatives as affected parents with mild
manifestations (e.g., mild hearing loss, prominent eyes) may be unaware that they have features of
the condition.

Offspring of a proband. Each child of an individual with an FGFR craniosynostosis syndrome has a 50% chance
of inheriting the FGFR pathogenic variant.

Other family members. The risk to other family members depends on the status of the proband's parents: if a
parent has the FGFR pathogenic variant, the parent's family members may be at risk.
Related Genetic Counseling Issues

See Management, Evaluation of Relatives at Risk for information on evaluating at-risk relatives for the purpose
of early diagnosis and treatment.

Considerations in families with an apparent de novo pathogenic variant. When neither parent of a proband
with an autosomal dominant condition has the pathogenic variant identified in the proband or clinical evidence
of the disorder, the pathogenic variant is likely de novo. However, non-medical explanations including alternate
paternity or maternity (e.g., with assisted reproduction) and undisclosed adoption could also be explored.

Family planning
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The optimal time for determination of genetic risk and discussion of the availability of prenatal/
preimplantation genetic testing is before pregnancy.

It is appropriate to offer genetic counseling (including discussion of potential risks to offspring and
reproductive options) to young adults who are affected or at risk.

DNA banking. Because it is likely that testing methodology and our understanding of genes, pathogenic
mechanisms, and diseases will improve in the future, consideration should be given to banking DNA from
probands in whom a molecular diagnosis has not been confirmed (i.e., the causative pathogenic mechanism is
unknown). For more information, see Huang et al [2022].

Prenatal Testing and Preimplantation Genetic Testing

High-risk pregnancies. Once the FGFR pathogenic variant has been identified in an affected family member,
prenatal and preimplantation genetic testing are possible.

o The finding of an FGFR pathogenic variant cannot be used to predict the occurrence or severity of clinical

manifestations for most FGFR phenotypes.

The long-term prognosis of individuals with syndromes previously associated with poor outcomes is
difficult to predict as advances in surgical management have dramatically changed expected outcomes
from those suggested by historical data in the literature. For example, Wenger et al [2019] reported that all
individuals with FGFR2 p.W290C previously described in the literature had severe intellectual disability
and/or early death but that three affected individuals who underwent aggressive surgical techniques

designed to manage cephalocranial disproportion all had roughly normal neurocognitive development
later in childhood.

Low-risk pregnancies. In a pregnancy not previously identified to be at risk for craniosynostosis in which an
abnormal head shape is detected on prenatal ultrasound examination, prenatal testing is more difficult.

« Molecular genetic testing. While testing for pathogenic variants in FGFR1, FGFR2, or FGFR3 is possible,

the yield is likely to be low. Furthermore, identification of a pathogenic variant in one of these genes would
not clarify the prognosis, which is determined by clinical findings (e.g., the prognosis for cloverleaf skull is
generally poor regardless of the molecular defect or nature of hand and foot findings).

Prenatal imaging. Prenatal testing of various craniosynostosis syndromes may be possible if physical
findings including abnormal biparietal diameter and ventriculomegaly are apparent on prenatal imaging.
Three-dimensional ultrasound examination, three-dimensional CT scan, and MRI have proven useful in
some cases to further delineate suspicious ultrasound findings and assess for underlying brain
abnormalities. Prenatal MRI is often used to accurately diagnose suspected craniosynostosis syndromes
such as Pfeiffer or Apert syndromes. Findings detectable by MRI may include agenesis of the corpus
callosum, hydrocephalus causing increased biparietal diameter, or cloverleaf skull [Tonni et al 2011,
Ketwaroo et al 2015, Helfer et al 2016].

Differences in perspective may exist among medical professionals and within families regarding the use of

prenatal and preimplantation genetic testing, particularly if the testing is being considered for the purpose of
pregnancy termination rather than early diagnosis. While most health care centers would consider use of
prenatal and preimplantation genetic testing to be a personal decision, discussion of these issues may be helpful.

Resources

GeneReviews staff has selected the following disease-specific and/or umbrella support organizations and/or registries
for the benefit of individuals with this disorder and their families. GeneReviews is not responsible for the
information provided by other organizations. For information on selection criteria, click here.


https://www.ncbi.nlm.nih.gov/books/n/gene/app4/
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o American Cleft Palate-Craniofacial Association
Phone: 919-933-9044
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o Children's Craniofacial Association
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Email: contact CCA@ccakids.com
www.ccakids.org

« Face Equality International
United Kingdom
faceequalityinternational.org

« National Institute of Neurological Disorders and Stroke (NINDS)
Phone: 800-352-9424
Craniosynostosis
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