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Abstract

Muenke syndrome is an autosomal dominant craniosynostosis syndrome resulting from a defining
point mutation in the FGFR3 gene. Muenke syndrome is characterized by coronal craniosynostosis
(bilateral more often than unilateral), hearing loss, developmental delay and carpal and/or tarsal
bone coalition. Tarsal coalition is a distinct feature of Muenke syndrome and has been reported
since the initial description of the disorder in the 1990s. Although talocalcaneal coalition is the
most common tarsal coalition in the general population, it has never been previously been reported
in a patient with Muenke syndrome.

We present a 7-year-old female patient with Muenke syndrome and symptomatic talocalcaneal
coalition. She presented at the age of 7 with limping, tenderness and pain in her right foot
following a fall and strain of her right foot. She was treated with ibuprofen, shoe inserts, a CAM
walker boot and stretching exercises without much improvement in symptoms. A Computed
Tomography (CT) scan revealed bilateral talocalcaneal coalitions involving the middle facet. She
underwent resection of the talocalcaneal coalitions, remaining pain-free postoperatively with an
improvement in her range of motion, gait and mobility.

This report expands the phenotype of tarsal coalition in Muenke syndrome to include talocalcaneal
coalition. A literature review revealed a high incidence of tarsal coalition in all FGFR related
craniosynostosis syndromes when compared to the general population, a difference that is
statistically significant. The most common articulation involved in all syndromic craniosynostoses
associated with FGFR mutations is the calcaneocuboid articulation.
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INTRODUCTION

Tarsal coalition, a term used to describe a fibrous, cartilaginous, or bony connection
between two or more tarsal bones, has an incidence of 2-13% in the general population
[Solomon et al., 2003; Stormont et al., 1983]. In approximately 50% of cases, the coalition is
bilateral [Kernbach 2010]. When tarsal coalition occurs in an isolated manner, the
talocalcaneal articulation is most commonly affected, with an incidence of 48.1%, while the
calcaneonavicular articulation is the second most common, involved in 43.6% of cases.
Coalitions of the talonavicular, calcaneocuboid, cubonavicular, and naviculocuneiform tarsal
bones, while reported, are extremely rare in the general population [Stormont et al., 1983;
DelSel et al., 1959; Sullivan et al., 1996]. Tarsal coalitions are generally asymptomatic, and
typically present as an incidental radiographic finding in an asymptomatic individual. In
fact, the number of patients with symptomatic tarsal coalitions represents the minority
[Bohne et al., 2001].

While tarsal coalition can occur in an isolated form, without any additional anomalies, it
also occurs as a part of a number of genetic syndromes and conditions, including Nievergelt
syndrome, phocomelia, fibular hemimelia and other gross limb anomalies [Pearlman et al.,
1964; Leonard 1974; Austin 1951; O’Rahilly 1953]. Tarsal coalition also occurs as a part of
several craniosynostosis syndromes caused by mutations in the Fibroblast Growth Factor
Receptor(FGFR) genes, including Apert, Pfeiffer, Crouzon, Jackson-Weiss, and Muenke
syndromes [Anderson et al., 1997a; Anderson et al., 1998a; Anderson et al., 1999; Jackson
etal., 1976; Muenke et al., 1997]. Muenke syndrome is the most common of these genetic
craniosynostosis syndromes, with an estimated incidence of 1 in 30,000 births [Boulet et al.,
2008].

Muenke syndrome is an autosomal dominant craniosynostosis syndrome due to the defining
point mutation, ¢.749C>G, in the FGFR3gene, resulting in the missense mutation p.
Pro250Arg [Muenke et al., 1997]. Muenke syndrome is characterized by coronal
craniosynostosis (bilateral more often than unilateral), hearing loss, developmental delay
and carpal and/or tarsal bone coalition. Tarsal coalition is a distinct feature of Muenke
syndrome, as evidenced by its occasional description as: “coronal craniosynostosis with
brachydactyly and carpal/tarsal coalition” [Graham et al., 1998]. Tarsal bone coalition has
been reported since the initial description of the disorder in the 1990s and, in our review of
the literature, is found to have an incidence of 25% in Muenke syndrome. The coalition
usually involves the calcaneus and cuboid bones, a coalition that is actually quite rare in the
general population. Other reported coalitions have involved the calcaneus and navicular
bones and the cuboid and cuneiform bones [Muenke et al., 1997; Boulet et al., 2008;
Graham et al., 1998]. Interestingly, although talocalcaneal coalition is the most common
tarsal coalition in the general population, it has never been previously been reported in a
patient with Muenke syndrome.

We report on a patient with Muenke syndrome who had symptomatic talocalcaneal
coalition. The literature is reviewed with regards to all of the cases of Muenke syndrome in
which feet were examined radiographically. Additionally, tarsal coalition in additional
FGFR-related craniosynostosis syndromes is reviewed.

MATERIALS AND METHODS

This patient participated in our IRB-approved protocol on Muenke syndrome, with informed
consent obtained. Patient information collected included: clinic notes, surgical history, past
medical history, imaging and genetic testing. A Medline search was conducted to find all
previously reported cases of Muenke syndrome from 1996 (time period of intial description
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of Muenke syndrome) to the present [2011]. The key words and patient terms searched
included “Muenke syndrome,” “coronal synostosis,” “FGFR3 craniosynostosis,” “P250R,”
“Pro250Arg,” and “syndromic craniosynostosis.” Additional searches were done to find all
reports of tarsal and limb anomalies in patients with Apert syndrome, Crouzon syndrome,
Pfeiffer syndrome, Jackson-Weiss syndrome, Crouzon syndrome with acanthosis nigricans
and Beare-Stevenson syndrome.

Two-tailed p-tests were done to compare the frequency of tarsal coalition in the general
population to the frequency of tarsal coalition in the following FGFR craniosynostosis
syndromes: Apert syndrome, Crouzon syndrome, Pfeiffer syndrome, Jackson-Weiss
syndrome and Muenke syndrome. General population frequency was obtained from an MRI
study of 574 patients. This MRI study was a prospective study that reviewed ankle MRIs of
574 patients in a population requiring an MRI of the ankle [Nalaboff et al., 2008]. A total of
six two-tailed p-tests were done to compare the frequency of tarsal coalition in the general
population to the FGFR craniosynostosis syndromes (Apert, Crouzon, Pfeiffer, Jackson-
Weiss and Muenke syndromes). A two-tailed p-test was also done to compare the frequency
of tarsal coalition in the general population to the overall frequency of tarsal coalition in
FGFR craniosynostosis syndromes.

Clinical Report

The patient was a 7-year-old female with Muenke syndrome. She was diagnosed at 4 months
of age via FGFR3testing which found the defining mutation causative of Muenke
syndrome. Her parents have been tested for the defining mutation that causes Muenke
syndrome and were negative, thus making this patient’s inheritance of the syndrome
sporadic. Further family history is non-contributory, with no family members having
features of Muenke syndrome, such as hearing loss, developmental delay, craniosynostosis
or facial features of Muenke syndrome. She has the following features of Muenke
syndrome: bicoronal craniosynostosis, developmental delay, hearing loss, high palate, and
strabismus. Additionally she has hypertelorism, temporal bossing, and midfacial hypoplasia.
She has had three operations including a frontal orbital advancement at 6 months of age and
additional operations at 20 months of age and 3 years of age for recurrent deformities. She
has a moderate motor delay and has been in occupational therapy for 4 years. She currently
attends occupational therapy one time per week. All of her speech and language milestones
were within normal limits. She does not have intellectual disability, with an 1Q of 117. Her
hearing loss is bilateral and mixed. She also experiences recurrent otitis media with effusion
and has had four sets of tympanostomy tubes. Additional medical issues include torticollis
for which she attends physical therapy and tonsillar hypertrophy for which she underwent a
tonsilloadenoidectomy. She did not have radiographs of her hands or feet at the time of
initial diagnosis at 4 months of age.

At the age of 7, she presented with right foot pain and limping which was exacerbated by
exercise and walking. Six months prior, she had a fall and subsequent “strain” of her right
foot by report, which “seemed like it took a long time to heal” perparental description.
Radiographs of her right foot were taken immediately after this fall, and were read as
negative for any kind of fracture or deformity.

On physical exam, there was no significant deformity. She had very widened feet,
particularly in the area around her toes, as well as high arches. She was tender to palpation at
the dorsal aspect of her right foot in the area of the 4! metatarsal head. Due to bilateral
Achilles contractures noted on physical exam, her range of motion in both feet was limited
on dorsiflexion, unable to dorsiflex beyond the neutral position bilaterally. She had normal
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range of motion to plantarflexion, inversion, and eversion bilaterally. Strength in her right
foot was 4/5 (left was 5/5). She was initially treated with a trial of ibuprofen, shoe inserts to
support her high arches, and home exercises. At 1.5 month follow-up, she was placed in a
CAM walker boot (lower extremity boot composed of rigid plastic that provides support,
protection and immobilization of the ankle), which helped with the toe walking. At 3 month
follow-up, toe walking had continued, gait remained abnormal and plantar pain had
improved. Radiographs of her right foot at this time were read as normal. 3 months
subsequently, symptoms persisted and she had CT scans of both feet, which revealed large
bilateral coalitions of her talus and calcaneus bones (talocalcaneal coalition), involving the
middle facet (Fig. 1a—c, Fig. 2a—c). She underwent resection of bilateral talocalcaneal
coalitions. At 1 year follow-up, her range of motion and gait had markedly improved.
Additionally, she remains pain-free.

Comparison of Frequencies of Tarsal Coalition in General Population vs. FGFR Related
Syndromic Craniosynostoses

Results of two-tailed p-tests to compare the frequency of tarsal coalition in the general
population (66/574 = 11.5%) to the frequency of tarsal coalition in FGFR craniosynostosis
syndromes showed that there was a statistically significant difference in the incidence of
tarsal coalition in the general population when compared to the frequency of tarsal coalition
in Apert syndrome (p= <0.0001), Jackson-Weiss syndrome (p=<0.0001), Muenke syndrome
(p=0.0006) and Pfeiffer syndrome (p=<0.0001) (Table I1). Statistical comparison of the
frequency of tarsal coalition in the general population to that in Crouzon syndrome revealed
no statistically significant difference (p=0.5078). Finally, statistical comparison of the
frequency of tarsal coalition in the general population to the overall frequency of tarsal
coalition in FGFR craniosynostosis syndromes revealed a statistically significant difference
(p<=0.0001).

DISCUSSION

Our patient did not have radiographs of her hands or feet at the time of diagnosis of Muenke
syndrome, as the hand and feet findings in Muenke syndrome are of academic interest, but
have been historically thought of as inconsequential. A review of the literature of patients
with Muenke syndrome in which foot radiographs were examined, including this report,
showed that of 109 patients examined, 27 patients (25%) had tarsal coalition (Table I, Table
I1). This is statistically significantly higher than the incidence of tarsal coalition in the
general population, even when using the highest estimated incidence of tarsal coalition in
the general population as determined by the most sensitive imaging modality, magnetic
resonance imaging (MRI) (p=0.0006) (Table I11). The most common tarsal coalition in
Muenke syndrome is calcaneocuboid coalition, with a prevalence of 59%; this type of tarsal
coalition is rare in the general population, with a prevalence of 1.3%, occurring in 4 of 314
patients with tarsal coalition in the general population in one review (Table I1) [DelSel et al.,
1959].

Symptomatic tarsal coalition in Muenke syndrome is quite rare. Of all patients with Muenke
syndrome reported with tarsal coalitions, two (including our patient) have been
symptomatic, requiring evaluation and treatment. The other reported patient with a
symptomatic coalition was a 10 year-old female with a several year history of migratory
arthralgias of her hands, feet, hips, elbows and shoulders. She had bilateral non-osseus
calcaneonavicular and osseus cuboid-lateral cuneiform coalitions bilaterally [Didolkar et al.,
2009]. She underwent resection of the calcaneonavicular coalition in her right foot, but
continued to experience arthralgias. Our patient adds to the reports of cases of symptomatic
tarsal coalition in Muenke syndrome.
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Six months after initial presentation, our patient was identified to have bilateral talocalcaneal
coalitions on CT, which were missed on radiographs at initial time of her ankle strain, the
event that likely unmasked the underlying coalition. Additionally, her coalitions were
missed again on a second set of radiographs 3 months after her initial presentation.
Talocalcaneal coalitions are indeed difficult to diagnose. The symptoms are insidious, and
often the coalition is missed on X-ray because the subtalar joint surfaces overlap and are
oblique [Sullivan et al., 1996; Takakura et al., 1991]. CT imaging is a modality that is not
only a valuable mean to diagnose talocalcaneal coalition, as demonstrated in this case, but
also reveals the type of coalition (osseus, cartilaginous, fibrous), the extent of the coalition,
and can additionally aid with identification of other abnormalities and/or coalitions
[Stormont et al., 1983; Schenkel et al., 2010].

This patient presentation is unique when compared to talocalcaneal coalition as it presents in
the general population in a number of ways. Our patient presented at the age of 7, which is
early compared to the usual age of presentation in isolated talocalcaneal coalition. Patients
with talocalcaneal coalition usually present from 12-16 years of age, when the coalition
ossifies. In one series of 47 patients with talocalcaneal coalition aged 5-54 years old, the
average age at diagnosis was 17.3 years; 30 patients were adolescents, 6 were in their 20s
and 3 were in their 40s [Takakura et al., 1991]. Only two patients were younger than 10
years old, while one patient was in his 50s. Indeed, talocalcaneal coalition is quite rare at
these extremes of age (younger than 10 and above 50). Our patient also had concomitant
Achilles contractures, which is unusual. This is likely a secondary affect of the coalition
itself, and the toe walking, rather than directly related to Muenke syndrome.

Our patient is unique as she represents the first reported case of talocalcaneal coalition in
Muenke syndrome and the second reported case of symptomatic tarsal coalition in Muenke
syndrome. It is possible that there may be other patients with Muenke syndrome who have
talocalcaneal coalition, which have gone undiagnosed due to difficulties with visualization
of the coalition on X-ray or due to the fact that extremity imaging is not a routine part of
management in Muenke syndrome. We are not suggesting that radiographs be obtained in all
patients with a diagnosis of Muenke syndrome. However, in patients with Muenke
syndrome and symptoms of extremity pain, limping, arthralgias, abnormal gait and/or other
similar symptoms, extremity imaging should be considered due to the known hand and foot
anomalies associated with this condition. This is also true of patients with similar clinical
findings and symptoms who have Apert, Pfeiffer, Crouzon and Jackson-Weiss syndromes.
What this case demonstrates, is the importance of clinical judgment and evaluation in the
context of a relatively common genetic condition. Knowing what to look for, for example,
on radiographs can help guide the clinician to the correct diagnosis, with the goal of the best
possible care of the patient.

FOOT ANOMALIES IN FGFR RELATED SYNDROMIC CRANIOSYNOSTOSES

Seven clinically distinct craniosynostosis syndromes are caused by mutations in three FGR
genes(FGFR1, FGFRZ, FGFR3). These syndromes include Apert syndrome, Crouzon
syndrome, Pfeiffer syndrome, Muenke syndrome, Jackson-Weiss syndrome, Beare-
Stevenson syndrome, and Crouzon syndrome with acanthosis nigricans. A literature review
of tarsal coalitions in craniosynostosis syndromes due to mutations in all FGFR genes, the
majority of which occur in FGFRZ, revealed that tarsal coalitions have been reported in
Apert, Pfeiffer, Crouzon, Jackson-Weiss and Muenke syndrome (FGFR3) (Table IlI).
Fisher’s t-test revealed that tarsal coalitions are significantly overrepresented in FGFR-
related craniosynostosis syndromes compared to the general population (p<0.0001) (Table
I11). Tarsal coalitions have not yet been reported in Beare-Stevenson syndrome (FGFRZ2) or
Crouzon syndrome with acanthosis nigricans (also called “Crouzonodermoskeletal
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syndrome”) (FGFR3) [Barge-Schaapveld DQ et al., 2011; Di Rocco F et al., 2011,
Schweitzer et al., 2001; Cohen et al., 1999].

Apert syndrome, associated with mutations in FGFRZ, is a craniosynostosis syndrome in
which complex, severe bony syndactyly of the hands and feet is a consistent clinical feature
[Wilkie et al., 1995]. It has the highest incidence of tarsal coalition among all of the
craniosynostosis syndromes, reported in 91% of cases reviewed (Table I11). In all feet, with
age there is progressive and sequential coalition of the tarsals and metatarsals, commonly
sparing the talonavicular joint, such that 100% of adults examined with Apert syndrome are
found to have tarsal coalitions (cases reviewed in this report giving the 91% incidence
included all age ranges) [Schauerte et al., 1966; Mah et al., 1991]. This talonavicular sparing
is also a feature of those cases with multiple tarsal coalitions in Pfeiffer syndrome [Saldino
etal., 1972]. The limb anomalies in Apert syndrome extend beyond tarsal coalition, are
more severe in the upper limb, and are the most severe of all the craniosynostosis syndromes
(Table I11). 1t is the illegimitate autocrine activation of mutated mesenchymal FGFR2c
p.P253 specifically by Fibroblast Growth Factor 10 (FGF10) ligand, that is likely
responsible for the syndactyly in Apert syndrome; the p.P253R mutation accounts for 33%
of cases of Apert syndrome and is associated with more severe syndactyly when compared
to the other causative mutation of Apert syndrome, p.S252W, which accounts for 66% of
cases [Ibrahimi et al., 2004, Hajihosseini et al., 2009; Wilkie et al., 1995]. Further, in a
mouse model of Apert syndrome, knockdown of FGF10 in these micerescues some of the
skeletal anomalies [Hajihosseini et al., 2009].

Pfeiffer syndrome is associated with mutations in FGFRI or FGFRZ2 [Muenke et al., 1994;
Rutland et al., 1995]. In addition to craniosynostosis of the coronal suture, patients with
Pfeiffer syndrome characteristically have broad, medially deviated halluces and variable soft
tissue syndactyly [Rossi et al., 2003]. Tarsal coalition was reported in 50% of cases
reviewed (Table 111). Multiple different mutations in the FGFRZ2 gene cause
Crouzonsyndrome, which is characterized clinically by craniosynostosis commonly
involving the coronal suture and prominent eyes (proptosis), secondary to early coalition of
the skull sutures [Jabs et al., 1994]. Patients with Crouzon syndrome have long been thought
to lack limb anormalities; it is in fact reported that there are no limb abnormalities in this
condition [Reardon et al., 1995]. However, radiographic analysis has shown that patients
with Crouzon syndrome have carpal coalitions, tarsal coalitions and other limb anomalies
(Table I11). In 24 cases reviewed, three patients had tarsal coalitions (13%), all involving the
calcaneocuboid articulation. One of these patients was symptomatic, requiring surgical
intervention for a calcaneocuboid coalition, a coalition that is generally thought of as
inconsequential in the general population [Craig et al., 1977]. Crouzon syndrome is the only
FGFR-related craniosynostosis described herein, in which the incidence of tarsal coalition is
not statistically significant when compared to the general population (p=0.5078) (Table III).
This may be due to a lack of reporting or a lack of radiographic investigations in this patient
population. The clinical findings of craniosynostosis, tarsal and metatarsal coalitions, with
short, broad, medially deviated great toes in the absence of hand anomalies, are
characteristic of patients with Jackson-Weiss syndrome, a craniosynostosis syndrome caused
by multiple mutations in FGFRZ2 [Jabs et al., 1994; Graham et al., 1998]. A review of the
literature revealed an occurrence of tarsal coalition in 23 out of 28 patients (82%) reported.

The occurrence of tarsal coalition in syndromic craniosynostoses associated with mutations
in FGFR genes is undoubtedly related to the unique roles in physiologic processes and the
unique patterns of expression of the FGFR genes, genes that play roles in various
physiological processes including cell proliferation, differentiation, migration, apoptosis,
and pattern formation [Goldfarb et al., 1996; Robin 1999]. This is evidenced by the high
incidence of tarsal coalition in these craniosynostosis syndromes when compared to the
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general population, a difference that is statistically significant (Table I11). Overall, it appears
that the most common articulation involved in all syndromic craniosynostoses associated
with FGFR mutations is the calcaneocuboid articulation. It is our hope that this review
covered tarsal coalitions as they occur in syndromic craniosynostoses, and brings to
attention the importance of this feature, particularly to the orthopedist, as well as to other
practitioners who see patients with these diagnoses. As these patients have anomalies that
span beyond the head and face, their care requires a multidisciplinary approach.
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Right Foot

Figure 1.

Figure 1a: Lateral Computed Tomography (CT) view of right foot showing the talocalcaneal
coalition (white arrow)

Figure 1b: Axial Computed Tomography (CT) view of right foot showing the talocalcaneal
coalition (white arrow)

Figure 1c: 3D Computed Tomography (CT) view of right foot showing the talocalcaneal
coalition (white arrow)
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Left Foot

Figure2.

Figure 2a: Plantar axial Computed Tomography (CT) view of left foot showing the
talocalcaneal coalition (white arrow)

Figure 2b: Dorsal axial Computed Tomography (CT) view of left foot showing the
talocalcaneal coalition (white arrow)

Figure 2c: Plantar oblique 3D Computed Tomography (CT) view of left foot showing the
talocalcaneal coalition (white arrow)
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