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Abstract

Purpose—Because a tracheal cartilaginous sleeve (TCS) confers a significant mortality risk that
can be mitigated with appropriate intervention, we sought to describe the prevalence and
associated genotypes in a large cohort of children with syndromic craniosynostosis.

Methods—Chart review of patients with syndromic craniosynostosis across two institutions.

Results—In a cohort of 86 patients with syndromic craniosynostosis, 31 required airway
evaluation under anesthesia. TCS was found in 19, for an overall prevalence of 22%. FGFRZ,
TWIST1, and FGFR3 mutations were identified in children with TCS. All five children with a
W290C mutation in FGFR2had TCS, and most previously reported children with W290C had
identification of TCS or early death. In contrast, TCS was not associated with other mutations at
residue 290.

Conclusion—There is an association between TCS and syndromic craniosynostosis, and it
appears to be particularly high in individuals with the W290C mutation in FGFRZ2. Referral to a
pediatric otolaryngologist and consideration of operative airway evaluation (i.e., bronchoscopy or
rigid endoscopy) in all patients with syndromic craniosynostosis should be considered to evaluate
for TCS. Results from genetic testing may help providers weigh the risks and benefits of early
airway evaluation and intervention in children with higher-risk genotypes.
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INTRODUCTION

Syndromic craniosynostosis syndromes (e.g., Pfeiffer, Crouzon, Apert, Beare-Stevenson,
Saethre-Chotzen) are associated with significant morbidity and mortality, including
increased risk of infantile death. Early mortality estimates were approximately 25-85% for
Pfeiffer syndrome.1=3 With advances in early surgical interventions, more recent estimates
have ranged from 7 to 22%.%5 Some deaths have been attributed to complications of known
malformations. However, there is also an increased risk of death due to sudden respiratory
arrest.®

A tracheal cartilaginous sleeve (TCS) occurs when typical segmentation of the C-shaped
tracheal rings is absent and the trachea consists of a long tube of solid cartilage anteriorly
and laterally, with a normal membranous tracheal wall posteriorly.” Typical C-shaped rings
permit airway distention for effective airway clearance with coughing and normal tracheal
lumen enlargement. As a child with TCS grows, the tubelike tracheal cartilage fails to
appropriately increase in size, resulting in a relatively stenotic airway. This phenomenon
places patients at risk for sudden death due to tracheal occlusion. Most children with TCS
also have syndromic craniosynostosis, although TCS has been reported in a patient with
suspected Goldenhar syndrome and a child with Opitz G syndrome.3:6-31 |ertsburapa and
colleagues performed a meta-analysis of all previously reported cases of TCS and reported a
90% risk of death by age 2 years without a tracheostomy.8 Of note, no patients in that study
had undergone surgical airway reconstruction, which may be an effective surgical alternative
to tracheostomy.1” TCS is often diagnosed by bronchoscopy, although many cases are
diagnosed at the time of autopsy. An operative airway evaluation with general anesthesia in
young infants also carries significant risk, making it difficult to balance the anesthesia and
procedure-related risks with the risk of delaying TCS diagnosis.

Approximately 50 children with TCS have been reported, with varying amounts of
phenotypic information and inconsistent genetic testing. Although craniosynostosis
syndromes such as Apert and Beare-Stevenson syndromes are easily distinguishable based
on clinical examination, there is significant overlap between the clinical features of Crouzon
and Pfeiffer syndromes, and some overlap with Saethre-Chotzen syndrome. Identical
mutations in FGFRZ have been reported in children with clinical diagnoses of either
Crouzon syndrome or Pfeiffer syndrome.32 Moreover, most of these conditions share
common medical problems and management issues, and there is a significantly increased
risk of infantile death with all of these syndromes. Many providers do not routinely perform
genetic testing in children with syndromic craniosynostosis because management
recommendations are similar for all syndromes.

No prevalence estimates are currently available for TCS in syndromic craniosynostosis, and
genotypes have been reported for only 18 patients in the literature (see Table 1). Therefore,
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neonatologists and otolaryngologists caring for children with syndromic craniosynostosis
have limited ability to make a personalized risk assessment for TCS in a child with
syndromic craniosynostosis. This forces providers to use clinical information to balance the
procedure and anesthesia-related risks of operative airway evaluation with the risk of
missing a TCS.

The goals of the present study were (i) to describe the prevalence of TCS in a population of
children with syndromic craniosynostosis and (ii) to explore genotype—phenotype
correlations by combining data from patients with known genotypes in our cohort and the
literature.

MATERIALS AND METHODS

Prevalence estimate

Patient selection and population characteristics—We performed a retrospective
chart review for children with syndromic craniosynostosis who received care at Seattle
Children’s Hospital (IRB#10925) and had their most recent visit within the past 3 years.
Seattle Children’s Hospital is the only craniofacial team referral site for syndromic
craniosynostosis for a five-state region (Washington, Alaska, Montana, Idaho, and
Wyoming). Because there are no other centers in the five-state region that provide care for
children with syndromic craniosynostosis, we are fairly confident that there are few, if any,
patients living in the region who have not been evaluated in this center. In addition, few
patients move out of the catchment area after initiating treatment. At our center, all children
with syndromic craniosynostosis are evaluated by experienced pediatric otolaryngologists
due to the high rate of midface hypoplasia and obstructive sleep apnea. Children are
evaluated at least annually; in the majority of cases, children receive all of their
craniosynostosis-related care through our hospital. Examination of our database revealed
that two otolaryngologists (J.P., K.C.Y.S.) had seen 100% of patients eligible for this study
at Seattle Children’s Hospital. For this study, we also excluded patients with isolated
unicoronal craniosynostosis and a diagnosis of Muenke syndrome because it is common,
well described, and generally not associated with airway anomalies. However, many other
genetic syndromes were represented, including children with multiple congenital anomalies
whose genetic testing had not yet revealed a unifying diagnosis.

Methods—Chart review was performed for all children. When available, all operative
airway reports and videos of bronchoscopies or rigid endoscopies (recorded as part of
clinical care) were also reviewed by a second examiner (J.D., A.F.l.). Endoscopic criteria for
TCS included the absence of tracheal rings with the presence of a normal membranous
posterior tracheal wall (Figure 1). High-resolution computerized tomography and/or direct
visualization of the anterior tracheal wall at tracheostomy were used to confirm endoscopic
findings.

Genotype determination

After initial determination of prevalence of TCS, we sought to determine whether there were
genotype—phenotype correlations. To do this, we included patients with genotypes of interest
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from a cohort at the Children’s Hospital of Philadelphia because there were not a sufficient
number of patients at Seattle Children’s Hospital to make an adequate comparison. A
comparison cohort of patients with FGFR2 mutations at residue 290 were identified by chart
review of clinical and/or research testing at Seattle Children’s Hospital (IRB#10925) or
through clinical testing by the molecular laboratory at Children’s Hospital of Philadelphia.
Parents of patients who had genetic testing performed on a research basis provided informed
consent.

RESULTS

Eighty-six children with syndromic craniosynostosis met inclusion criteria for this study. Of
these 86, 31 had undergone bronchoscopy or rigid endoscopy for evaluation of respiratory
symptoms or other clinical concerns. Overall, 19 of 86 (22%) were found to have TCS,
including 19 of 31 (61%) who underwent operative airway evaluation. Therefore, a
conservative prevalence of 22% was reached; however, it is possible that this is an
underestimate because it is based on patients who had clinical indications for operative
airway evaluation, and there may be patients with TCS who do not have respiratory
symptoms.

We identified two additional patients with TCS from the Children’s Hospital of Philadelphia,
for a total of 21 patients with TCS. The syndromes diagnosed in these patients can be found
in Table 2.

Of the 21 patients with TCS, genetic testing was available for 16. Of the patients without
genetic testing results available, 4 were diagnosed with Apert syndrome, which is generally
due to one of two mutations (S252W or P253R). Therefore, 20 individuals had known or
presumed mutations based on phenotype. Previously reported patients with known or
presumed genotype and TCS are also included in Table 1 for comparison.

We identified five patients with W290C, four with W290R, and two with W290G mutations.
A summary of these patients can be found in Table 3. All patients with W290C had TCS,
whereas no patients with W290R or W290G were found to have TCS. Of note, although
each of these patients was categorized as having either Pfeiffer or Crouzon syndrome, there
appeared to be an intermediate phenotype, with the clinical geneticist making a
determination of classification. In some cases there was disagreement between some features
(e.g., broad thumbs absent in patients 5 and 10 who were classified as having Pfeiffer
syndrome, with broad thumbs noted in patients 6, 7, and 11, who were classified as having
Crouzon syndrome). This suggests that patients with mutations at residue 290 may have an
intermediate phenotype, with some having an overall gestalt consistent with Pfeiffer
syndrome and others with that consistent Crouzon syndrome.

Among children in whom no TCS was identified, a wide range of genetic syndromes was
identified (Table 4). Of note, no TCS cases were found in children with syndromic
craniosynostosis in syndromes other than those associated with FGFRZ2, FGFR3and
TWISTIin our cohort. Mutations associated with clinical diagnoses of Apert, Crouzon, and
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Pfeiffer syndromes in children who did not have TCS are listed in Supplementary Table S1
online.

DISCUSSION

This study found a prevalence of 22% with a diagnosis of TCS in syndromic
craniosynostosis in children who had been evaluated by two pediatric otolaryngologists. It is
possible that this is an overestimate because these children had been referred to
otolaryngology; however, we do not believe this represents a significant bias because it is the
standard of care at many centers (including SCH) for patients with syndromic
craniosynostosis to be evaluated by a pediatric otolaryngologist. Although the majority of
TCS were found in patients with Pfeiffer syndrome, TCS were also identified in children
with other FGFR2-associated craniosynostosis syndromes (i.e., Crouzon, Apert) as well as
in craniosynostosis syndromes associated with mutations in FGFR3 (i.e., Crouzon syndrome
with acanthosis nigricans) and 7W/ST71 (Saethre-Chotzen). This suggests a need for
heightened concern for TCS in all children with syndromic multisuture craniosynostosis,
with the greatest risk in Pfeiffer syndrome.

There are two limitations regarding the prevalence and clinical significance of TCS. The
conservative estimate in this population was 22%, but TCS was found in 61% of those who
underwent operative airway evaluation. It is clinical practice in our center to perform
operative airway evaluation for children with clinical symptoms. It is possible that there
were children in our cohort who had TCS but were asymptomatic and therefore did not
undergo operative airway evaluations. Conversely, it is possible that the meta-analysis by
Lertsburapa and colleagues overestimated the risk of TCS because they ascertained cases in
patients who presumably had enough clinical symptoms to warrant operative airway
evaluation, or cases were identified on autopsy.8 The only treatment evaluated by
Lertsburapa and colleagues was tracheostomy,8 although airway reconstruction, in the hands
of an experienced pediatric otolaryngologist, may be another suitable treatment for TCS.1’

The overall estimate of TCS in syndromic craniosynostosis was 22%, and it was 100% in
children with a W290C mutation in FGFRZ. Previous reports of children with W290C in the
literature include three patients with TCS, an additional patient with no TCS but with
tracheal stenosis (which could represent a TCS) and fibrous cartilaginous rings, and children
with early death due to respiratory distress.6:1528 The majority of the remaining patients
with W290C in the literature were younger than age 2 years and operative evaluation of the
airway was not documented. Without documentation of an airway evaluation, occult TCS
cannot be ruled out in infants and toddlers. One patient with W290C was still living at age
15 years without reported TCS or history of tracheostomy.33 Between our cohort and the
literature, there were also 11 patients with TCS who had mutations in FGFRZ2 at site 342.
Among our cohort alone, 5 patients with mutations at site 342 had TCS but 4 did not.
Because more than 50% in our cohort had TCS, airway evaluation should be strongly
considered for patients with mutations at this site.

All patients with W290C had TCS and a severe phenotype, whereas no patients with W290R
and W290G had TCS. Our cohort did not include sufficient numbers of patients with Pfeiffer
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syndrome with other mutations to evaluate the mutation-specific risk at other residues. It is
difficult to extrapolate the rate of TCS from case reports of children with Pfeiffer due to
other mutations, because a standardized airway evaluation cannot be assumed. However, the
differential risk for patients with a mutation at residue 290 is clear. Moreover, the diagnosis
of Crouzon compared with Pfeiffer in the neonatal period and beyond can be challenging;
therefore, we believe early genetic testing would be beneficial for identification of children
with W290C who carry a very high risk of TCS.

We believe that all children with syndromic craniosynostosis should be referred to a center
where they can be evaluated by a team of experienced specialists. Identification of TCS can
be challenging and should be evaluated by an experienced pediatric otolaryngologist.
Airway evaluation should be considered for all patients with syndromic craniosynostosis,
especially those with clinical suspicion of any FGFRZ2-associated craniosynostosis
syndrome, Crouzon syndrome with acanthosis nigricans, or Saethre-Chotzen syndrome. To
balance the risks and benefits of anesthesia and procedure-related risks, this airway
evaluation could be coordinated with craniosynostosis repair or another surgical procedure.
Images from bronchoscopy and 3D reconstruction of normal trachea and TCS are shown in
Figure 1. In the event that a TCS is identified, timing and placement of tracheostomy and
tracheostomy-related care, or airway reconstruction, should be undertaken by a pediatric
otolaryngologist and anesthesiologist with expertise in the treatment of patients with
syndromic craniosynostosis. This need is compounded by the elevated rate of choanal
atresia/stenosis in patients with FGFR2-associated craniosynostosis syndromes, because
there is risk for both upper and lower airway obstruction. These patients should also be
evaluated by a pediatric geneticist or practitioner comfortable with pretest counseling and
determination of appropriate clinical genetic testing (e.g., next-generation sequencing panel
for FGFR1, FGFRZ, FGFR3, and TWISTI) to aid in the interpretation and delivery of
results.

Given the wide range of biological activities attributed to members of the fibroblast growth
factor family, a number of mouse models have been developed to better understand the
role(s) of the fibroblast growth factor receptors in embryogenesis and development. Early
studies utilizing gene-targeting approaches in mice demonstrated that complete disruption of
the FGFR2 gene resulted in early embryonic lethality in homozygous animals.3# This clear
association between FGFR2 mutations and human disease led to the development of
additional mouse models to help better understand the pathophysiology underlying these
syndromes. Interestingly, the FGFR2*/5252W mouse model of Apert syndrome demonstrated
complete tracheal rings and abnormal thickening of the tracheal cartilage. The tracheal
phenotype seen in the FGFR2+/5252W mouse is very similar to that in the patients with TCS
described in this article.35 A second knock-in mouse model of Apert syndrome
FGFR2*/P250R fajled to report any abnormalities of the tracheobronchial tree.3> Because
patients with Apert syndrome are presumed to have one of two mutations in FGFRZ, clinical
genetic testing is typically not performed. It is interesting that our patient with TCS and
genetically confirmed Apert syndrome had the S252W mutation, which is the same mutation
that caused TCS in mice. In contrast, of those who underwent genetic testing and who did
not have TCS, five had P250R and only one had a S252W mutation. Genetic testing of the
remaining patients in the present series and previously reported patients would be needed to
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determine whether S252W confers a greater risk for TCS than P250R, because mouse
models suggest a possible differential risk between the two mutations and would provide a
clinical indication for genetic testing in patients with Apert syndrome.

Interestingly, a mouse model of Beare-Stevenson syndrome (FGFR2*/Y394C) failed to
describe any lower airway anomalies, whereas two recently reported patients with Beare-
Stevenson syndrome were found to have TCS, with a suspected TCS in a third patient.
10.21.36 Gjven the findings of the present study, it would be very interesting to revisit these
knock-in mouse models and perform a more in-depth analysis of the airway anatomy to look
for more subtle changes that may provide insight into the respiratory issues seen in patients
with craniosynostosis syndromes caused by mutations in the FGFR2 genes, in addition to
the other genes implicated in the present study (i.e., FGFR3and TWISTI). Further
exploration of the phenotype in mouse models of the condition as related to phenotypes in
patients with the disorders may provide insight into the pathogenesis of the conditions.

Conclusions

Children with syndromic craniosynostosis are at significant risk for TCS, which has been
estimated in a recent meta-analysis to have a 90% risk of death by age 2 years without
tracheostomy.8 The prevalence of TCS in our cohort was approximately 22%, and it was not
limited to a particular diagnostic category or gene. There was a very high rate of TCS in our
series of patients with a W290C mutation in FGFRZ, as well as in previous reports of
individuals with W290C with TCS and infantile deaths attributed to respiratory distress.
Neonatologists should consider genetic testing and referral to a hospital with a pediatric
otolaryngologist experienced in the identification and treatment of TCS for all children with
syndromic multisuture craniosynostosis. Otolaryngologists should consider operative airway
evaluation for all children with suspected craniosynostosis to identify patients at risk for
sudden death. Genetic testing may help providers to weigh anesthesia and procedure-related
risks of early operative airway evaluation with the risk of sudden death due to missed TCS.
Furthermore, operative airway evaluation should be considered the standard of care for all
children identified to have W290C in FGFRZ. Future studies are needed to determine the
mutation-related risk for children with syndromic craniosynostosis due to other genetic
mutations.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Three-dimensional computed-tomography reconstructions and midtracheal
bronchoscopy images

Images from (a) a normal patient and (b and c) two patients with TCS. Note the presence of
C-shaped rings and a flat posterior tracheal wall in the normal trachea (a) and the absence of
rings and a flat posterior tracheal wall in the TCS patients (b and c). The white object in the
endoscopic image in panel c is the tip of the tracheostomy tube.
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Table 1

Reported mutations in patients with tracheal cartilaginous sleeve

Page 11

Number in  Present
Gene Mutation literature report  Total
FGFRZ2 C278F 1 1
FGFR2 C278L - 1 1
FGFRZ2 C342G 1 - 1
FGFR2 C342R 2 4 6
FGFRZ2 C342S 2 - 2
FGFR2 C342W 1 - 1
FGFRZ2 C342Y - 1 1
FGFR2 S252W - 1 1
FGFRZ2 S347C - 1 1
FGFR2 S351C 6 - 6
FGFRZ2 S354C 1 - 1
FGFR2 W290C 3* 5 8
FGFRZ2 Y375C 1 - 1
FGFR3 A391E 1 1 2
TWIST1 Tyrl03term - 1 1
(FGFR2) Apert, presumed S252W/P253R 7 4 11
(FGFR2) Beare-Stevenson, presumed Y375C/S372Y 1 - 1
Total with confirmed mutations only 18 16 34
Total including presumed mutations due to specific phenotype 25 20 45

Includes patients with TCS and reported causative mutations. Includes patients from Alli et al.,16 Hockstein et al.,3 Elloy et al.,26 Wenger et al.,10

Zackai et al.,15 Gonzales et al.,27 Cohen and Kreiborg,2 Inglis et al.,7 Davis et al.,20 and Stater et aI.21
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Table 2
Patients by clinical diagnosis and genotype
No. patients
with No. patients
tracheal with genetic
Diagnosis Sleeve testing Gene Genotype
Pfeiffer 9 8 FGFR2 W290C (n=5)
C342R (n=2)
C278L (n=1)
Crouzon 5 5 FGFR2 C342R (n=12)
C278F (n=1)
C342Y (n=1)
S347C (n=1)
Apert 5 1 FGFRZ2 S252W (n=1)
Crouzon with acanthosis nigricans 1 1 FGFR3 A371E (n=1)
Saethre-Chotzen 1 1 TWIST1  Tyrl03term (n=1)
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Diagnoses of patients without TCS.

Table 4

n, Confirmation

n, Clinical  of diagnosiswith n,
Syndrome diagnosis genetic testing Total
Apert 9 6 15
Carpenter - 1 1
Christian 1 - 1
Chromosomal - 4
7p15p21 deletion - 1
Mosaic trisomy 9 - 1
17g21.31 deletion - 1 4
Unbalanced translocation, chr 11 and 8 - 1
Craniofrontonasal dysplasia - 2 2
Crouzon with acanthosis nigricans - 3 3
Crouzon 3 12 15
Kabuki 1 - 1
Manitoba-oculo-tricho-anal 1 - 1
Otopalatodigital 1 - 1
Pfeiffer - 1 1
Saethre-Chotzen 2 5 7
Multiple congenital anomalies, no unifying diagnosis 15 0 15
Total 33 34 67
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