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Interest in abnormal head shape has been recorded
since the time before Hippocrates. He, however, is cred-
ited for noting fused sutures in malformed skulls. More
intense investigation of this subject did not follow until
the late 18th and mid-19th centuries with contributions by
von Sommerring'® and Virchow.’” Irregularities in skull
shape and associated fused sutures were attributable to
inflammation of the skull and soft tissues; in particular,
malaria and syphilis were thought to play a role in this
condition. As time has passed, clearly our understanding
of the pathology and the treatment of craniosynostosis
has improved greatly. Although the final pathology of this
condition still eludes us, more effective treatment strate-
gies have been developed with successive generations.

The first surgical treatment of craniosynostosis was
performed in the 1890s by Lane® and Lannelongue® but
the outcomes were unfavorable. In the early 1950s and
onward, the techniques used by these men were supplant-
ed as conceptions of how to treat this condition evolved.
Strip craniectomies were largely overtaken by procedures
that more adequately reshaped the deformed skull bone,
repositioning it, as well as removing the fused suture. As
the entirety of the skull deformity became more scruti-
nized, it was clear that not only were there hypoplastic
deformities, but compensatory skull abnormalities that
had developed as a result of continued growth of the
brain. Initially, it was recognized that there is a flattened
frontal bone skull deformity associated with conditions
like unilateral coronal synostosis. Subsequently, it was
apparent that there was also contralateral frontal boss-
ing evident in this condition, and bilateral, oriented op-
erative procedures were developed.® In addition, it was
recognized that the cranial vault influenced the orbital
structures, and procedures that included correction of
upper facial deformities (orbital rims) were added to the
comprehensive management of the conditions of cranio-
synostosis, in appropriate situations. Further analysis by
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colleagues recognized that there were not only bilateral
abnormalities, but abnormalities in height, abnormalities
in the posterior skull, and abnormalities in the base of
the skull in both with nonsyndromic and syndromic cra-
niosynostosis.? Strategies needed to be developed to cor-
rect these abnormalities completely and reduce residual
deformities.

The real problem, of course, all along, has been an
inability to control for growth and adequately correct the
abnormal basal skull. These problems are still vexing
us today. Frustration with these techniques’ inability to
control such factors resulted in a belief that it is futile
to attempt to obtain an absolutely normal-looking skull
by surgical means early in infancy. Instead, we should
delay surgery until a later period so that bone can be ad-
equately fixed in normal positions and better shaping of
the skull can be achieved. This strategy would not have
gained much support were it not believed that there were
no significant neurological sequelae due to untreated cra-
niosynostosis, except in a minority of patients.

Renier and Marchac? are to be credited for their in-
vestigative studies that demonstrated that there are neu-
rological consequences of delaying or withholding of
treatment of craniosynostosis. However, because many
patients in the nonsyndromic cases were reportedly unaf-
fected by this condition neurologically, it was popular to
state that the operative procedures for craniosynostosis
were basically cosmetic in the vast majority of patients.
Delays in surgery were recommended.* These recom-
mendations, too, however, had some problems. Although
it is true that many children with nonsyndromic cranio-
synostosis have an IQ that is virtually normal, anecdot-
ally it was found that there are many other children who,
despite having a normal IQ, were experiencing great dif-
ficulty in learning in school. A subsequent investigation
found that many more children, in fact, have learning
disabilities that are nearly unrecognized because their
IQ scores are normal. The subtle neurological sequelae
of craniosynostosis are now appreciated, and the timing
of surgery in the treatment of craniosynostosis is again
being reevaluated.

It is clear from most standpoints that early surgery
yields improved results in terms of overall skull develop-
ment and, presumably, brain function. Clearly, this dis-
cussion represents the new frontier in the management of
craniosynostosis. There have been numerous technologi-
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cal advances that have aided this concept; in particular,
endoscopic strip craniectomy procedures have empha-
sized earlier treatment of patients, which, we believe, is
admirable. The concern with this approach, however, is
that endoscopic approaches do not comprehensively cor-
rect the irregularities in the skull as rapidly as compre-
hensive procedures. Despite the earlier surgery, the delay
in completely resolving the compression on the brain may
contribute to delayed neurological development as much
as nontreatment; however, this relationship has yet to be
determined. Interesting observations have also been made
regarding intracranial volume in patients with craniosyn-
ostosis. The usual interpretation is that the pathology of
craniosynostosis, including intracranial volume, will be
reduced if there is a fused suture due to the constricting
bone capsule for brain development, but this has not been
found to be the case consistently, at least in sagittal syn-
ostosis (other forms of craniosynostosis have not yet been
completely analyzed). In fact, in sagittal synostosis, pa-
tients begin with a relatively normal intracranial volume,'
but as the condition is left untreated for months, and per-
haps even years,’ intracranial volume continues to enlarge
beyond its normal volume. Quantitative CT scanning has
revealed that brain volume actually decreases over time,
suggesting that there may be an associated pathology, in
addition to the bone abnormality (possibly a form of oc-
cult hydrocephalus), that is active in the development of
some forms of craniosynostosis.

Clearly, the mandate at this time is to help define the
neurological outcomes in patients with craniosynostosis,
the optimal timing of surgery, and the optimal surgical
management of this condition. Now that we have objec-
tive measures to assist in this process, as well as a better
understanding of the basic pathology, a more appropri-
ate and effective management strategy can be developed.
Potential neurological sequelae should be the focus of at-
tention.

We are indebted to the many investigative and surgi-
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cal pioneers who have brought forth many advancements
in the conceptions and treatment of craniosynostosis over
the last 200 years.

We hope you enjoy this issue of Neurosurgical Focus
on craniofacial deformity, which includes 7 articles that
address some of the issues that are of ongoing importance
in our field. (DOI: 10.3171/2011.6. FOCUS11171)
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Craniosynostosis is the premature fusion of one or more cranial sutures. When a cranial suture fuses premature-
ly, skull growth is altered and the head takes on a characteristic pathological shape determined by the suture(s) that
fuses. Numerous treatment options have been proposed, but until recently there were no parameters or guidelines of
care. Establishing such parameters was an important step forward in the treatment of patients with craniosynostosis,
but results are still assessed using radiographic measurements, complication rates, and ad hoc reporting scales. There-
fore, clinical outcome reporting in the treatment of craniosynostosis is inconsistent and lacks methodological rigor.

Today, most reported evidence in the treatment of craniosynostosis is level 5 (expert opinion) or level 4 (case
series) data. Challenges in obtaining higher quality level 1 or level 2 data include randomizing patients in a clinical
trial as well as selecting the appropriate outcome measure for the trial. Therefore, determining core outcome sets that
are important to both patients and health care professionals is an essential step in the evolution of caring for patients
with craniosynostosis.

Traditional clinical outcomes will remain important, but patient-reported outcomes, such as satisfaction, body
image, functional results, and aesthetic outcomes, must also be incorporated if the selected outcomes are to be valu-
able to patients and families making decisions about treatment. In this article, the authors review the most commonly
used tools to assess craniosynostosis outcomes and propose a list of longitudinal parameters of care that should be

considered in the evaluation, diagnosis, and treatment evaluation of a patient with craniosynostosis.

(DOI: 10.3171/2011.6 . FOCUS1192)

Key Worps *  craniosynostosis
standardized parameter

or more cranial sutures? and affects 1 in 2000 to
2500 live births annually worldwide.? Fusion of
a cranial suture results in a predictable pattern of cranial
dysmorphology. Craniosynostosis can occur in associa-
tion with more than 130 different syndromes, such as
Crouzon, Apert, or Pfeiffer syndromes, but it is nonsyn-
dromic (sporadic) in most patients. Those with cranio-
synostosis may have not only calvarial dysmorphology,
but also midface hypoplasia, hydrocephalus, deafness,
blindness, mental retardation, heart and lung abnormali-
ties, and extremity anomalies.’!
The diagnosis, management, and treatment of cranio-
synostosis can be complex. While recognizing that ade-

CRANIOSYNOSTOSIS is the premature fusion of one

Abbreviations used in this paper: HRQOL = health-related qual-
ity of life; OSA = obstructive sleep apnea; OMERACT = Outcome
Measures in Rheumatology; PRO = patient-reported outcome;
QALY = quality-adjusted life year; QOL = quality of life; SF-36 =
36-Item Short Form Health Survey; WISC = Wechsler Intelligence
Scale for Children; WPPSI-III = Wechsler Preschool and Primary
Scale of Intelligence Test, Third Edition.
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cranial suture ¢  patient-reported outcome °

quate care can be provided outside of craniofacial centers,
given the complex nature of the disorder, optimal care
may best be accomplished by teams of interdisciplinary
specialists who are dedicated to the care of patients with
craniofacial anomalies and see a sufficient number of af-
fected patients to understand the management complexi-
ties. Interdisciplinary team care, such as that found in
craniofacial centers, has been practiced for many years
in treating children with cleft lip and cleft palate and
complex craniofacial anomalies. For the management of
craniosynostosis, these interdisciplinary teams may be
composed of professionals from various disciplines: from
anesthesiology to craniofacial surgery, hand surgery, oph-
thalmology, or orthodontics, to cite only a few.
Coordinated care is necessary given the complexity of
the pertinent medical, surgical, and psychosocial factors.
While early management can lead to better outcomes (for
example, fewer operations and lower costs), the continuity
of care in a team setting is essential because outcomes are
measured throughout the child’s growth and development.
Until recently, there was no consensus on the parameters of
care in patients with craniosynostosis. In a recent Centers
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for Disease Control and Prevention—sponsored meeting,
McCarthy et al. (unpublished data, 2011) defined the pa-
rameters of care for patients with craniosynostosis. While
this consensus meeting was an important step forward in
the treatment of patients with craniosynostosis, it still did
not provide core outcome sets, which are important to both
patients and health care professionals.

Outcome measures in craniosynostosis must be valid
and consistent to allow cross-study comparisons and to
facilitate meta-analyses. Members of the OMERACT
group were among the first to recognize this need, and
they developed core outcome sets for specific conditions
to improve the quality and value of clinical trials and lon-
gitudinal research.’*® The OMERACT group used a “data
driven, iterative alignment process” to select measures
that satisfy the criteria of the OMERACT filter—truth,
discrimination, and feasibility. While traditional clinical
outcomes will remain important in the treatment of pa-
tients with craniosyostosis, core outcome sets that include
patient-reported data, such as satisfaction, body image,
functional results, and aesthetic outcomes, must be de-
veloped to collect higher level data that is meaningful to
both patients and physicians.

In this article, we address the challenges in evaluating
treatment outcomes as well as the lack of standardized in-
struments to assess the outcomes of treatment in patients
with craniosynostosis, especially from the patient’s per-
spective. We also describe a variety of tools, scales, and
indices that can be used to create an evaluation algorithm
specific to patients with craniosynostosis.

Evaluation Before Treatment

Evaluation and assessment of the degree of cranio-
facial dysmorphology, associated systemic findings, and
psychosocial impact of the disease process on patients and
their families are essential before beginning a treatment
process. Currently, there are no validated instruments to
measure the impact of craniofacial dysmorphology on a
patient’s psychosocial function. Instead, numerous groups
have compiled age- and sex-specific normative anthropo-
metric data sets to evaluate the dimensions of a patient’s
head and face.!® By comparing the measurements of an
affected patient with the values in a normative database,
one can, for example, determine the number of millime-
ters or degrees of difference in an affected patient’s brow

TABLE 1: Craniometric measurements

C. Szpalski et al.

position or basicranial angle, respectively. While care-
ful and precise measurement of a patient’s craniofacial
differences is important and cannot be achieved without
these traditional measures, these same tools do not cal-
culate the impact that craniosynostosis and its treatments
have on a patient’s QOL. Below, we review common in-
struments currently used to evaluate patients with cranio-
Synostosis.

Radiographic Assessment

Cephalography and CT have revolutionized surgical
planning and follow-up. These radiological studies allow
us not only to assess bony shape and position, but also
to plan surgical treatment and to measure our surgical
movements.” Two-dimensional and 3D cephalometric
landmarks are typically used to assess the success of our
operations (Table 1).

Brain MR imaging, PET, and transcranial ultraso-
nography are performed selectively in patients with cra-
niosynostosis. Some surgeons have speculated that pre-
mature cranial suture fusion leads to alterations in cere-
bral blood flow, which in turn result in cognitive, speech,
language, and/or behavioral problems, but this suggestion
remains a point of controversy.*314-16.20.22.24-26.32.33 (3thers
have speculated that reduced intracranial volume and/
or elevated intracranial pressure impair brain develop-
ment.” However, Hill et al.’> recently demonstrated that
intracranial volume constraint was not responsible for al-
terations in brain function. Radiographic assessment of
patients with craniosynostosis remains an important step
in treatment planning and provides a baseline from which
to measure surgical outcomes, but imaging lacks the re-
sponsiveness necessary to determine how an anatomical
finding impacts a patient’s well-being. Furthermore, the
millimeters of movement or degrees of rotation that we
measure on our postoperative radiographs provide little
insight into the enormous impact that our operations have
on patients with craniosynostosis.

Otolaryngology Assessment

Children with craniofacial anomalies often exhibit
airway obstructions, and a high index of suspicion should
be maintained for OSA throughout childhood and adoles-
cence. Patients with OSA usually, but not always, present
with suggestive signs and symptoms, such as loud breath-
ing, snoring, poor feeding, hyperactivity, hypersomno-

Angle Distance

Index Vol

posterior fossa deflection angle  temporomandibular joint
displacement

maxillary & mandibular
dimensions

petrous ridge angle

mandibular plane—Frankfort
horizontal angle

mandibular plane-sella nasion
angle*

cranial index

hypopharynx/oropharynx cavity
vol

trigonocephaly severity index  nasopharynx/nasal cavity vol

* See Hwang and Kim, 2010.
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lence, behavorial problems, and poor quality of life* or
failure to thrive.®?'2> However, OSA can be insidious and
must be ruled out when any patient with craniosynostosis
is evaluated. While there are a variety of traditional ways
to assess OSA (Table 2), recently Bannink et al.’ devel-
oped the first OSA-specific QOL questionnaire (OSA-18)
to address the impact of OSA in patients with syndromic
craniosynostosis.

Children with syndromic craniosynostosis should
also be assessed for feeding difficulties. Altered orofa-
cial anatomy as well as CNS, cardiovascular, respiratory,
and intestinal abnormalities may contribute to feeding
disorders. Initial evaluations should focus on the safety
of feeding and assess the aspiration risk. The most com-
monly used tests are listed in Table 2.

An important aspect of caring for patients with cra-
niosynostosis is the diagnosis, treatment, and rehabilita-
tion of auditory impairment. Procedural assessments are
listed in Table 2. Interventions range from hearing aids
to middle ear reconstruction or vestibular therapy. While
attention should be directed at the development of speech
and communication skills, we need new instruments to
understand how a patient with craniosynostosis and hear-
ing impairment is affected. For example, is the psycho-
logical well-being of a girl with deafness more affected
than a boy’s? Do children develop maladaptive strategies
to cope with their hearing impairment? How do our treat-
ments affect a patient’s activity, participation, satisfac-
tion, and HRQOL? Does early correction of unilateral
hearing impairment lead to more substantial improve-
ments in QALYs?

Ophthalmological Assessment

Ocular and visual health, maintenance, and restora-
tion are important parts of the overall care of a child or
adolescent with isolated and syndromic craniosynostosis.
Common abnormalities include orbital hypertelorism,
telecanthus, abnormal slant of the palpebral fissures due
to superior displacement of the medial canthi, ptosis,
epiphora, proptosis, and nasolacrimal apparatus abnor-
mality, such as duct obstruction and punctal anomalies.
Many of these manifestations are disfiguring and can
threaten vision as a result of corneal exposure and globe

luxation. Patients with syndromic craniosynostosis often
have decreased vision that can be attributed to a variety
of causes. Amblyopia is common in patients with syn-
dromic craniosynostosis, occurring in up to 40%, and is
less common in those with the nonsyndromic form of the
disease.?® Patients with the syndromic variety also have a
much higher prevalence of strabismus than do those with
nonsyndromic craniosynostosis.?’

While early assessment and appropriate correction
of vision impairment are essential, it is also important to
understand how impaired vision affects a patient’s day-
to-day activities such as dressing, eating, writing, com-
munications or interactions with others, travel, mood, and
social relationships. In 2008 Cochrane et al.” first identi-
fied the different aspects that needed to be addressed to
develop a complete questionnaire to evaluate the impact
of vision impairment in children (ages 8—18 years), based
on information from vision-impaired children and their
support providers. These authors interviewed visually im-
paired children and their families, teachers, and special
instructors to include all perspectives. Interestingly, their
study showed that parents and children put more empha-
sis on communication, social interactions and orientation,
and mobility, whereas teachers considered social skills
and academic performance to be more important. Fur-
ther, specialist instructors demonstrated greater concern
for academic participation and instruction than for social
skills. Cochrane and colleagues® further validated their
questionnaire in 2011. Although it only concerns children
from 8 to 18 years old with different causes of impaired
vision (albinism, congenital conditions, or juvenile-onset
degenerative conditions) and it does not address treatment
options, it does underline the major differences between
families and professionnals about a patient’s needs and
concerns.”® Wen et al.** also showed that preschool chil-
dren with strabismus had a significantly worse QOL than
unaffected children, confirming what was long suspected.

Dental and Orthodontics Assessment

Oral health is a critical part of overall health and is
especially important for patients with craniosynostosis.
The care of individuals with special health care needs,
including craniosynostosis, involves specialized knowl-

TABLE 2: Tests used in the assessment of OSA, feeding difficulties, and auditory impairment

OSA Feeding Difficulties Auditory Impairment
hypopharynx/oropharynx vols videofluoroscopy audiometry
nasopharynx/nasal cavity vols endoscopic swallow tympanometry w/ acoustic reflexes
polysomnography microlaryngoscopy evoked otoacoustic emission testing
rhinomanometry esophagoscopy auditory brainstem testing
nasoendoscopy esophageal manometry vestibular testing
flexible endoscopy pH probe CT
flexible or rigid bronchoscopy gastrointestinal endoscopy MRI

microlaryngoscopy
sleep fluoroscopy
sleep endoscopy
cine MRI
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edge, training, increased awareness, and innovative solu-
tions. Since craniosynostosis can lead to facial growth
disturbances, the orthodontist plays an important role
in determining the type and timing of orofacial inter-
ventions as well as performing the necessary presurgi-
cal preparations and providing postsurgical care. From
studies performed in children with orofacial clefting, we
realize that poor oral health significantly impacts social
functioning.”” Boys with orofacial clefts experience a
lower QOL than girls. Moreover, children with cleft lip
and palate and those with cleft palate alone experienced a
lower QOL than children with cleft lip alone. Surprising-
ly, even years after successful cleft reconstruction, coping
with and mastering a diagnosis of orofacial cleft contin-
ued to significantly affect social functioning. Currently,
there are few data assessing the impact of craniosynosto-
sis-induced midfacial growth impairment and oral health.

Neurodevelopmental Assessment

Children with craniosynostosis have a higher risk for
problems related to cognitive development, learning dif-
ficulties, and academic delay. This risk varies by specific
diagnosis but is present to some degree in all children
born with craniosynostosis. Each of the following de-
scribed instruments has been validated for children of a
given age, sex, geographic region, race/ethnicity, and lev-
el of parental education (Table 3). To our knowledge, the
listed scales have been validated but are still not widely
used for children with craniosynostosis. Their application
could shed some light on neurological development be-
fore and after surgery in children with craniosynostosis
and should be recommended.

TABLE 3: Neurocognitive scales used in children with craniosynostosis

C. Szpalski et al.

Children 0 Months to 7 Years Old

Bayley Scales of Infant Development. The Bayley
Scales assess the motor (fine and gross), language (recep-
tive and expressive), and cognitive development of infants
and toddlers, ages 0-3 years. The instrument includes a
motor scale, mental scale (generating the Mental Devel-
opment Index and evaluating a variety of abilities), and
behavior scale (rating relevant test-taking behaviors; Ta-
ble 3). Raw scores of successfully completed items are
converted to scale scores and composite scores. These
scores are used to determine the child’s performance
compared with norms taken from typically developing
children of the same age (in months). The assessment
is often used in conjunction with the Social-Emotional
Adaptive Behavior Questionnaire. Completed by the par-
ent or caregiver, this questionnaire establishes the range
of adaptive behaviors that the child can currently achieve
and enables comparison with age norms.

Preschool Language Scale. This test is administered
to identify language disorders or delay among children
from birth to 6 years, 11 months old. It targets receptive
and expressive language skills in the various areas listed
in Table 3.

Wechsler Intelligence Scale for Children. The WISC
is an intelligence test for children from 3 to 7 years of
age and is standardized to include special group samples
including children identified as gifted, children with mild
or moderate mental retardation, children with learning
disorders (reading, reading/writing, math, or reading/
writing/math), children with attention deficit hyperactiv-
ity disorder, children with expressive and mixed recep-
tive-expressive language disorders, children with autistic
disorder, children with Asperger syndrome, children with

Bayley Scales of Infant Development

Wechsler Intelligence

Motor Scale Mental Scale Behavior Scale Preschool Language Scale  Scale for Children
degree of body control sensory/perceptual acuities attention/arousal attention vocabulary
large muscle coordination discriminations orientation/engagement play similarities
finer manipulatory skills of hands response emotional regulation gesture comprehension

& fingers
dynamic movement, dynamic acquisition of object constancy motor quality vocal development information
praxis
postural imitation memory, learning, problem solving social communication word reasoning
stereognosis vocalization vocabulary block design
habituation concepts picture concept
mental mapping language structure matrix

complex language

basis of abstract thinking
beginning of verbal communication
mathematical concept formation

integrative language skills  reasoning

phonological awareness  picture completion
digit span
letter number sequence
arithmetic
coding
symbol search
cancellation
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open- or closed-head injury, and children with motor im-
pairment. The test is divided into 15 subtests with vari-
ous weights in the total score (Table 3). Interenstingly, the
WISC enables comparisons over a lifespan.

Children Older Than 7 Years

Wechsler Preschool and Primary Scale of Intelli-
gence Test, Third Edition. The WPPSI-III test is similar
to the WISC test, but it is administered to older children
and young adults (6—16 years old; Table 3). The clinical
utility of the WPPSI-III can be improved and a richer pic-
ture of general function can be achieved when combined
with other assessments. For example, when paired with
the Children’s Memory Scale, a measure of learning and
memory functioning in children, or the Wechsler Individ-
ual Achievement Test, Second Edition, a measure of aca-
demic achievement, information can be gained on both
cognitive ability and academic achievement in young
children. A further potentially useful pairing includes the
WPPSI-IIT and the Adaptive Behavior Assessment Sys-
tem; this pairing can result in information on cognitive
and adaptive functioning, both of which are required for
a proper diagnosis of learning difficulties. It is important
to recognize the limitations of using such assessments.
Some studies have shown that intelligence tests, such as
the WPPSI-III, especially for the prekindergarten level,
are unreliable and their results vary widely with such fac-
tors as retesting, practice (familiarization), test adminis-
trator, time, and place.

Quality of Life Assessment

One of the first and so far the largest of the prospec-
tive studies on the impact of craniosynostosis on HRQOL
was published in 2010 by Bannink et al.! Health-related
QOL was measured using international standardized
QOL questionnaires (Infant Toddler Quality of Life
Questionnaire), the Child Health Questionnaire-Parent
Form 50, the Child Health Questionnaire-Child Form
87, and the SF-36, and the results were compared with
the Dutch population norms of HRQOL scores. Parents’
scores for patients with syndromic or complex craniosyn-
ostosis were significantly lower than those for the nor-
mal population. Importantly, parent QOL was assessed
as well; the parents of children with syndromic cranio-
synostosis self-reported a reduced HRQOL. Interesting-
ly, patients with Apert syndrome were most profoundly
affected, having significantly worse “parental impact:
emotional and time,” “lower physical functioning,” and
“family activities” domain scores, underlining the need
to include parents in the assessment of treatment results.

Patient-Reported Outcome Instruments. These in-
struments measure self-reported patient data. Patient-re-
ported outcome data are collected via self-administered
questionnaires completed by a patient or his or her proxy.
Therefore, patient-reported outcome instruments are dif-
ferent from every other instrument described in this ar-
ticle because they measure patient-reported data rather
than the data that a surgeon, ophthalmologist, otolaryn-
gologist, radiologist, speech/language pathologist, and
so forth might routinely record in daily practice. Patient-
reported-outcome questionnaires can assess a single un-
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derlying patient characteristic or multiple characteristics
using modular scales that each address a single charac-
teristic.

Patient-reported outcome instruments can be generic
(designed to be used in any disease population and to cov-
er a broad aspect of the measured construct; Table 4) or
condition-specific (developed specifically to measure those
aspects of outcome that are important to patients with a
given disease; Table 5) questionnaires. Generic and con-
dition-specific questionnaires can differ in their ability to
discriminate and evaluate the patient-reported data for any
given condition. For example, a condition-specific ques-
tionnaire may be more responsive to changes in the status
of a patient treated for coronal craniosynostosis than a ge-
neric instrument, such as the SF-36. However, choosing the
correct condition-specific instrument is important (Table
5). For example, reviewing the domains contained within
common head and neck surgery questionnaires quickly
reveals the inadequacies of these instruments in assessing
a patient with craniosynostosis. Unfortunately, to date, a
condition-specific questionnaire for patients with cranio-
synostosis does not exist. The development of such instru-
ments should probably include the items listed in Table 6.

Operative Treatment

Cranial and facial operations are an integral compo-
nent of the overall treatment of a patient with craniosynos-
tosis. There is no single best method for treatment, and de-
pending on the philosophy of the institution and the wishes
of the parents, there are a variety of treatment options.
Ideal therapies will vary by age, location and number of
sutures involved, as well as the skill sets and philosophies
of the treating teams. As the child ages, however, treatment
options become more limited, and less invasive techniques
can no longer be considered optimal. Regardless of the
chosen surgical technique, in general most surgeons prefer
to operate early on to capitalize on the ameliorating effects
of skull growth. The goals of cranial and facial surgery
are to provide adequate intracranial volume to allow brain
development and to create an aesthetically normal skull
shape and facial appearance.

Treatment Evaluation

Treatment outcomes for craniosynostosis can be mea-
sured from head to toe. As discussed above, more than 15
different subspecialists can participate in the preoperative

TABLE 4: Generic questionnaires

SF-12

SF-36

EQ-5D*

Quality of Well-Being Scale

Health Utilities Index

Pediatric Quality of Life Inventory
Health and Activities Limitations Index
Visual Functioning Questionnaire

* Previously known as the EuroQol Instrument.
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head and neck; H&NS

University of Michigan Head and Neck QOL Questionnaire; LASA = linear analogue self-assessment; Leeds QOLQ

DSHNC PSS-H&N VoiSS

MDADI

Quality

LASA of Voice
Performance Status Scale for Head and Neck Cancer Patients;

Functional Status Scale Self Report; H&N

European Organisation for Research and Treatment of Cancer QOL

Leeds

AQLQ H&NS QOLQ FSS-SR

UW-
QOL NDII

Voice Symptoms Scale.

H&N  HNQOLQ HNCI

FACT-
Disfigurement Scale for Head and Neck Cancer; EORTC QLQ-H&N35

Functional Assessment of Cancer Therapy-Head and Neck Version 4; FSS-SR

H&N35
Head and Neck Cancer Inventory; HNQOLQ

EORTC QLQ-

MD Anderson Dysphagia Inventory; NDII = Neck Dissection Impairment Index; PSS-H&N

University of Washington QOL Questionnaire Version 4; VoiSS

Parameter
Auckland QOL Questionnaire; DSHNC

Leeds QOL Questionnaire; MDADI

loneliness because of problem
UW-QOL

impact on friends & family
shame/embarrassment
Head and Neck Survey; HNCI

TABLE 5: Head and neck surgery outcome assessment questionnaires* (continued)
feeling of incompetence

Questionnaire—Head and Neck; FACT-H&N

QOL (continued)
* AQLQ

C. Szpalski et al.

assessment of a patient with craniosynostosis. Herein, we
confine our review to craniofacial and neurodevelopmental
assessments. It is important to note that the limitations in
each of the conventional assessment tools for craniofacial
and neurodevelopmental outcomes are pervasive in each of
the subspecialty areas involved in the care of a patient with
craniosynostosis.

Objective Evaluation: Craniofacial Morphological and
Functional Evaluation

Surgeons have typically assessed operative outcomes
by measuring the same angles, distances, indices, and
volumes used in the evaluation of patients before surgery
(Tables 1-2). These tools have already been discussed and
play a major role in the objective evaluation of surgical
treatment. Typically, a craniofacial surgeon or neuro-
surgeon will assess operative outcomes by using global
variables such as cephalic index, head circumference, or
intracranial volume. For example, Heller et al.!' reported
that cranial vault remodeling normalized intracranial vol-
ume in patients older than 30 months and increased the
cranial index to normal values (within 1 SD) at 1 year
after surgery. Other surgeons will assess the functional
impact of an operation. For example, Flores et al.l per-
formed a retrospective review of 20 patients with syn-
dromic craniosynostosis who underwent Le Fort III dis-
traction osteogenesis. These authors measured changes in
the velar angle and the nasopharyngeal, velopharyngeal,
oropharyngeal, and hypopharyngeal spaces cephalomet-
rically. Furthermore, they created 3D airway casts from
CT data to ascertain circumferential airspace changes.
They found that Le Fort III distraction osteogenesis sig-
nificantly increases nasopharyngeal and velopharyngeal
airspaces in patients with syndromic craniosynostosis
and concluded that midface distraction improves but does
not resolve all causes of OSA in this patient population.

Subjective Evaluation: Patient Questionnaires

With the evolution of psychometric testing, it has be-
come increasingly recognized that a patient’s assessment
of the surgical outcome can be measured. While there
are currently no questionnaires designed to address the
factors important to patients with craniosynostosis, based
on a systematic review of the literature, Table 6 contains
domain areas that will be important for questionnaire de-
velopment. It is important to remember that in the pedi-
atric population, the health and well-being of a child are
inseparable from his or her parents’ well-being and that
ideally the parent(s) and child should be considered as
a unit. Questionnaire development for patients with cra-
niosynostosis and their care providers will allow us not
only to compare the impact of different treatments on the
aforementioned unit, but also to target the areas and as-
pects of care that need improvement. For example, how
does the amount of time the parents are taking off from
work to care for their child affect the family? Does the
stress of missing work negatively impact a parent’s feel-
ings toward his or her child? Does a less invasive tech-
nique that requires frequent postoperative follow-up visits
with a molding helmet company cause more stress for the

Neurosurg Focus /| Volume 31 / August 2011
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TABLE 6: Patient-reported outcomes: topics to investigate in patients with craniosynostosis

appearance
satisfaction w/ appearance*t
associated malformations
noticeable change in affect/self-esteem*t
social contacts/activities*t
type of surgery
size of disfigurement
affects facial expression*
distortion of face”
visibility of disfigured area*
vision
dry eyes
strabismus
amblyopia
corneal exposure
pain
impact on social interaction*t
impact on daily activities™t
impact on development*
impact on learning/education*
oral health
saliva
chewing
problem with teeth/dentures
swallowing
speech/need for speech therapy
language
diet
normalcy of diet quality*
normalcy of diet quantity*
speed of eating*
appetite*®
food enjoyment*
social eating*t
intestinal abnormalities

ear, nose, & throat

blocked nose/throat infections
OSA

cardiovascular abnormalities
respiratory abnormalities
snoring*

apnea*

emotional distress/irritation*
respiratory symptoms (breathing/cough)*
hearing loss/deafness*
hypersomnolence®

behavioral problems*

extremities anomalies

motor skills*

pain

hand use*

appearance

type of surgery

impact on daily activities*t
impact on development*

QOL

physical/functional well-being*
social well-being*t

emotional well-being*t

overall HRQOL*t

overall QOL*t

satisfaction w/ treatmentt

life satisfactiont

education®

school integration*

change in mood*t

anxiety*t

depression*t

impact on friends/family/school*t
loneliness*

pain shame/embarrassment*t
activity feeling of incompetence*t
change in activity*t costt
fatigue*t impact on work/working time losst
strength® impact on family/other children’s life*t
recreation” impact on couple’s lifet
cognitive development* travel for caret
stress*t
* Involves parents to answer the questions.
T These topics should also be investigated from the parents’ points of view.
family? How long is the family’s commute to the hospital, Conclusions
and is it an important factor for the parents? These are
questions that need to be answered, and we tried in Table While traditional outcome measures continue to be
6 to highlight the main areas that need to be investigated. important, they overlook the impact of surgery on a pa-
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tient’s QOL. Moreover, they do not provide information
necessary to perform a cost-effectiveness analysis of the
procedure. Finally, traditional outcomes do not indicate
how the operative change in the disease burden affects
a patient’s QALYs. Since craniosynostosis is a complex
disease, we need new instruments to measure the effects
of our treatments to predict the long-term costs and con-
sequences associated with craniosynostosis and to ensure
an adequate allocation of health care dollars.
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Combined metopic and sagittal craniosynostosis: is it worse
than sagittal synostosis alone?

JorpAN S. TERNER, B.A.,! RoBERTO TRAVIESO, B.A.,! SU-sHIN LEE, M.D.,?
ANTONIO J. FORTE, M.D.,! ANUP PATEL, M.D., M.B.A.,! AND JOHN A. PERSING, M.D.!

Section of Plastic Surgery, Yale School of Medicine, Yale University, New Haven, Connecticut; and
2Department of Surgery, College of Medicine, Kaohsiung Medical University, Kaohsiung, Taiwan, Republic

of China

Object. Combined metopic and sagittal craniosynostosis is a common variant of the nonsyndromic, multiple-

suture synostoses. It is unknown whether this combined form causes reduced intracranial volume (ICV) and poten-
tially more brain dysfunction than sagittal synostosis alone. This study is a volumetric comparison of these 2 forms
of craniosynostosis.

Methods. The authors conducted a retrospective chart and CT review of 36 cases of isolated sagittal synostosis or
combined metopic and sagittal synostosis, involving patients seen between 1998 and 2006. Values were obtained for
the intracranial compartment, brain tissue, CSF space, and ventricular volumes. Patients with craniosynostosis were
then compared on these measures to 39 age- and sex-matched controls.

Results. In patients with isolated sagittal synostosis and in those with combined metopic and sagittal synostosis,
there was a trend toward smaller ICV than in controls (p < 0.1). In female patients older than 4.5 months of age, there
was also a trend toward smaller ICV in patients with the combined form than in those with sagittal synostosis alone
(p <0.1), and the ICV of patients with the combined form was significantly smaller than the volume in controls in the
same age group (p < 0.05). Brain tissue volume was significantly smaller in both patient groups than in controls (p <
0.05). Ventricular volume was significantly increased (compared with controls) only in the patients with isolated sag-
ittal synostosis who were younger than 4.5 months of age (p < 0.05). Overall CSF space, however, was significantly
larger in both patient groups in patients younger than 4.5 months of age (p < 0.05).

Conclusions. These findings raise concerns about intracranial and brain volume reduction in patients with sagit-
tal and combined metopic and sagittal synostoses and the possibility that this volume reduction may be associated
with brain dysfunction. Because the ICV reduction is greater in combined metopic and sagittal synostosis in patients
older than 4.5 months of age than in sagittal synostosis in this age group, the potential for brain dysfunction may be

particularly true for these younger infants. (DOI: 10.3171/2011.6 FOCUS11100)

Key Worps *  craniosynostosis

single-suture synostoses, with an incidence between

1 in 2000 and 1 in 5000 live births. Reported rates
of metopic synostosis vary between 1 in 10,000 and 1 in
100,000 live births, and the incidence of this synostosis is
on the rise. While premature fusion of the sagittal suture
results in scaphocephaly, characterized by biparietal nar-
rowing, frontal bossing, and occipital prominences, iso-
lated metopic synostosis results in the well-recognized
frontal bone deformity, trigonocephaly. The combination
of these 2 forms of craniosynostosis yields a skull shape
that is long and narrow (scaphocephaly), but the defor-

: ; AGITTAL craniosynostosis is the most common of the

Abbreviations used in this paper: BTV = brain tissue volume;
HSD = Honestly Significant Difference; ICV = intracranial volume;
VV = ventricle volume.

Neurosurg Focus / Volume 31 / August 2011

metopic ¢ sagittal <  volume

mity may appear less severe due to the metopic synos-
tosis—induced inability to develop compensatory frontal
bossing. In truth however, this combined form may be
less benign than sagittal synostosis alone due to greater
restriction on the growing brain (Fig. 1).

In the normal pediatric skull, ICV, BTV, and CSF
volume continually increase through early childhood.
Yet, this increase is most rapid during the first 2.5 years
of life, allowing the brain to reach more than 80% of its
adult size in this period. Untreated craniosynostosis may
lead to an inhibition of brain growth and in some cases an
increase in intracranial pressure. It has been previously
demonstrated that infants with sagittal craniosynostosis
have higher intracranial pressure and an increased inci-
dence of learning disabilities.!*!?

Of note, the surgical technique for correcting these

1
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Fic. 1. A-C: Frontal (A), lateral (B), and birds-eye (C) views of a patient with isolated sagittal craniosynostosis showing promi-
nent frontal bossing and scaphocephaly with superimposed deformational plagiocephaly. D and E: Frontal (D) and lateral (E)
views of a patient with combined sagittal and metopic craniosynostosis showing a deceivingly less severe—appearing deformity.

conditions can vary significantly. In scaphocephaly, a
multitude of techniques have been employed. Strip cra-
niectomies are often performed either as open surgical
procedures or endoscopically.® However, concerns over
lack of complete and early correction of the restrictive
nature of the deformity have led to more extensive pro-
cedures being used. These include the modified pi-plasty
and more comprehensive cranioplasty.®S In trigonocepha-
ly, strip craniectomy or bifrontal craniotomy with orbital
rim advancement have been used to correct for the lack of
lateral frontal orbital projection.

Previous studies by Posnick et al.,'” Hill et al.,/ and
Lee et al.® demonstrated normal or increased preopera-
tive mean ICV (relative to controls) in patients with sagit-
tal synostosis who were older than 6 months of age. The
degree of difference appears to be age dependent.”*!> The
older the patient, the greater the increase in ICV com-
pared with normal values.

Currently, no data exist regarding ICV in patients
with combined metopic and sagittal synostosis. It is also
unknown whether timing of surgery, specifically early
surgical intervention, or alternatively, a different surgical
technique may prove beneficial in these patients. Intracra-
nial volume measurements may aid in this determination
and can be calculated noninvasively using CT scans. Such
techniques have already been employed to measure ICV
in patients with isolated sagittal synostosis. Using these
CT-based techniques, we sought to clarify the volumetric
changes associated with the combined form of metopic
and sagittal craniosynostosis versus isolated sagittal syn-
ostosis and compare these to each other as well as to val-
ues obtained in specific age- and sex-matched controls,
who were evaluated using the same methods at the same
institution.

2

Methods
Patient Population

Between November 1998 and October 2006, 77 con-
secutive children with previously untreated sagittal syn-
ostosis underwent whole-vault cranioplasty at Yale—-New
Haven Hospital. These children presented with scapho-
cephaly and a palpable ridge along the sagittal plane. Pre-
operative CT scans were obtained to confirm the diagno-
sis of sagittal craniosynostosis and determine the patency
of other calvarial sutures. Fifty-three patients (15 female,
38 male) had pre- and postoperative CT scans available
for review.

Based on both radiographic data (omega sign present
in the metopic area) and direct observation at the time of
surgery, a subset of these patients was identified as hav-
ing concurrent metopic and sagittal synostosis. Because
the metopic suture normally closes at approximately 9
months of age, only patients who were 9 months of age or
younger were included in this study.

After applying these criteria, 16 patients (7 female, 9
male) with combined metopic and sagittal synostosis (the
M/S group), and 19 (5 female, 14 male) with sagittal syn-
ostosis alone (the S group), were included in the analysis.
Additionally, data from age- and sex-matched controls
(39 children) from the same institution, were compared
with these groups; the control data had been obtained us-
ing the same data acquisition methodology as was used in
the synostosis cases. Available data included preoperative
ICV, BTV, CSF space, and VV. Data were analyzed using
a combination of R (www.R-project.org) and Microsoft
Excel software. The research protocol was approved by
the Human Investigation Committee at Yale University
School of Medicine.
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Computed Tomography and Volume Measurement

All patients underwent axial CT scanning on a Light-
speed-16 CT scanner (General Electric) with a 3-mm
pitch and slice thickness at Yale-New Haven Hospital.
Some patients underwent CT scanning at a higher resolu-
tion preoperatively with a 1.25-mm pitch and slice thick-
ness. Volume determination was based on measuring the
area in each CT section.

The ImageJ software package, downloaded from the
Internet (National Institutes of Health, http://rsb.info.nih.
gov/ij/download.html) was used to measure the CT im-
age. The ImageJ software read the CT data and calibrated
the images automatically. The threshold was set at the in-
tensity that corresponded to the interface between brain
tissue and the signal void caused by the dense bone of
the inner table of the cranium. The software outlined the
bone inner cortex contour in each slice at the specified
soft-tissue—bone threshold automatically. Also, it provid-
ed tools for selecting and editing the contours. Manual
editing was used to define the intracranial border where
the automatic threshold was questionable. The CT slices
were processed individually for volume measurement to
obtain the area of intersection of the region of interest
with each slice. The volume of the intracranial cavity was
measured by S.S.L. on a slice-by-slice basis. Results of
measurements were copied into Excel (Microsoft Corp.).
The ICVs were calculated at the end of each slice by mul-
tiplying the cumulative area by the CT scan thickness (for
example, 3 or 1.25 mm). The accuracy and reliability of
this measurement paradigm have been shown previously
by Posnick et al.'?

To measure the CSF space and VV, we used the tools
of ImageJ to convert the CT image into a black/white
mode, then adjusted the threshold of the system to allow
black color to just fully fill the ventricle space. The thresh-
old number for each different CT series was recorded. The
rater used the tools of the ImageJ system to define the ap-
propriate area for measurement. Again, CT slices were
processed individually for measuring the area of inter-
section of the region of interest\ with each slice. The CSF
space volumes and V' Vs were calculated at the end of each
slice by multiplying the cumulative area by the CT scan
thickness. Finally, these measurement results were put into
Excel to record for further analysis of the CSF space or
VV.The BTV was calculated by subtracting the CSF space
volume from the ICV.

The reliability and accuracy of these measurements
were tested. We randomly selected 15 T series to check
the interrater error (accuracy). The interrater error be-
tween 2 was on average 0.755% = 0.65% (range 0.1%—
2.47%). Seven T series were remeasured 1 week later to
check for intrarater error. The intrarater error was on av-
erage 0.77% = 0.46% (range 0.15%—1.45%).

Results

Data were available for analysis from 19 patients with
sagittal craniosynostosis (S group: 5 girls and 14 boys), 16
patients with combined metopic and sagittal synostosis
(M/S group: 7 girls and 9 boys), and 39 unaffected infants
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(controls: 16 girls and 23 boys) under the age of 9 months.
Data acquired included preoperative ICV, BTV, CSF space,
and VV. Data were analyzed using a combination of R,
JMP (SAS Institute, Inc.), and Excel software.

Preoperative ICV

A 1-way ANOVA was conducted to compare the pre-
operative ICV of the patients in the S group with that of
the patients in the M/S group. The results of this initial
test were significant (p = 0.029), and the differences be-
tween the 3 groups (S, M/S, and control) were then ex-
plored using the Tukey HSD test. This subsequent step
showed a trend for both the S and M/S groups to have,
on average, smaller preoperative ICV than controls (p =
0.086, p = 0.065, respectively).

A multiple linear regression model was applied, and
sex and age were both found to be important influences
on ICV (p =0.001 for sex, p < 0.0001 for age). The groups
were subdivided to account for both age and sex (Table 1).
In this case, a 1-way ANOVA demonstrated a statistically
significant difference only for females between 4.5 and 9
months of age (p = 0.0165). The Tukey HSD test revealed
that the preoperative ICV for the female patients in the
M/S group was, on average, smaller than that of controls
(p = 0.022). The preoperative ICV for the female patients
in the M/S group also demonstrated a trend toward be-
ing smaller than that of their S group counterparts (p =
0.065). No differences were found between the S and con-
trol groups in this case (female infants between 4.5 and 9
months of age, p = 0.682).

Preoperative BTV

A similar analysis was conducted to compare the pre-
operative BTV of the S, M/S, and control groups (sum-
marized in Table 2). In this case, the results of a 1-way
ANOVA considering all patients, regardless of age or sex,
were statistically significant (p = 0.007). The Tukey HSD
test showed that BTV was significantly smaller in both
the M/S and the S groups than in the controls regard-
less of age or sex (p = 0.031 and p = 0.022, respectively).
However, no significant differences could be determined
between the M/S and S groups (p = 0.997).

When considering male infants alone in both groups,
the results of a 1-way ANOVA remained statistically sig-
nificant (p = 0.004). In male infants, we still observed
that the BTV for the S group was, on average, smaller
than that of controls (p = 0.003). However, in this case, no
statistically significant differences between the M/S and
control groups (p = 0.243), or the M/S and S groups (p =
0.387), were observed. When considering female infants
alone, the significance was reduced, although a 1-way
ANOVA still demonstrated a trend toward significance (p
=0.088). In this case, there was a trend for the BTV of fe-
males in the M/S group to be smaller than that of controls
(p = 0.073). No statistically significant differences could
be found between the S and control groups (p = 0.917) or
the M/S and S groups (p = 0.399).

In terms of age, when considering patients 4.5 months
old or younger, a 1-way ANOVA demonstrated a trend
toward significance (p = 0.058), and the Tukey HSD test

3



TABLE 1: Intracranial volume in different age subgroups*

J.S. Terner et al.

Characteristics S Group M/S Group Controls
<4.5 mos of age at CT

male
ICV (cm?) 724.7 £107.8 687.6 £75.2 736.238 + 96.8
no. of CT scans 12 4 8

female
ICV (cm?) 718.9+£94.2 591.0 £95.5 681.350 £ 81.1
no. of CT scans 4 3 8

total
ICV (cm?) 723.2+£101.5 646.2 +92.4 708.8 £90.8
no. of CT scans 16 7 16

4.5-9 mos of age at CT

male
ICV (cm?) 922.2 +128.7 899.0 £ 67.4 980.0 £ 112.2
no. of CT scans 2 5 15

female
ICV (cm?) 947.3 686.0 £ 51.5 865.652 + 103.03
no. of CT scans 1 4 8

total
ICV (cm?) 930.6 + 92.1 821.5+140.7 940.2 + 1204
no. of CT scans 3 9 23

* Data are presented as mean values (+ SD) unless otherwise indicated.

showed a trend for the infants in the M/S group to have
a smaller BTV than controls (p = 0.053). Differences be-
tween the S group and controls and between the M/S and
S groups in this age category could not be established (p
= 0917 and p = 0.107, respectively). When considering
patients between 4.5 and 9 months of age, we obtained
similar results (ANOVA, p = 0.084). The M/S group dem-
onstrated a trend toward a smaller BTV on average than
controls (p = 0.069), while no statistically significant dif-
ferences could be found between the S and control groups
(p =0.953), or between the M/S and S groups (p = 0.649).

The groups were once again further subdivided to ac-
count for age and sex. Focusing on female patients older
than 4.5 months of age, the results of a 1-way ANOVA
comparing the M/S, S, and control groups were statisti-
cally significant (p = 0.042). The Tukey HSD test revealed
a trend for the BTV of female infants in the M/S group
to be, on average, smaller than that of controls in this age
group (trend toward significance, p = 0.055); there were
no statistically significant differences between the M/S
and S groups.

Ventricular Volume and CSF Space

In terms of VV, when all patients were considered, a
1-way ANOVA yielded no significant results (p = 0.232).
When only infants 4.5 months of age or younger were
considered (regardless of sex), the results of a 1-way
ANOVA were significant (p = 0.032), and the Tukey HSD
test revealed that the VV of patients in the S group was,
on average, larger than that of unaffected controls (p =
0.026); no statistically significant differences could be
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found between controls and the M/S group (p = 0.262) or
between the S and M/S groups (p = 0.800). Ventricular
volumes for the different age and sex subgroups are sum-
marized in Table 3.

In terms of CSF space overall, when infants 4.5 months
of age or younger were considered, once again, the results
of a I-way ANOVA were significant (p = 0.001). This time,
the Tukey HSD test revealed that the CSF volume of pa-
tients with combined metopic and sagittal synostosis in
this age group was larger than that of controls (p = 0.002),
and that the CSF volume of patients with isolated sagittal
synostosis was also larger than that of controls on average
(p =0.015). No statistically significant differences could be
found between the M/S and S groups in this category (p =
0.320). Table 4 presents a summary of the CSF space aver-
ages for all age and sex subgroups.

Discussion

Van der Meulen et al.* reported an increase in
prevalence of metopic craniosynostosis between 1997
and 2006; although no clear explanation was provided
for these findings, the authors also noted an increasing
number of cases of combined metopic and sagittal cra-
niosynostosis. This trend is particularly concerning as
multisuture craniosynostosis has been shown to be as-
sociated with more negative neurological sequelae than
single-suture synostosis (that is, unilateral vs bilateral
coronal synostosis)."* Renier et al.> concluded that intra-
cranial pressure was increased in proportion to the num-
ber of involved sutures. Additionally, the prevalence of
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TABLE 2: Brain tissue volume in different age subgroups

Characteristics S Group M/S Group Controls
<4.5 mos of age at CT
male
BTV (cm?) 669.8 £ 101.0 616.3+52.9 710.9 £ 89.6
no. of CT scans 12 4 8
female
BTV (cm?) 636.5+61.8 529.8 + 751 640.5+75.0
no. of CT scans 3 3 8
total
BTV (cm?) 663.2+935 579.2+73.6 675.7 £87.7
no. of CT scans 15* 7 16
4.5-9 mos of age at CT
male
BTV (cm?) 819.0 882.1+92.9 930.1 £ 109.6
no. of CT scans 1* 5 14*
female
BTV (cm?) 910.2 652.0 £ 52.7 8259 £ 121.7
no. of CT scans 1 4 8
total
BTV (cm?) 864.6 £ 64.5 776.9 £139.3 892.2+122.5
no. of CT scans 2¢ 9 22¢

* Data were missing for some patients in this subgroup, and thus the total number of CT scans is smaller than the number pre-
sented in Table 1, in which all patients were included.

TABLE 3: Ventricular volume in different age subgroups

Characteristics S Group M/S Group Controls
<4.5 mos of age at CT
male
VV (cmd) 9.78 £5.21 10.7 + 8.66 455+ 3.1
no. of CT scans 12 4 6*
female
VV (cm?) 8.95+2.25 490 +2.04 477 +3.03
no. of CT scans 4 3 6*
total
VV (cm?) 9.57 +4.59 8.21+6.96 4.66 +2.93
no. of CT scans 16 7 12*
4.5-9 mos of age at CT
male
VV (cmd) 1015+5.73 1.1+£9.94 9.74 + 8.51
no. of CT scans 2 5 T*
female
VV (cm?) 12.3 6.10 £ 2.16 763 +£4.75
no. of CT scans 1 4 6*
total
VV (cm?) 10.87 £4.24 8.88 +7.62 8.77 +6.84
no. of CT scans 3 9 13*

* Data were missing for some patients in this subgroup.
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TABLE 4: Cerebrospinal fluid space in different age subgroups

J.S. Terner et al.

Characteristics S Group M/S Group Controls
<4.5 mos of age at CT
male
CSF (cm?) 54.88 + 23.01 71.28 £ 38.64 25.34 £ 15.03
no. of CT scans 12 4 8
female
CSF (cm?) 44,35 +5.32 61.27 £ 23.41 32.81+23.79
no. of CT scans 4 3 8
total
CSF (cm?) 52.24 £20.40 66.99 £ 30.95 29.07 +19.61
no. of CT scans 16 7 16
4.5-9 mos of age at CT
male
CSF (cm?) 12.20 53.16 £ 39.50 54.27 £ 46.79
no. of CT scans 1* 5 14*
female
CSF (cm?) 3710 33.95+21.12 39.75 £ 35.33
no. of CT scans 1 4 8
total
CSF (cm?) 24.65 £ 17.61 44.62 +32.40 48.99 £ 42.69
no. of CT scans 2* 9 22¢

* Data were missing for some patients in this subgroup.

learning disabilities is noted to be increased in those with
metopic or sagittal craniosynostosis compared with the
general public (Magge SN, unpublished data, 2002)."
Subsequently, Becker et al.? found that 57% of patients
with nonsyndromic metopic craniosynostosis presented
with speech, cognitive, or behavioral abnormalities, con-
firming the findings of earlier studies in which 39% of
patients with nonsyndromic sagittal craniosynostosis had
similar learning dysfunction.

In this study, we evaluated only infants ranging in
age from newborn to 9 months, as this is the time of nor-
mal physiological metopic fusion. We were especially
interested in those measures of ICV, BTV, VV, and CSF
space. A previous study by Lee et al.” showed that there is
expanded skull and brain volume in patients with sagittal
synostosis preoperatively, and increased or normal ICV
in younger patients (7—12 months of age). As the patients
grew (to > 30 months of age), their ICV increased but
BTV decreased compared with normal controls.

In terms of ICV, this study shows a trend toward an
initial smaller ICV in patients with isolated sagittal syn-
ostosis (the S group) as well as in those with combined
metopic and sagittal synostosis (the M/S group) compared
with nonaffected controls. This pattern was statistically
significant in female infants older than 4.5 months of age
with combined metopic and sagittal synostosis. Of note,
we found a trend toward smaller ICV in patients with
combined metopic and sagittal synostosis than in those
with isolated sagittal synostosis in the group between 4.5
and 9 months of age. This is important, as this trend does
not exist in the younger age group, perhaps indicating
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that as these infants develop, their ICV becomes further
reduced. This differs from previous work done by Lee
et al.? even when the S and M/S groups were combined
into one, we found that the combined group had a smaller
ICV than controls (p = 0.05). This contrast is due to the
difference between the 2 studies in the subdivision of age
groups: Lee et al. noted increased ICV in patients 7-12
months of age. Because we were interested in looking at
the S and M/S groups independently, we only included
infants up to 9 months of age in our analysis. Our group-
ing of patients between 4.5 and 9 months of age resulted
in a subgroup of patients in which ICV tends to be smaller
than that of controls. It is likely that the results found by
Lee et al. are most applicable to the older infants in their
7- to 12-month-old group. It is also important to consider
the notion of global volume versus regional compres-
sion. Although in some age groups, the overall ICV is
increased, with craniosynostosis, there is concern over
regional compression because the fused suture restricts
growth perpendicular to it.

We also considered VV and CSF space. Here, we
found that patients in the S group initially had signifi-
cantly larger V'Vs than controls. Also, the CSF space was
larger in both subject groups compared with controls, es-
pecially in the younger age group.

When considering the constellation of findings
here—decreased BTV and ICV with increased VV and
CSF space—a pattern similar to hydrocephalus is noted.
External hydrocephalus has a relatively subtle clinical
course characterized by an isolated increase in subarach-
noid space and intracranial pressure often associated with
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macrocephaly.! Although we did not record intracranial
pressure, it is important to note the similarities here, indi-
cating that there may be some impact of craniosynostosis
on CSF absorption.

Additionally, we considered BTV in the S and M/S
groups compared with nonaffected controls. We found
that in both synostosis groups, the BTV was significantly
smaller than in the control group. As above, it is important
to consider that brain mass is reduced in both synostosis
groups, a finding that is apparent even in the younger in-
fants, perhaps indicating an important component of cog-
nitive maldevelopment in children with sagittal synostosis.

The relationship between decreased ICV and smaller
brain mass in those infants with isolated sagittal synos-
tosis or combined metopic and sagittal synostosis is es-
pecially concerning in light of the documented effects
on neurodevelopment. A more comprehensive surgical
approach also may be more prudent as it has the capa-
bility of immediately correcting the skull constraint on
brain growth. This is especially true for patients with
combined metopic and sagittal synostosis, as a trend was
noted for an even smaller ICV than in patients with iso-
lated synostosis counterparts. A number of reports have
presented the utility of early surgery, whether in refer-
ence to skull shape and growth or neurodevelopment.'
That reduced ICV is more apparent in the older age group
(4.5-9 months of age) may be more evidence that surgery
at a younger age may prevent later negative neurocogni-
tive sequelae. Our study suggests that 4.5 months of age
is a particularly important cut-off point, after which we
begin to see some differences between affected infants
and controls. Though it is tempting to recommend sur-
gery specifically prior to 4.5 months of age, follow-up
studies with larger samples should be undertaken before
such a specific recommendation is given. In summary,
there is mounting evidence that craniosynostosis has
important effects not only on skull growth, but also on
brain growth and development. These trends were noted
in all parameters examined, including ICV, BTV, VV, and
CSF space. Although in several parameters the combined
form of craniosynostosis did not differ significantly from
the isolated sagittal form, the trend toward a difference
in ICV, and importantly BTV, may indicate an important
process at play, which is worth examining further. One
important note is that the analysis in this study is not a
functional test, but rather a volumetric one. As effects on
neurodevelopment are subtle learning disabilities, it is not
surprising that marked changes in brain volume are not
seen in this study. The marginal difficulties are not likely
to be associated with major visible structural brain dam-
age. Further research considering neurocognitive assess-
ment and comparison of patients with isolated sagittal
synostosis and those with combined metopic and sagittal
synostosis would be beneficial.

Conclusions

This study shows a trend toward smaller ICV in pa-
tients with isolated sagittal synostosis as well as those
with combined metopic and sagittal synostosis compared
with nonaffected controls, a pattern which is significant
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in female patients with combined metopic and sagittal
synostosis who are older than 4.5 months of age. Also,
there was a trend toward a smaller ICV in the M/S group
as compared with the S group. Furthermore, the BTV of
both groups was significantly smaller than that of con-
trols. Additionally, in patients younger than 4.5 months of
age, the VV (for patients in the S group) and CSF space
(for patients in the S group and those in the M/S group)
were noted to be larger than in controls. That not all mea-
sures show significance, but rather trends, is consistent
with findings that these patients do not have gross devel-
opmental delay. We emphasize that the effects on brain
growth and development are subtle, and thus more subtle
learning disabilities will reflect this fact.

Is the combination of metopic and sagittal synosto-
sis worse than the presence of sagittal craniosynostosis
alone? A recent study by Domeshek et al.* found that,
although there were morphological differences between
isolated sagittal synostosis and combined metopic and
sagittal synostosis, these differences were not statistically
significant. Despite this and our small sample size, we did
find some trends indicating that combined metopic and
sagittal synostosis may indeed be worse than sagittal syn-
ostosis alone, at least for some subgroups. It is important
to note that the major influence, it seems, continues to be
the sagittal suture. This observation is compatible with
findings of previous work, given that the metopic suture
fusion is not expected to have as much an influence on
volume, as it has an earlier closure, and there is potential
for accommodation elsewhere. Still, in the present study,
patients in both the S and M/S groups had smaller vol-
umes than unaffected controls, and this restriction may
be enough to affect brain growth.
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Cranial vault remodeling for sagittal craniosynostosis in
older children
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Pittsburgh Department of Neurosurgery, Pittsburgh, Pennsylvania

Object. Sagittal craniosynostosis is the most common form of craniosynostosis and is commonly treated within
the first year of life. Optimal treatment of patients older than 1 year of age is not well characterized. The authors re-
viewed cases of sagittal craniosynostosis involving patients who were treated surgically at their institution when they
were older than 1 year in order to determine the rate of intracranial hypertension (ICH), potential to develop nonheal-
ing cranial defects, and the need for various surgical procedures to treat the more mature phenotype.

Methods. A retrospective chart review was conducted of all cases in the Children’s Hospital of Pittsburgh Neu-
rosurgery Database involving patients who underwent cranial vault remodeling for scaphocephaly after 1 year of age
between October 2000 and December 2010.

Results. Ten patients were identified who met the inclusion criteria. Five patients underwent anterior two-thirds
cranial vault remodeling procedures, 3 patients underwent posterior vault remodeling, and 2 patients underwent
2-staged total vault remodeling. All patients had improved head shapes, and mean cephalic indices improved from
65.4 t0 69.1 (p = 0.05). Six patients exhibited signs of ICH. No patients with more than 3 months of follow-up ex-
hibited palpable calvarial defects.

Conclusions. Patients with sagittal synostosis treated after 1 year of age demonstrate increased rates of ICH,
warranting diligent evaluations and surveillance to detect it; rarely develop clinically significant cranial defects if
appropriate bone grafting is performed at the time of surgery; and achieve acceptable improvements in head shape.

(DOI: 10.3171/2011.5.FOCUS1196)

Key Worps  ©
dolicocephaly °

craniosynostosis
cranioplasty

of the cranial sutures, which results in restricted
skull growth perpendicular to the involved suture
and compensatory growth parallel to it. The ultimate re-
sult of this is a pathological head shape and potentially
elevated intracranial pressure, which occurs in 14% of
cases of single-suture fusion.!* Sagittal craniosynostosis
is the most common form craniosynostosis. It occurs in
1 in 5000 children and affects boys more frequently than
girls.? Sagittal suture fusion results in an elongated, or
scaphocephalic, head shape.
Both minimally invasive strip craniectomy and more

CRANIOSYNOSTOSIS is the early fusion of one or more

Abbreviations used in this paper: AP = anterior-posterior; CI =
cephalic index; eu-eu = eurion-eurion measurement; g-op = glabella-
opisthocranion measurement; ICH = intracranial hypertension; ICU
= intensive care unit.
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sagittal craniosynostosis ¢ scaphocephaly

craniofacial deformity

extensive cranial remodeling procedures for sagittal syn-
ostosis within the 1st year of life have been described. De-
bate exists regarding the relative benefits of each.*811.13.15.18
Regardless of the technique employed, most surgeons
advocate for operative intervention within the 1st year of
life. As scaphocephaly is usually apparent at birth, this is
often accomplished. Less commonly, children will pres-
ent after 1 year of age or require delayed interventions
due to associated comorbidities. These older patients with
scaphocephaly are a poorly characterized population with
unique considerations regarding their risk of intracranial
hypertension (ICH), potential to develop nonhealing cra-
nial bone defects, and need for more extensive operations
to achieve an aesthetic head shape. We report our experi-
ence with scaphocephalic children who underwent cranial
vault remodeling for scaphocephaly after 1 year of life,
highlighting these issues.



Methods

The neurosurgery patient database of the Children’s
Hospital of Pittsburgh of UPMC was queried for all pa-
tients with the diagnosis of nonsyndromic sagittal cra-
niosynostosis who underwent cranial vault remodeling
procedures at an age greater than 1 year between Octo-
ber 2000 and December 2010. Patients with multisuture
synostosis were excluded if the remodeling procedure
performed was intended to address abnormal head shape
resulting from the other fused sutures and did not address
the finding of scaphocephaly. A retrospective review was
performed of the medical records of all patients. Factors
studied included: 1) patient demographic characteristics,
2) intraoperative blood loss and transfusion rates, 3) ICU
and hospital length of stay, 4) type of calvarial remodel-
ing performed, 5) signs and symptoms of ICH, 6) postop-
erative complications, 7) the incidence of residual cranial
bone defects, and 8) changes in head shape as measured
by the cephalic index (CI).

The CI was calculated from anthropomorphic mea-
surements obtained in the clinic and measurements taken
from available CT scans. This value is defined as the widest
dimension of the cranium (eurion-eurion [eu-eu]) divided
by the maximal length of the cranium (glabella-opisthocra-
nion [g-op]) multiplied by 100. The CT measurements were
made using 3D reconstructions when available. When they
were not, 2D CT scans were analyzed. In these cases, lat-
eral scout views or sagittal reconstructions of 2D CT scans
were used to measure the g-op dimension, while axial cuts
were used to measure the eu-eu dimension. Preoperative
and postoperative CI values were compared using a paired
t-test. The assumption of normality was confirmed using
the Shapiro-Wilk test. Comparisons were only made be-
tween pre- and postoperative measurements derived from
the same imaging modality to maintain internal consis-
tency for each individual. Single measurements without a
corresponding pre- or postoperative value attained with the
same modality were not analyzed. In instances in which
multiple measurement modalities were available, anthro-
pomorphic measurements (actual measurements of the pa-
tient’s head) were prioritized. Any 3D CT reconstructions
were prioritized next as they limited possible distortions
caused by rendering a 3D structure in 2 dimensions. Fi-
nally, 2D CT scans were analyzed if 3D reconstructions
were not available.

Surgical Approach

A defect-targeted strategy was employed in design-
ing each patient’s reconstruction. Patients were assessed
to determine their degree of scaphocephaly, the severity
of their occipital constriction and bulleting, frontal boss-
ing, temporal narrowing, and hypotelorism. A procedure
was designed to adequately address all significant pathol-
ogy. All procedures were carried out through a zig-zag—
shaped bicoronal incision.

For patients with pathology that was predominantly
anterior with frontal bossing and temporal narrowing, an
anterior two-thirds cranial remodeling procedure was
performed, including bifrontal and biparietal cranioto-
mies with reshaping and interpositional bone grafting to
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widen the frontal bone, trimming of the parietal bones to
decrease the anterior-posterior (AP) diameter, and barrel
staving with out-fracture of the temporal bones to widen
the skull base (Fig. 1). If hypotelorism and/or superior
orbital rim retrusion was present, a supraorbital expan-
sion and/or advancement was completed by removing
the supraorbital bandeau, cutting it in the midline, and
placing an interpositional bone graft at the radix. Those
patients with more pronounced occipital restriction and
bulleting were treated with posterior cranial remodeling
with occipital craniotomies, flattening of the occipital
bone through barrel staving, parietal craniotomies and
trimming to decrease the AP diameter, and barrel staving
with out-fracture of the parietal and temporal bones to
release constriction. Patients with severely altered ante-
rior and posterior head shapes were treated with a staged
procedure addressing each region sequentially (Fig. 2).

Our bone-grafting technique of choice was previ-
ously described and was employed in the last 8 patients in
this series to fill residual bone defects after remodeling.’
Briefly, demineralized bone matrix, particulate bone ma-
terial, and blood were mixed and protected in a sandwich
between 2 layers of resorbable mesh to achieve protected
bone regeneration.

Results

Thirteen patients were initially identified from the
database who had sagittal craniosynostosis and had un-

Fic. 1. Anterior cranial remodeling. Anterior cranial remodeling is
intended to improve scaphocephaly by decreasing the skull's AP diam-
eter, reduce frontal bossing by remodeling the frontal bone and placing
an interpositional bone graft to widen it, and decrease bitemporal nar-
rowing with out-fracture intended to widen the cranial base. ~ A: Vertex
view of planned osteotomies intended for out-fracture of the temporal/
parietal bones and narrowing of the AP diameter. B: Frontal view
of the exposed frontal bone with planned osteotomies for rearrange-
ment of the frontal segments and placement of interpositional bone
graft. C: Completed out-fracture with placement of demineralized
bone matrix between a “sandwich” of absorbable plates, which offer
rigidity and protect the regenerating bone from the destructive forces
of dural pulsation. D: Frontal view with frontal bone rearrangement
and widening with bone graft. Segments are fixed in place with PDS
suture (Ethicon).
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Fie. 2. Staged total cranial remodeling. Anterior and posterior approaches to cranial remodeling may be employed to target
the regions of the head with the greatest pathology. In individuals with significant anterior and posterior pathology, we favor a
staged approach for total cranial remodeling.  A: Preoperative images showing significant anterior and posterior pathology with
frontal bossing, bitemporal narrowing, and occipital constriction with bulleting. ~ B: Seven-month postoperative images following
anterior cranial remodeling showing improvement in frontal bossing, bitemporal narrowing and scaphocephaly, but persistent
occipital bulleting.  C: Thirteen-month postoperative images following a second-stage posterior cranial remodeling showing
improvement of the occipital bulleting with further improvement of scaphocephaly.

dergone a cranial vault remodeling procedure at an age
greater than 1 year. Two patients had inadequate records
available and were excluded. One additional patient who
underwent cranial vault expansion at 4.86 years of age for
multisuture craniosynostosis was also excluded.

The remaining 10 patients presented at an average
age of 1.75 years (range 0.93-3.14 years). Nine patients
were boys. Eight patients underwent single-stage cranial
vault procedures (5 anterior and 3 posterior). Three of
the patients treated with anterior approaches underwent
a frontal orbital expansion as part of this procedure. Two
of the patients undergoing posterior approaches had Chi-
ari malformation Type 1 and underwent concurrent de-
compression procedures. Two patients were treated with
a 2-staged anterior and posterior approach (Fig. 2). The
patients’ average age at the time of cranial vault remodel-
ing was 2.64 years (range 1.01-5.26 years). The second
procedure was delayed 10.8 and 6.3 months for the pa-
tients undergoing staged reconstructions (Table 1). The
average follow-up period was 2.24 years (range 0.2-9.3
years). All neurosurgical procedures were performed by a
single surgeon (I.F.P.). Eight of the 10 patients were oper-
ated on by a single craniofacial surgeon (J.E.L.).

The average hospital length of stay for 12 operations
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completed in 10 patients was 4.1 days, with an average
ICU stay of 1.3 days. Procedures were completed with an
average surgical time of 5.4 hours. The average estimated
blood loss volume was 544 ml. Intraoperative cell salvage
was used for 7 patients in 9 cases, and an average volume
of 187 ml of autologous blood was returned to the patients.
Seven patients received packed red blood cell transfusions
intraoperatively during 8 procedures. The average transfu-
sion volume was 423 ml. Two of these patients and 1 ad-
ditional patient received postoperative transfusions.

Intracranial Hypertension

Six patients exhibited clinical evidence of ICH dur-
ing their preoperative evaluation (Table 1). In 4 patients,
dilated fundoscopic examinations revealed papilledema.
Four patients complained of headaches that were attrib-
uted to ICH. Of the 6 patients with clinical evidence of
ICH, 2 had preoperative lumbar punctures performed un-
der general anesthesia to confirm the presence of ICH; in
both cases the pressure was greater than 30 mm Hg.

Despite the high incidence of ICH in our cohort, it
was not commonly apparent at initial presentation. Often,
diligent screening or longitudinal follow-up was needed
to make the diagnosis. Three patients presented with a
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TABLE 1: Summary of clinical characteristics in 10 patients who underwent cranial vault remodeling after the age of 1*

Case Ageat Preop Postop Significant Cranial
No. Op Op(yrs) ClI Cl Evidence of ICH Defects
ant approach w/ FOE 1.2 none no
2 antapproach 3.0 73.7 721  papilledema, headaches, confirmed w/ LP  no
3 antapproach w/ FOE 49 63.3  68.3 copper beaten skull, headaches, confirmed no
w/ LP
4 staged ant/pstapproach  3.4;4.3  63.9 71.0  none no
5 staged ant/pst approach  1.2; 1.8 none no
6 pstapproachw/CMde- 5.3 66.2 681 papilledema, headaches no
compression
7 pstapproach 27 65.3  69.2 papilledema no
8 antapproach w/ FOE 1.0 60.3  68.0 papilledema no
9 antapproach 1.6 63.0 68.0 none present at 3-mo FU
10  pstapproachw/CMde- 2.2 674 681 headaches present at 3-mo FU
compression

*

chief complaint of scaphocephalic head shape and were
subsequently found to have either papilledema or a Chiari
malformation associated with occipital headaches, which
motivated the decision to operate. The families of 2 pa-
tients initially declined surgery to correct the patients’
head shape, but the patients later required surgery due
to changing clinical conditions and development of ICH
symptoms. One of these families was motivated toward
operative management by development of posterior head-
aches associated with a known Chiari malformation. The
other family declined surgery for sagittal synostosis when
the patient was 9 months old, but the patient returned at 4
years of age with subsequent fusion of the coronal sutures
and development of “copper beaten skull” radiographic
findings, headaches, listless behavior, and intracranial
pressure greater than 30 mm Hg on lumbar puncture. Fi-
nally, one patient underwent an extended strip craniecto-
my at 2 1/2 months of age and during follow-up presented
with severe headaches at 3 years old. He was noted to
have papilledema on ophthalmological examination; ICH
was confirmed by lumbar puncture.

Intracranial hypertension was successfully treated by
the described procedures in 5 of 6 patients. The patient
previously treated with an extended strip craniectomy un-
derwent an anterior two-thirds vault remodeling procedure
at 3 years of age with temporary symptom alleviation and
improvement of his papilledema. Unfortunately, his head-
aches and papilledema recurred and he underwent shunt
insertion.

Three Type 1 Chiari malformations were identified in
these patients. One patient had papilledema and occipital
headaches that motivated surgical intervention and another
had occipital headaches alone. Both patients were treated
with concurrent posterior cranial vault remodeling and
Chiari decompression. The third patient had papilledema
but a more significant anterior cranial vault deformity. This
patient underwent anterior two-thirds remodeling without
Chiari decompression and papilledema resolved postop-
eratively.
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ant = anterior; CM = Chiari malformation; FOE = frontal orbital expansion; FU = follow-up; LP = lumbar puncture; pst = posterior.

Head Shape

Preoperative and postoperative CI measurements were
obtained from the medical records in 8 cases. In 1 case,
pre- and postoperative anthropomorphic measurements
were available; in 3 cases, pre- and postoperative 3D CT
scans were available for measurements; and in 4 cases only
2D axial CT scans were available. Surgical intervention
significantly improved the CI from a preoperative mean
of 65.4 to 69.1 postoperatively (p = 0.013, t = 3.284, the
assumption of normality was met) (CI ranges: mesocranic
76—80.9, dolichocranic 70-74.9, hyperdolichocranic <
70).1¢ The CI measurements increased by 5.7%. Seven of 8
patients showed CI improvement (Table 1). The individual
without improvement had developed ICH following ex-
tended strip craniectomy in infancy. His head was not sig-
nificantly scaphocephalic preoperatively (CI 73.7), and the
surgical priority was vault expansion for ICH treatment.

Nine of 10 showed complete correction of their most
significant cranial pathology (Fig. 2). One patient who un-
derwent an anterior correction maintained significant oc-
cipital constriction and bulleting. This patient’s most recent
clinic visit was only 3 months after surgery. The possibil-
ity of staged posterior remodeling was discussed with the
family, but the patient did not have ICH as of this writing
and the family was not interested in additional interven-
tions.

Cranial Defects

Two of 10 patients had palpable cranial bone defects
on physical examination at their last follow-up appoint-
ment (Table 1). In both cases, the follow-up appointment
was only 3 months after surgery and long-term follow-up
findings were not yet available. In 4 additional patients,
skull defects were visualized on CT scans, but the defects
were small. Since these defects are not palpable, their
clinical significance and likelihood of requiring correc-
tion are small. No revision bone-grafting procedures have
been performed.
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Complications

No death, postoperative bleeding, CSF leak, or sagittal
sinus injury were documented. In 3 cases, small dural tears
were discovered and treated intraoperatively with primary
closure. One patient received a narcotic overdose while
under observation in the ICU but suffered no long-term
sequelae. Two patients were readmitted to the hospital be-
cause of fever, but in both cases viral illness was diagnosed
when imaging and culture findings were negative. Two mi-
nor wound infections were treated successfully with oral
antibiotics without operative intervention. Finally, 1 patient
developed a small partial-thickness scalp injury that healed
with hypertrophic scarring of this region.

Discussion

Surgical corrections performed for sagittal synosto-
sis management are highly variable, and the optimal ap-
proach is controversial #-%!1:131518 There are proponents of
early interventions with open or endoscopically assisted
strip craniectomies. These procedures are performed in
isolation or with molding of the skull with postoperative
helmeting or placement of springs to actively distract the
suture site.®!® Others have advocated open remodeling of
the cranial vault either through an anterior or posterior
approach, while still others have advocated total calvarial
remodeling either in a single or multiple staged proce-
dures #1357 Although many case series have been re-
ported in the literature, optimal treatment has yet to be
fully defined.

Strip craniectomy techniques are performed in the ear-
ly postnatal period to take advantage of the higher growth
velocity to correct residual skull deformities, whereas
advocates of more extensive remodeling procedures wait
longer to improve the safety profile relative to blood loss
and to decrease the potential for deformity relapse due to
abnormal growth.>®!8 Regardless, all of these procedures
are typically performed before patients reach 1 year of age
for presumed improved aesthetic and functional outcomes.
First, although the controversy regarding mental outcomes
related to craniosynostosis surgery is far from settled, the
knowledge that patients presenting after 1 year of age have
more ICH and inferior developmental outcomes has moti-
vated surgeons to operate before this age.”> Second, large
calvarial defects can heal spontaneously in infants, but this
ability begins to diminish late in the 1st year of life, raising
the risk of persistent skull defects.!?

Because sagittal synostosis can be detected at birth,
it is commonly diagnosed prior to 1 year of age. Surgical
treatment of this condition at older ages can be success-
ful, although patients who present later may be at higher
risk of ICH, are less likely to experience healing of un-
grafted cranial defects, and often require more extensive
cranial remodeling procedures.?!215:17

With regard to the risk of ICH, our findings support
those previously seen by Arnaud and associates.? Patients
who present later with scaphocephaly are at a higher risk
for ICH (60% in our small series). This may be due to a
selection bias inherent in the population prone to present
and undergo surgery at an older age, or it may represent the
ultimate outcome of restricted suture growth. It does high-
light the need for a greater degree of suspicion in approach-
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ing these patients, especially since 50% of our patients
with ICH did not present with this complaint initially, and
only diligent evaluation uncovered it. It also underscores
the need for longitudinal care of all patients with cranio-
synostosis until they have completed their cranial growth,
regardless if operative management is undertaken. One of
our patients presented at 9 months of age and the family
declined operative intervention until ICH developed later
in childhood and fusion of the coronal sutures was noted
on repeat imaging. Another patient underwent an extended
strip craniectomy at 2 1/2 months of age and subsequently
developed ICH that did not respond to cranial remodeling
and required shunt placement. Development of ICH after
strip craniectomy is rare, occurring in 1.5% of cases in one
series,' but it underscores the importance of ongoing fol-
low-up in patient management. Families must be educated
regarding the symptoms of ICH and patients must be seen
annually for a dilated fundoscopic examination to rule out
papilledema. When present, papilledema and other symp-
toms must be followed regularly postoperatively to docu-
ment their resolution.

When operating on older patients with sagittal cranio-
synostosis, the potential for development of nonhealing cal-
varial bone defects is higher than when operating on those
less than a year old.!? In our series, no patients with signifi-
cant follow-up were found to have clinically significant or
palpable defects in their cranium. We achieved this result
through the aggressive use of bone-grafting techniques.
All bone chips and bone dust resulting from the remod-
eling procedures should be kept and used in the grafting
procedure. These were mixed with allogeneic demineral-
ized bone matrix when defect size demanded. Additional
technical improvement can be achieved in large calvarial
defects by protecting the healing bone graft from the dural
pulsations that can fracture and destroy immature regen-
erating bone. This is achieved by creating a “sandwich” of
absorbable mesh above and below the bone-grafting mate-
rial; the mesh will ultimately be resorbed after calvarial
healing is complete.?

Our results indicate that a tailored operative approach
adequately and reliably addressed each patient’s pathology
and improved both their CI and cranial shape. Our results
demonstrated a significant improvement in CI with opera-
tive intervention. While the 5.7% increase was less impres-
sive than that reported in other series, this may be partially
explained by the high incidence of ICH in our cohort.”
While the goal of calvarial remodeling should always be
to normalize head shape, one must be cognizant of the
need to expand the cranial volume. With a 60% incidence
of ICH in our cohort, we may have tempered how vigor-
ously we decreased the cranial AP diameter in these cases.
Surgeons should aggressively decrease the AP diameter to
improve CI when remodeling the scaphocephalic cranium,
but must do so without compromising the goal of resolving
ICH. Regardless of this, all but one of our patients showed
marked improvement in CI, and all families were uniform-
ly pleased with the outcomes. Additionally, “normal CI”
is somewhat of a misnomer. The CI is widely variable be-
tween ethnic groups, and with an ethnically heterogeneous
population, particularly one as small as ours, the idea of
normalizing the CI is erroneous. The surgeon’s goal should
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be to decrease the AP dimension and widen the head to
make the patient’s skull more closely approximate a nor-
mal appearance in light of his or her ethnicity and other
features.

While the most easily standardized, CI should only be
one outcome measurement of scaphocephaly correction.
Other abnormalities such as temporal narrowing, frontal
bossing, and occipital constriction can be more notice-
able and problematic than an abnormal CI. Addressing
these deformities can be the most important component
of management. Our strategy followed an algorithm pre-
viously described to target interventions to the area of
greatest pathology.”” The pathological findings in chil-
dren with craniosynostosis may be widely variable, and
not all patients require the same operation. Significant
frontal bossing, temporal narrowing, and hypotelorism
may be addressed through an anterior approach, while
occipital findings of constriction and bulleting may be
addressed through a posterior approach. Both interven-
tions afford the opportunity to narrow the AP dimension
and out-fracture the skull to improve the CI. If a patient
presents with significant anterior and posterior pathology,
a total calvarial remodeling may be indicated. We elected
to perform this procedure in a staged manner in the cases
described here, after discussion with the families about
the pros and cons of single versus 2-staged interventions.
When taking this approach, one must involve the family
in the consent process to identify their understanding of
the deformity and to discern which components of it are
most troubling to them. As one of our cases demonstrates,
for a deformity that may warrant consideration of both
anterior and posterior remodeling, the family may opt for
and be satisfied with a less-extensive procedure, provided
the most significant areas of pathology are addressed.

Conclusions

Surgical treatment of patients with sagittal cranio-
synostosis after the age of 1 is uncommon and carries
with it special considerations. Whether due to selection
bias or the evolution of progressive growth restriction,
these patients are at increased risk for ICH. Following pa-
tients longitudinally until cranial growth is complete to
document absence of ICH is essential. Individuals older
than 1 year of age are at increased risk for developing
nonhealing cranial defects, but the use of protected bone
regeneration techniques can prevent this. Significant im-
provement in head shape can be achieved in this popu-
lation, and these patients may benefit from having less
postoperative growth to complete, which may lead to less
recurrence of the phenotype. When using a defect-target-
ed approach to the anterior, posterior, or total calvaria,
involvement of the patient’s family in planning is essen-
tial to assess their willingness to consider a multi-staged
treatment plan and to identify the pathological findings
most concerning to them.
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Reconstruction of unicoronal plagiocephaly with a
hypercorrection surgical technique
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Object. Successful surgical repair of unicoronal plagiocephaly remains a challenge for craniofacial surgeons.
Many of the surgical techniques directed at correcting the stigmata associated with this craniofacial deformity (for ex-
ample, ipsilateral supraorbital rim elevation [vertical dystopia], ipsilateral temporal constriction, C-shaped deformity
of the face, and so on) are not long lasting and often result in deficient correction and the need for secondary revision
surgery. The authors posit that the cause of this relapse was intrinsic deficiencies of the current surgical techniques.
The aim of this study was to determine if correction of unilateral coronal plagiocephaly with a novel hypercorrection
surgical technique could prevent the relapse of the characteristics associated with unicoronal plagiocephaly.

Methods. The authors performed a retrospective analysis of 40 consecutive patients who underwent surgical
repair of unicoronal plagiocephaly at their institution between 1999 and 2009. In all cases, the senior author (S.R.B.)
used a hypercorrection technique for surgical reconstruction. Hypercorrection consisted of significant overcorrec-
tion of the affected ipsilateral frontal and anterior temporal areas in the sagittal and coronal planes. Demographic,
perioperative, and follow-up data were collected for comparison. The postsurgical appearance of the forehead was
documented clinically and photographically and then evaluated and scored by 2 independent graders using the ex-
panded Whitaker scoring system. A relapse was defined as a recurrence of preoperative features that required second-
ary surgical correction.

Results. The mean age of the patients at the time of the operation was 13 months (range 8—28 months). The mean
follow-up duration was 57 months (range 3 months to 9.8 years). The postsurgical hypercorrection appearance per-
sisted on average 6—8 months but gradually dissipated and normalized. No patients exhibited a relapse of unicoronal
plagiocephalic characteristics that required surgical correction. In all cases the aesthetic results were excellent. Only
3 patients required reoperation for the management of persistent calvarial bone defects (2 cases) and removal of a
symptomatic granuloma (1 case).

Conclusions. Our study demonstrates that patients who undergo unicoronal plagiocephaly repair with a hyper-
correction surgical technique avoid long-term relapse. Our results suggest that the surgical technique used in the cor-
rection of unilateral coronal synostosis is strongly associated with the prevention of postsurgical relapse and that the
use of this novel method decreases the need for surgical revision. (DOI: 10.3171/2011.6 FOCUS1193)

Key WorDps *  craniosynostosis °  unicoronal plagiocephaly
frontal plagiocephaly e+ temporal constriction ¢ surgical relapse

unicoronal plagiocephaly remains a challenge for

craniofacial surgeons. Although the phenotypical
characteristics of unicoronal plagiocephaly have been
clearly described (ipsilateral supraorbital rim elevation
[vertical dystopia] and retrusion, ipsilateral frontal bone
retrusion, ipsilateral temporal constriction, contralateral
frontal boss, contralateral temporal boss, and C-shaped
deformity of the face), current surgical techniques often
do not successfully achieve long-term correction of all
of the associated deformities by a single surgical proce-
dure.'3223! Multiple published reports have demonstrated
a sizeable subset of patients with unicoronal plagioceph-
aly who undergo surgical correction and also require a

: ; UCCESSFUL repair of all abnormal characteristics of
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secondary surgical procedure to correct postsurgical re-
sidual deformities, increasing the morbidity rate.?

Some resurgence of interest in endoscopic strip cra-
niectomy repair of unilateral coronal synostosis has been
shown since the advent of adjuvant helmet therapy, but
this technique is limited by the age limitations required
for successful outcomes (< 3—5 months of age) and the
variable degree of patient compliance with the manda-
tory postsurgical helmet protocols. The unreliable out-
comes have driven craniofacial surgeons to seek different
surgical procedures.”!® Currently, open approaches are
considered the “standard of care” to correct unicoronal
plagiocephaly.

Multiple open surgical techniques to correct unicoro-
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nal plagiocephaly have been described. Hoffman and
Mohr!? have described the lateral canthal advancement
technique for expanding the affected ipsilateral anterior
cranial fossa by releasing the frontoethmoidal and fron-
tosphenoidal sutures that were also believed to contribute
the characteristics of unicoronal plagiocephaly. Long-
term follow-up of this technique has shown that 7 (17.9%)
of 39 patients experienced relapse of the original defor-
mity warranting surgical reoperation.?

One of the most common postsurgical deformities
after unicoronal repair is ipsilateral temporal constric-
tion.283! Hilling et al.'? published an article on a series of
53 patients who underwent unilateral coronal synostosis
repair in which a bandeau advancement technique was
used. Patients in whom this technique was used, however,
commonly presented with residual postoperative tempo-
ral constriction. Oh et al.?’ showed that placement of cal-
varia bone graft along the osteotomized coronal suture
could prevent temporal constriction. However, they did
not adequately substantiate their claims as they had an
insufficient number of patients to statistically support the
reliability of the technique. Strikingly, Steinbacher and
colleagues® demonstrated that all patients who underwent
unicoronal plagiocephaly repair in which a unilateral
frontoorbital advancement bandeau technique was used
presented with residual postsurgical temporal hollowing.
Eppley et al.® acknowledged that a significant number of
patients who underwent craniosynostosis repair required
hydroxyapatite-based cranioplasty to correct postsurgical
deformities (relapse). These reports affirm that a current
single surgical procedure is unable to successfully and
predictably correct all the characteristics of coronal pla-
giocephaly.

Surgical repair of unicoronal plagiocephaly requires
the correction of both the underlying bony deformity as-
sociated with the synostotic suture as well as the manage-
ment of the overlying soft-tissue envelope. In line with the
tenets of the law of Wolff as well as the functional ma-
trix theory, we believe that surgical techniques that repair
unicoronal plagiocephaly without addressing the postsur-
gical recoil of the soft-tissue envelope may be associated
with a surgical relapse.>>2¢34 We hypothesize that correc-
tion of unicoronal plagiocephaly with a hypercorrection
technique (one that overstretches the soft-tissue envelope
to counteract recoiling forces) is associated with a lower
incidence of postsurgical relapse.

Methods
Study Criteria

This study was a retrospective analysis of patient
charts in cases in which unilateral coronal synostosis re-
pair was conducted at the University of Michigan Cranio-
facial Anomalies Program between 1999 and 2009. The
study was performed in concordance with the institution-
al review board.

Demographic data were recorded and included patient
age at the time of surgery and at the last follow-up, surgical
technique, estimated blood loss, and perioperative transfu-
sion volume. Exclusion criteria included incomplete medi-
cal record, absence of follow-up clinical images, multisu-
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ture synostosis, syndromic disease, and major concomitant
medical conditions.

Surgical Technique

All surgical procedures were performed by the se-
nior author (S.R.B.). A wavy bicoronal scalp incision was
used. The anterior scalp flap was dissected in a subga-
leal plane and reflected anteriorly. Dissection transitioned
to the subpericranial plane 2 cm above the supraorbital
rims to avoid damaging the supraorbital neurovascular
bundles. Dissection was extended to expose the nasofron-
tal junction, the anterior orbital aspect of the bilateral su-
praorbital rim, and the bilateral frontozygomatic sutures.
Bilateral temporalis muscles were exposed by dissecting
superficially to the deep temporal fascia. A frontal crani-
otomy was performed by the neurosurgeon in a standard
fashion.’ The supraorbital bar was harvested in a standard
fashion without bandeau extensions.’ Bilateral temporalis
muscles flaps were dissected off the temporal fossa sub-
periosteally to a level inferior to the zygomatic arch. The
supraorbital bar was contoured with Tessier bone benders
to achieve a smooth flattened contour. The inferolateral
edge of the ipsilateral supraorbital rim was contoured
with rongeurs to achieve a widened and arched shape that
resembled the appearance of the contralateral unaffect-
ed side. Barrel stave osteotomies were performed in the
ipsilateral temporal bone to widen the cranial vault and
cross-strut stabilization was used to hold the correction
out against the recoiling forces of the scalp.?

The recontoured supraorbital bar is repositioned in
a hypercorrected position both in the coronal and sagit-
tal planes. To achieve this hypercorrected position, the
supraorbital bar was placed in a declined position (higher
on the unaffected side and lower on the affected side) in
the coronal plane, with the unaffected side pivoting upon
its frontozygomatic suture (Fig. 1 white arrow) and the
affected side positioned in a relatively inferior position
upon the corresponding frontozygomatic suture (vertical
hypercorrection) (Fig. 1 right arrow). The supraorbital
bar is also asymmetrically displaced anteriorly in the sag-
ittal plane so that the unaffected side keeps pivoting at its
corresponding frontozygomatic suture and the affected
side is positioned significantly anterior to its correspond-
ing frontozygomatic suture (horizontal advancement hy-
percorrection) (Fig. 1 yellow arrow). The hypercorrected
frontoorbital bar is held in place at the level of the unaf-
fected frontozygomatic suture side with Vicryl sutures.
The frontal bar crosses the frontonasal junction, which
helps to support the advanced bone and is also held with
Vicryl sutures. Finally, a resorbable plate is used to sup-
port the significant advancement of the affected side to
achieve hypercorrection. The desired hypercorrection is
checked prior to welding the resorbable plate to its bony
attachments by reflecting the anterior bicoronal flap and
inspecting the degree of displacement. An interposition-
al bone graft obtained from the endocortical side of the
frontal bones is then attached to the resorbable plate to
reinforce and add durability to the hypercorrection (Fig.
1). The more malleable frontal bones are then reshaped
to correct the ipsilateral flattening and contralateral fron-
tal bossing. Finally, the frontal bone is reattached to the
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Fic. 1. Surgical hypercorrection of unicoronal synostosis.

A: Preoperative appearance of the forehead. B: Hypercorrec-

tion of the supraorbital bar in the coronal plane.  C: Hypercorrection of the supraorbital bar in the sagittal plane. The yellow
arrows show hypercorrection of the supraorbital bar on the ipsilateral affected side, and the white arrows indicate the pivoting

point of the unaffected frontoorbital bar side.

supraorbital bar with either resorbable plates or Vicryl
sutures.

The temporalis muscle flap of the affected side is ro-
tated anteriorly over the advanced lateral orbital rim to
fill and recontour the anterior aspect of the reconstructed
temporal fossa. The temporalis muscle is held in the de-
sired place with Vicryl sutures often anchored to adjoin-
ing bone through tactically placed drill holes. The bicoro-
nal flap is once again flipped back to check the contour of
the anterior temporal fossa (Fig. 1). If there is clinical evi-
dence of residual temporal undercorrection, the tempo-
ralis muscle can be reshaped and “sculpted” by applying
Vicryl sutures within the muscle itself. Judicious use of
bone grafts can also be used to achieve the desired con-
tour. The temporalis muscle of the unaffected side was
minimally repositioned to gain temporal fossa symmetry
with the opposite side and secured in the same fashion
using Vicryl sutures. The bicoronal incision is closed in
layers, leaving the most distal 1-1.5 cm ends of the inci-
sion behind the ear open for fluid drainage in both sides.
No drains are placed. The incision is covered with topi-
cal antibiotic ointment. The head is covered with a sterile
head wrap dressing.

Study Data

Clinical progress notes were evaluated to determine
complications, causes of reoperation, and postoperative
assessment of the patient’s cranial vault and face. Preop-
erative and postoperative photographs were evaluated and
scored by 2 independent graders (a senior plastic surgery
resident and postgraduate student from the institution
not related with the study) using the expanded Whitaker
scoring system.>*? The elements of the craniofacial evalu-
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ation included the position of the ipsilateral supraorbital
rim (vertical dystopia), the shape of the ipsilateral and the
contralateral forehead, the presence of ipsilateral temporal
constriction, and the degree of residual C-shaped defor-
mity. Data were analyzed using standard statistical tests.

Results

A total of 40 patients (16 boys and 24 girls) were
included in the study. Thirty-five patients were nonsyn-
dromic and 5 were syndromic. Left coronal synostosis
(23 cases) was more common than right coronal synos-
tosis (17 cases) in our cohort. The mean age at the time
of surgery was 13 months (range 8—28 months). The aver-
age perioperative estimated blood loss was 164 ml (range
25-600 ml). In 18 patients (44%) perioperative blood
transfusion was performed. The mean hospital length of
stay was 5 days (range 4—6 days). The mean follow-up
duration was 57 months (range 3 months to 9.8 years).
Patients were routinely seen at the following postopera-
tive intervals: 2 weeks, 2 months, and then every 1 to 2
years until reaching 10 years of age. In accordance with
our hospital policy, patients did not undergo routine post-
operative radiography or CT scanning.

Our results indicated an immediate intraoperative hy-
percorrection of the unicoronal plagiocephaly resulting in
a lowered and anteriorly projected ipsilateral supraorbital
rim and ipsilateral forehead and significant lateral projec-
tion of the anterior temporal area compared with the con-
tralateral side and preoperative appearance (Fig. 1).

A hypercorrected appearance was present in all treat-
ed patients for an average of 6—8 months, but the hypercor-
rection gradually dissipated and normalized (Fig. 2). There
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were no acute perioperative complications such as infec-
tion, surgical wound dehiscence, or collapse of the hyper-
correction. There were no deaths.

Review of the charts demonstrated that no patient
required reoperation for correction of a surgical relapse
(based on either the surgical team physical examination
and/or patient’s parents’ assessment). Only 3 patients re-
quired reoperation for reasons not associated with relapse:
2 patients underwent bone grafting of persistent calvarial
defects, and 1 patient required removal of a symptomatic
scalp granuloma, thought to be secondary to a foreign
body reaction of the underlying resorbable plate.

Clinical evaluation of the patients’ pre- and postop-
erative photographs using the expanded Whitaker scoring
scale demonstrated that the majority of cases were Cat-
egory I (no imperfections noted) for the following char-
acteristics analyzed: supraorbital rim elevation (vertical
dystopia) 80% (32 cases); shape of ipsilateral forehead
(vertical dystopia) 82.5% (33 cases); shape of contralat-
eral forehead 97.5% (39 cases); and ipsilateral temporal
constriction 82.5% (33 cases) (Table 1). In the remainder
of cases the appearance was Category IIA (minor im-
perfections noted, but no surgical revision performed or
planned) for the same categories: supraorbital rim eleva-
tion (vertical dystopia) 20% (8 cases); shape of ipsilateral
forehead (vertical dystopia) 17.5% (7 cases); shape of con-
tralateral forehead 2.5% (1 cases); and ipsilateral tempo-
ral constriction 17.5% (7 cases) (Table 1). No patient had
phenotypic characteristics classified as Category I1IB (mi-
nor imperfections that required minor soft-tissue or bone
contouring revisions), Category III (major bony or soft-
tissue imperfections that required major alternative oste-
otomies for bone grafting), or Category IV (severe relapse
that required repetition of the original surgery) (Table 1).

Clinical evaluation of the patients’ postoperative
photographs for the appearance of the C-shaped defor-
mity showed that this deformity improved in 57.5% (23
cases), remained unchanged in 5% (2 cases), and cor-
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rected in 37.5% (15 cases). No patient had worsening of a
C-shaped deformity. These differences were statistically
significant (Table 2).

Although our patients did not undergo routine post-
operative radiography or CT evaluation due to our institu-
tion’s pediatric patient radiation exposure policy, one of
the patients underwent head CT scanning for an unrelated
medical condition. The 3D CT scans demonstrated that
the affected left supraorbital rim, left forehead region, and
left anterior temporal area resembled the appearance of
the contralateral normal side (Fig. 3). Close evaluation of
axial bone-window CT scans showed a slight difference
in the anterior projection of the affected left supraorbital
rim compared with the contralateral side but the configu-
ration overlying soft-tissue envelope resembled the radio-
logical contour of the contralateral normal side (Fig. 4).
Clinical evaluation of postoperative images showed no
evidence of ipsilateral supraorbital rim or forehead retru-
sion compared with contralateral side (Fig. 4).

Discussion

Relapse after unilateral coronal synostosis repair
is a common finding associated with multiple surgical
techniques.?>?*3 Although surgical procedures to cor-
rect unicoronal plagiocephaly have evolved significantly,
postsurgical deformities (relapse) that warrant secondary
corrective surgical revisions are still common.!®?® Our
proposed hypercorrection technique for unicoronal syn-
ostosis was not associated with a surgical relapse (Cat-
egory IIB or above on the expanded Whitaker scale) that
warranted a subsequent corrective reoperation (Fig. 2—4,
Table 1).

Hoffman and Mohr"® introduced the lateral canthal
advancement of the supraorbital margin as an alternative
to strip craniectomies for the correction of unicoronal
synostosis. Long-term follow-up of this technique in a se-

Fie. 2. Progression of unicoronal plagiocephaly hypercorrection repair. A and D: Preoperative appearance at 3 months of
age. B and E: Appearance 3.5 months postoperatively. C and F: Appearance 2 years postoperatively.
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TABLE 1: Clinical evaluation of photographic appearances after unicoronal plagiocephaly repair with the

hypercorrection surgical technique

No. of Patients (%)

Extended Whitaker ~ Supraorbital Rim Elevation Ipsilateral Temporal
Category (vertical dystopia) Ipsilateral Forehead ~ Contralateral Forehead Constriction
I 32 (80.0) 33 (82.5) 39 (97.5) 33 (82.5)
A 8 (20.0) 7(17.5) 1(2.5) 7(17.5)
1B 0 0 0 0
Il 0 0 0 0
1% 0 0 0 0

ries of 39 patients showed that even though the majority of
the patients had good results after surgery (24 [65%] of 37
available for follow-up), a significant number of patients
(7 [18.9%]) had postsurgical deformities that required
reoperation.?> The characteristics of the relapse that war-
ranted major reoperation were not described, making it
difficult to assess the potential cause of such relapse.

McCarthy et al.,” in a report on their 23-year experi-
ence in the management of craniosynostosis, indicated that
6 (18.8%) of 32 patients who underwent unicoronal plagio-
cephaly in which the authors used the tongue-in-groove
frontoorbital advancement technique had unchanged ver-
tical dystopia. Bartlett and colleagues® compared the sur-
gical outcomes of the uni- and bilateral tongue-in-grove
frontoorbital advancement technique in the management
of patients with unicoronal plagiocephaly. Approximately
20% of the patients who underwent repair with either the
uni- or bilateral technique had a Category IIB appearance
according to the extended Whitaker scale. The most com-
mon postsurgical deformity was constriction of the lateral
temporal area and/or surface irregularities that involved
the lateral forehead anterior to the temporal region.

Hilling et al.!? evaluated the aesthetic results of a fron-
toorbital advancement technique for the management of
unicoronal synostosis. In their large series of 137 patients,
the authors noticed that the worst persistent postoperative
deformity was temporal constriction and that the problem
worsened with time. Interestingly, they noted that the age
at which the patient underwent surgery did not influence
the postoperative aesthetic result. These results contrast
the findings reported by Jane and associates'” that suggest
that a different surgical technique (frontal bone overlay-
ing, modified lateral canthal advancement, and tongue-in-
groove technique) should be used depending on the age of
the patient at the time of surgery.

Our study demonstrates that patients who underwent
unicoronal plagiocephaly repair in which the hypercor-

TABLE 2: Effects of the unicoronal plagiocephaly
hypercorrection surgical technique on C-shaped deformity

Condition of C-shaped Deformity Postop  Incidence (no. of cases)

worse 0.0% (0)
unchanged 5.0% (2)
improved 57.5% (23)
corrected 37.5% (15)

Neurosurg Focus / Volume 31 / August 2011

rection technique was used did not undergo reoperation
for correction of surgical relapse. The majority of the
postoperative photographs (> 80%) reflected a Category
I result based on the extended Whitaker scale (Table 1).
The remainder of the patients (approximately 20%) had
minor imperfections (ipsilateral supraorbital rim [8 pa-
tients], ipsilateral forehead [7], contralateral forehead [1],
and ipsilateral temporal constriction [7]) that did not war-
rant surgical intervention (Category IIA). Among these
minor imperfections, ipsilateral temporal constriction
was not the most common finding, contrasting with pre-
vious published data (Table 1).!2:*!

Temporal hollowing is a common finding after unicor-
onal plagiocephaly repair.>?%3! The cause of the temporal
hollowing remains a matter of debate. Multiple reports
have suggested the role of temporal muscle atrophy,* tem-
poral fat atrophy,*® and type of surgical technique'>" in the
causation of postsurgical temporal hollowing. Persing et
al.?® described the temporalis musculo-osseous flap surgi-
cal technique as a method to prevent temporal hollowing
after frontoorbital advancement in a patient with unicoro-
nal plagiocephaly. However, because this report was based
on a single case, it is difficult to assess the reliability of
the technique. Steinbacher and colleagues® found that all
the patients who underwent unicoronal plagiocephaly re-
pair with a unilateral bandeau frontoorbital advancement
presented with bitemporal constriction due to both the re-
lapse of the bony bandeau and constriction of the tempo-
ralis muscle, but not to atrophy of the temporalis fat. Our
study showed that the majority of the patients (82.5% [33
patients]) treated with the hypercorrection surgical tech-
nique resisted the development of bitemporal constriction
(extended Whitaker Category I) (Fig. 3). In contradistinc-
tion to the findings of Steinbacher and colleagues all the
temporal abnormalities found in our series were classified
as extended Whitaker Category ITA, and none of our pa-
tients were classified as Category IIB. It is possible that
the lateral hypercorrection of the temporal area on the af-
fected side, in addition to the anterior hypercorrection of
the ipsilateral frontal area, prevented the occurrence of the
temporal constriction relapse commonly seen with other
surgical techniques.’' These data suggest that the type of
surgical technique has a strong influence on the aesthetic
outcomes of unicoronal plagiocephaly repair, especially in
regard to postsurgical temporal constriction.

Hansen et al."! compared the outcomes achieved with
3 different surgical techniques in the management of
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Fic. 3. Clinical appearance of patients with unilateral coronal plagio-
cephaly preoperative (left column) and after correction with the hyper-
correction surgical technique (right column).

unicoronal plagiocephaly repair. Their report suggested
that only surgical techniques that included the osteotomy
of the nasal root significantly improved the nasal canthal
associated with the C-shaped deformity of the face. Our
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Fic. 4. Tomographic and photographic appearance of the cranial
vault and face after unicoronal synostosis repair with the hypercorrec-
tion technique. A and B: Three-dimensional CT scans.  C: Axial CT
scan. D and E: The patient’s preoperative clinical appearance. F
and G: The patient’s postoperative appearance.

hypercorrection surgical technique did not osteotomize
the root of the nose. The reason behind not performing
nasal osteotomies was to avoid instability of the hyper-
corrected frontoorbital bar at the nasofrontal junction
(pseudobuttress). We did, however, see improvement in
our patients. Clinical evaluation of the progression of the
C-shaped deformity postoperatively showed that the 15
patients, or 37.5%, had a corrected deformity, 23 (57.5%)
had an improved deformity, and 2 (5%) had an unchanged
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deformity. Our results with regard to the nasal root devia-
tion and C-shaped deformity are in concordance with re-
ports of surgical techniques that also do not osteotomize
the root of the nose.

Split calvarial bone grafts are not routinely used for
primary correction of unilateral coronal plagiocepha-
ly.12.222331 Hoffman and Mohr'3 used calvarial bone graft
to maintain the lateral canthal advancement, but their
technique was not associated with hypercorrection. Our
technique used bone grafts to primarily reinforce a dis-
solvable plate that maintains the hypercorrection of the
frontoorbital bar in the synostotic side (preventing col-
lapse of the construct as the resorbable plate resorbs/
weakens with time). Additionally, split calvarial bone
grafts are used when appropriate to correct minor imper-
fection of the hypercorrection that are seen once the ante-
rior bicoronal flap is repositioned over the hypercorrected
framework. Because the ultimate goal of the technique is
to achieve asymmetrical hypercorrection of the frontoor-
bital advancement with the soft-tissue envelope in place,
any superficial contour irregularities (depressions, edges,
and so on) are corrected by placing split calvarial bone
grafts underneath the area of concern (“touch up”).

The mean age of patients at the time of surgery in our
series was 13 months (range 8—28 months). Although our
institution’s policy is to perform correction of unilateral
coronal plagiocephaly when the patient is between 6 and
12 months of age, the timing of surgery was affected by
the age of the patient at the time of referral, cancellations
due to patient sickness (upper airway respiratory infec-
tions, for example), and/or scheduling issues. Performing
surgery at ages less than 6 months is associated with very
soft calvarial bone that may not be strong enough to with-
stand the desired hypercorrection. Cranial vault remodel-
ing, performed at ages older than 16 months, could be as-
sociated with the persistence of calvarial bone defects due
to decreased osteogenic potential of the dura. Additionally,
advance age at the time of the operation may be associated
with development of elevated intracranial pressure and
subsequent developmental delays.*3* Although 2 of our
patients required reoperation for management of persistent
calvarial bone defects, both patients underwent surgery at
12 months of age. Review of patient charts showed that no
patient in our series developed clinical signs of elevated
intracranial pressure pre- or postoperatively per clinical
assessment and ophthalmological funduscopic assessment.
Neurological development after correction of unilateral
coronal synostosis with the hypercorrection surgical tech-
nique was not assessed in this study.

Traditional 2D clinical pre- and postoperative photo-
graphs were assessed to evaluate the position of the ipsi-
lateral supraorbital rim (vertical dystopia), shape of the ip-
silateral and contralateral forehead, presence of ipsilateral
temporal constriction, and degree of residual C-shaped
deformity in our study. Two-dimensional photographs
were evaluated using the expanded Whitaker scoring
system.> Two-dimensional photography has been widely
used and validated to evaluate the characteristics of cra-
niofacial malformations and to assess the effect of thera-
peutic surgical procedures in the correction of such condi-
tions 1310112232 Three-dimensional photography is a novel
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technology that allows us to capture a patient’s superficial
craniofacial anatomy in 3 dimensions.'*"* This revolution-
ary imaging technology has the potential of quantifying
volumetric changes of the facial soft tissues®!¢1 as well as
cranial vault volume.?* Three-dimensional photography
appears to be the ideal tool to assess and quantify the ef-
fect of surgical techniques in the correction of craniofacial
malformations such as unilateral coronal plagiocephaly.
Analysis and quantification of the effects of the hypercor-
rection surgical technique in the management of unilateral
coronal synostosis, particularly in the forehead, could not
be performed in our series because this technology was
not readily available for clinical use at the time the ma-
jority of the patients underwent preoperative photographic
documentation.

Our study did not include routine postoperative ra-
diographic evaluation (radiography or CT scanning) of
patients who underwent unicoronal plagiocephaly repair.
Our Children’s Hospital policy strongly encourages the
avoidance of radiation exposure in pediatric patients,
especially during the phase of rapid brain growth (from
birth up to 3 years of age).*”#2! This policy is welcomed
and practiced by our neurosurgery colleagues. Although
valuable information could be obtained from postopera-
tive CT scans to establish the potential structural causes
of unicoronal plagiocephaly surgical relapse,’ the un-
common and minor postsurgical deficiencies observed
with our hypercorrection surgical technique did not war-
rant routine evaluation of postoperative CT scans.

Multiple studies have suggested that the possible
cause of surgical relapse associated with surgical tech-
niques was the lack of overcorrection.!!'222 We posit that
the low incidence of relapse associated with our unicoro-
nal plagiocephaly hypercorrection technique is due to the
increased support of the hypercorrected bony framework
design, which functions to counter and resist the soft-
tissue recoil in patients with unicoronal plagiocephaly
(functional matrix theory).2-2>3

Conclusions

Our results suggest that the type of surgical technique
used in the correction of unilateral coronal synostosis
has a strong effect on the occurrence of postoperative re-
lapse. Our report demonstrates that patients who undergo
unicoronal plagiocephaly repair with a hypercorrection
surgical technique resisted long-term relapse and did not
require secondary surgical correction.
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Endoscope-assisted strip craniectomy and postoperative
helmet therapy for treatment of craniosynostosis

JoHN BERRY-CANDELARIO, M.D., M.P.H.,! EmMiLY B. RipGway, M.D.,2
RonaLp T. GRONDIN, M.D.,! GARY F. RoGERSs, M.D., J.D., M.B.A.,?
AND MARK R. PrROCTOR, M.D.!

Departments of 'Neurological Surgery and *Plastic and Reconstructive Surgery, Children’s Hospital Boston,
Harvard Medical School, Boston, Massachusetts

Object. The primary goals of treatment in the infant with craniosynostosis are to correct the deformity and allow
for adequate brain growth in as safe and effective a manner as possible. Herein, the authors present the results of treat-
ing craniosynostosis using an endoscope-assisted strip craniectomy and postoperative helmet therapy (EASC + PHT)
in the hopes of providing further evidence of its role in the treatment of multiple different forms of craniosynostosis.
This is a retrospective review of the patients treated with this technique at Children’s Hospital Boston.

Methods. The electronic medical records of all children with craniosynostosis treated using this technique were
reviewed retrospectively. A priori, data were collected for deformity type, patient age at surgery, number of transfu-
sions, operative time, length of hospital stay, and anthropometric measurements.

Results. One hundred seventy-three patients (61 females and 112 males) were treated at our institution between
July 2004 and March 2011 with EASC + PHT. The mean operative time was 46.30 minutes. Eight (4.6%) of the 173
patients received blood transfusions. The average length of hospital stay was 1.35 days, with the majority of patients
being discharged the day after surgery. All complications and any patient who required additional craniofacial recon-
structions are discussed. In addition, a subgroup analysis was done for patients who had undergone surgery and had
longer than 1 year of follow-up.

Conclusions. The authors’ growing database of patients supports the experiences described by others that early
treatment of craniosynostosis with an EASC + PHT is a safe and efficacious technique. In addition, cost reduction
due to decreased hospital stay and limitation of blood transfusions are demonstrable benefits associated with the use

of this technique. (DOI: 10.3171/2011.6 FOCUS1198)

Key Worps  ©
strip craniectomy

craniosynostosis

known as craniosynostosis, is a well-known cause

of deformational changes to the skull. It has an
estimated frequency of 0.4 of 1000 live births, with the
majority consisting of isolated single suture defects.® The
etiology of most cases is sporadic and not well estab-
lished, although there is a strong genetic component and
more than 70 identified syndromes. Early scientific inqui-
ry into this disease entity revealed several theories as to
its pathogenesis. Virchow?? first described the fundamen-
tal aberrant growth patterns, noting the “compensatory
growth” of the calvaria. Moss'? espoused the “fundamen-
tal matrix theory,” which stated that the active growth of

THE premature fusion of calvarial sutures, better

Abbreviations used in this paper: EASC + PHT = endoscope-
assisted strip craniectomy and postoperative helmet therapy; FOA
= frontoorbital advancement; HCP = head circumference percentile.
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the underlying brain dictated the passive cranial growth
along the suture lines. These theories, with the presump-
tion that prenatal abnormalities at the fused suture and/or
skull base are the cause of the deformity, represents the
foundation for early and minimally invasive approaches
using endoscope-assisted surgery with postoperative hel-
met therapies.

The advent of suturectomy began in the late 1800s
at a time when craniosynostosis had been recently recog-
nized as an entity that could lead to neurological dysfunc-
tion and cognitive comorbidities. Many of the surgeries
were likely performed for nonsynostotic microcephaly,
and there was an alarmingly high mortality rate asso-
ciated with the surgery, which resulted in it falling out
of favor.® This consequence marked the end of surgery
for craniosynostosis for more than 30 years. Variations
of these suturectomy techniques gradually resurfaced in
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the mid-1900s and became the standard treatment for cra-
niosynostosis for the next half century. The biggest limi-
tation of these methods was that they relied exclusively
on the brain growth to effect changes in cranial shape
and size. Consequently, outcomes were variable and of-
ten limited by early refusion at the craniectomy sites. At-
tempts to line the craniectomy defect with a foreign mate-
rial (for example, polyethylene film, Gore-Tex, and other
substances) to prevent refusion also failed to succeed.’

In the 1970s, Tessier?*?' introduced pioneering tech-
niques for treatment of craniosynostosis in which large
segments of the cranium were removed, remodeled, and
stabilized as the situation required. The limitations of su-
turectomy for advanced disease fueled these developments,
along with the discovery by Delashaw and colleagues* that
the major cause of the cranial deformity was compensatory
overgrowth at adjacent sutures. Thus, the desired changes
in shape and volume were established intraoperatively,
and the bony segments were fixed to maintain the cor-
rection. Because the postoperative cranial result was not
dependent on postoperative brain expansion, the outcomes
of these operations were more predictable than simple or
extended craniectomy procedures, and cranial remodeling
became the preferred operation for craniosynostosis. How-
ever, these techniques are associated with significant blood
loss, lengthy surgical times (3—8 hours) and hospital stays
(4-7 days), and often the need for postoperative intensive
care unit monitoring.”® Surgery is often delayed until the
infant is older (6—12 months) to limit operative morbid-
ity, but this allows the deformities to become more severe.
The reported complications of the cranial vault remodeling
procedures include inadequate calvarial shape correction,
improper skull reossification, palpable and visible defor-
mities and asymmetries, loosening of hardware, migration
of screws into the brain parenchyma through the dura, ex-
tensive blood losses, and problems associated with blood
transfusion reactions.'® Moreover, many specialists in the
field have noted both anecdotally and in published works
that even with large repairs, the growth patterns were not
normal over time, and there was reversion toward the orig-
inal dysmorphology.’ Therefore, the cosmetic results of
larger procedures are certainly not perfect.

In 1999, Barone and Jimenez? published the endo-
scopic approach for suturectomy followed by orthotic
therapy. In the first 10 cases, they noted a significant dif-
ference in blood loss and the need for transfusions, short-
er operative times and hospital stays, and decreased hos-
pital costs with the endoscopic approach than with con-
ventional cranial vault remodeling. They expanded their
indications to include coronal, metopic, and lambdoid
synostoses.”!® Other authors have supported the conclu-
sions of Barone and Jimenez."* For those who believe that
the era of suturectomy has already been tried and failed,
it is important to note the use of newer technologies in
achieving the result. The effectiveness of the surgery is
not simply in the release operation, but in the subsequent
redirection of skull growth through the use of external or-
thoses, springs, or distractor devices. Technologies have
changed, and dismissing the operation because it had a
high failure rate in the past is problematic.

This report describes the experience of a single sur-
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geon (M.R.P) using EASC + PHT to treat many forms of
craniosynostosis. In addition to demonstrating the effect
of this operation on cranial shape and volume, we catalog
the complications and limitations of this technique.

Methods

Patient Selection, Preoperative Imaging, and Anesthesia

Infants diagnosed with craniosynostosis who were
younger than 6 months of age were considered for the en-
doscopic approach. Extended discussions on the risks and
benefits of open and endoscopic approaches were under-
taken with the family. The minimally invasive approach
was considered appropriate for all infants younger than
3 months with single suture synostosis and older infants
only if they had mild deformity. At our institution, approx-
imately 50% of patients are young enough to be offered
endoscopic techniques (this percentage has been increas-
ing over time), and most families have elected to undergo
this surgery. The remaining patients undergo open surgery
at 8—10 months. We would generally not recommend the
endoscopic approach if the child had a significant defor-
mity and was older than 3 months of age. Although there
are no absolute guidelines on this, for sagittal synostosis
the threshold for endoscopic surgery in a child older than
3 months would generally be a cranial index greater than
0.66—0.68, also subjectively accounting for the more subtle
manifestations. For example, the typical saddle deformity
responds very well to endoscopic surgery even at older ages,
whereas severe frontal bossing and marked bathrocephaly
does not. For other synostoses, where objective criteria are
less available, the criteria are more difficult to distinguish
on an age-related basis. Very profound trigonocephaly in
older children and profound turricephaly in children with
bilateral coronal synostosis will likely not respond to endo-
scopic techniques at older ages. Similarly, profound asym-
metry in unilateral coronal synostosis is likely best treated
when the patient is younger than 3 months. In addition,
some patients with multiple suture synostoses were consid-
ered for endoscopic release, either as primary treatment or
to prevent significant progressive compensatory deformity,
with the expectation that another surgery might still be re-
quired in the future (that is, to prevent the development of
severe turribrachycephaly in children with bilateral coro-
nal synostosis). All infants had routine laboratory samples
drawn, and blood was crossmatched and available in the
operating room at the start of the case. Computed tomog-
raphy scans were not routinely obtained for single suture
synostosis, but they were acquired when it was thought
necessary to establish the diagnosis or guide surgical de-
cisions. For example, we would not perform endoscopic
surgery in a child with multisuture synostosis and multiple
bony erosions or irregularities on the endocortical surface,
as separating the dura from the bone becomes far more
complex. In general, endoscopic techniques are feasible
because the dura easily separates from the bone at a fused
suture, and if preoperative data would indicate that separa-
tion is not likely, one should probably not perform the case
in a minimally invasive fashion.

General endotracheal anesthesia was used, and 2
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intravenous catheter lines were inserted after induction.
Early in the series arterial lines were common, but as the
technique evolved, they were rarely used. No central lines
were used. Precordial Doppler ultrasonography was used
in all cases to assess for air embolism.

Positioning and Skin Preparation

For sagittal synostosis, the patients were placed prone
using a specialized head holder (DORO cranial stabiliza-
tion, Promed Instruments; Fig. 1) that kept the head ex-
tended, with the torso on chest rolls. For metopic or coro-
nal sutures, the patients were supine, and the head was
placed on a horseshoe headholder. For lambdoid synos-
tosis, the patient was kept prone with the head supported
on a horseshoe headholder. The scalp was prepared with
povidone-iodine solution, and the area of intended inci-
sion was infused with Marcaine 0.25% and epinephrine
1/200,000.

Incision and Subgaleal Dissection

The incisions were generally 1.5-2.5 cm in length and
all oriented perpendicular to the involved suture but varied
in number and location by suture type as follows: sagittal,
2 incisions in the midline, one just posterior to the coronal
sutures and the other at the junction of the lambdoids; me-
topic, 1 midline incision just posterior to the hairline; uni-
lateral and bilateral coronal, 1 incision at the midsuture(s);
and lambdoid, 2 incisions, one at the region of lambda and
the other at the inferior end of the suture.

Initial Craniectomy and Dural Dissection

After exposure of the suture, a bur hole was placed
directly over the affected suture. A Kerrison rongeur was
used to increase the diameter of the bur hole to 1 cm. The
periosteum was elevated off the overlying skull along the
direction of the suture. Finally, the endoscope was insert-
ed through the bur hole and the dura was dissected from
the overlying skull under direct visualization. The endo-
scope was used in all cases. In some instances, it did not
provide better visualization than direct inspection with
loupes, but it afforded excellent light and allowed the sur-
geon to transilluminate and see how far the dissection had

Fic. 1. Photograph of patient positioned in the DORO head holder.
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proceeded when performed in an operating room with the
ambient lights turned off. Since the dura is generally not
adherent at a fused suture, dissection was usually done in
a blunt fashion with the endoscope and suction. Emissary
veins were coagulated with bipolar cautery and divided.
Heavy scissors were then used to cut a 1- to 2-cm-wide
strip of bone centered on the affected suture, and the bone
was removed. (Early in the series, wider craniectomies
were performed, as well as barrel staving, but this was
believed to be unnecessary to achieve good results, and
bone removal has been minimized. Using a cadre of ob-
jective and subjective measures, we did not find that a
wider craniectomy improved results. In addition, a few
patients who received barrel staves developed bone callus
at the regions that were cut; therefore, this technique was
discontinued.) The callus regions remodeled over about 2
years. The wounds were irrigated, and Gelfoam (Pfizer,
Inc.) was placed over the craniectomy site. Bone edges
were not coagulated. The galea and skin were closed in
layers with absorbable sutures. A pressure dressing along
the craniectomy was applied for 12 hours.

Cranial Remolding Helmets

Within 1 week of the procedure, a cranial molding
helmet was fitted for the child. In our opinion, the design
and subsequent modifications of the helmet were critical
to the success of this procedure. One significant advantage
of the helmet, compared with other technologies such as
springs and distractors, is the ability to modify the skull
growth in 3 dimensions and to be adjustable over time in
all dimensions in reaction to actual skull growth. Thus,
there was close follow-up by an experienced certified or-
thotist and the craniofacial team. In general, each helmet
was designed and contoured to contact all areas of the in-
fant’s cranium except where growth was desirable. Good
orthotic fitting requires conceptualization of how cranial
growth in specified areas will correct the deformity over
time, and there can be a steep learning curve. Since the
shape changes are most pronounced early in treatment,
careful assessment and thoughtful adjustments were nec-
essary during the first 3—4 months. The helmet was dis-
continued once the desired phenotype was obtained or
when the infant reached 1 year of age. The cost of the
orthosis was, on average, $2200/helmet, including design
and all subsequent adjustments. Children needed either 1
or 2 helmets during the treatment period. In a separate de-
tailed analysis of costs, even adjusting for cost of helmets
and time lost from work for the families, we have seen a
substantial cost reduction using the minimally invasive
techniques. Comparing 10 patients treated with minimal-
ly invasive techniques and 10 patients treated with open
reconstruction, the total costs for endoscopic techniques
averaged 42% of the costs for open techniques.’

Follow-Up

As a rule, all of our patients are monitored until 6
years of age, when brain growth is essentially complete.
This is true for patients treated endoscopically and by open
techniques. In the results, we list separately the overall
group and those patients who have had more than 1 year
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of follow-up since completion of treatment (surgery and
helmeting).

Results

Between July 2004 and March 2011, 173 patients
were treated with endoscopic strip craniectomy by the
senior author (M.R.P.). There were 61 girls and 112 boys.
The frequency of involved suture(s) in descending order
was as follows: sagittal, 55.5% (96 patients); unilateral
coronal, 15.0% (26 patients); metopic, 13.9% (24 pa-
tients); bilateral coronal, 6.9% (12 patients); multisuture
other than bicoronal, 6.4% (11 patients); and lambdoid,
2.3% (4 patients) (Table 1). The average age at operation
was 2.9 months (range 0.79-7.75 months), with a median
age at operation of 2.89 months. The mean operative time
was 46.30 minutes (range 25.0-93.0 minutes). The mean
length of hospital stay was 1.35 days (range 1-3 days,
with 1 outlier at 23 days; this patient had multisuture
synostosis and significant cardiac abnormalities and re-
mained in the hospital for comorbidities). Three patients
with comorbid conditions required an overnight stay in
the intensive care unit. Eight patients (4.6%) required
perioperative blood transfusions. No absolute hematocrit
or hemoglobin nadir threshold dictated blood transfusion;
however, in the setting of hemodynamic instability and
decreasing hemoglobin and/or visible blood loss, a blood
transfusion was provided. The nadir was a hematocrit of
20%. There were no deaths. The mean follow-up from the
operative date was 3.99 years (Table 2).

In addition, we completed an in-depth analysis of the
series of the 111 patients who underwent at least 1 year
of follow-up, having thereby completing the treatment
protocol. This group of 111 is the subset that was closely
analyzed below. Among this subset, the PHT was typi-
cally completed in a mean of 7.78 = 2.55 months (range
2.37-21.55 months).

Patient Outcomes Varied by Fusion Type

Sagittal Synostosis. A total of 61 patients in this
group completed helmet therapy and have at least 1 year
of follow-up, and all 96 patients are monitored with regu-
lar follow-up. The mean duration of helmet therapy was
7.47 months. Patients experienced a 36.85% increase in
HCP. Cranial index, as measured by a single observer in
all cases (senior author [M.R.P.]), increased from a mean

TABLE 1: Distribution data in patients who underwent treatment
of craniosynostosis

Type of Synostosis No. of Patients (%)
sagittal 96 (55.5)
metopic 24 (13.9)
unilat coronal 26 (15.0)
bicoronal 12 (6.9)
lambdoid 4(2.3)
multisuture 11(6.4)
total 173 (100)

J. Berry-Candelario et al.

TABLE 2: Hospital course data in 173 patients*

Parameter Value

mean op duration in mins (range) 46.30 (25.0-93.0)
no. of transfusions (%) 8 (4.6)

mean LOS in days (range) 1.35(1.0-3.0)t
mean FU length from time of op in yrs (range) 3.99 (1.76-6.66)

* FU = follow-up; LOS = length of stay.
1 The value was calculated without the one outlier in the multisuture
group with cardiac anomalies.

of 0.69 = 0.04 preoperatively to 0.77 = 0.04 at the 1-year
follow-up and regressed to and stabilized at 0.76 + 0.03
for patients observed longer than 2 years (Fig. 2). Multi-
variate regression analysis demonstrated that age at sur-
gery (p =0.0005) was an independent variable for change
in cranial index and increase in HCP. Overall, there was
uniformly excellent cosmetic correction (Table 3). Com-
plications included 1 incisional abscess requiring admis-
sion for incision and drainage but no long-term antibiotics
and 1 sagittal suture refusion and 2 cases of additional su-
ture fusion, all 3 of which required open cranial vault re-
modeling. Among those patients still undergoing helmet
therapy, there were no complications, and surveillance of
follow-up data indicates similar improvements in cranial
index and HCP as those patients who have completed
therapy.

Unilateral Coronal Synostosis. Twenty patients com-
pleted helmet therapy and have longer than 1 year of
follow-up, and all 26 patients are monitored with regular
follow-up. Eleven of the patients had a left-sided fusion.
Helmet therapy lasted an average of 9.19 months. Patients
experienced a 12.14% mean increase in HCP. Cranial
asymmetry decreased from a mean of 8 mm (range 6—10
mm) to 3.7 mm (range 1-6 mm) (Fig. 3). There was excel-
lent correction of nasal root deviation, facial asymmetry,
and orbital dystopia with a trend toward reduced associ-
ated ophthalmological findings (for example, astigmatism
and ocular torticollis)® and good to excellent improve-

Fic. 2. Preorthotic (left) and postorthotic (right) laser scanning re-
port documenting the change in head shape and improvement in cranial
index in an infant with sagittal synostosis.
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TABLE 3: Postoperative clinic outcomes following completion of surgical and helmet therapy*

Mean + SD
Length of Helmet
Type of Synostosis Length of FU (yrs)  Therapy (mos) Preop HCP Postop HCP Change in HCP (%)
bilat coronal (9 patients) 2.21+0.79 8.63 + 1.58 11.31+£1.14 22.84 £23.27 11.06 £ 24.58
lambdoid (3 patients) 1.86 + 1.61 543 +1.68 23.33+20.0 5317 £ 46.30 29.83 £ 27.51
metopic (11 patients) 1.01£0.69 720 £2.52 46.45+2533  74.21+£25.37 27.75+19.08
unilat coronal (20 patients) 2.09+148 919 +4.05 3114 £ 2711 50.56 + 28.84 1214 £ 17.64
sagittal (61 patients) 2.34+0.94 747 £1.93 5710 £3216  93.60 +22.06 36.85+33.23

total (104 patients)

* Includes 111 patients who have 1 year of follow-up since completion of treatment. Seven multisuture patients who have com-

pleted therapy are not shown.

ment of forehead symmetry. Although the forehead sym-
metry was slightly inferior to traditional FOA at 1 year,
it continued to improve at each consecutive annual visit.
We have analyzed the findings in unilateral coronal syn-
ostosis using 3D photogrammetry. Comparing children
who had undergone endoscopic versus open techniques,
we found statistically significant improvement in facial
symmetry in the minimally invasive group and nonsig-
nificant differences in forehead symmetry at a mean age
of 2.8 years (unpublished data, 2009). Two patients had
persistent deformity for which FOA was recommended.
Another patient experienced a small dural tear requiring
a larger than average craniectomy at the time of surgery
and had a persistent skull defect, which required cra-
nioplasty repaired through the original 1.5-cm incision.
Three patients (12%) were diagnosed with Saethre-Chot-
zen syndrome. One of these patients is currently undergo-
ing helmet therapy. The second patient experienced fu-
sion of the sagittal suture at approximately 2 years of age.
He has not developed elevated intracranial pressure and
is being observed at this time. The third patient has not
had any complications since completing helmet therapy
(Table 3).

Bilateral Coronal Synostosis. Nine patients completed
helmet therapy, and all 12 patients are monitored with reg-
ular follow-up. One patient has been diagnosed with Pfei-

Fic. 3. Preorthotic (left) and postorthotic (right) laser scanning re-
port documenting the change in head shape in an infant with unilateral
coronal synostosis.
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ffer syndrome (FGFRI mutation), and another has been
diagnosed with Apert syndrome. For those who have com-
pleted treatment, helmet therapy lasted an average of 8.63
months. These patients experienced a mean change in HCP
of 11.06% and a mean maximum decrease in cranial in-
dex of —0.08 (mean preoperative cranial index 0.94 [range
0.84-1.0] and mean postoperative cranial index 0.86 [range
0.81-0.91]) (Fig. 4). Turribrachycephaly was well corrected
and forehead projection improved, although the improve-
ment appeared to be less dramatic than with traditional
FOA. These are subjective assessments, and we have not
correlated them to objective data. Two patients experienced
refusion of the coronal sutures, as well as additional su-
tures, with the sagittal suture in one patient and sagittal and
metopic sutures in the other. Both cases were heralded by
a falloff in head circumference, and required open cranial
vault remodeling. On genetic evaluation, one of the patients
was later diagnosed with Saethre-Chotzen syndrome. The
genetic workup of the second patient with refusion was
negative for TWIST, and FGFR1,2, and 3. All other patient
genetic evaluations were negative (Table 3).

Metopic Synostosis. Eleven patients completed hel-
met therapy, and all 24 patients are monitored with regular
follow-up. For those who had completed helmet therapy,
the average duration of helmet therapy was 7.20 months.
Patients experienced a mean increase of 27.75% in head
circumference profile. The midline ridge was very effec-
tively treated and paramidline ridges, although slow to

Fic. 4. Preorthotic (left) and postorthotic (right) laser scanning re-
port documenting the change in head shape in an infant with bilateral
coronal synostosis.



resolve, did improve with time (Fig. 5). The correction of
superolateral orbital rim retrusion was not consistent in
our assessment, and subjectively we believed that FOA
offers a superior lateral brow projection. There was no
adequate way to document these discrepancies, as we did
not routinely obtain images in the child. Interestingly,
families tended to be very happy with the results and no
revisions were performed or are pending (Table 3). All
genetic evaluations were negative. One of the patients de-
veloped a postoperative wound infection and was treated
with surgical debridement but no long-term antibiotics.

Lambdoid Synostosis. Three patients received hel-
met therapy that lasted an average of 5.43 months, and all
4 patients are monitored with regular follow-up. Patients
experienced a mean increase of 29.83% in HCP. Cranial
asymmetry decreased from a mean of 6.5 mm (range 67
mm) to a mean of 2 mm (range 1-2 mm). There was an
excellent reduction of the windswept appearance and oc-
cipital asymmetry. In our subjective opinion, the results
appeared better than those achieved with open posterior
calvarial vault remodeling, which often seems inadequate
in correcting this windswept appearance. There were no
good objective measures to assess the outcomes, but we
believed that they more than rivaled the larger operations
(Table 3). No revisions were performed or are pending.
No Chiari malformations were present.

Multisuture Synostosis. Eleven patients had more than
1 fused suture. Three were unable to complete primary hel-
met therapy due to refusion of the treated suture (1 patient)
and/or fusion of additional sutures (2 patients). In these
cases, the reclosure was heralded by a falloff in the HCP.
One of these patients was later diagnosed with Crouzon
syndrome. Genetic anomalies but no syndromes have been
found for the remaining patients who experienced refusion.
These 3 patients underwent formal cranial vault expansion/
remodeling. In addition, 1 patient with sagittal and unilat-
eral coronal synostosis had persistent deformity despite
no refusion or additional fusion; FOA was recommended.
Seven patients had good results and no complications. An
eighth patient is currently undergoing helmet therapy and
is being monitored with regular follow-up.

Discussion

This report confirms prior reports that EASC + PHT
allows safe, early treatment of craniosynostosis and re-
sults in improvement in cranial shape and head circum-
ference in most patients.>*!° Based on available anthro-
pometric measurements and the subjective assessment of
our craniofacial team, the shape correction was excellent
in patients with sagittal and lambdoid synostosis, good in
those with unilateral and bilateral coronal synostosis, and
more variable for metopic synostosis. All patients also
had a significant increase in HCP after release.

Our data also support the findings of other authors
that the most important determinants of success after
EASC + PHT is the age at which the suturectomy is done
and the compliance with the PHT. We observed that in
the subgroup of patients with sagittal synostosis, im-
provement in shape and HCP was inversely correlated
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Fic. 5. Preorthotic (left) and postorthotic (right) laser scanning report
documents the change in head shape in an infant with metopic synosto-
sis.

with the age at which the procedure was done. This result
is not unexpected given the mechanism by which EASC
+ PHT works. Because correction is achieved by care-
fully directed 3D brain expansion, the process is more
efficient in younger infants who have the fastest rate and
greatest potential for cerebral expansion. Ingraham and
colleagues’ noted that age at the time of suturectomy
played a significant role in the long-term outcome. They
attributed poor outcomes to either a delay in surgery or
surgical procedures that did not adequately free the in-
volved bones or maintain their separation for an adequate
length of time."7 Ingraham et al’” and Shillito and Mat-
son'® recommended that treatment for synostosis occur at
4—6 weeks of age to allow for maximum growth to occur.
Similarly, Jimenez and colleagues®!® reported that their
best results were obtained when patients were referred
very early in life. Their conclusions were that the best
time to perform this procedure is at or before 3 months
of age. It is our recommendation that suturectomy be
performed as early as possible, balancing factors such as
general infant health and weight, but ideally at or slightly
before 3 months.

In our view, surgery alone is not adequate, and the
other critical component to the success of EASC + PHT is
compliant use of a well-designed orthosis. This is philo-
sophically how the procedure is different from the strip
craniectomy procedures of years past, and it appears to be
a primary determinant of outcome. Although the utility
of the helmet after this procedure has been questioned,
in our experience, failure to guide the cranial expansion
with an external orthotic is a principal reason for poor or
under-correction. For the most part, we saw reversion of
the deformity if the helmet was discontinued too early
and inadequate results in the few children with poor hel-
met design or compliance. Conversely, a well-designed
helmet really allowed for excellent correction in multiple
planes of growth. By controlling growth in most areas,
the orthotic acts by focusing most or all of the cranial
growth in the areas where it is needed. Thus, the brain
becomes a very effective internal distractor. Without a
guiding orthotic device, expansion occurs in all direc-
tions and the correction is less complete. Jimenez and col-
leagues®! advocated continuing helmet-molding therapy
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until 1 year of age to prevent reversion. They reported that
given cranial growth dynamics, once the patients have
obtained normocephaly at 12 months, the shape will be
maintained thereafter.’ It has been our practice to main-
tain helmet-molding therapy until 1 year of age or until
normocephaly has been achieved and maintained on se-
rial examination. Our data do demonstrate a small regres-
sion from maximal cranial index in patients with sagittal
synostosis, most noticeably in the 2nd year of life. Con-
sequently, we now maintain the helmet until the cranial
index is greater than 0.8, or until 1 year of age. Relapse
has also been observed in patients with sagittal synosto-
sis patients treated with open cranial vault remodeling.
Fearon and colleagues® observed 132 patients for 3—11
years postoperatively (mean follow-up time 4.7 years) and
documented initial overcorrection of cephalic index fol-
lowed by an overall regression of cranial index. They also
reported a diminished capacity for head circumference
growth; patients had head circumferences significantly
above normal preoperatively that decreased to less than
1 standard deviation over the mean. They concluded that
there is an overall deficiency in skull growth either as a
result of the operative intervention or from inherent os-
seous undergrowth related to the craniosynostosis. The
very slight relapse we observed in our patients suggests
that the former explanation is more accurate.

One advantage of early treatment with suturectomy
is that it prevents secondary deformity. Numerous inves-
tigators have demonstrated that many of the characteristic
features associated with craniosynostosis occur because
the growth of distant patent sutures is affected by the cra-
nial fusion.!®!7! For example, patients with bilateral coro-
nal synostosis often develop secondary turribrachycepha-
ly in early infancy in response to limited anterior cranial
expansion. Once established, this can be very difficult to
treat surgically. Some groups now recommend perform-
ing an early posterior release in children with bilateral
coronal synostosis simply to avoid the development of
turribrachycephaly (unpublished data, 2009). In our ex-
perience, early suturectomy in patients with bilateral cor-
onal synostosis prevents the development of significant
turribrachycephaly as the brain can expand anteriorly.

In addition to preventing progressive secondary defor-
mity, we have also noted that early release can also allow
normalization of facial and orbital asymmetry in patients
with unilateral coronal synostosis. Whereas frontoorbital
advancement improves forehead and anterior orbital asym-
metry, this procedure does little to improve facial asym-
metry or ocular abnormalities inherent in this condition.
Oh and coworkers'> used 3D photogrammetry to document
persistent facial asymmetry in older patients (mean age 14
years) with unilateral coronal synostosis who had under-
gone frontoorbital advancement in infancy. Becker and
colleagues® reported similar findings using serial CT scans.
Thus, the correction of frontofacial deformity in patients
managed with FOA is inherently incomplete. This realiza-
tion was in large part responsible for our early willingness
to consider EASC + PHT. Impressed by the substantial
facial symmetry in patients with unilateral coronal synos-
tosis who were treated with EASC + PHT by Jimenez and
colleagues,>®!° we began to offer this technique to patients
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with unilateral coronal synostosis in 2004. Consistent with
our current protocol, families were advised of the possible
need for conventional open cranial remodeling procedure
in the event that EASC + PHT failed to produce the de-
sired outcome. However, in a retrospective review using
objective and subjective measurements, our observations
of the original results of Jimenez and colleagues were cor-
rect. Using 3D photogrammetry, we recently demonstrated
that EASC + PHT and FOA resulted in similar forehead
correction, but the former technique yielded markedly bet-
ter mid- and lower facial symmetry (see Results, Unilat-
eral Coronal Synostosis). Similarly, we found that children
with unilateral coronal synostosis managed with EASC +
PHT had significantly less severe V-pattern strabismus and
excyclotorsion than age-matched controls who had under-
gone FOA. Not a single patient in our endoscopic group
has required strabismus surgery, whereas almost 60% of
children with unilateral coronal synostosis undergoing
standard FOA have persistent strabismus for which surgery
is recommended. Therefore, even in the unlikely event that
early release failed to gain acceptable cosmetic correction
and a secondary open procedure was required, the marked
reduction in ocular findings and improved facial symmetry
argue for considering this technique."?

Like any operative or medical treatment, EASC +
PHT can fail if the management is poorly executed. This is
well illustrated by the case report of Kohan et al.,'! wherein
they described a pair of twins with sagittal synostosis, one
managed by reverse pi procedure and the other by endo-
scopic release with helmet therapy. They found a post-
treatment cranial index of 0.77 in the child managed with
cranial vault remodeling and a posttreatment cranial index
of 0.63 in the child managed by EASC + PHT."! Although
the authors chose to interpret this isolated example as evi-
dence that the EASC + PHT procedure does not work, our
uniformly good results with this procedure in patients with
sagittal synostosis, as well as many other reports found in
the literature, would suggest that this unfortunate outcome
was more likely the result of inadequate surgery, poor
compliance with helmet therapy, or inadequate duration of
helmet therapy. We ascribe the success of our program to
careful and consistent follow-up of the patients and very
close collaboration and communication with the orthotist.
It is particularly important to ensure that the orthotist un-
derstands which areas of the calvaria are to be contained
(that is, limit growth) and which areas are to be allowed
to grow freely. The location and extent of the release will
largely determine the success of the correction. During the
first years of our program, we routinely saw patients ev-
ery 2-3 weeks postoperatively to ensure that the orthotic
was fitted and contoured appropriately. As our orthotists
became more experienced, the frequency was relaxed. In
our opinion, lack of attention to the postoperative orthotic
management is the main reason why some surgeons report
seeing patients with poor correction following this proce-
dure. Regarding the case report by Kohan et al.,!'' anecdot-
ally, our group has treated siblings with sagittal synostosis,
one treated with open surgery and the other treated 3 years
later with endoscopic surgery followed by helmet therapy.
Although both had an acceptable outcome, the cranial in-
dex results were better in the child treated with EASC +
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PHT and the family far preferred the minimally invasive
treatment. Given the limited conclusions that can be drawn
from such an isolated comparison, we elected not to report
this.

Limitations of the Study

Similar to essentially all available studies of surgical
technique in the craniofacial literature, our study is limited
by it being a retrospective review of a technique with no
control group. There was no attempt at randomization, es-
pecially as we became more convinced of the efficacy and
safety of the minimally invasive techniques. Although we
can examine historical controls within our group and the
literature, we do not have a direct control group, nor does
any other study in the literature. Moreover, the literature
and the field are hampered by the lack of objective data by
which to interpret and compare results. Even the most ob-
jective of our data points, head circumference and cranial
index, are often considered poor surrogates by others in the
field. In fact, many senior craniofacial experts have argued
at national and international meetings that the results in
craniofacial surgery are subjective and should not be held
to objective standards, and clearly the field is limited by
this lack of a firm benchmark. Where available, including
the 3D photogrammetry study and the formal ocular stud-
ies for unilateral coronal synostosis, we have tried to objec-
tify the data in a fairly subjective field.

Conclusions

As technology has evolved, minimally invasive proce-
dures have grown in popularity in all surgical fields. Gall
bladders and colons are removed via laparoscopy, cerebral
aneurysms are treated via transarterial embolization, and
robots are used in fields such as urology. It is therefore no
surprise that the field of craniofacial surgery has seen a
similar evolution. For any of these technologies to be ad-
opted, the minimally invasive techniques need to show
similar safety and efficacy profiles to the standard open
procedures. Not surprisingly, there is often reluctance to
accept the newer technologies as equivalent or superior.
Our experience with EASC + PHT demonstrates the over-
all safely and efficacy of this treatment. The treatment is
inherently different from what many craniofacial experts
consider the failed era of strip craniectomy surgery, be-
cause newer technologies substantially change the skull
growth patterns after surgery, and refusion of the skull be-
fore the correction is achieved is extremely unlikely. In our
opinion, and based on a series of objective and subjective
criteria, for single suture synostosis, the results can rival or
exceed those produced by larger open cranial expansion
techniques. The need for revision surgery due to refusion
of the operated suture or fusion of other adjacent sutures
was higher in children with multisuture synostosis. Fail-
ure of shape to improve or a sustained decrease in HCP
should alert the physician to this possibility and additional
CT scanning is advised. Overall, minimally invasive endo-
scopic suturectomy offers an excellent alternative to tradi-
tional open approaches and should be considered an option
for children diagnosed prior to 3 months of age.
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Intracranial hypertension in 2 cases of craniometaphyseal
dysplasia: differing surgical options

Monica RiveEro-Garvia, M.D., PH.D., F. JAviER MARQUEZ-R1vAS, M.D., Pu.D.,
ANTONIA GARCiA-IGLESIAS, M.D., AND RAQUEL GUTIERREZ-GONZALEZ, M.D., PH.D.

Pediatric Neurosurgical Unit, Department of Neurosurgery, Hospital Universitario Virgen del Rocio, Seville,
Spain

Craniometaphyseal dysplasia (CMD) is a very rare bone disorder characterized by abnormally developed me-
taphyses in long bones and sclerosis of the craniofacial bones. In this paper, the authors report 2 cases of children
diagnosed with CMD and chronic intracranial hypertension with deletion in exon 9 of the human ANK gene (ANKH).
After intracranial monitoring, a different treatment was chosen for each patient. One of the patients was treated us-
ing CSF shunting because ventriculomegaly in the absence of a Chiari malformation was also observed on cerebral
MR imaging. The other patient underwent cranial expansion and decompressive craniotomy of the posterior fossa,
because ventriculomegaly was excluded after cerebral MR imaging and cervical MR imaging showed a Chiari mal-
formation Type I. The origin of intracranial hypertension in CMD is multifactorial. Previous intracranial pressure
monitoring and a thorough understanding of neuroimaging studies are essential to achieve an accurate diagnosis and

effective treatment. (DOI: 10.3171/2011 4. FOCUS1126)

Key Worps  ©
craniometaphyseal dysplasia °

transmitted bone disorder characterized by abnor-
mal development of the metaphyses in long bones
and sclerosis and hyperostosis of the craniofacial bones.
Other rare bone disorders with similar clinical and radio-
logical features are metaphyseal dysplasia (Pyle disease),
frontometaphyseal dysplasia, and craniodiaphysial dys-
plasia.!#3
Diffuse sclerosis of skull bones can lead to cranial
nerve compression that may eventually result in severe
visual and neurological impairment, such as facial palsy
and hearing loss. Signs of intracranial hypertension may
be the result of jugular foramen stenosis together with
hyperostosis of the cranial vault and compression of the
superior sagittal sinus.>-® We present 2 rare cases of intra-
cranial hypertension of multifactorial origin treated using
different therapies.

CRANIOMETAPHYSEAL dysplasia is a rare genetically

Summary of Cases

In this paper we present 2 patients with CMD who
were treated at the Department of Pediatric Neurosur-
gery of Virgen del Rocio Hospital in Seville, Spain.
Both patients showed distinctive craniofacial features of

Abbreviation used in this paper: CMD = craniometaphyseal
dysplasia.
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Chiari malformation
hydrocephalus

e craniofacial remodeling °
intracranial hypertension

CMD: wide nasal bridge, secondary dystopia canthorum,
and scaphocephaly. They also reported progressive loss
of bilateral vision and hearing due to cranial nerve com-
pression.

Plain radiographs of these patients revealed abnor-
mal development and osteopenia of the metaphyses in the
long bones (Fig. 1), as well as multiple diaphyseal and
skull base scleroses. Computed tomography scans of the
head demonstrated thickening of the diploe and sclerosis
of the skull base. A 3D cranial CT scan obtained later
also demonstrated dolichocephaly and severe stenosis of
the skull base foramina (Fig. 2). However, the evolution
of the clinical course and cerebral MR imaging findings
necessitated a different treatment for each patient.

Case Reports
Case 1

This patient was a 9-year-old girl and a carrier of a
mutation in the ANKH gene (position 1192 of the CCT
in exon 9). She presented with a cephalic perimeter of
35 cm at birth (< 90th percentile); 7 months later, her ce-
phalic perimeter had increased by 3.5 standard deviations
to 45.5 cm.

A cranial 3D CT scan also demonstrated dolichoceph-
aly and severe stenosis of the skull base foramina (Fig. 2
left). Ventriculomegaly in the absence of periventricular lu-
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Fic. 1. Case 2. Plain radiograph revealing abnormal development
and osteopenia of the metaphyses in the long bones as well as multiple
diaphyseal scleroses.

cencies was also observed on cerebral MR imaging with-
out Chiari malformation Type I (Fig. 3A and B). A bilateral
auditory prosthesis was required due to progressive loss
hearing.
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Fic. 2. Case 1 (left) and Case 2 (right). Computed tomography
scans of the skull showing thickening of the diploe, dolichocephaly,
sclerosis of the skull base, and severe stenosis of the skull base foram-
ina in both cases.

Intracranial pressure monitoring was performed by
means of external ventricular drainage after the patient
experienced referred continuous headache and loss of vi-
sual acuity. Intracranial hypertension was then confirmed
and controlled using a ventriculoperitoneal shunt when
the patient was 4 years old, and the right optic foram-
ina were drilled widely to achieve decompression using a
supraciliary approach. Overdrainage complications were
documented and successfully corrected when the previ-
ously placed valve was replaced by a programmable valve
with an extra fluid flow control device. After surgical in-
tervention, visual acuity improved. At present, the patient
shows normal neurological and psychomotor develop-
ment for her age.

Case 2

This 6-year-old boy presented with headache and bi-
lateral loss of visual acuity, which was progressive and
became more intense. Intracranial pressure monitoring
was performed using an epidural sensor. Continuous
sleep recording confirmed a basal intracranial pressure
value > 25 cm H,O and a high incidence of B-waves (>
20%), which led us to perform anterior and middle cra-
nial fossa decompression.

Ventriculomegaly was excluded after reviewing ce-
rebral MR imaging results, which showed bone remod-
eling and sagittal suture diastasis due to extremely high
pressure of the superior sagittal sinus (Fig. 3C). Cerebral
MR angiography showed an abnormal venous drainage
pattern from the superior sagittal sinus into dilated sub-
cutaneous veins (mimicking sinus pericranii), explained
by the increasing pressure and size of the superior sagit-
tal sinus and the jugular venous outflow resistance (Fig.
4). Cervical MR imaging showed a Chiari malformation
Type L.

We performed cranial vault expansion using multiple
and bilateral osteotomies in the frontal, parietal, and tem-
poral bones, as well as orbital bar advancement and su-
perior sagittal sinus decompression. Optic foramina were
drilled widely to achieve optic nerve decompression. Sev-
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Fic. 3. Magnetic resonance images from the 2 cases.  A: Axial image showing ventriculomegaly in the absence of periven-
tricular lucencies in Case 1. B: Sagittal image demonstrating no Chiari malformation in Case 1.  C: Sagittal image in Case
2 showing the skull with digitiform projections and the superior sagittal sinus protruding through the sagittal suture, as well as a

Chiari malformation.

eral dural tears were observed during the surgical pro-
cedure as a result of dural digitiform projections on the
bone caused by chronic intracranial hypertension.

After surgery, supratentorial intracranial pressure
normalized and ventricle size increased slightly (Fig. 5
left). However, basal cisterns remained collapsed on the
follow-up cranial CT scan. Five days after surgery, a CSF
leak appeared. In view of these events, we proceeded with
surgical decompression of the posterior fossa to solve the
foramen magnum obstruction caused by the presence of
a Chiari malformation (Fig. 5 right). The patient under-
went lumboperitoneal shunt placement in a third surgical
intervention. He was finally discharged home when the
initial headache resolved, supratentorial intracranial pres-
sure registry returned to normal values, and the CSF leak
disappeared.

Discussion

Craniometaphyseal dysplasia, or leontiasis, is a rare
bone disorder that affects normal bone synthesis and re-
sorption. A thorough genetic study must be performed
to obtain an accurate diagnosis of this disorder, because
it may be confused with other pathological entities such
as Pyle disease, metaphyseal dysplasia, Gaucher disease,
Niemann-Pick disease, or fibrous dysplasia. There are 2
types of CMD that are distinguished by their pattern of
inheritance. These 2 types are known as the autosomal
dominant and autosomal recessive types. Autosomal re-
cessive CMD is typically more severe than the autosomal
dominant form, although in single cases it may be almost
impossible to distinguish the real pattern one is facing.*

Mutations have been found in the human ankylosis
gene (ANKH) for autosomal dominant CMD and some
simplex cases. The phenotypic severity (expressivity) in
autosomal dominant CMD is variable even among af-
fected members of the same family. Penetrance is close
to 100% in both sexes. Males and females are equally
affected.’

Mutations located in cytoplasmic domains close to
the C terminus of the ANKH gene were identified for the
autosomal dominant form of CMD. The ANK gene is pro-
posed to act as a pyrophosphate transporter to channel
intracellular pyrophosphate into the extracellular matrix.
Extracellular pyrophosphate transporter in a physiologi-
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cal concentration acts as a potent inhibitor of mineraliza-
tion. Low concentrations of extracellular pyrophosphate
transporter lead to excess hydroxyapatite deposition,
while supersaturation of extracellular pyrophosphate
transporter promotes calcium pyrophosphate dehydrate
crystal formation. On the other hand, pyrophosphate is
a major component and a promoter of hydroxyapatite
formation. A tightly controlled balance between extra-
cellular pyrophosphate and extracellular pyrophosphate
transporter is required to maintain normal bone mineral
content. Homeostasis of pyrophosphate/pyrophosphate
transporter is primarily maintained by the concerted ac-
tivities of ANK and other regulators: plasma cell mem-
brane glycoprotein 1, a protein encoded by Enppl, which
generates pyrophosphate transporter from extracellular
and intracellular nucleoside triphosphate; and TNAP, a
protein encoded by Tnap, which hydrolyzes the extracel-
lular pyrophosphate transporter to generate pyrophos-
phate. Deficiency of any of these 3 proteins can lead to
mineral-related pathological conditions in bone.?

Progressive sclerosis of the skull base causes steno-
sis of cranial foramina and cranial nerve compression
that may result in hearing loss, loss of visual acuity, or
impaired deglutition. In the cases reported in this paper,
the initial symptom in both patients was progressive neu-
rosensorial deafness accompanied by severely impaired
visual acuity. Optic foramina were decompressed, unilat-
erally in Case 1 and bilaterally in Case 2.

Sclerosis of the cranial vault may lead to an abnormal
increase in the cephalic perimeter or even dolichocephal-
ic morphology. An increase in the cranial vault thickness
may result in extremely high pressure of the dural sinuses
and thus an increase in intracranial pressure.

In the first case reported in this paper, the patient
presented with progressive lateral and third ventricle size
increases while the posterior fossa remained unaltered. In
view of these findings, we decided to place a ventriculo-
peritoneal shunt device.’

In the second case, the ventricles were normal in size,
the skull showed digitiform projections, and the superior
sagittal sinus protruded through the sagittal suture with
anomalous cutaneous drainage veins, mimicking sinus
pericranii; possibly this extracranial venous drainage re-
duces venous pressure within the longitudinal sinus, and
resorption of CSF is not altered; therefore, ventricular
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Fic. 4. Case 2. Magnetic resonance angiography showing an abnor-
mal venous drainage pattern from the superior sagittal sinus into dilated
subcutaneous veins (upper), mimicking sinus pericranii shown in the
photograph (lower).
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Fic. 5. Case 2. Three-dimensional cranial CT scans showing bilat-
eral osteotomies in frontal, parietal, and temporal bones, orbital bar ad-
vancement, and superior sagittal sinus decompression (left), as well as
surgical decompression of the posterior fossa (right).

size may be normal. The patient also presented with
Chiari malformation Type 1.27 As a result of all these
events, the origin of hypertension became multifactorial
and the treatment became more complex: an increase in
skull thickness and dolichocephalic morphology caused
cranioencephalic disproportion, diminution in the skull
foramina diameter (including the jugular foramen), and
resistance to venous return. As a result, superior sagittal
sinus pressure increased, as later confirmed on cerebral
MR angiography. In view of these events, we decided to
perform internal cranial expansion to release the superior
sagittal sinus and both optic foramina. However, the result
of this procedure was determined to not be effective, be-
cause CSF flow obstruction at the foramen magnum was
also present. Diffuse bone sclerosis and diminution of the
posterior fossa diameter led to the Chiari malformation,
explaining the disturbances observed in CSF flow. At that
point, posterior fossa expansion was achieved, as well as
resection of the arch of C-1 (Fig. 5). After this second
surgical intervention, the ventricles increased in size but
the CSF leak remained. Consequently, a lumboperitoneal
shunt was placed. At discharge from the hospital, the ven-
tricles were bigger in size than in previous studies as a
result of surgical cranial expansions, which led to an in-
crease in intracranial capacity and diminution of venous
congestion, and resulted in the disappearance of diffuse
brain edema and improvement in cerebral compliance.

Intracranial findings determined surgical treatment
in each case. In Case 1, a shunt was placed because there
was hydrocephalus without a Chiari malformation; in
Case 2, with decreased intracranial volume, small ven-
tricles, Chiari malformation Type I, and intracranial hy-
pertension, the chosen treatment was whole cranial vault
expansion in 2 phases (frontoorbital advancement and
suboccipital decompression; Fig. 5).

Despite presenting with the same pathological entity,
patients who suffer from CMD and chronic intracranial
hypertension may manifest a wide variety of signs and
symptoms that can be managed by means of different
therapies, varying from shunt placement to cranial ex-
pansion.
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Molecular signaling in pathogenesis of craniosynostosis:
the role of fibroblast growth factor and transforming growth
factor—f3
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AND ARUN K. Gosain, M.D.!
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The interplay of signals between dura mater, suture mesenchyme, and brain is essential in determining the fate
of cranial sutures and the pathogenesis of premature suture fusion leading to craniosynostosis. At the forefront of
research into suture fusion is the role of fibroblast growth factor and transforming growth factor—3, which have been
found to be critical in the cell-signaling cascade involved in aberrant suture fusion. In this review, the authors discuss
recent and ongoing research into the role of fibroblast growth factor and transforming growth factor—f3 in the etio-
pathogenesis of craniosynostosis. (DOI: 10.3171/2011.5 FOCUS1197)
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complex process involving the interplay of multi-

ple signaling pathways, which results in premature
and aberrant fusion of cranial sutures. Ongoing research
in recent years has shown that most important among
these pathways are those involving signaling mediated by
fibroblast growth factor (FGF) and transforming growth
factor (TGF)—. In this review, we discuss the role of ge-
netic mutations in the pathogenesis of craniosynostosis as
well as recent and ongoing research into the physiologi-
cal basis of normal and premature suture fusion mediated
by FGF and TGF-f signaling.

REGULATION of suture fusion in craniosynostosis is a

Fibroblast Growth Factor Receptor Signaling
Genetics of FGFR Signaling

Fibroblast growth factor receptor (FGFR) signal-
ing has been shown to be vital in many areas of skeletal
development, with mutations in various craniosynosto-
sis and dwarfism syndromes mapped to genes encoding
for the extracellular domain, transmembrane domain,
or tyrosine kinase domain of FGFRs.** The majority
of these mutations are gain-of-function mutations, sug-
gesting a role for FGFRs in normal regulation of bone
growth.

Abbreviations used in this paper: FGF = fibroblast growth factor;
FGFR = FGF receptor; TGF = transforming growth factor.
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The 4 FGFRs (1-4) are part of a larger family of
single-pass transmembrane tyrosine kinase receptors,
with binding of FGF to FGFR in the presence of hepa-
ran sulfate proteoglycan as a cofactor leading to receptor
dimerization at the cell surface and subsequent autophos-
phorylation that leads to phosphorylation of downstream
signaling proteins.

FGFR?2 is the most common receptor wherein mu-
tations have been associated with craniosynostosis
syndromes (Table 1). Crouzon syndrome was initially
mapped to chromosome 10, position 10q25-26, in 1994
and linked to mutations in FGFR2.4475 Most of these
mutations lead to creation or destruction of cysteine resi-
dues. Other craniosynostosis syndromes subsequently
linked to FGFR2 mutations include Apert syndrome,’
Pfeiffer syndrome,””# Jackson-Weiss syndrome,?”’ Ant-
ley-Bixler syndrome,* and Beare-Stevenson cutis gyrata
syndrome.*® In Crouzon, Apert, and Pfeiffer syndromes,
de novo mutations have been shown to arise only on the
paternal chromosome.”* Interestingly, advanced paternal
age was noted as a risk factor for mutations leading to
Crouzon and Pfeiffer syndrome,’ suggesting that older
men either accumulate or are more susceptible to a num-
ber of germline mutations.

Mutations in FGFR1 and FGFR3 have also been
linked with craniosynostosis syndromes. Mutations in
FGFRI have been associated with Pfeiffer syndrome,?”!
while FGFR3 mutations have been linked with Crouzon
syndrome with acanthosis nigricans® and with Muenke

1
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TABLE 1: Fibroblast growth factor receptor subtypes and synonyms associated with common syndromic

craniosynostosis

Subtype Synonyms

Syndromic Craniosynostoses

FGFR1 basic fibroblast growth factor receptor 1, Flg protein, N-

Pfeiffer syndrome

SAM, OGD, HBGFR, fms-related tyrosine kinase 2, FLT-

2,CD331, CEK

FGFR2 Bek, K-Sam, CEK3, CFD1, BFR-1, CD332, ECT1, hydroxya- Crouzon syndrome, Apert syndrome, Pfeiffer syndrome,

ryl-protein kinase, JWS, keratinocyte growth factor re-

ceptor, soluble FGFR4 variant 4, TK14, TK25

Jackson-Weiss syndrome, Antley-Bixler syndrome,
Beare-Stevenson cutis gyrata syndrome

FGFR3 Sam 3 protein, heparin-binding growth factor receptor, Mfr3  Crouzon w/ acanthosis nigricans, Muenke syndrome

syndrome.*> The C749G (Pro250Arg) mutation in the gene
for FGFR3 has also been attributed as a frequent cause of
nonsyndromic coronal synostosis.? While a number of
mutations in FGFR1, FGFR2, and FGFR3 have been as-
sociated with craniosynostosis, analysis of FGFR4 showed
that this receptor was unlikely to contribute significantly to
craniosynostosis in humans.?

A large number of mutations (more than 50, mostly
missense mutations) have been identified in FGFR, which
all lead via different mechanisms to gain-of-receptor
function. These functions include constitutive activation
of the receptor in a ligand-independent fashion or loss of
ligand specificity, allowing the FGFR to be activated by
splice variants, which do not normally have this function.
Most mutations in FGFR2 localize to just 2 exons (Illa
and IIlc), confirming the Igllla/Illc region as a mutation
hotspot."”

Loss of ligand specificity of FGFR2 has serious im-
plications. Tissue-specific alternative mRNA splicing of
FGFR?2 normally creates 2 receptor isoforms, FGFR2b
and FGFR2c, with specific ligand-binding properties.
FGFR2b expression is restricted to epithelial lineages,
with only FGF7 and FGF10 being able to activate FG-
FR2b.” FGFR2c expression is normally restricted to
mesenchymal lineages, with FGF2, FGF4, FGF6, FGFS,
and FGF9 being specific for FGFR2c.* This specificity
of ligand binding allows directional epithelial-mesenchy-
mal signaling to occur during organogenesis and limb
development. Loss of ligand-binding specificity toward
different FGF isoforms may lead to varying severity of
limb abnormalities. An example of loss of ligand spec-
ificity of FGFR2 was shown for Apert syndrome, with
the S252W mutation allowing the mesenchymal splice
form of FGFR2 (FGFR2c) to bind FGF7 and FGF10.%°
It is thought that limb abnormalities in Apert syndrome
result from autocrine activation of FGFR2c by FGF7 or
FGF10." Hence, inability to bind FGF7 in other FGFR
mutations for other craniosynostosis syndromes such as
FGFR1 and FGFR3 mutations resulting in Pfeiffer and
Muenke syndrome may explain mild limb pathology as
opposed to Apert syndrome.!'

Mechanisms of Action Leading to Suture Fusion

Development of cranial sutures is highly reliant on
cross-talk between different FGFRs, resulting in a bal-
ance between osteogenic cell proliferation and differen-
tiation. At 6 weeks of development in human embryos,

2

FGFR1 and FGFR2 are found in mesenchyme of the cra-
nial vault, while FGFR3 is almost undetectable. Later in
development, all three FGFR2s are coexpressed in pre-
osteoblasts around osteoid and in osteoblasts forming
mineralizing tissue.” Signaling mediated through FGFR1
appears to regulate osteogenic differentiation, while sig-
naling mediated through FGFR2 regulates stem cell pro-
liferation.'®* FGFR3 could play a cooperative role during
the process of cranial suture development.

The exact mechanism by which mutations in FGFR
result in aberrant suture fusion is as yet unclear. In vitro
studies have shown that under different culture conditions
FGF signaling leads to either increased osteoblast dif-
ferentiation?? or decreased osteoblast differentiation with
subsequent apoptosis.”> One mechanism is suggested by
a study focused on analysis of gene expression profiles,
where downregulation of a number of Wnt target genes
with simultaneous induction of the transcription factor
Sox2 was found in osteoblasts expressing FGFR2-activat-
ing mutations as well as in osteoblasts treated with exog-
enous FGF.2* Wnt signaling has been shown to promote
osteoblast differentiation and function,* while Sox has
been shown to interfere with Wnt signaling.' Wnt signals
also cooperate with bone morphogenetic proteins to induce
osteoblast differentiation. Hence, a block in Wnt signaling
induced by FGF might result in decreased osteoblast dif-
ferentiation with subsequent apoptosis.?®

Other pathways have been implicated in pathogenesis
of abnormal suture fusion downstream of FGFR. Nog-
gin, an antagonist of bone morphogenetic proteins, has
been found to be expressed in suture mesenchyme of pat-
ent but not fusing cranial sutures, with noggin expression
suppressed by FGF2 and syndromic FGFR signaling.>
Hence, syndromic FGFR-mediated craniosynostosis may
result from inappropriate downregulation of noggin ex-
pression. Epidermal growth factor receptor (EGFR) and
platelet-derived growth factor (PDGF)-a receptor expres-
sion were also recently found to be increased downstream
of FGFR2 through activation of PKC-a—dependent AP-1
transcriptional activity in Apert craniosynostosis.”” FGF2/
FGEFR signaling has also been shown to upregulate expres-
sion of the pyrophosphate generating enzyme (PC-1) and
pyrophosphate channel (ANK), leading to increased min-
eralization of osteoblastic cells in culture.”” Clearly, a num-
ber of mechanisms must be responsible for downstream
signaling of FGFR to result in the craniosynostosis phe-
notype. However, at present, there is insufficient evidence
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to implicate one as a dominant mechanism of action in the
pathogenesis of craniosynostosis.

Twist is a transcription factor that acts upstream of
FGFR and has also been implicated in the pathogenesis of
Saethre-Chotzen syndrome, with localization of a genetic
mutation to the short arm of chromosome 7.> Mutations
resulting in altered protein-DNA binding lead to loss of
protein function. Twist underexpression has been shown
to result in differentiation of osteoblasts and premature
fusion of sutures in a murine model.? Increased osteo-
blast and osteocyte apoptosis has been found in coronal
sutures of patients with Saethre-Chotzen syndrome,*® an
effect of Twist haploinsufficiency resulting in increased
TNF-o expression and caspase-2 activation. Mechanisms
of action by which Twist regulates FGFR expression in-
clude one in which Twist interacts with NF-«kf} to control
FGFR expression> and also one in which Twist directly
interacts with histone acetyltransferase p300/CBP, result-
ing in negative regulation of FGFR3 expression.!?

Another transcription factor that may act upstream of
FGFR signaling is muscle segment homeobox 2 (MSX2),
which has been implicated in Boston-type craniosynos-
tosis.> MSX2 appears to maintain preosteoblastic cells
of the osteogenic front in an undifferentiated condition
and to stimulate proliferation. MSX2 mutation and over-
expression in humans leads to premature suture fusion by
increasing the pool of osteogenic cells.?!

Transforming Growth Factor—f} Signaling

Transforming growth factor-p consists of a super-
family of growth factors, 3 of which have been found to
be relevant in cranial suture fusion and craniosynosto-
sis. These growth factors include TGF-fB1, TGF-p2, and
TGF-P3. They exert downstream effects through binding
to cell surface receptors with a single transmembrane do-
main and intracellular serine-threonine kinase domain.®
These receptors are divided into types I and II. Typically,
TGF-Bs bind to TGF- receptor 11, which recruits TGF-f3
receptor I through phosphorylation, with subsequent acti-
vation of downstream cascades.

Different isoforms of TGF-f} are upregulated to vary-
ing extents in patent and fused sutures. In rat models of
suture fusion using the posterior frontal suture (the only
suture that fuses physiologically), TGF-f1 and particu-
larly TGF-B2 expression was upregulated.?*#® In contrast,
TGF-p3 was found to be associated with patent sutures.*
In a rabbit craniosynostotic model, a similar pattern was
seen, with TGF-P2 significantly upregulated in the osteo-
genic front, dura mater, and periosteum of synostosed su-
tures compared with other isoforms.**

One mechanism postulated for regulation of suture
fusion is by individual isoforms modulating access of
other isoforms to cell surface receptor sites. TGF-31, 32,
and (3 all use the same cell surface receptors yet inter-
estingly have opposite effects of suture patency and cell
proliferation in the suture. TGF-pB3, being a more potent
competitor than TGF-f2 for binding to cell surface recep-
tors, was found to bind and downregulate the number of
TGF-f receptor I-positive cells in a rat suture model,*
suggesting that TGF-B3 could regulate tissue responsive-
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ness to TGF-B2 by modulating access of TGF-$2 to re-
ceptors.

A model has been proposed for downstream regu-
lation of suture fusion whereby TGF-B2 induces suture
closure through phosphorylation of Erk1/2 (Fig. 1).* This
effect is both direct and indirect, with indirect effects in-
volving boosting Erk1/2 protein expression and inhibit-
ing Smad?2/3 protein expression. Smad2/3, conversely, has
been associated with suture patency. As Erk1/2 is also a
substrate for FGFR signaling, upregulation of Erk1/2 may
also result in facilitation of FGFR-induced suture fusion.
The importance of Erk1/2 in TGF-f2-mediated suture
fusion has demonstrated in a study where TGF-f32-me-
diated suture closure and cell proliferation were nearly
completely inhibited by an Erk blocker, PD98059.%

The primacy of the TGF-p2 isoform in regulating su-
ture fusion has been shown in studies in which treatment
with TGF-B2 neutralizing antibodies inhibited postop-
erative resynostosis and enhanced growth of the cranial
vault following surgical removal of the coronal suture in
a craniosynostotic rabbit model.*** In TGF-f2 knockout
mice, there was calvarial bone dysgenesis and sutural
agenesis in addition to cardiac, lung, limb, eye, spinal col-
umn, and urogenital defects.® There was no phenotypic
overlap with TGF-p1 and TGF-p3 null mice, suggesting
that noncompensated functions are mediated through in-
dividual TGF-f isoforms.

The mechanisms by which TGF-s regulate suture
patency are becoming clearer from ongoing research. In
the rodent model, the posterior frontal suture fuses dur-
ing skeletal development, whereas all other cranial sutures
remain patent. Using this model, alteration of normal cra-
nial suture development has been achieved by manipulat-
ing TGF-P signaling in the tissues adjacent to the devel-
oping suture.®® Dura mater has been found to be essential
in mediating suture fusion, likely through cellular mecha-
nisms* involving paracrine signaling mediated by FGF-2
and TGF-f1,"'2 among other cytokines. A model® was
proposed whereby approaching bone fronts secrete vari-
ous growth factors to induce formation of a cranial suture.
Once the bone fronts overlap, a signal arising from dura
mater maintains patency of the newly formed suture. Upon
stabilization of the suture, suture mesenchyme signals un-
derlying dura mater not to produce osteogenic signals and
maintains the suture in a patent state. A balance between
TGF-p1 and TGF-p3, which likely secrete inductive or sta-
bilizing suture signals, and TGF-p2, which secretes osteo-
genic signals promoting recruitment of osteoblasts and os-
teogenesis at the bone fronts, is essential for normal suture
morphogenesis. These signals allow cranial vault growth
to be coordinated with growth of the underlying brain.
Therefore, an imbalance between the different TGF-f iso-
mers would result in craniosynostosis. Promising work has
been done to demonstrate that TGF-f1 levels can be ma-
nipulated in vitro using short interfering RNA, which may
provide a mechanism by which suture development can be
modulated nonsurgically in the future.!12

Conclusions

Craniosynostosis is a condition that has significant
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Fic. 1. Model of TGF-B2 signaling in sutures. TGF-B2 regulates suture patency and fusion through phosphorylation of Erk 1/2
and Smad2 proteins. Solid lines indicate proven signaling events and the dashed line indicates predicted signaling events based
on this model. Reproduced with permission from Opperman LA, Fernandez CR, So S, Rawlins JT: Erkl/2 signaling is required for

Tgf-beta 2-induced suture closure. Dev Dyn 235:1292-1299, 2006.

impact on the practice of neurological and craniofacial
surgery. Advances in research have led to valuable in-
sights into the critical role of FGFR- and TGF-f—-medi-
ated signaling in the pathogenesis of premature suture
fusion. Normal suture fusion is dependent on a complex
signaling cascade that can be disrupted by a large num-
ber of genetic mutations or perturbations in cell signaling.
The present review has focused on cytokine regulation of
suture fusion; however, many other mechanisms for su-
tural fusion and patency have been proposed, including
increased apoptosis observed in patent sutures' and the
potential for force-induced craniosynostosis secondary
to events in utero.”> Understanding how growth factors
influence suture fusion allows development of new thera-
pies for treatment.
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