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Abstract
Introduction Rates of neurocognitive risk range from
35–50% of school-aged children with isolated single
suture craniosynostosis (SSC). It has been hypothesized
that early surgical intervention to release suture fusion
reduces risk for increased intracranial pressure (ICP) and
the corresponding risk to neurodevelopment. However,

studies assessing children with SSC have been inconsis-
tent in finding an association between neurocognitive
development, age of surgery, and ICP.
Review SSC produces notable distortion of the cranial vault
and underlying brain mass. Although a linear relationship
between skull distortion, ICP, and neurocognitive deficits
has generally been assumed, recent studies have postulated
an interactive process between the skull and developing
brain that results in neuroanatomical changes that are not
limited to areas directly beneath the fused suture. The
specific neuropsychological deficits identified in children
with SSC including problems with attention and planning,
processing speed, visual spatial skills, language, reading,
and spelling may be related to the anatomic differences that
persist after correction of suture fusion.
Conclusions Available literature on neurocognitive develop-
ment of children with SSC is suggestive of mild but
persistent neuropsychological deficits, which become more
significant as cognitive demands increase at school age.
Anatomical studies of children without SSC are beginning to
identify particular groups of brain structures that if disrupted
or malformed, may be associated with specific cognitive
deficits. Controlled research investigating the relationship
between persistent anatomical changes and neurocognitive
functioning of school-aged children with SSC is needed.
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Introduction

In recent years, there has been considerable discussion
regarding the neurodevelopment of children with single
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suture craniosynostosis (SSC). Much of this dialogue has
centered on the timing and relationship of reconstructive
surgery to increased cranial pressure and ultimately, neuro-
cognitive outcomes. However, as of present, there is little
evidence supporting the contribution of these factors to
neurodevelopment, and testable hypotheses regarding the
links among these variables have yet to be clearly
developed. In this paper, we focus on these issues, first by
briefly providing an overview of SSC and its etiology,
treatment, and effects on neuroanatomy. Next, we review
studies of the neuropsychological correlates of SSC. We
conclude by offering tentative hypotheses about the
neuropsychological outcomes of the different suture
fusions.

Overview of SSC

SSC refers to an isolated premature fusion of one cranial
suture: the metopic, sagittal, and right or left coronal and
right or left lambdoid. The overall incidence of SSC is
approximately 1 in 2,000 live births, although estimates vary
[29, 108, 112]. Sagittal synostosis is most common with an
incidence of 1 in 5,000 live births, whereas lambdoid is least
common with an incidence of 1 in 200,000 [29]. Metopic
synostosis occurs at a rate of approximately 1 in 15,000 and
unilateral coronal at a rate of 1 in 11,000 [29].

Specific types of SSC result in clinically recognizable
characteristic skull malformations (Fig. 1). Premature

synostosis of the sagittal suture results in an increased
sagittal growth at the expense of its transverse width with
varying degrees of occipital and frontal prominence
clinically described as scapholcephaly. With the premature
closure of the metopic suture, the normal growth of the
frontal cranial vault is restricted with secondary compensa-
tory growth of the parietal width, resulting in trigono-
cephaly. The central metopic ridge is characterized with a
constriction of the lateral aspect of the frontal bones. The
lateral supraorbital rims are recessed with elevation of the
medial orbital roof. Unilateral coronal synostosis results in
anterior plagiocephaly with restricted forward growth of the
anterior cranial vault on the affected side. The frontal bone
and orbital rim are recessed with elevation of the lateral
orbital roof on the involved side, compensatory prominence
of the frontal bone on the uninvolved side, and a temporal
prominence on the ipsilateral side. Additionally, the
asymmetry ultimately affects the facial development with
deviation of the nasal axis and differential in the zygomatic
arch lengths. Posterior synostotic plagiocephaly that occurs
with lambdoid synostosis is characterized by the flattening
of the occipital bone and prominence of the mastoid bone
on the involved side. Compensatory growth then occurs in
the occipital and parietal regions of the uninvolved side
resulting in a trapezoidal-shaped cranial vault [30, 42, 118].
Historically, skull radiography [49] and computerized to-
mography (CT) [70, 123, 124] have been used to confirm a
clinically derived diagnosis of SSC; however, recently, some
researchers have suggested that the various synostoses can

Fig. 1 Representative CT scans
showing location of premature
suture fusions for sagittal,
metopic, left unilateral
coronal, and left lambdoid
craniosynostosis
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be reliably diagnosed with physical exam alone, thus
minimizing radiation exposure to infants [2, 24].

Etiology The etiology of SSC is variable. Basic science
research has identified multiple potential causes of suture
closure including biomechanical, environmental, vascular,
hormonal, and genetic. It is likely that there is more than
one mechanism involved [30]. Fetal head constraint has
been postulated as a cause of some cases of SSC,
particularly in the case of multiple births [51, 52, 54].
There have been few epidemiologic studies on cranio-
synostosis; however, there are some evidences relating
maternal smoking and maternal exposure to nitrosatable
drugs to craniosynostosis [3, 4, 47, 48, 56, 64, 86]. The
majority of the cases of SSC are non-familial, and
mutations have been identified infrequently in individuals
with isolated synostosis who have no other medical
problems. Coronal synostosis (bilateral more often than
unilateral) has been associated with a known mutation, most
often involving FGFR3 and Twist and has a familial rate of 6
to 11% [29, 83]. Metopic synostosis has a familial rate of
approximately 5.6%, whereas the rate for sagittal is 6%.
Metopic synostosis, in conjunction with other problems, has
been associated with several chromosomal abnormalities
[73]. Until recently, however, no mutations had been
identified for isolated metopic or sagittal synostosis [72,
73]. In 2000, Kress et al. [71] identified an unusual FGFR1
mutation in a girl with an isolated metopic synostosis. More
recently, Seto et al. [104] identified a Twist1 mutation in a
boy with isolated sagittal synostosis.

Surgical treatment The primary goal in surgical manage-
ment of SSC is to allow normal cranial vault development to
occur by removing the growth restriction caused by the
particular fused suture. The cranial volume triples within the
first year of life, and rapid growth continues until age 3 as it
begins to decelerate until age 6 when the cranial vault
reaches 90% of its adult size. Without surgical intervention,
the deformity progressively worsens until growth is com-
plete [70]. Thus, early surgical release of the fused suture is
critical to restore the normal growth pattern of the cranial
vault directed by early brain development and to minimize
the secondary compensatory development of the craniofacial
structures that is abnormal [77, 78]. In general, the surgical
outcome from a morphologic perspective is excellent in
SSC, with the need for revision surgery minimal in contrast
to multi-sutural synostosis and syndromic cases. Historically,
surgery has evolved from limited strip craniectomy to
increasingly more extensive cranio-orbital surgery to im-
prove morphologic outcome. However, it should be empha-
sized that comparative studies that evaluate morphologic
appearance with normal unaffected population are limited.
Studies that do exist have almost exclusively focused on

measurement of the cranial index [11, 65, 87] or cranial
volume changes for sagittal synostosis [93], with subjective
judgment in many of the other SSC suffering from
methodological errors [78].

Although surgical intervention for morphologic reasons
alone is clear, surgical intervention for minimization of
cognitive deficits, which may result from constricted brain
growth as a result of abnormal cranial vault development, is
unclear. The assumption is that intracranial pressure (ICP)
increases with restricted cranial growth and, in turn,
adversely influences mental development [9, 94, 95, 114].
Although this is likely in multi-sutural synostosis, with
SSC, the patency of the remaining sutures in theory should
allow ‘decompression’ of any increased pressure. Whether
there is a localized increase in pressure in the region of the
fused suture in SSC and whether it can be decompressed
globally remains unknown. Thus, at this time, surgical
intervention on morphologic grounds remains the only
absolute indication.

Hypothesized effects on brain structure SSC produces
notable distortion of the cranial vault and underlying brain
mass. Restricted intracranial volume due to constriction on
skull growth has been described frequently [20], but there
are also data suggesting that brain volume in these cases
is within [92] or exceeds [93] normal limits. These
discrepancies may relate to measurement issues as well as
to non-existent or poor normative data [20].

Brain shape is also important to consider because it is
independent of volume, and the shape of brain structures (and
the spatial relations among them) provide information about
neural organization [5]. Historically, researchers have be-
lieved that the structure of the brain was normal in SSC, with
the component parts present but misshapen. With that in
mind, the major goal of cranial remodeling has been to
restore the normal anatomy of the cranial vault, with the
expectation that the shape of the brain would then also
normalize [96]. This view of normal morphology in SSC has
been held in sharp contrast to the well-known structural
brain anomalies associated with multi-suture craniosynosto-
sis such as ventriculomegaly, Chiari malformation, corpus
callosum abnormalities, and abnormalities of the septum
pellucidum [28, 96]. However, recent studies using CT and
magnetic resonance imaging (MRI) scanning technology
have identified morphologic differences between the brains
of healthy children and those with SSC. Patients with
metopic synostosis have been found to display frontal
subdural space distention, corpus callosum anomalies,
abnormally small frontal lobes, and widened precentral sulci
[18, 78]. Evidence of Chiari malformation in children with
metopic ridging has been presented [122]. The CT analysis
of SSC has revealed enlargement of the subarachnoid space
in the areas of compensatory bone expansion likely due to

Childs Nerv Syst (2007) 23:269–281 271



constriction in the area of fusion and compensatory fluid
shift [25]. The MRI has identified cortical and subcortical
differences in the relative location of brain structures in
children with SSC not limited to areas under the fused
sutures [5–7]. Furthermore, although the linear distances
between and among brain structures were altered after
corrective surgery, these relations were still abnormal in
comparison to individuals without craniosynostosis.

Neurocognitive issues: theoretical considerations

The idea that single suture fusions might compromise
neuropsychological functions, including global intelligence
(IQ), has been discussed for many years [8, 16, 95].
Historically, the association between SSC and neurodevelop-
ment has been conceptualized as a linear pathway in which
suture fusion leads to abnormal brain development, creating
measurable deficits in neuropsychological functions [114].
Two factors have been most often cited as the causal links
between SSC and impaired function: (1) elevated ICP
with hypovascularity [94, 96] and (2) secondary cerebral
deformation resulting from brain growth in an abnormally
shaped skull [44].

Current reviews suggest that the incidence of clinically
significant increases in ICP for infants with SSC ranged
from about 4 to 20% [19, 119]. Recently, there is evidence
that increased ICP is more likely to occur in children with a
diagnosed FGFR3P250R mutation [121]. However, these
findings are complicated by the fact that there is no
universally agreed upon scale for determining “normal”
versus “abnormal” ICP in children. In addition, there is a
lack of consistency in the methods for assessing ICP
(see [19, 119] for reviews), which makes interpretation of
the available data extremely difficult. The few studies of
SSC that have included measures of both ICP and neuro-
developmental status have failed to find reliable associa-
tions between the two [9, 50]. Pinpointing the correlation
between ICP and neurodevelopment is complicated by the
fact that ICP seems to fluctuate with age, independent of
any surgical effect that may exist. For example, there is
evidence that ICP levels in children with SSC decrease with
advancing age, possibly due to accommodations in the
brain including cerebral atrophy [20, 61, 94]. Animal
models also suggest that a decrease in ICP with age may
be related to cerebral atrophy [43].

There has been little study of the secondary cerebral
deformation hypothesis. As noted above, preliminary
evidence using MRI suggests that SSC is associated with
cerebral dysmorphology [6], although the direction of
causality between skull and brain is unclear [97]. Aldridge
et al. [6, 7] found that the shape of the brain did mirror the

general shape of the skull in each of the SSC conditions;
however, they also found that dysmorphology was not
limited to areas directly under the fused suture, occurring as
well in structures deep within the cortex. The significant
localized differences in the distances between major cortical
and subcortical brain structures were reasonably consistent
within suture type but varied among the three types of SSC
evaluated (metopic, sagittal, and right unilateral coronal).
Although this line of research did not examine neuro-
development, it is theoretically possible that abnormally
long or short distances between major brain structures
could cause small perturbations in cortical connectivity,
eventually producing functional changes in the way the brain
processes information. Indeed, evidence from cognitive
neuroscience research suggests that small variations in neural
organization can lead, over time, to significant changes in
cognitive functioning [27, 80, 84].

In summary, the potential mediating effects of ICP and
secondary cerebral deformity on the link between SCC and
neurodevelopment are largely theoretical at this stage of
research. Given this uncertainty, it is important to consider
another possibility: SSC and its expected neuropsychological
deficits may both stem from a primary malformation of the
brain rather than—or in addition to—secondary deformation
[69]. If this were true, suture fusion may serve as an
indicator of neurodevelopmental concern but may have
fewer direct effects on neurodevelopment.

Research on neurobehavioral outcomes

Speltz et al. [114] reviewed 17 studies examining the
neuropsychological status of infants, children, and/or
adolescents with SSC completed between 1972 and 2003.
The majority of children in these studies demonstrated
global developmental or IQ scores within the normal range.
However, approximately 35 to 40% of assessed cases
demonstrated some types of adverse neurodevelopmental
outcome such as a learning disability, language impairment,
or a less precisely defined “behavioral or cognitive
abnormality” [66, 76, 107]. These data suggest that SSC
is associated with a three to fivefold increase in risk for
cognitive or motor deficits or learning/language disabilities.
No particular suture among those studied (sagittal, metopic,
and left or right unilateral coronal) was associated with
relatively higher risk of problems, although such compar-
isons were typically limited by the very small numbers of
cases in all diagnostic categories except sagittal. Among the
several quasi-experimental studies of cranioplastic surgery
reviewed by Speltz et al. [114], there was little evidence
that surgery either prevented or reduced risk of neuro-
behavioral impairment. The authors concluded that the
level of risk for neuropsychological problems among
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infants with SCC warranted routine neurodevelopmental
screening in the interest of early identification and
prevention.

Since the Speltz et al. [114] review, an additional eight
studies addressing neurodevelopmental functioning have
been published, five involving infants and three examining
school-aged children (see Table 1 for a summary of these
studies).

Infancy studies In US studies of SSC, the most widely used
standardized test of infancy development is the Bayley
exam, specifically the Bayley scales of infant development,
first edition (BSID-I [12]) and second edition (BSID-II
[13]). Both editions yield norms for a mental development
index (MDI), which primarily represents the infant’s
problem-solving skills (as well as verbal/vocal and fine-
motor behaviors required to solve such problems), and a
psychomotor development index (PDI), which targets a
range of gross and fine motor abilities.

Three of the infant studies published since Speltz et al.
[114] lacked control groups and therefore compared the
BSID scores of SSC cases with published test norms. Using
the BSID-II, Cohen et al. [31] examined 22 infants with
SSC before surgical correction and 15 of the same infants
after surgery (about half were sagittal cases and the
remainder were metopic and unilateral coronal). These
investigators found that more than half of their SSC cases
had MDI and PDI scores within the mildly to severely
delayed categories of development when tested before
surgery (64 and 55%, respectively). There was little change
in performance after surgery (67 and 40% showed delayed
functioning on the MDI and PDI scales, respectively).
Warschausky et al. [125] examined 22 infants with isolated
metopic synostosis before surgery using the BSID-I or II
MDI. Average MDI scores in this study were within the
normal range. Scores were positively correlated with
maternal education but unrelated to perinatal risk factors,
infant age when tested, and severity of frontal stenosis
[125].

Kapp-Simon et al. [67] reported data on the first 100
infant cases of SSC enrolled in a prospective longitudinal
study that will eventually recruit 250 cases and an equal
number of controls. Among these 100 participants were
49 sagittal, 24 metopic, 18 unilateral coronal, and 9
lambdoid cases, ranging from about 2 to 30 months of age
(Mean=7.3 months). The infants were assessed using the
BSID-II MDI and PDI scales as well as the preschool
language scale-3 expressive and receptive scales. On all
measures given, infants with SSC had scores significantly
lower than test norms, a finding that was unaffected by
diagnostic subgroup. MDI scores were two thirds of a
standard deviation below average and PDI scores more than
a full standard deviation below the normative mean.

Contrary to the maternal education finding reported by
Warschausky et al. [125], test scores were unrelated to
maternal intelligence (measured by an IQ test) and family
socioeconomic status (including parents’ level of education).

The comparisons in the foregoing three studies of test
scores with test norms are typical of research in this area,
given the relative absence of control groups. This is a
questionable strategy, as cases drawn from clinical pro-
grams may differ substantially from the samples used to
develop test norms. Moreover, test norms may become
invalid over time due to changes in population character-
istics and/or environmental factors that affect the assess-
ment of development [46]. The Bayley [13] and other
standardized infant tests may be particularly vulnerable to
this effect as a result of the American Academy of
Pediatrics’ Back to Sleep campaign [1]. Several investi-
gators have documented transitory motor delays in other-
wise typically developing infants who were positioned
frequently in supine for sleep [35, 39, 62]. Test norms for
instruments developed before Back to Sleep—including
both the BSID I and II—may therefore lead to inaccurate
comparative impressions about the developmental status of
infants with SSC and other index groups. For example, the
developmental delays suggested by Cohen et al. [31] and
Kapp-Simon et al. [67] could in part reflect the comparison
of SSC data with norms established before the advent of
Back to Sleep.

This possibility is supported by more recent data from
Speltz et al. [115] who compared a larger number of cases
from the same longitudinal sample with 125 case-matched
healthy infants (62 infants with sagittal, 27 with metopic, 28
with unilateral coronal, and 8 with lambdoid). Statistically
significant differences favoring the control group were found
on both MDI and PDI scores, but average scores for both
cases and controls were below BSID test norms: Cases were
about two thirds of a standard deviation (MDI) to a full
standard deviation below test norms (PDI), whereas controls
were about one third to half a standard deviation below
norms for the MDI and PDI, respectively. When compared
with test norms, BSID-II motor scores appeared to be more
affected by SSC in the Kapp-Simon et al. [67] study than the
magnitude of the case–control group differences obtained by
Speltz et al. [115].

Several other infant studies [15, 31, 36, 88] have reported
that SSC samples performed significantly worse than
normative data on the psychomotor scale of the BSID. In
recent studies of infants without other medical problems who
were positioned frequently in supine for sleep, motor delays
on the BSID present at 7 months were no longer evident at
15 months of age [35, 39]. The long-term significance of the
clinically small but statistically significant group differences
in development reported by Speltz et al. [115] remains
uncertain.
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The Bellew et al. [15] infant study conducted in Great
Britain used the Griffiths mental development scales
(GMDS), which was published in 1986 before Back to
Sleep. The Bellew et al. study also included an unaffected
control group at the initial assessment. Twenty-eight infants
with sagittal synostosis scheduled for surgery were com-
pared to 28 unaffected controls [group matched by age and
socioeconomic status (SES)] as well as to a group of older
children with sagittal synostosis who did not have surgical
correction. Follow-up GMDS data (7 months post-surgery)
were also reported for some of the children from the two
sagittal groups but not the control group. Among the five
subscales of the GMDS, only the gross motor scale
(locomotor scale) revealed differences between matched
cases and controls before surgery. Post-surgery scores for
sagittal cases showed significant improvement in average
GMDS scores, driven primarily by improving motor scale
scores. Mean motor scores for the “no surgery” sagittal
group were 99 and 100, respectively, at the two assessments,
which was an insignificant change; however, infants in the
“no surgery” group were old enough at initial assessment
(time 1, mean age=26 months) so that the development lags
potentially associated with “back to sleep” would no longer
have been evident.

Studies involving older children, adolescents, and young
adults Boltshauser et al. [17] assessed 30 individuals with
ages 2.5 to 25.5 years (mean=9.25 years), all with
unoperated sagittal synostosis. Seventeen siblings were
used as controls. There were no differences in intelligence
between the cases and siblings, and scores for both groups
were higher than norms. Despite high average intelligence,
neuropsychological processing deficits were evident in 40%
of cases for selective and sustained attention, with smaller
proportions displaying deficits in processing speed and tasks
assessing learning, memory, or memory span. The siblings
also displayed a high rate of deficits on selective attention
and alertness. There were more frequent parental concerns
about emotional adjustment and behavior problems among
the cases than in the siblings, although self-reported quality
of life was similar in the two groups. The results of this
study are difficult to interpret, given the very broad ages of
the individuals examined, the possibility of parental report
bias, and the fact that not all tests could be given to all
participants (because of age constraints). Moreover, the use
of siblings as a comparison group potentially controls for a
number of environmental influences such as family SES and
parenting style but introduces possible bias due to the high
inheritability of many types of learning disabilities [90].

Using a similar neuropsychological battery as Boltshauser
et al. [17], Da Costa et al. [34] assessed 21 children and
adolescents with various nonsyndromic craniosynostoses
(including 18 with SSC) and compared their performance

with that of 13 cases with syndromic, multiple-suture
craniosynostosis. SSC cases had normal intelligence with
equivalent levels of performance on verbal and nonverbal IQ
subtests. SSC scores were significantly higher on average
than children with syndromic craniosynostosis. However,
both groups showed lower-than-expected performance of
tasks assessing sustained attention, visual–spatial planning
ability, and planning/problem solving; all are skills associated
with the frontal lobe. Neuropsychological processes that are
deficient across various levels of disorder severity (in this
case, syndromic, nonsyndromic, and SSC) and mental ability
may represent the ‘core deficits’ of the specific medical
condition [37]. Consistency of deficits across suture types
would add some credence to the hypothesis that SSC and
neuropsychological deficits may both stem from a primary
malformation of the brain raised earlier.

Becker et al. [14], using retrospective chart review,
examined speech, cognitive, and behavioral outcomes for
214 patients with nonsyndromic craniosynostosis (175 with
SSC). The majority of patients (96.7%) had undergone
calvarial surgery. “Abnormal functioning” was defined as
performance more than 1 SD below the normative mean on
the assessment instrument used. Forty-five percent of the
children were categorized as either functioning abnormally
in one or more of these areas or having a documented
learning disability, special education placement, or identified
behavioral problem; 23% had a documented speech/
language problem. Nearly half of all patients with SSC
displayed a problem in one or more of the measured
areas, a figure consistent with the estimated base rate of
neurobehavioral problems suggested by the Speltz et al.
[114] review.

Summary Several trends can be discerned from both the
new studies reviewed here and those reviewed previously
by Speltz et al. [114]. First, the design and methods of
research in this area continue to improve. For example,
several of the studies included control groups of some type
[15, 17, 115]. Several assessed the impact of variables
likely to affect cognitive development including family
SES, maternal IQ, and factors related to condition severity
[67, 115, 125]. Studies of school-aged children have begun
to investigate the broader spectrum of neurobehavioral
functioning rather than limiting outcome to presence or
absence of retardation [14, 17, 33].

Second, regardless of age, global measures of intelligence
and developmental status mostly point to average to low
average levels of performance. There is little evidence that
SCC is associated with mental retardation or significant
global deficits in cognitive functions.

Third, among infants with SSC, there is relatively
consistent support for reliable but clinically modest devel-
opmental delays, mostly demonstrated by studies using
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matched control groups or a more current version of the
BSID with updated norms [13].

Such comparisons tentatively suggest that early delays
are more likely to manifest as problems in psychomotor
development rather than problems in problem-solving or
early vocal/verbal abilities, although this could partially
reflect the greater challenge of testing the latter functions at
a young age. These findings may be of importance for
predicting later outcomes, given the evidence linking
problems in early motor development with subsequent
problems in cognition [10, 40].

Fourth, there is no evidence yet that surgery affects the
presence or trajectory of early developmental delays, which
may largely reflect the absence of well-designed studies of
pre–post-surgery change (e.g., tracking change over the
same time interval in demographically matched controls).

Fifth, among the relatively few studies of school-age and
older children with SCC, there is growing evidence of
deficits in neuropsychological functions including attention
and planning, processing speed, and visual spatial skills,
with related problems in language, reading, and spelling.

Cognitive processing and suture-specific functional
deficits

Studies of SSC to date have not had sufficient numbers
within each diagnostic group to identify a suture-specific
impact on neuropsychological processing, and there are no
studies that have used imaging techniques in conjunction
with neuropsychological data to assess relationships between
cognitive functioning and anatomical changes. However,
anatomical studies of children without SSC are beginning to
identify particular groups of brain structures that, if disrupted
or malformed, may be associated with specific cognitive
deficits. For example, there is broad consensus that
disruption of the neural pathways located in the left
temporo-parietal cortex is linked with dyslexia [74, 105,
110, 111, 120]. Deutsch et al. [38] identified changes in the
direction of white matter fiber tracks of the left temporo-
parietal region, which discriminated between good and poor
readers. A constellation of anatomic measures including
marked right cerebral and left anterior lobe cerebellar
asymmetries, asymmetry of specific areas of the Sylvian
fissure, and duplications of the left Heschl’s gyrus distin-
guished children with phonological dyslexia from children
who were normal readers and from those with more global
reading comprehension and language problems. Conversely,
classification of children with global language delays and
reading comprehension deficits was predicted by smaller
cerebral volume and perisylvian symmetry rather than
asymmetry. Normal phonology, reading comprehension,

and language skills were predicted by moderate asymmetry
and size [74, 75]. It has been postulated that deviant
asymmetry of cortical areas may be related to abnormalities
of the corpus callosum [60].

Problems with executive functioning including working
memory, impulse control, and planning have been associated
with the dorsolateral frontal regions of the brain [53, 98, 105,
117]. Differences in brain morphology for children with
attention deficit–hyperactivity disorder (ADHD) include size
reduction of the total cerebrum, with the greatest reduction
visible in the right hemisphere [101], although not all studies
support these differences [45, 58]. Smaller volumes of some
portion of either right or left dorsolateral prefrontal cortex
have been found in the majority of imaging studies that have
investigated ADHD in children [21–23, 41, 45, 55, 58, 68,
81, 103], whereas Sowell et al. [113] identified bilateral size
reduction in both the inferior aspects of the dorsolateral
cortex and the lateral aspects of the anterior and midtemporal
cortices. Corpus callosum abnormalities have also been
identified in children with ADHD, particularly in the area
of the genu and splenium [59, 102]. Sowell et al. [113]
hypothesized that increased bilateral density of gray matter
in more posterior aspects of the temporal lobes and the
inferior aspects of the parietal lobes may be related to corpus
callosum differences.

Structural and functional abnormalities in the dorsal and
medial prefrontral cortex and premotor cortex—often more
evident in right brain areas—have been implicated in social
attention impairments and visual-motor-functioning in children
with autism [32, 79, 82, 91], schizophrenia [26], and
nonsyndromic cleft lip and palate [85]. Nonverbal learning
disorders, which share some characteristics with autism,
have been associated with white matter disturbance of the
right hemisphere [89, 99, 126].

These findings suggest that if a specific isolated synos-
tosis produces a consistent type of brain deformation,
different suture fusions may be associated with different
neuropsychological deficits. However, the plausibility of this
hypothesis must be judged in the context of several
potentially limiting factors. First, research on neuropsycho-
logical deficits does not consistently support a direct relation
between a single anatomic anomaly or change and cognitive
functioning; rather, there appears to be cumulative risk in
relation to multiple structure changes [74]. Second, clear
models of cognitive strengths and weaknesses have not been
identified for specific suture fusions. Third, the research of
Aldridge et al. [5–7] suggests that morphologic changes in
the brain of children with SSC, although reasonably
consistent within suture type, are not limited to the areas
directly beneath the fused suture, either before or after
surgical correction. Cortical and subcortical abnormalities in
the shape of brain structures [5–7], only some of which
reflect the synostotic shape of the skull, are present in each
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SSC type. Structural abnormalities that occur in areas of the
skull that are not directly under the area of synostosis raise
the possibility noted earlier that isolated synostosis and the
neurodevelopmental deficits with which it is associated both
result from primary brain malformation rather than secondary
deformation. Fourth, the current evidence implicates multiple
etiologic pathways for the development of SSC. Different
etiologies may produce different types of cognitive sequelae.
Finally, neuropsychological functions may have limited
relation to the affected suture and associated structural
deficits due to the effects of neural plasticity, compensatory
processes, behavioral adaptation, and environmental factors
that potentially mediate the effects of any cerebral insult in
early life [37, 63, 100, 116].

Tentative hypotheses Despite the above caveats, it is
heuristically useful to consider hypotheses regarding the
potential relations between different isolated suture fusions
and specific types of neuropsychological profiles:

1. Sagittal synostosis: Infants and children with sagittal
synostosis have, by far, been studied the most exten-
sively, with cumulative evidence pointing to early
speech and language problems and subsequent literacy
issues and problems in related functions such as working
memory, attention, and planning. Clinical impressions
suggest that children with sagittal synostosis often
resemble children who have developmental reading
disorders, often with ADHD. Consequently, we might
expect bilateral abnormalities in the occipital parietal
area including the Sylvian fissure and possibly the
dorsolateral prefrontal cortex due to elongation of the
skull and related prominence of the forehead and
occiput. Future studies of case–control differences could
be designed to test this hypothesis by comparing
neuropsychological profiles with imaging-based analyses
of brain structures.

2. Metopic synostosis: Neurobehavioral studies of children
with metopic synostosis are far less common and less
precise. There is limited evidence of increased learning
and/or behavior problems [14, 106, 109]; however, there
have been no studies of school-aged metopic cases using
comprehensive neuropsychological testing batteries. In a
review of children with metopic synostosis, Bottero et
al. [18] identified severity of frontal stenosis as the
primary predictor of poorer neurobehavioral outcomes
(lower mental ability, learning, or behavior problems).
These authors also suggested that MRI studies may
reveal more frequent corpus callosum abnormalities than
previously reported. Based on a study of institutional-
ized children, Shimoji et al. [106] theorized that even
mild forms of metopic ridging may be associated with
significant developmental delay, language problems, and

hyperactivity. We can speculate that the abnormally low
frontal lobe volume associated with frontal stenosis and/
or corpus callosum abnormalities would elevate risk for
language delays, ADHD, or lower general intelligence
among children with metopic synostosis.

3. Unilateral coronal synostosis: To our knowledge there
are no studies of children with unilateral coronal
synostosis using comprehensive neuropsychological
testing batteries. In an older study of children with
unilateral coronal synostosis looking only at global
intelligence, Hunter and Rudd [57] found that 10%
were mentally retarded and 11% were of borderline
intelligence, proportions higher than expected in the
population. These authors did not report the side of
synostosis, nor did they assess for specific learning
disorders. In the retrospective study reviewed earlier,
Becker et al. [14] reported that 52% of children with
left unilateral coronal and 61% of children with right
unilateral coronal synostosis demonstrated a develop-
mental problem related to intelligence, speech, learn-
ing, or behavior. Regardless of side, unilateral coronal
synostosis may affect neurodevelopment of visual–
perceptual skills due to changes in vision. Furthermore,
the constriction on brain growth associated with left
unilateral coronal synostosis may result in more
language-based learning disorders including develop-
mental reading disorder. Right-sided unilateral coronal
synostosis, on the other hand, may increase risk for
nonverbal learning disorders including problems with
social perception and functioning.

4. Lambdoid synostosis: To our knowledge there are no
studies that focus exclusively on neurodevelopment of
children with unilateral lambdoid synostosis. This is a
rare condition; consequently, it is difficult to obtain
samples of sufficient size for research purposes.

Conclusions

There is growing evidence that SSC is associated with mild
to moderate neurobehavioral impairment in a significant
number of children, particularly as they approach school age.
These impairments occur in the presence of normal
intelligence and may be most evident during tasks that are
more challenging. As previously noted, Dennis [37] suggests
that failure to maintain skill competence under increasingly
challenging cognitive conditions (e.g., increased speed of
performance, multi-tasking, or distraction) is a sensitive sign
of neurocognitive disability and provides a truer measure of
the impact of a medical condition on the central nervous
system.
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The research identifying changes in brain morphology
provides some clues as to the possible etiology of these
impairments. There is a continued need for suture-specific
research investigating the broad spectrum of neuropsycho-
logical functioning in a larger number of children. Our
understanding of the relationship between changes in brain
morphology and neurobehavioral functioning will be
enhanced by the use of imaging studies that investigate
correlations between neurocognitive skills thought to be
affected in SSC, such as focused attention, visual spatial
planning, or other aspects of executive functioning, and
brain structure and function.

Clinically, a greater understanding of the neural functional
implications of SSC is critical in the clinician’s discussion
with parents who must make the difficult decision of
whether to surgically intervene for their child beyond
morphologic reasons alone.
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