
DEVELOPMENTAL MEDICINE & CHILD NEUROLOGY ORIGINAL ARTICLE

Cerebral cortex maldevelopment in syndromic craniosynostosis
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ABBREVIATIONS

CSA Cortical surface area

FGFR Fibroblast growth factor

receptor

ICV Intracranial volume

AIM To assess the relationship of surface area of the cerebral cortex to intracranial volume

(ICV) in syndromic craniosynostosis.

METHOD Records of 140 patients (64 males, 76 females; mean age 8y 6mo [SD 5y 6mo],

range 1y 2mo–24y 2mo) with syndromic craniosynostosis were reviewed to include clinical

and imaging data. Two hundred and three total magnetic resonance imaging (MRI) scans

were evaluated in this study (148 patients with fibroblast growth factor receptor [FGFR], 19

patients with TWIST1, and 36 controls). MRIs were processed via FreeSurfer pipeline to

determine total ICV and cortical surface area (CSA). Scaling coefficients were calculated from

log-transformed data via mixed regression to account for multiple measurements, sex,

syndrome, and age. Educational outcomes were reported by syndrome.

RESULTS Mean ICV was greater in patients with FGFR (1519cm3, SD 269cm3, p=0.016) than in

patients with TWIST1 (1304cm3, SD 145cm3) or controls (1405cm3, SD 158cm3). CSA was

related to ICV by a scaling law with an exponent of 0.68 (95% confidence interval [CI] 0.61–

0.76) in patients with FGFR compared to 0.81 (95% CI 0.50–1.12) in patients with TWIST1 and

0.77 (95% CI 0.61–0.93) in controls. Lobar analysis revealed reduced scaling in the parietal

(0.50, 95% CI 0.42–0.59) and occipital (0.67, 95% CI 0.54–0.80) lobes of patients with FGFR

compared with controls. Modified learning environments were needed more often in patients

with FGFR.

INTERPRETATION Despite adequate ICV in FGFR-mediated craniosynostosis, CSA

development is reduced, indicating maldevelopment, particularly in parietal and occipital

lobes. Modified education is also more common in patients with FGFR.

Craniosynostosis is a congenital disorder characterized by
premature fusion of calvarial sutures resulting in cranial
shape deformity specific to the sutures involved. This
shape is governed by Virchow’s law which states that
growth is enhanced parallel to affected sutures and is
arrested orthogonally. Invariably, every pattern of true cra-
nial growth restriction poses a risk to the developing brain
and is treated accordingly with various surgical interven-
tions. Multiple suture involvement often occurs in syn-
dromic variants of the disease attributable to mutations in
fibroblast growth factor receptor (FGFR; Apert, Crouzon–
Pfeiffer, and Muenke syndromes) and TWIST1 (Saethre-
Chotzen syndrome) genes which play important roles in
cortical and mesodermal development respectively.1,2 Thus,
cranial growth restriction as well as genetic mutation may
play a role in neurodevelopmental outcomes in syndromic
craniosynostosis.

Allometry can be broadly defined as the relative change
in proportion of one attribute compared to another during

organismal growth. In general, human brain growth exhi-
bits a power law scaling relationship between surface area
and volume as overall brain size increases, with larger
brains showing disproportionally greater surface area than
smaller ones.3–6 This is achieved through primary, sec-
ondary, and tertiary cortical folding driven by grey matter
volume expansion and white matter tension in the second
and third trimesters.7,8 Disruption of this critical process,
through preterm birth or intrauterine growth restriction,
results in reduced surface area to volume scaling and pre-
dictable impairment in neurobehavioral development.9

Because of the increased frequency of neurodevelopmen-
tal issues in syndromic craniosynostosis and the pathog-
nomonic cranial growth restriction characteristic of the
disease, we wondered if there might exist a morphometric
neural substrate for the developmental pathology in these
cases. Thus, our primary aim was to evaluate the effect of
syndromic craniosynostosis diagnosis on intracranial vol-
ume (ICV), while controlling for age and sex. A secondary
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aim was to evaluate the scaling relationship between ICV
and cortical surface area (CSA). Finally, we carried out
exploratory analyses of this relationship in distinct cortical
lobes.

METHOD
Participants
The Institution Research Ethics Board at Erasmus Univer-
sity Medical Center, Rotterdam, the Netherlands approved
this study (MEC-2014-461), which is part of ongoing work
at the Dutch Craniofacial Center involving protocolized
care, brain imaging, clinical assessment, and data summary
and evaluation. Medical records of all patients with syn-
dromic (Apert, Crouzon–Pfeiffer, Muenke, and Saethre-
Chotzen syndromes) craniosynostosis treated at our center
from 2008 to 2018 were reviewed and demographic data
were collected. Patients were included if they had under-
gone 3D T1-weighted cranial magnetic resonance imaging
(MRI) with fast spoiled gradient echo which could be suc-
cessfully processed via FreeSurfer (version 6.0, https://surfe
r.nmr.mgh.harvard.edu; Athinoula A Martinos Center for
Biomedical Imaging, Massachusetts General Hospital, Bos-
ton MA, USA) ‘auto-recon’ pipeline. Patients with imaging
not suitable for processing were excluded from further
analysis. All available imaging data were utilized including
multiple MRIs of the same patient at different time points.
All patients with syndromic craniosynostosis underwent
cranial vault expansion surgery before any MRIs included
in this study. Control patients of a similar age and sex with
appropriate MRI sequences were also identified and
included for analysis. Indications for imaging included
headache, head trauma, single seizure episode, early men-
struation, hypoglycemia, and heat intolerance. Indications
for imaging were reviewed by a pediatric neurosurgeon
and deemed suitable for comparison to our cohort of
patients with syndromic craniosynostosis.

MRI acquisition
All MRI scans were performed on a 1.5T scanner (GE
Healthcare, MR Signa Excite HD, Little Chalfont, UK)
with the imaging protocol including a 3D fast spoiled gra-
dient echo T1-weighted magnetic resonance sequence.
Imaging parameters for patients with craniosynostosis were
the following: 2mm slice thickness, no slice gap; field of
view 22.4cm; matrix size 224 9 224; in plane resolution of
1mm; echo time 3.1ms, and repetition time 9.9ms.

Cortical volume, CSA, and ICV
MRI dicom files were exported and converted to neu-
roimaging informatics technology initiative file format on a
computer cluster with Scientific Linux as the operating sys-
tem and preloaded FreeSurfer software. All cortical vol-
ume, CSA, and ICV values were obtained from FreeSurfer
software modules which have previously been validated and
described in detail.10–12 Each MRI underwent processing
via the ‘auto-recon-all’ pipeline which generates pial and
white matter surfaces and allows for accurate estimation of

cortical volume, surface area, and ICV values. After initial
processing, all surfaces generated by FreeSurfer were
inspected visually to ensure accuracy. No manual editing
or alteration of the generated surfaces was performed.
Lobar cortical volume and surface area estimates were gen-
erated via the ‘--lobes’ argument within the ‘mris_annota-
tion2label’ command. A total of six lobes (frontal,
temporal, parietal, occipital, cingulate, insula) in each
hemisphere are included in the FreeSurfer parcellation.
Left and right hemispheric outputs were summed to gener-
ate whole lobe values for statistical analysis. Total ICV was
exported from FreeSurfer as ‘eTIV’ via the ‘mri_segstats’
command. These techniques have previously been applied
with success in the population with craniosynostosis.13,14

Scaling coefficient
Objects of invariant shape but variable size demonstrate a
geometric scaling relationship which can be expressed as:
s=kva (where s=surface area, v=volume, k=constant, and
a=2/3 is a scaling exponent).5 The coefficient a can be
obtained by log transformation yielding: log(s)=a log(v)+log
(k)

Therefore, plotting log(v) and log(s) by linear regression,
the slope of the line is equal to a with the intercept equal
to log(k). Deviations from a=2/3 would then provide infor-
mation regarding accelerated (a>2/3) or reduced (a<2/3)
surface area to volume scaling than otherwise expected
from geometric principles. This technique has previously
been demonstrated as a measure for cortical development
sensitive to environmental effects and has been correlated
to neurocognitive outcomes in neonates.5 An additional
advantage is that the resulting exponent is unitless and may
be compared across cohorts.

Education level
In an attempt to evaluate long-term functional outcome,
data regarding educational placement were gathered from
medical chart review in readily available cases. Educational
placement in the Netherlands has varying levels of organi-
zation aimed at preparation for individuals pursuing a vari-
ety of career paths. Placement is made by both
examination and recommendation by primary school teach-
ers. For simplification, patients were organized into three
distinct groups: (1) those requiring modified instruction or
expanded services to complete their primary/secondary
schooling; (2) those completing standard coursework with-
out impairment; (3) those completing coursework in prepa-
ration for university study. For those in group 1,
additional data regarding the nature of services provided
were gathered and the following subgroups used: (1a)

What this paper adds
• Cerebral cortex development in fibroblast growth factor receptor [FGFR]-

mediated craniosynostosis is marked by reduced surface area relative to
intracranial volume.

• This is particularly apparent in the parietal and occipital lobes.

• Scholastic outcomes are worse in FGFR-mediated craniosynostosis syn-
dromes compared to patients with TWIST1 or controls.
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visual impairment; (1b) hearing or speech impairment; (1c)
motor or intellectual disability: (1d) psychological or
behavioral problems; (1e) mild learning problems.

Statistical analysis
All data were imported into R statistical software (version
3.6.1, R Foundation for Statistical Computing, Vienna, Aus-
tria) for analysis. To assess intergroup differences in ICV, a
linear mixed effects regression (‘nlme’ package) was used
while controlling for sex, age, and repeated measurements
within the same participant (fit by maximum likelihood).
Independent variables included age at the time of MRI, sex,
and genetic group. The dependent variable was ICV. The
only random effect term included was participant identity
which served as an index for each MRI included. Although
repeated measurements were not available for every partici-
pant, the ‘lme’ function in R eliminates complete-case bias
while incorporating all available data.15 Model assumptions
were also checked. Linearity was assessed graphically
(‘lattice’ package). Normality of residuals was verified via Q–
Q plot (‘stats’ package). Similarly, log-transformed mixed
regression models were used for evaluating CSA to ICV
scaling relationships by genetic status. Patients were orga-
nized into control, TWIST1, and FGFR groups initially and
later split into specific syndromes for subgroup analysis.
Exploratory analysis was performed to evaluate potential
regional differences in CSA to ICV scaling by lobe via linear
mixed regression. Last, frequency tables were generated by
syndrome for educational placement data. For the primary
aim (global model), coefficents, 95% confidence intervals
(CIs), and p-values are reported. For the secondary aim and
exploratory analysis, coefficients and 95% CIs are reported.

RESULTS
In total, 203 MRI scans from 140 participants (64 males, 76
females; mean age 8y 6mo [SD 5y 6mo], range 1y 2mo–24y
2mo) were included for analysis in this study. Four outlier
MRIs were excluded with ICV less than 1000cm3 including
one control and three patients with Saethre-Chotzen syn-
drome which appeared to negatively skew ICV results in the
TWIST1 group. Before removal of outliers, mean TWIST1
ICV was 1250cm3 (SD 195cm3) compared to final mean
TWIST1 ICV of 1304cm3 (SD 145cm3). Mean control ICV
was 1393cm3 (SD 170cm3) compared to final control mean
ICV of 1405cm3 (SD 158cm3) after outlier exclusion. In the
final data set there were 37 cases of Apert syndrome, 86
Crouzon–Pfeiffer syndrome, 25 Muenke syndrome, 19
Saethre-Chotzen syndrome, and 36 typically developing con-
trols. A summary of the final data set is shown in Table 1.
Mean age at the time of MRI was 9 years (SD 5y 3mo). For
the primary aim, mean ICV was 1519cm3 (SD 270cm3) in
patients with FGFR, which was greater than that observed in
controls (p=0.016). In patients with TWIST1 mutations, ICV
was no different from controls (mean=1251cm3, p=0.080). As
expected, age was positively associated with ICV (p<0.001)
and female sex was negatively correlated (p<0.001). Complete
results of the primary model are shown in Table 2.

For the secondary aim, CSA to ICV scaling coefficients
were obtained by log transformation. Genetic groupings
were maintained for analysis but further subdivided into
specific syndromic diagnosis (Fig. 1). Patients with FGFR
collectively yielded a scaling coefficient aFGFR=0.68 (95%
CI 0.61–0.76) with the syndromic subgroup coefficients as
aapert=0.53 (95% CI 0.38–0.69), acrouzon–pfeiffer=0.69 (95%
CI 0.59–0.79), and amuenke=0.56 (95% CI 0.38–0.74)
compared to patients with TWIST1/Saethre-Chotzen syn-
drome asaethre-chotzen=0.81 (95% CI 0.50–1.12) and controls
acontrol=0.77 (95% CI 061–0.93). Lobar analysis (shown in
Table 3) revealed smaller scaling coefficients in the parietal
lobes of both patients with TWIST1 (aparietal=0.39, 95% CI
–0.24 to 1.03) and patients with FGFR (aparietal=0.50, 95%
CI 0.42–0.59) compared to controls (aparietal=0.71, 95% CI
0.50–0.93). The occipital lobes of patients with FGFR also
demonstrated reduced CSA/ICV scaling (aoccipital=0.67,
95% CI 0.54–0.80) compared to controls (aoccipital=0.83,
95% CI 0.53–1.13). Brain surfaces of patients from each
syndrome are shown in Figure 2.

Of the 104 patients with syndromic craniosynostosis
included in the study, educational data were available in 103.
Frequency tables for education level are shown in Table 4.
All but one patient requiring modified education were from
the FGFR group. The majority (74%) of patients with Apert
syndrome required modified education, with six (26%) com-
pleting standard coursework without assistance. Of the
patients requiring modified education, subgroup analysis
revealed none were because of blindness/vision impairment,
two (one Crouzon–Pfeiffer syndrome, one Muenke syn-
drome) were because of hearing impairment, 19 (10 Apert
syndrome, eight Crouzon–Pfeiffer syndrome, one Muenke
syndrome) were because of motor or intellectual disability,
four (two Crouzon–Pfeiffer syndrome, two Muenke syn-
drome) were because of psychological or behavioral prob-
lems, and 11 (seven Apert syndrome, one Crouzon–Pfeiffer
syndrome, two Muenke syndrome, one Saethre-Chotzen
syndrome) had mild learning problems.

DISCUSSION
The purpose of this study was to evaluate neuromorpho-
logical development in syndromic craniosynostosis as it
relates to cranial growth. Since ICV is a marker of cranial

Table 1: Participant characteristics from MRIs shown grouped by muta-
tion status

Control FGFR TWIST1

Mean age (SD), y:mo 9:3 (5:5) 8:9 (4:10) 10:7 (7:9)
Female, n (%) 21 (58.3) 74 (50) 13 (68.4)
ICV (cm3) 1405 SD 158 1519 SD 270 1304 SD 145
CSA (cm2) 1744 SD 176 1945 SD 281 1764 SD 192
MRI, n 36 148 19
Participants, n 36 89 15

For age, intracranial volume (ICV) and cortical surface area (CSA)
mean (SD) are reported. Numerical values are calculated from total
magnetic resonance imaging (MRI) scans. FGFR, fibroblast growth
factor receptor.
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growth and its expansion often the aim of surgical inter-
vention, it serves as a useful metric in the population with
syndromic craniosynostosis.16,17 Our primary analysis
revealed larger ICV values in patients with craniosynostosis
with FGFR mutations compared to controls, but despite
these larger volumes, a commensurate increase in cerebral
CSA was not observed. Further analysis indicates that
reduced scaling of CSA to ICV is most severe in the pari-
etal and occipital lobes for patients with FGFR. Given the
high rate of neuropsychiatric and developmental issues in
this population, these findings may provide a morphomet-
ric neural substrate for such outcomes.18

Craniocerebral disproportion is a hallmark of craniosyn-
ostosis resulting from inadequate ICV for the developing
brain. Targeted volume expansion through surgical inter-
vention seeks to improve this and clinical measurements
such as occipitofrontal circumference are even made as a
proxy for ICV growth.16,19–21 Previous data support our
findings of elevated ICV in FGFR-mediated craniosynosto-
sis, as larger volumes have been reported in patients with
Apert, Muenke, and Crouzon–Pfeiffer syndromes com-
pared with typically developing controls.17,22–25 ICV data
is limited regarding Muenke syndrome, but Rijken et al.
have shown increased posterior fossa and cerebellar vol-
umes in these patients.26 Lastly, in a study by Breakey
et al.,17 ICV and head circumference were measured in a
series of children with syndromic craniosynostosis and sim-
ilar values in patients with Saethre-Chotzen syndrome and
controls were observed, which also coincides with our cur-
rent findings.

Despite larger ICV, patients with FGFR did not demon-
strate typical CSA development. Growth of the cerebral
cortex is primarily driven by an increase in CSA which
scales disproportionally as brain size increases.5 Disrup-
tions to surface area maturation have been associated with
various developmental pathologies common to the popula-
tion with syndromic craniosynostosis including cognitive

Table 2: Linear mixed effects model evaluating differences in intracranial
volume associated with FGFR and TWIST1 mutations compared to con-
trols

Predictors Estimates 95% CI p

Intercept 1338.72 1247.85–1429.59 <0.001
Age 17.20 12.26–22.13 <0.001
Females �160.06 �229.11 to �91.01 <0.001
FGFR 101.27 20.15–182.38 0.016
TWIST1 �114.00 �240.14 to 12.14 0.080

Model is fit by maximum likelihood. Random effect inter-
cept=188.77 and residual=89.10. CI, confidence interval; FGFR,
fibroblast growth factor receptor.
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Figure 1: Cortical surface area plotted against intracranial volume (ICV) in log-log space for each genetic grouping as well as by syndrome. Slopes are
equal to scaling coefficients. CSA, cortical surface area; FGFR, fibroblast growth factor receptor.

Table 3: Linear mixed regression models of log-transformed data for each lobe, organized by genetic status

Control (n=36) FGFR (n=148) TWIST (n=19)

Slope 95% CI Intercept Slope 95% CI Intercept Slope 95% CI Intercept

Frontal 0.76 0.56–0.95 2.07 0.73 0.62–0.84 2.16 0.81 0.33–1.30 1.91
Temporal 0.86 0.66–1.04 1.51 0.80 0.69–0.92 1.72 0.70 0.24–1.17 1.99
Parietal 0.71 0.50–0.93 2.10 0.50 0.42–0.59 2.79 0.39 –0.24 to 1.03 3.13
Occipital 0.83 0.53–1.13 1.42 0.67 0.54–0.80 1.94 1.18 0.71–1.65 0.37
Cingulate 0.94 0.66–1.22 0.56 0.79 0.61–0.96 1.06 1.11 0.69–1.53 0.07
Insula 0.87 0.61–1.13 0.61 0.75 0.60–0.90 1.00 0.98 0.46–1.50 0.28

log10[CSA]=m log10[ICV] + b. m=slope, 95% confidence interval (CI) for each slope given, b=intercept. Dependent variable is cortical surface
area (CSA). Independent variable is intracranial volume (ICV). FGFR, fibroblast growth factor receptor.
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impairment and neurobehavioral disorders.5,27,28 Regional
analysis revealed that scaling was most drastically reduced
in the parietal and occipital lobes for patients with FGFR.
Although no reduction in global scaling coefficient was
detected for patients with TWIST1, lobar analysis showed
similar reductions in parietal lobe CSA to ICV scaling.
Previous work by Skranes et al. demonstrated an associa-
tion between reduced CSA in infants born preterm and
reductions in IQ.29 In that study, the parietal cortex was
implicated in multiple measures of intelligence including
working memory, processing speed, and perceptual organi-
zation. Occipital cortex development is important for visual
processing ability which, if impaired, could manifest as a
reading disability or otherwise be detrimental to scholastic
achievement.30–32 Interestingly, Raschle et al. showed that
children with reading disability demonstrated reduced

surface area in posterior regions of the brain without com-
pensatory changes in the frontal lobe typical of adults with
the disorder.32 Lack of early surface area maturation in the
brain may explain some developmental issues observed in
these patients with syndromic craniosynostosis.

Although detailed neuropsychological data were unavail-
able in our cohort, evaluation of educational data showed
that all patients requiring modified placement had an
FGFR-mediated form of craniosynostosis. Further sub-
group analysis showed that the majority of patients with
Apert syndrome requiring modified education suffered
from motor or intellectual disability, while psychological
or behavioral issues were more common in patients with
Muenke syndrome. Crouzon–Pfeiffer syndrome placement
was highly variable and patients with Saethre-Chotzen syn-
drome all undertook normal or advanced coursework

Apert
syndrome

Crouzon–Pfeiffer
syndrome

Muenke
syndrome

Saethre-Chotzen
syndrome

Control

FGFR TWIST1

1 frontal
3 cingulate
4 occipital
5 temporal
6 parietal
7 insula

Figure 2: Brain surfaces with lobar parcellation shown for each syndrome and genetic grouping. FGFR, fibroblast growth factor receptor.

Table 4: Educational placement by genetic status/syndrome

FGFR
TWIST1

Apert syndrome Crouzon–Pfeiffer syndrome Muenke syndrome Saethre-Chotzen syndrome

Group 1 17 (74) 12 (27) 6 (27) 1 (7)
Group 2 6 (26) 27 (61) 16 (73) 9 (64)
Group 3 0 5 (11) 0 4 (29)
Total 23 44 22 14

Data are n (%). Group 1 patients required special schooling or accommodation during their primary education years. Group 2 patients
completed standard coursework at a regular school. Group 3 patients completed coursework in preparation for university study. FGFR,
fibroblast growth factor receptor.

122 Developmental Medicine & Child Neurology 2022, 64: 118–124



which is congruent with our neuromorphometrical find-
ings. Previous neuropsychological outcomes in the popula-
tion with syndromic craniosynostosis show a similar
pattern of intellectual disability in patients with Apert syn-
drome and higher prevalence of social or behavioral prob-
lems in patients with Muenke syndrome.18

The link between cortical maldevelopment and neu-
ropsychological issues in syndromic craniosynostosis
appears likely; however, the specific cause remains elusive.
Because of different genetic mechanisms among the various
syndromes, inborn errors of cortical folding or maturation
may exist and may vary significantly among syndrome and
subtype. For example, FGFR genes are critical in cortical
development processes including neuronal migration and
stabilization of dentritic patterning and TWIST1 is
involved in cranial mesodermal development.33–35 Other
factors may also influence cortical development including
craniocerebral disproportion, intracranial hypertension,
surgical intervention, and associated anesthesia burden.
Future studies with consistent serial imaging and detailed
neuropsychological assessment may provide greater insight
regarding specific causes of the cortical maldevelopment
described here.

When interpreting the findings of this study several lim-
itations should be considered. First, serial MRI scans were
not available for each patient limiting the utility of longitu-
dinal inferences regarding cortical maturation. For those
patients in whom multiple MRIs were available, all scans
were included via mixed effects regression modeling to
fully utilize available data. We also considered the possibil-
ity of selection bias in both the population with syndromic
craniosynostosis and controls. All patients with syndromic
craniosynostosis are systematically evaluated by MRI as a
part of standardized protocol and control patients were
carefully selected based on indication so as to remove any
with pathology pertinent to our analysis. Lastly, one con-
trol and three patients with Saethre-Chotzen syndrome

were excluded as outliers with significantly reduced ICVs
that appeared to negatively skew ICV results in the
TWIST1 group. Before the removal of outliers, mean
TWIST1 ICV was 1250cm3 compared to final mean
TWIST1 ICV of 1304cm3 and mean control ICV was
1393cm3 compared to final control mean ICV of 1405cm3.
Regarding development, two-thirds of the patients with
Saethre-Chotzen syndrome excluded based on outlier posi-
tion had normal education outcomes so it is unlikely that
we introduced a bias.

In this study we documented the paradoxical increase in
ICV from cranial growth restriction in FGFR-mediated
syndromic craniosynostosis. We also established that
despite adequate volume, cerebral cortex development
remains atypical in this patient population. Specifically, we
identified reduced scaling of CSA to ICV in the parietal
and occipital lobes and observed corresponding deficits in
scholastic achievement primarily in Apert syndrome.
Explanations for these findings include genetic influences
on cortex folding, physical constraints on the expanding
cerebral cortex, intracranial hypertension, and sequelae
from surgical intervention. Further study is needed to elu-
cidate precise mechanisms of cortical development in cran-
iosynostosis and their link to neuropsychiatric outcomes.
Clinically, identification of in vivo biomarkers sensitive to
treatment variation and functional outcomes would help in
optimizing care protocols for patients with craniosynosto-
sis. With further study, CSA/ICV scaling may prove useful
as such.
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