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Abstract
Purpose Brain abnormalities in patients with syndromic
craniosynostosis can either be a direct result of the genetic
defect or develop secondary to compression due to
craniosynostosis, raised ICP or hydrocephalus. Today it is
unknown whether children with syndromic craniosynosto-
sis have normal brain volumes. The purpose of this study
was to evaluate brain and ventricular volume measurements
in patients with syndromic and complex craniosynostosis.
This knowledge will improve our understanding of brain
development and the origin of raised intracranial pressure in
syndromic craniosynostosis.
Methods Brain and ventricular volumes were calculated
from MRI scans of patients with craniosynostosis, 0.3 to
18.3 years of age. Brain volume was compared to age
matched controls from the literature. All patient charts were
reviewed to look for possible predictors of brain and
ventricular volume.
Results Total brain volume in syndromic craniosynostosis
equals that of normal controls, in the age range of 1 to
12 years. Brain growth occurred particularly in the first

5 years of age, after which it stabilized. Within the studied
population, ventricular volume was significantly larger in
Apert syndrome compared to all other syndromes and in
patients with a Chiari I malformation.
Conclusions Patients with syndromic craniosynostosis have
a normal total brain volume compared to normal controls.
Increased ventricular volume is associated with Apert
syndrome and Chiari I malformations, which is most
commonly found in Crouzon syndrome. We advice screen-
ing of all patients with Apert and Crouzon syndrome for the
development of enlarged ventricle volume and the presence
of a Chiari I malformation.
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Introduction

Children with craniosynostosis develop an abnormal head
shape due to the premature closure of one or more cranial
sutures. This congenital malformation occurs in one in
2100 to 2500 births. In up to 20% of these cases it is part of
a syndrome, such as Apert, Crouzon, Muenke and Saethre-
Chotzen, caused by mutations in the FGFR1, 2 and 3 and
TWIST1 gene [9].

Different brain abnormalities are reported in patients
with syndromic craniosynostosis including non-progressive
ventriculomegaly, callosal agenesis or thinning, agenesis of
the septum pellucidum, paucity of the antero-mesial
temporal white matter, medial temporal lobe dysgenesis,
pyramidal hypoplasia, venous malformations and Chiari I
malformations [3, 4, 7, 8, 14, 15, 19]. In patients with
syndromic craniosynostosis the origin of the abnormalities
can either be intrinsic to the genetic defect or develop
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secondary to the craniosynostosis and associated hydro-
cephalus and increased intracranial pressure (ICP).

A mismatch between intracranial volume versus brain
and ventricle volume is thought to be one of the causes of
brain abnormalities and elevated ICP. However, in spite of
the craniosynostosis the intracranial volumes are reported to
be normal in patients with craniosynostosis or even
enlarged in Apert and Crouzon syndrome [6, 13, 16]. Only
one study reports on brain volume in syndromic craniosy-
nostosis. They found that patients with Crouzon syndrome
had a similar brain volume compared to normal controls
[11]. This contradicts the assumption that a mismatch
between intracranial and brain volume is the cause of
raised ICP. To improve our understanding of the develop-
ment of raised ICP, knowledge of brain and ventricular
volume in this population is needed.

Materials and methods

Patients diagnosed with syndromic or complex cranio-
synostosis based on genetic testing and treated at the
Dutch craniofacial center were invited to undergo MRI.
Craniosynostosis was defined as complex if two or
more sutures were closed and no mutation was found.
The MRI were performed on a 1.5-T MR scanner (GE
Healthcare, MR signa excite HD) between January 2004
and January 2011.

Brain and ventricular volumes were calculated from the
transversal 3D T1 weighted MR images with the use of
Brainlab®. This is a post-processing programme developed
for neuronavigation. The software automatically outlines
the brain and ventricle contour in each slice. If the
automatic contour was questionable, it was manually
edited. After outlining the brain or ventricle volume slice
by slice, the processing programme automatically computes
the total volume. The within-rater and between-rater
reliabilities were 0.99 and 0.97 respectively.

Brain volume was compared to that in normal
controls at the age of 1, 4, 8 and 12 years, reported
in literature [10, 12, 17]. Total ventricle volume could not
be compared to that of normal controls because of the lack
of normative data in the literature. A multivariate analysis
was performed to look for potential predictors of brain and
ventricular volume; age, gender, syndrome, Chiari I
malformation and vault expansion. If patients had more
than one MRI, only the first was used in the analysis, and
patients with a ventriculoperitoneal shunt were excluded
from the analysis. Syndromes were put in the model as
dummy variables. The intraclass correlation coefficient
was calculated to compare the within-rater and between-
rater reliabilities of the volume measurements. All analy-
ses were done with SPSS 16.0 for Windows. This study

was approved by the medical ethical committee of the
Erasmus University (MEC2005-273).

Results

Between February 2004 and January 2011, 103 patients
were invited to receive an MRI of whom 19 refused to
participate. The 84 patient who received an MRI had a
mean age of 8.1 years (range 0.3–18.3 years). Of the 84
patients, 13 had Apert syndrome, 31 Crouzon syndrome, 15
Muenke syndrome, 10 Saethre-Chotzen syndrome and 15
complex craniosynostosis. The total group consisted of 44
females and 40 males. A vault expansion was performed in
66 patients prior to the MRI, at a mean age of 1.1 years. A
Chiari I malformation was found in 12 (14%) patients, one
(8%) patient with Apert syndrome, 10 (32%) with Crouzon
syndrome and one (7%) with Muenke syndrome. Three
patients had a ventriculoperitoneal shunt and were excluded
from the ventricular volume analysis. All three had
Crouzon syndrome.

The mean brain volumes at 1, 4, 8 and 12 years of
patients with craniosynostosis and normal controls are
shown in Table 1. There was no significant difference
between patients and normal controls. Age had a significant
influence on brain volume (p<0.001) but not on ventricular
volume. The brain volume increased significantly in the
first 5 years (p=0.004) after which it stabilized. Patients
with Apert syndrome (p=0.004) had a significantly larger
ventricular volume compared to all other patients. Patients
with a Chiari I malformation (p<0.001) had a significantly
larger ventricular volume compared to patients without a
Chiari I malformation. Unexpectedly, Crouzon syndrome as
such was not significantly associated with ventricular
volume, although most patients (10 out of 12) with a Chiari
I were diagnosed with Crouzon syndrome. Patients with
Crouzon syndrome and a Chiari I malformation were
significantly older compared to Crouzon patients without
a Chiari I malformation, the mean age being 10.1 versus
8.0 years (p=0.018). Furthermore, they had a larger
ventricle volume (p=0.019) and were less likely to have
had a vault expansion (p=0.049). The syndrome-specific
relation between age and total ventricular and brain volume
is shown in Figs. 1 and 2.

Discussion

In this study we compared the total brain volume of patients
with complex or syndromic craniosynostosis to that of
normal controls from the literature. Furthermore, we looked
for predictors of brain and ventricular volume. We found
that the total brain volume in patients with complex or
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syndromic craniosynostosis is similar to that in normal
controls and that ventricular volume was significantly
related to Apert syndrome and the presence of a Chiari I
malformation.

The majority of patients with syndromic and complex
craniosynostosis have a normal or even enlarged intracra-
nial volume, before as well as after vault expansion [6, 11,
13, 16]. The finding that brain volume is normal suggests
that the compensatory skull growth is sufficient, to allow
normal brain growth. The excess of cerebrospinal fluid we
observed may be the driving force behind this compensa-
tory growth of the skull. Therefore, in these patients, raised
ICP is more likely to result from raised CSF pressure than
from a mismatch between intracranial and brain volume. In
most patients this raised CSF pressure will have a commu-
nicating character with papilledema as the only sign [1].

Chiari I malformation is primarily seen in patients with
Crouzon syndrome. In our population 32% of the patients
with Crouzon syndrome had a Chiari I malformation,

compared to 73% perviously reported by Cinnali et al.
[2]. This difference can perhaps be explained by the fact
that they performed an MRI in case of clinical signs, while
we performed MRI as part of a prospective study and in
most cases without a clinical indication.

The diagnosis of Crouzon syndrome itself was not
associated with an enlarged ventricular volume when it
was corrected for Chiari I malformation. This means that
Chiari I malformations have a stronger relation with
ventricular volume than Crouzon syndrome by itself. With
the lack of consecutive data, we are not able to tell whether
Chiari I malformation precedes or follows the enlarged
ventricular volume. Enlarged ventricular volume could be
the consequence of reduced CSF outflow due to Chiari I
but could also be the cause of downward pressure on the
cerebellum due to raised ICP. Chiari I malformations and
raised ICP are both prevalent in Crouzon syndrome [18].

In Apert syndrome larger ventricles are not related to
Chiari I malformation, as only 2 to 8% of the patients with
Apert syndrome have a Chiari I malformation [2]. Despite

Fig. 2 Syndrome-specific relation between age and brain volume
Fig. 1 Syndrome-specific relation between age and ventricular
volume

Table 1 Mean brain volume of
patients with syndromic
craniosynostosis and of normal
controls

Craniosynostosis Normal controls [10, 12, 17] p-Value

1 Year

n 4 29

Age 0.90 (0.43) 1.06 (0.03) 0.048

Brain volume 924.25 (254.62) 855.54 (12.43) 0.118

4 Years

n 8 26

Age 3.95 (0.60) 3.96 (0.52) 0.960

Brain volume 1280.88 (162.05) 1210.62 (109.20) 0.166

8 Years

n 16 20

Age 8.41 (0.83) 8.60 (0.70) 0.461

Brain volume 1403.44 (156.87) 1391.42 (23.54) 0.883

12 Years

n 16 20

Age 11.92 (0.60) 12.10 (0.60) 0.396

Brain volume 1464.50 (148.01) 1439.17 (23.54) 0.455
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the larger ventricular volume, patients with Apert syndrome
have a relatively low prevalence of increased ICP [5]. This
could be due to their significantly larger intracranial volume
before and after vault expansion [6, 16]. In Apert syndrome
extra compensatory growth of the skull is facilitated by the
enlarged anterior fontanelle that stays open for a relatively
long period, preventing the development of increased ICP.

Conclusion

For the first time we show that patients with syndromic and
complex craniosynostosis have a normal total brain volume.
Therefore, it is unlikely that a mismatch between intracra-
nial and brain volume is the main cause of raised ICP.
Furthermore, we found enlarged ventricular volume to
occur particularly in patients with Apert syndrome and
patients with a Chiari I malformation. Patients with
Crouzon syndrome are especially at risk for Chiari I, but
those without a Chiari I have normal ventricular volumes.
We advice screening of all patients with Apert and Crouzon
syndrome for the development of enlarged ventricle volume
and the presence a Chiari I malformation.
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