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B ilateral coronal craniosynostosis (BCS) is the 
premature fusion of the coronal suture bilater-
ally. The birth prevalence of  craniosynostosis 

is approximately 4 in 10,000 live births,1 and BCS 
corresponds to 12% of the craniosynostosis cases 
in our unit. This cranial abnormality results in a 
brachycephalic skull shape, which is characterized 
by a short, wide, and high cranium. The deformity 
is usually syndromic, such as in Apert, Crouzon, 
Pfeiffer, Muenke, and Saethre-Chotzen syndromes, 
but it may also be nonsyndromic. Genetic analysis 
of the syndromic patients often reveals mutations in 
the genes encoding for the fibroblast growth factor 
receptor types (FGFR2, FGFR3) or in the TWIST1 
gene.2 The cranial malformation may prevent the 
brain from adequate development, with a risk of in-
creased intracranial pressure (ICP) leading to, for 
example, blindness and cognitive impairment.3,4
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Background: Intracranial volume (ICV) growth in patients with bilateral coronal 
craniosynostosis (BCS) is not well described. It is therefore important to evaluate 
the consequences of cranial surgery in children with this condition. The aim of 
the present study was to evaluate ICVs in patients operated on for BCS.
Methods: A consecutive series of patients with BCS were operated on using 
spring-assisted cranioplasty, with computed tomography scans in 0.6-mm slic-
es, were included. A MATLAB-based computer program capable of measuring 
ICV was used. Patients were compared with an age- and gender-matched con-
trol group of healthy children. Student’s t test was used for statistical analysis.
Results: Fifteen patients (7 girls and 8 boys) with 43 computed tomography 
scans were identified. The diagnoses were 13 syndromic BCS (3 Apert, 1 Crou-
zon, 6 Muenke, and 3 Saethre-Chotzen) and 2 nonsyndromic BCS. The mean 
preoperative volume at the age of 5 months (n = 15) was 887 mL (range, 687–
1082). Mean volume at follow-up at the age of 3 years (n = 13) was 1369 mL 
(range, 1196–1616). In comparison, the mean ICVs for controls at the ages of 
5 months (n = 30) and 3 years (n = 26) were 854 mL and 1358 mL, respectively. 
The differences were not statistically significant (P > 0.05).
Conclusions: Patients with BCS were operated on with spring-assisted cra-
nioplasty seem to maintain their age-related ICV at 3 years of age when 
compared to normal children. (Plast Reconstr Surg Glob Open 2014;2:e243; 
doi: 10.1097/GOX.0000000000000216; Published online 4 November 2014.)
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Surgical correction typically consists of fronto-
orbital advancement (FOA)/posterior skull expan-
sion5–9 and is usually performed before the first year 
of age.10 Despite the fact that raised ICP may have 
devastating effects, there is still a debate about the 
relationship between intracranial volume (ICV) 
and raised ICP. The purpose of cranial surgery in 
BCS is to increase the ICV and normalize the skull 
shape. However, little is known about the effects of 
surgery on ICV. To date, no studies have been pub-
lished describing specifically the ICV in patients 
with BCS.

The aim of the present study was to measure ICV 
preoperatively and at follow-up in children with BCS 
and to compare the ICVs with an age- and gender-
matched control group.

PATIENTS AND METHODS

Patients
A consecutive series of patients were operated on 

with the standardized spring-assisted cranioplasty for 
BCS (Fig. 1) between 2005 and 2009 at the Cranio-
facial Unit, Department of Plastic Surgery, Sahlgren-
ska University Hospital, Gothenburg, Sweden, were 
extracted from the Sahlgrenska craniofacial registry. 
Computed tomography (CT) scans (Fig. 2) were 
routinely performed in 0.6-mm slices before surgery, 
at the time of spring removal, that is, 6 months after 
operation, and finally at 3 years of age. CT scans were 
obtained in the equipment General Electric Advan-
tage Workstation Volumes share 4.3 (GE Healthcare, 
Buc, France).

Volume Calculation
A computer program capable of measuring the 

total ICV by semiautomatic segmentation had been 
developed previously at our unit using MATrix LABora-
tory (MATLAB) version R2011a (MathWorks, Boston, 
MA).11 The program uses the concept of region grow-
ing, which is an image segmentation method. Horizon-
tal slices were determined by manually choosing the 
start-slice just above the foramen magnum and the end-
slice just beneath the vertex of the skull. The program 
calculated the total ICV by multiplying the number of 
pixels in each slice by the pixel size and slice thickness. 
Measurements from preoperative, postoperative, and 
follow-up CT scans were performed in 0.6-mm slices 
(n = 43) by the same investigator (R.C.J.T.).

An age- and gender-matched group of healthy 
children (n = 86) who underwent CT scans for neu-
rological or posttraumatic reasons were used as con-
trol data. To reduce the exposure to radiation, these 
CT examinations are routinely performed in thick 
5-mm slices. Measurements of the control group 
were carried out by the coauthor (E.W.) and cor-
rected for slice thickness.11 The control group was 
compared to other published normative data.

Statistical Analysis
Student’s t test was used to compare ICVs; analyses 

were performed in the program SPSS version 19.0.0 
(IBM, SPSS Statistics, Chicago, Ill.). All P-values less 
than 0.05 were considered significant.

RESULTS

Patients
Fifteen patients (7 girls and 8 boys) with 43 CT 

scans—15 preoperative (mean age, 5 months), 15 
postoperative (mean age, 11 months), and 13 follow-
up (mean age, 3 years)—who underwent spring-as-
sisted cranioplasty for BCS were identified. Thirteen 
children had syndromic synostosis (3 Apert syn-
drome, 1 Crouzon syndrome, 6 Muenke syndrome, 
and 3  Saethre-Chotzen syndrome) and 2 had non-
syndromic synostosis. DNA analyses were performed 
in 12 patients, and those with Apert syndrome were 
diagnosed clinically.

Volumes
The mean preoperative ICV was 887 mL [stan-

dard deviation (SD), 139 mL], mean 6-month post-
operative ICV was 1177 mL (SD, 133 mL), and mean 
follow-up ICV was 1369 mL (SD, 131 mL). Individual 
results for the patients are presented in Table 1.

In comparison, the mean ICV values for con-
trols at the mean ages of 5 months (n = 30), 11 
months (n = 30), and 3 years (n = 26) were 854 mL 

Fig. 1. intraoperative photograph of the technique used, in-
cluding frontal remodeling with advancement, and spring 
distraction over the lambdoid sutures bilaterally.
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(SD, 137 mL), 1118 mL (SD, 117 mL), and 1358 mL 
(SD, 113 mL), respectively (Fig. 3). The current con-
trols differed somewhat when compared to other 
published normative data12,13 (Table 2).

The differences between patients and controls in each 
age group were not statistically significant (P > 0.05). 

The difference between the mean ICV for patients at 
a mean age of 5 months (887 mL) and at a mean age 
of 3 years (1369 mL) was 482 mL, an increase of 54.3%. 
The difference between the mean ICV for controls at a  
mean age of 5 months (854 mL) and at a mean age of 3 
years (1358 mL) was 504 mL, an increase of 59%.

Fig. 2. Ct scans of a girl with nonsyndromic bilateral coronal craniosynostosis (a and B) and a boy with apert syndrome (C 
and D). a and C, Preoperative image; B and D, 3-year follow-up.
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Patients with Apert syndrome (n = 3) had greater 
ICV than the rest of the group (n = 12) preoperatively 
(1067 mL vs 842 mL) and at 3 years follow-up (1538 vs 
1318 mL). When patients with Apert syndrome were 

excluded, the results for the rest of the group were not 
significantly (P > 0.05) different from controls. Even 
when the 2 nonsyndromic cases were excluded, results 
were still not significantly different from controls.

Table 1. Intracranial Volume in 15 Children with Bilateral Coronal Craniosynostosis

Patient Sex Diagnosis

Measurements (mL)

Preoperative Postoperative Follow-up

1 Male Apert 1079 1400 1616
2 Female Apert 1038 1250 1439
3 Female Apert 1082 1385 1559
4 Female Crouzon 840 1186 1367
5 Male Muenke 1010 1255 1434
6 Female Muenke 737 997 1196
7 Male Muenke 687 970 1243
8 Male Muenke 960 1272 1452
9 Male Muenke 995 1270 MD
10 Female Muenke 968 1202 1402
11 Male Saethre-Chotzen 838 1090 1243
12 Male Saethre-Chotzen 732 1131 1334
13 Female Saethre-Chotzen 817 1164 1288
14 Female Nonsyndromic 821 1026 1220
15 Male Nonsyndromic 705 1052 MD
Measurements were performed at 5 months (preoperative), 11 months (postoperative), and 3 years (follow-up).
MD, missing data.

Fig. 3. Mean intracranial volume in patients preoperatively, postoperatively, 
and at 3-year follow-up compared with age- and gender-matched controls.

Table 2. Total Intracranial Volume and Comparison of Normative Data

Authors Dekaban12 Abbott et al13 Present Study

No. individuals n = 1058 n = 157 n = 86
Year 1977 2000 2013
Normal female n = 503 n = 82 n = 42
    6 months old 748 825 848*
    12 months old 913 1025 1064*
    36 months old 1148 1243 1325
Normal male n = 555 n = 75 n = 44
    6 months old 847 909 860*
    12 months old 1010 1126 1166*
    36 months old 1206 1374 1397
Methods Calculation of ICV by 

 mathematical formulas from 
head x-rays

Measurement of ICV in the software 
Persona from CT scans less than 5 mm 
in slice thickness

Measurement of ICV in a 
 software using MATLAB 
from CT scans

All intracranial volumes are presented as mean values in mL.
*Measurements for the controls in the present study were performed at the ages 5 months, 11 months, and 36 months.
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DISCUSSION
In this study, we investigated the ICV in patients 

with BCS and compared it with an age- and gender-
matched control group. We found that the ICV in 
patients was similar to that of normal children, both 
preoperatively and postoperatively, and that patients 
maintained their age-related ICV at follow-up. To 
date, there have been few published studies on ICV 
in patients with complex craniosynostosis, none spe-
cifically describing the ICV in BCS.

We measured the ICVs from CT scans by semiau-
tomatic segmentation in a MATLAB-based program 
previously developed at our unit.11 Methods of ICV 
measurement have been improved over the last de-
cades, from estimations using skull x-rays and math-
ematical formulas12,14 to the use of computerized 
software for measuring ICV from CT scans,11,13,15,16 or 
magnetic resonance imaging,17 or by indirect meth-
ods using three-dimensional (3D) photography.18 
The disadvantages of using CT scans are the expo-
sure to radiation and the need of anesthesia in some 
children, but ICV measurements from CT scans are 
more accurate than estimations from x-rays and 3D 
photographs. Magnetic resonance imaging has the 
advantage of accurately measuring brain and ventric-
ular volumes separately. However, CT scans with low-
radiation technique are currently used for diagnosis 
and follow-up at our unit. When using the 3D pho-
tography, there is no radiation; the ICV is estimated 
but can be converted into the absolute volume by di-
viding the estimated volume by a constant (1.34).18

Only a few studies have been published on nor-
mal ICV in children. The normative data of Lich-
tenberg14 from 1960 have previously been accepted 
and used by several authors.19–24 Posnick et al21 were 
surprised to find ICVs above the norms of Lichten-
berg in a series of patients with metopic and sagit-
tal craniosynostosis. The study by Posnick et al21 was 
later questioned by Marsh25 because of the selection 
of normative data. The norms presented by Lichten-
berg were obtained from a French population us-
ing skull x-ray and mathematical formulas for ICV 
estimation. Abbott et al13 and Kamdar et al15 have 
presented normative data from CT scans. The prob-
lem is that almost all craniofacial centers use differ-
ent methods of ICV measurement, and the accuracy 
might be questioned when comparing such data. 
When we compared the available normative data 
at the ages of 6 months, 12 months, and 36 months 
from Dekaban12 and Abbott et al13 with our own data 
(Table 2), our measurements were greater in these 
age groups compared with Dekaban’s, but more 
similar to Abbott’s study. The differences in ICV may 
be explained by differences in selection of control 
groups and in measurement methodologies.

In our previous study, Wikberg et al,11 the ICV 
measurements were evaluated for methodological 
errors. Precision was evaluated by running the pro-
gram 10 times in each slice thickness, 0.6 mm and 
5 mm. The differences between the 2 slice thick-
nesses were also calculated. In addition, human dry 
skulls were filled with agar gel and compared to the 
ICVs calculated from CT scans of the same skulls.

Surgical treatment of BCS has the purpose of in-
creasing the ICV and normalizing the skull shape. 
Several surgical techniques are used at different 
craniofacial units. We use a combined procedure of 
frontal advancement and spring expansion of the 
posterior skull, together with biparietal restriction9 
(Fig. 1). Vinchon et al26 use FOA with frontopari-
etal remodeling for nonsyndromic craniosynostosis 
with brachycephaly. Several craniofacial units use 
posterior skull expansion, with spring-assisted tech-
niques27,28 or with distractors,8,29 as an initial surgical 
intervention in patients with BCS. Serlo et al29 pro-
pose posterior cranial expansion as an initial proce-
dure for syndromic cases because of the greater gain 
in ICV compared to the previously used technique 
with frontal advancement. In our combined proce-
dure, the increase in ICV for patients was compara-
ble to the normal ICV growth in healthy children. 
We believe that the skull expansion will have positive 
effects for the patient by reducing the risk of raised 
ICP. The normalization of ICV and cranial shape will 
probably also be of importance when it comes to 
intellectual development and psychosocial abilities. 
The ICV is age dependent and for that reason we 
were not capable to compare our results with that of 
other centers due to the lack of published data in the 
age groups 6 months, 12 months, and 3 years. The 
heterogenecity and small numbers of this study may 
show a type II error in the statistical analysis, some-
thing one has to be aware of when interpreting the 
results. Further case-control studies will be required 
to determine whether our results are comparable to 
those of other centers.

We know very little about the natural history of 
patients with craniosynostosis, which is a substantial 
drawback in the interpretation of our results. Pa-
tients who have not been operated on may have nor-
mal, supranormal, or subnormal ICV, the latter with 
a risk of increased ICP, and a cranial deformity due 
to compensatory skull growth in uninvolved sutures. 
No patient in this study had a ventriculoperitoneal 
shunt. Another concern is the heterogenecity of our 
study, by including syndromic and nonsyndromic 
BCS, that may cause a different outcome.

The relationship between ICV and ICP is however 
not well defined in the literature. Gault et al24 present-
ed a series of 66 children with craniosynostosis. Thir-
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teen patients (20%) had raised ICP and 12 out of these 
(92%) also had a reduced ICV. Raised ICP was found 
to be more common in patients with multiple-suture 
craniosynostosis.24 Fok et al23 studied a series of 41 con-
secutive craniosynostosis cases; 38 patients (93%) had 
raised ICP, but only 4 (10%) had a reduced ICV.

Children with single-suture craniosynostosis may 
be more capable of compensating in their skull 
growth than patients with multiple-suture cranio-
synostosis. Craniofacial anomalies with multiple-
suture involvement are seen, for example, in Apert, 
Crouzon, Pfeiffer, and Saethre-Chotzen syndromes. 
These patients are more prone to develop intracra-
nial hypertension,30,31 probably due to the lack of 
compensatory skull growth. Patients with Apert syn-
drome generally have a greater ICV compared with 
normal controls,19,20 and there is no discernible dif-
ference between the 2 genotypes Ser252Trp and Pro-
253Arg.32 Interestingly, Gosain et al20 noted that the 
ICV of patients with Apert syndrome was raised after 
3.5 months of age, a raise that seemed unaffected by 
both ventriculomegaly and cranial vault surgery.

The skull surgery may not only keep the ICV in 
a normal range but also impair the skull growth, re-
sulting in a reduced ICV. Therefore, to detect altera-
tions, ICV measurements could be useful for surgical 
evaluation of patients with craniosynostosis.

CONCLUSIONS
In conclusion, patients with BCS who are oper-

ated on with the spring-assisted cranioplasty seem to 
maintain their age-related ICV at 3 years of age when 
compared with normal controls. Further studies will 
be required to determine whether these short-term 
results continue into adulthood. 
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