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Abstract

Background Though the craniovertebral junction is often
abnormal in children with Crouzon’s syndrome, no study
had measured accurately the size of their foramen magnum
(FM).

Patients and methods We compared the FM size (area,
diameters) on computed tomography examination in 21
children with a genetically confirmed Crouzon’s syndrome
prior to any surgery and in 23 control children without
craniofacial abnormalities. We extrapolated the growth pat-
tern in both groups.

Results We found a statistically significant smaller FM area
(»=0.0228), FM sagittal diameter (»p=0.0287), and FM sag-
ittal posterior diameter (»p=0.0023) in children with Crou-
zon’s syndrome. No differences were detected with regard
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to the transversal diameter. Hydrocephalus in children with
Crouzon’s syndrome was associated with a small FM area
(»p=0.05), small sagittal diameter (p=0.023), small sagittal
posterior diameter (p=0.0173), and reduced transversal di-
ameter (p=0.03985). No association of the aforementioned
findings was found with the position of the cerebellar tonsils
or the lambdoid suture functional state (open or fused).
Comparable results were observed among the two genetic
forms (exon 8 or 10 mutations). Concerning the growth
pattern, a first phase of rapid increase and a second phase
of slow increase could be recognized in all the measure-
ments in both populations, though with some significant
differences.

Discussion and conclusions The growth of FM follows a
biphasic pattern in both Crouzon’s and control children. The
sagittal diameter and the global size of the FM are mostly
affected in children with Crouzon’s syndrome. The small
FM, especially its posterior part, is likely to play a key role
in the physiopathology of hydrocephalus.

Keywords Faciocraniosynostosis - Complex craniostenosis -
Craniovertebral junction - Chiari malformation -
Ventricular dilatation - Genetic - Skull base development

Introduction

One century ago, Crouzon described a syndrome associating a
cranial synostosis and facial dysmorphism characterized by
hypertelorism, exophthalmos, hypoplastic maxilla with rela-
tive prognathism, parrot-beaked nose, and a short upper lip
that has been named after him [11]. This syndrome is nowa-
days well known both from the phenotypic and genetic points
of view. Several mutations in the fibroblast growth factor
receptors 2 (FGFR2) gene have been described [2]. However,
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only a few studies have been addressed at understanding the
growth process of the skull base in this type of complex
craniosynostosis. Two papers have suggested that the foramen
magnum (FM) might be smaller in patients with Crouzon’s
syndrome [14, 18], but to the best of our knowledge, none has
tried to analyze its size and growth pattern in detail.

The aim of this study was to evaluate the FM size and its
various diameters in children of different ages with
Crouzon’s syndrome and in control children of comparable
ages as well as their variations during the early phases of life
based on computed tomography (CT) studies.

Patients and methods
Population

The group of patients with Crouzon’s syndrome included 21
children with a genetic confirmation of FGFR2 gene muta-
tion. All the patients presented with craniofacial retrusion
and/or a cranial synostosis (mean age, 30.28 months; medi-
an, 19 months; standard deviation, 35.72). Sex ratio was 1.1.
Twenty out of 21 children had a facial retrusion; 18 out of
21 children had a cranial synostosis.

An age-matched control group was constituted for compar-
ison. It included 23 children admitted at Necker’s Hospital
Neurosurgical Pediatric Unit in emergency because of a poly-
traumatism and who underwent a body CT scan to rule out a
cerebral lesion. Children with cranial bone lesions or any brain
injury were excluded. Their age at the CT scan study ranged
from 1 to 130 months; mean age was 30.22 months, median
22 months, and standard deviation of 32.09. Sex ratio was 1.87.

Fig. 1 Measurements of the
foramen magnum
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Computer-aided analysis of the skull

Carestream PACS 11.0 for Windows XP was used for the
anatomical measures and CT data treatment. CT scan
acquisitions were millimetric. Richards and Jabbour [22]
divided the FM into two functional matrices: a dorsal and
a ventral one. We used this definition to analyze the FM area
and the diameters in Crouzon’s and the control population.

Six axial measurements were defined and analyzed
according to Richards and Jabbour [22].

* Area: the foramen magnum’s area

* sd: the foramen magnum’s maximal sagittal diameter
(sd)

» sdi: basion-to-anterior bi-interoccipital synchondrosis
diameter (sdi)

+ sdio: anterior bi-interoccipital synchondrosis-to-opisthion
diameter (sdio)

e td: the foramen magnum’s maximal transverse diameter
(td)

 tdi: anterior bi-interoccipital synchondrosis width (tdi)

Figure 1 shows these variables on a CT data image.

The growth rate and the total percentage of increase were
extrapolated from our data according to the methodology of
Richards and Jabbour [22]. To compare Crouzon’s and the
control groups, we analyzed the growth rate and the per-
centage of increase of the first 15 months of life.

For children with Crouzon’s syndrome, we considered
the type of exon mutation and the presence of tonsillar
prolapsus (TP; defined as cerebellar tonsils herniation
>5 mm below the basion—opisthion line) and searched for
the presence of an associated hydrocephalus.
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Statistical analysis

Head growth occurs in phases. It is neither a linear nor a
logarithmic phenomenon [24]. For this reason, a graphical
analysis was performed using a lowess (locally weighted
scatterplot smoothing) non-parametric regression for each
measured value [8, 7]. Best-fit curves were calculated on the
scatterplot of each measurement against age using 0.5 as the
smoothing parameter. These curves extrapolate the change of
the measurements during childhood. All the measurements
might not be normally distributed in the pathological condi-
tion considered here. We thus used the directional Mann—
Whitney—Wilcoxon rank-sum test, which is a non-parametric
statistical hypothesis test, to compare the measured parameters
in each group using z scores. The alternative hypothesis
(control group measurements higher than Crouzon’s) was
accepted if the results were considered significant (p<0.05).
For correlations, Pearson chi-square test or likelihood ratio
test (for samples <5) were used, with significant results for p<
0.05. All the statistical analyses were performed with R 2.14.1
GUI 1.43 Leopard build 64-bit (5989). The database was
exported from IBM SPSS Statistic 20 for mac OS X 10.7.

Results

Tables 1 and 2 show a synopsis of our populations and the
results of our analysis, respectively. There were no statistical
differences in all these measurements between boys and
girls.

Measurements and growth rate
Foramen magnum area

A significant difference was found in the FM area (p=
0.0228, z score=2). FM area by age of children with Crou-
zon’s syndrome was stochastically lower than the controls
(Fig. 2). The lowess curve of the Crouzon’s group was
always situated below the control group line.

By extrapolation, we found two growth phases in the FM
area in the control group. During the first phase, from birth
to the 36th month of life, the FM area had its maximal
increase. A phase of stabilization was observed after the
36th month of life. Two growth phases were also found in
the area of FM in the Crouzon’s group. However, the first
phase was shorter. In fact, the growth rate broke down in the
Crouzon’s group after 18 months of age.

Foramen magnum’s maximal sagittal diameter (sd)

A significant difference was observed between the two
groups for the sd value by age (p=0.0287, z=1.9), with

the lowess curve of the Crouzon’s group situated below
the control group (Fig. 3).

The growth pattern of the sd in the control group
followed two phases: the first one from birth to
30 months of life with a high growth rate and the
second after 30 months of life, where sd growth was
stabilized. The sd growth in children with Crouzon’s
syndrome followed also two phases: sd was consistently
increasing from birth to 58 months, and then its growth
rate broke down.

Basion-to-anterior bi-interoccipital synchondrosis diameter

(sdi)

No significant difference was found for sdi measure-
ment comparing the two groups by age (p=0.4247, z=
—0.19). Interestingly, around the second year of age in
the Crouzon’s group, two populations could be distin-
guished, one with high values and the second with
small sdi values. It is probably for that reason that no
difference for sdi in the overall group was found be-
tween children with Crouzon’s syndrome and the con-
trol children (Fig. 4).

Extrapolating our data, the sdi growth in the control
group followed two phases. The first one from birth to
15 months of life had a high growth rate and a second phase,
after the 15th month, where sdi was still harmoniously
increasing but with a low rate. In particular, the sdi growth
in Crouzon’s followed two phases, with the first which is a
long period of high growth rate for approximately 24 months
and then a second period in which its growth rate
diminished.

Anterior bi-interoccipital synchondrosis-to-opisthion
diameter (sdio)

A significant difference was observed between the two
groups for the sdio value by age group (p=0.0023, z=
2.84). Crouzon’s sdio diameter distribution by age was
stochastically lower than the control group (Fig. 5).

In normal children, the sdio growth rate followed two
phases: the first from birth to 32 months of life with a high
growth rate and the second after the 32th month where sdio
still increased, but slowly. In Crouzon’s group, the sdio
diameter’s increase followed also two phases: the first from
birth to 58 months of life with a high growth rate and the
second after the 58th month when the growth rate broke
down.

Foramen magnum’s maximal transverse diameter (td)

No significant difference was found for td measurement
comparing the two groups (p=0.063, z=1.53; Fig. 6). As
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Table 1 Synopsis of our data
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Age Hydrocephalus Tonsillar Exon Lambdoid Facial
(months) prolapsus mutation suture retrusion
Crouzon’s group

1 M 1 No No 8 Opened Yes

2 M 2 Yes Yes 8 Closed Yes

3 M 3 No No 8 Opened Yes

4 M 3 No No 10 Opened Yes

5 F 8 No No 10 Opened Yes

6 M 9 No Yes 10 Opened Yes

7 F 13 No No 10 Closed Yes

8 F 14 Yes Yes 10 Closed Yes

9 M 15 No Yes 8 Opened Yes
10 F 18 No No 8 Opened Yes
11 M 19 No No 10 Closed Yes
12 M 23 Yes No 8 Opened Yes
13 F 25 No Yes 10 Closed Yes
14 M 26 No No 8 Closed Yes
15 F 28 No No 10 Closed Yes
16 F 28 No Yes 8 Closed No
17 M 37 No Yes 8 Closed Yes
18 F 56 No No 10 Closed Yes
19 F 64 No No 10 Closed Yes
20 F 94 No Yes 10 Closed Yes
21 M 150 No No 10 Closed Yes

Total N 21 21 21 21 21 21 21
Control group

1 M 1 No No - Opened -

2 M 1 No No - Opened -

3 M 2 No No - Opened -

4 F 2 No No - Opened -

5 M 2 No No - Opened -

6 F 3 No No - Opened -

7 F 6 No No - Opened -

8 F 7 No No - Opened -

9 M 13 No No - Opened -
10 M 18 No No - Opened -
11 F 21 No No - Opened -
12 M 22 No No - Opened -
13 F 25 No No - Opened -
14 M 29 No No - Opened -
15 M 30 No No - Opened -
16 F 31 No No - Closed -
17 M 39 No No - Opened -
18 M 44 No No - Opened -
19 M 56 No No - Closed -
20 M 61 No No - Opened -
21 M 72 No No - Closed -
22 M 80 No No - Closed -
23 F 130 No No - Closed -

Total N 23 23 23 23 23




Childs Nerv Syst (2012) 28:1525-1535 1529

Table 2 Foramen magnum 5 . . .
measurements in the Crouzon’s Age (months)  Area (mm”)  sd (mm)  sdi(mm) sdio (mm) td (mm)  tdi (mm)

and control groups
Crouzon’s group

1 1 225.68 18.97 3.64 15.33 15.88 10.43
2 2 277.41 24.72 3.90 20.82 15.45 11.30
3 3 308.88 23.73 3.48 20.25 19.30 12.34
4 3 327.11 27.05 421 22.84 17.67 11.55
5 8 436.09 25.51 5.29 20.22 24.25 14.51
6 9 500.06 28.36 5.31 23.05 26.03 15.53
7 13 371.08 27.51 5.54 21.97 19.36 12.39
8 14 450.58 25.84 6.85 18.99 23.79 15.13
9 15 496.16 28.63 6.33 22.30 23.85 14.77
10 18 572.62 32.71 7.63 25.08 25.26 17.54
11 19 571.68 35.84 6.66 29.18 24.88 14.30
12 23 344.38 25.49 6.44 19.05 18.71 12.96
13 25 508.67 28.71 7.03 21.68 23.42 15.64
14 26 534.23 30.37 8.00 22.37 24.94 15.35
15 28 583.96 30.89 6.44 24.45 26.23 14.75
16 28 440.46 26.28 5.64 20.64 26.28 14.65
17 37 616.70 33.37 8.74 24.63 26.13 18.19
18 56 579.79 32.49 9.01 23.48 25.42 21.16
19 64 572.44 36.67 5.87 30.80 22.72 16.25
20 94 707.03 33.94 5.82 28.12 27.11 21.28
21 150 469.68 28.97 5.10 23.87 21.28 16.45
Total N 21 21 21 21 21 21 21
Control group
1 1 351.31 25.93 4.99 20.94 21.57 12.53
2 1 383.94 27.14 4.78 22.36 20.33 10.04
3 2 438.30 28.99 4.78 24.21 23.76 13.34
4 2 357.07 26.53 3.98 22.55 21.07 10.10
5 2 387.41 25.16 4.47 20.69 23.18 12.08
6 3 415.32 28.50 4.11 24.39 21.65 1291
7 6 421.57 2531 4.66 20.65 25.67 14.87
8 7 511.51 30.91 5.71 25.20 24.36 13.31
9 13 531.91 30.70 6.11 24.59 25.95 14.67
10 18 589.16 31.66 6.35 25.31 26.87 14.79
11 21 713.94 38.72 5.72 33.00 26.95 14.51
12 22 560.22 31.40 6.13 25.27 25.14 15.33
13 25 582.33 31.70 6.01 25.69 25.30 14.86
14 29 488.79 33.25 5.53 27.72 23.74 12.73
15 30 715.99 36.11 6.81 29.30 30.60 14.80
16 31 826.41 37.92 6.50 31.42 31.22 15.44
17 39 697.63 3242 5.40 27.02 31.22 16.21
18 44 743.31 33.31 6.94 26.37 32.28 17.81
19 56 552.56 30.33 6.49 23.84 24.78 19.67
20 61 633.45 33.81 7.82 25.99 27.27 16.45
21 72 731.74 35.19 7.17 28.02 28.51 17.33
22 80 613.31 33.21 7.88 25.33 26.94 19.88
23 130 708.79 39.41 7.98 31.43 27.75 18.80
Total N 23 23 23 23 23 23 23
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Fig. 2 Area distribution by age, Mann—Whitney—Wilcoxon rank-sum
test p value

for the other parameters, extrapolation of the data showed
two phases in growth rate in both control and Crouzon’s
group. The td in the control group had a high growth rate
during a 41-month first phase, and then it broke down in a
second phase. In the Crouzon’s group, the td had a high
growth rate during a 15-month first phase. Then, in a second
phase, the growth rate decreased.
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Fig. 3 sd distribution by age, Mann—Whitney—Wilcoxon rank-sum test
p value
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Fig. 4 sdi distribution by age, Mann—Whitney—Wilcoxon rank-sum
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Anterior bi-interoccipital synchondrosis width (tdi)

No significant difference was found for tdi measurements
comparing the two groups (p=0.4801, z=—0.05; Fig. 7).
Consequently, the extrapolation of the growth rate for the
control and the Crouzon’s groups showed no difference.
Two phases could be observed: the first one from birth to
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Fig. 5 sdio distribution by age, Mann—Whitney—Wilcoxon rank-sum
test p value
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15 months of life and the second one after the 15th month of
life.

Analysis of the growth pattern in the first 15 months of life

When comparing the growth rate in the first 15 months of
age (first phase of growth for all measured parameters in
both groups), we found that Crouzon’s growth rate was
actually higher than the controls for several distances.
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Fig. 7 tdi distribution by age, Mann—Whitney—Wilcoxon rank-sum
test p value

The growth rate of the FM area in children with Crou-
zon’s syndrome was 1.32 times higher than that of the
control (16.9 vs. 12.8 mm*/month, respectively). The total
increase for the area was 1.46 times higher for the Crouzon’s
group (220 vs. 151 %, respectively) during the first
15 months. Nevertheless, the FM area of the Crouzon’s
group’s absolute values remained lower than the control
group.

Also, for the sagittal diameter (sd) and its two compo-
nents (sdi and sdio), the growth rate was higher in children
with Crouzon’s syndrome. In fact, the growth rate of sd
during the first 15 months in the Crouzon’s group was
1.21 times higher than the controls (a 0.34 mm/month rate
and a 151 % sd increase in the Crouzon’s group and a
0.28 mm/month rate and a 122 % sd increase in the controls)
even if the sd absolute values in the Crouzon’s group
remained lower than the control group.

Comparing the sdi, the Crouzon’s group had a 0.21 mm/
month growth rate and a 197 % sdi increase, whereas the
control group had a 0.13 mm/month rate and a 153 % sdi
increase. Comparing the sdio, Crouzon’s group showed a
0.32 mm/month growth rate and a 150 % sdio increase,
while the control group had a 0.28 mm/month rate and a
122 % sdio increase. In the first 15 months of life, the
growth rate in the Crouzon’s group was 1.15 times higher
than the control, and the total increase for the sdio was 1.23
times higher than the control group.

Similarly, during the first 15 months of life, Crouzon’s
group’s td growth rate was 2.16 times higher than the con-
trols, and the total increase for td was 1.31 times higher for
the Crouzon’s group (0.67 mm/month, 168 % increase in the
Crouzon’s group and 0.31 mm/month, 128 % increase in the
controls). Only the tdi showed a similar growth rate in both
groups between 0.31 and 0.41 mm/months, with an increase
in tdi of 148 %.

Hydrocephalus and tonsillar prolapse

Three patients had a hydrocephalus (14.28 % of the children
with Crouzon’s syndrome). When comparing the measure-
ments of these three hydrocephalic children with the rest of
the Crouzon’s group without hydrocephalus, we found that
they had a smaller FM area (p=0.05; Fig. 8), a smaller td
diameter (p=0.03985), a smaller sd diameter (p=0.023;
Fig. 9), and a smaller sdio diameter (p=0.0173; Fig. 10),
but no difference in sdi diameter (p=0.54; Fig. 11). Associ-
ation between hydrocephalus and lambdoid sutures status
was not statistically significant (p=0.853). In one case,
hydrocephalus was not associated with tonsillar prolapse
(TP). No association between hydrocephalus and TP (p=
0.278) was found.

TP was found in eight children (38.10 %) in our series.
No difference in all measurements was observed between
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Fig. 8 Area distribution by age according to the presence of
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these children and the remaining patients without TP. Asso-
ciation between TP and lambdoid sutures status was not
statistically significant (»p=0.965).

Genetic testing
Twelve children had the FGFR2 mutation localized on the 10th

exon and in nine on the 8th exon. The association between the
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Fig. 9 sd distribution by age according to the presence of hydrocephalus
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type of exon mutation and hydrocephalus was not
statistically significant (p=0.368); neither were the as-
sociation between the type of genetic mutation and TP
(p=0.604), facial retrusion (p=0.237), cranial synostosis
(p=0.368), and the status of the lambdoid sutures
(p=0.697). Mann—Whitney—Wilcoxon rank-sum test
showed no influence of the type of mutation in all the
measurements.
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Fig. 11 sdi distribution by age according to the presence of hydrocephalus
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Discussion

FM ontogenesis is complex. Experimental data show that
the basioccipital and the exooccipital bone derive from the
fifth first somites [10, 16]. Embryologic data demonstrate
that these two bones are derived from the mesoderm [10,
16]. Whereas their cellular origin is known, their ossifica-
tion mechanisms are still unclear as both endochondral and
membranous bone growth can be observed [15]. FM ven-
trolateral limits are constituted by the basiocciput and its
dorsolateral limits by the exoocciput. These two parts are
separated by the anterior interoccipital synchondrosis
(AIOS), which is directly implicated in FM growth
(Fig. 12).

The results of our study indicate that the normal postnatal
growth of the foramen magnum (area) can be subdivided
into two main phases: the first one, until 3 years of age, is
characterized by a rapid growth and the second, until the
complete formation of the structure, by a reduced growth
rate. When analyzing the differences in the growth pattern of
the sagittal and transverse diameters, we found that the latter
showed an increase until 41 months of age and then
remained stable, whereas the sagittal diameter showed a fast
growth rate until 30 months of age and then continued to
grow, though with a reduced rate.

According to Richards and Jabbour [22], the sagittal
growth of FM follows four main steps: in the fetal period,
the main growth is found at the level of the posterior (dorsal)
part of FM that increases faster than the anterior (ventral)
part. This situation reverses between birth and 6 months of
age when the main growth is ventral. After 6 months, the
dorsal part of the FM reduces its growth rate, though con-
tinuing to develop slowly to arrest at 1 year of age while the
ventral part continues to maintain a high growth rate until
age 1. This anterior part of the FM will continue to develop
at a slow rate until AIOS fusion, which is around 8 years of
age [22].

Fig. 12 CT reconstruction. One-month-old child (control group)
showing an inferior view of the foramen magnum. Anterior interocci-
pital synchondrosis (/), basioccipital bone (2), exooccipital bone (3),
supraoccipital bone (4)

Using a methodology similar to Richards and Jabbour’s
[22], we found different results as in the control group, we
observed a faster and more prolonged development of the
FM posterior part. In fact, in our study, the growth of the
posterior part of the FM (sdio) in the period from birth to
32 months of life occurred at a rate of 0.28 mm/month
before stabilizing. The growth rate of the anterior part (sdi)
was of 0.13 mm/month and stabilized at 15 months of life.
Our observations suggest that the posterior part of the FM
plays a key role in normal FM growth.

Comparative analysis of the FM in Crouzon’s vs. control
group

We found a smaller area of the FM in children with Crou-
zon’s syndrome compared to matched controls (p=0.0228)
in all age groups. In particular, the sagittal diameter was
reduced (p=0.0287). The role of the posterior component of
the FM was confirmed, with the posterior sagittal diameter
(sdio) being especially affected. Actually, the sdio was
smaller in the Crouzon’s group than in the control group
(»=0.0023), whereas the anterior part (sdi) was not statisti-
cally affected (p=0.4247). Moreover, in the first 3 months of
life, the td was also reduced in children with Crouzon’s
syndrome (p=0.0367). The td growth seemed also to be
shorter in duration compared to normal subjects. The com-
bination of these two alterations of FM growth accounts for
the smaller FM area of the subjects with Crouzon’s syn-
drome. However, the growth of the tdi is almost identical in
both groups, suggesting that the bone growth that starts at
the level of the AIOS is not affected.

By summarizing our data, we identified two phases of
growth in both the control and the Crouzon’s group. In the
first phase, all the growth parameters showed a fast increase
in both groups and then a reduced growth rate in a second
phase. The extrapolated growth rate in children with Crou-
zon’s syndrome is actually higher than in the control group
in the first phase, but the size of the FM area and the sd and
sdio diameters in these subjects never reach those of the
control group. Furthermore, the growth rate during the sec-
ond phase seems more important in the control compared to
the Crouzon’s group. The combination of these findings
might explain the small area of the FM in children with
Crouzon’s syndrome.

Hydrocephalus

Hydrocephalus is a common phenomenon in subjects with
Crouzon’s syndrome. It is found in 30 up to 70 % of the cases
[5, 9, 20, 21]. In our study, only 14.28 % of the genetically
confirmed Crouzon’s children had hydrocephalus; thus, the
actual incidence of such complication might be lower than
originally thought on the basis of previous reports which
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considered series identified on the grounds of mere morpho-
logical and radiological observations.

The physiopathology of hydrocephalus in Crouzon’s syn-
drome is still unclear. Most authors favor two main hypoth-
eses: (1) the “constrictive” theory which takes into account
an increased cerebrospinal fluid (CSF) outflow resistance
due to a small posterior fossa with prematurely closed
lambdoid sutures [3, 4, 9, 13, 26] and (2) the “venous”
theory which identifies an impaired CSF absorption due to
an augmented venous pressure secondary to jugular foramen
stenosis as the most relevant factor [5, 13, 23].

In the group of patients considered for the present study,
three presented with hydrocephalus: two of them with both
lambdoid sutures closed while the last child having a hy-
drocephalus despite both lambdoid sutures open. As 11
children of this group had closed lambdoid sutures without
hydrocephalus, the relationship between the state of the
lambdoid sutures and the presence of hydrocephalus is not
evident in this series.

Concerning the effect of FM size, we have observed that
the three patients with hydrocephalus all had a smaller FM
area compared to the remaining Crouzon’s children. Indeed,
they showed a smaller sagittal diameter, especially in its
posterior segment (sdio), compared to the other subjects
with Crouzon’s syndrome but without hydrocephalus (p=
0.0173; Fig. 10). These data support the hypothesis of
Richards and Jabbour [22] who identified these modifica-
tions in FM size as a possible cause of a hemodynamic
impact on the vascular structures contained within the pos-
terior part of the FM or in close relation to it (the vertebral
arteries situated immediately behind AIOS and the jugular
bulbous in the jugular foramen, in relation to the dorsolat-
eral part of FM) as well as of a hydrodynamic impact due to
the reduced spaces for CSF circulation.

Our three cases with hydrocephalus in whom the size of
FM was particularly reduced further support the hypothesis
that perturbations in CSF flow at the level of the craniover-
tebral junction associated with an impaired venous drainage
are likely to be the causes of the occurrence of hydroceph-
alus. In other words, in children with Crouzon’s syndrome,
the hydrocephalus would result from a complex interaction
of mechanical, hydrodynamic, and hemodynamic factors.
Such mixed pathogenesis would account for the variable
results of endoscopic third ventriculostomy observed in
these patients [12].

Cerebellar tonsils and Crouzon’s syndrome

In this study, caudal herniation of the cerebellar tonsils (TP)
was observed in eight children (38.10 %) with Crouzon’s
syndrome. Previous studies reported that TP is present in
72.7 % of children with Crouzon’s syndrome [6]. This
difference could be explained, as was mentioned above, by
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the fact that we only included children with Crouzon’s
syndrome, which had a genetically confirmed mutation,
and excluded cases of Pfeiffer’s syndrome or Jackson—
Weiss or oxycephalic patients. In this study, we did not
identify any relationship of TP with hydrocephalus. In fact,
TP was associated with hydrocephalus in only two of the
eight children with caudal herniation of the cerebellar tonsil
(»=0.271).

The occurrence of TP in craniosynostosis has been con-
sidered as a result of the growth of hindbrain structures
within a small and incompetent posterior cranial fossa due
to an early closure of the lambdoid sutures [19, 25]. In our
series, however, only five out of the eight children with TP
had closed lambdoid sutures. The remaining three patients
had a TP with open lambdoid sutures. Consequently, the
association between the lambdoid sutures status and TP was
not statistically significant (p=0.965). With regard to the
basal sutures, we observed that their closure occurred
around 56 months of age in both the Crouzon’s and the
control groups (we found a case of early closure in the
control group at 31 months of age).

The pathogenic interpretation of the tonsillar herniation
in Crouzon’s syndrome remains complex. It is probably
different from that of other types of Chiari malformation
type I where the FM is enlarged [1, 17] to a degree depend-
ing on the extent to which the tonsils have descended [27].
In our study, children with Crouzon’s syndrome have a FM
smaller than the control children, and Crouzon’s children
with TP have a FM size comparable to that of the other
Crouzon’s children without TP.

Study limitations

This study presents some limitations. The size of the studied
populations is small; thus, we used a restrictive statistical
analysis (Mann—Whitney—Wilcoxon rank-sum test) which
reduces the risk of false-positive statistical significant dif-
ference. But we might underestimate some existing differ-
ences (overestimating the p values). A further bias may be
related to the age of the children with Crouzon’s syndrome
because the more severely affected children might be diag-
nosed and given surgical treatment earlier than the mild
cases. Only an extrapolation of the growth pattern was
carried out because a longitudinal CT-based analysis of the
FM growth in unoperated children with Crouzon’s syn-
drome is not possible.

Conclusions
Our study is the first, to the best of our knowledge, that

attempts to describe the FM characteristics in genetically
confirmed Crouzon’s children. We could show a difference
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in FM size and growth pattern between children with Crou-
zon’s syndrome and normal subjects. In particular, we have
evidenced that Crouzon’s children present a smaller FM
area, especially in its posterior part. The genetic type of
mutation seems to neither influence FM measurements nor
Crouzon complications as hydrocephalus or TP. Consider-
ing hydrocephalus, it seems statistically associated with a
small posterior FM.
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