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Background.  – Patients  with  syndromic  faciocraniosynostosis  due  to  the  mutation  of  the  fibroblast  growth
factor  receptor  (FGFR)  2 gene  present  premature  fusion  of the  coronal  sutures  and  of  the  cranial  base
synchondrosis.  Cerebrospinal  fluid  (CSF)  circulation  disorders  and  cerebellar  tonsil  prolapse  are  frequent
findings  in  faciocraniosynostosis.
Objective. – We  reviewed  the  medical  literature  on  the pathophysiological  mechanisms  of CSF  disorders
such  as  hydrocephalus  and  of cerebellar  tonsil  prolapse  in  FGFR2-related  faciocraniosynostosis.
Discussion.  – Different  pathophysiological  theories  have  been  proposed,  but none  elucidated  all  the  symp-
hiari
rouzon
pert
feiffer

toms present  in  Apert,  Crouzon  and  Pfeiffer  syndromes.  The  first theory  that  addressed  CSF circulation
disruption  was  the  constrictive  theory  (cephalocranial  disproportion):  cerebellum  and  brain  stem  are
constricted  by  the  small  volume  of  the posterior  fossa.  The  second  theory  proposed  venous  hyperpres-
sure  due  to  jugular  foramens  stenosis.  The  most  recent  theory  proposed  a pressure  differential  between
CSF  in  the  posterior  fossa  and  in  the  vertebral  canal,  due  to  foramen  magnum  stenosis.

© 2019  Elsevier  Masson  SAS. All  rights  reserved.
. Introduction

Craniostenosis refers to premature closure of the cranial suture.
ncidence is estimated at between 1 per 2100 and 1 per 2500 births
1]. While the vast majority of craniostenoses involve only one of
he cranial sutures [2], children with syndromic faciocraniosteno-
is, such as Apert, Crouzon-Pfeiffer, Muenke or Saethre Chotzen
yndromes, usually have premature fusion of one or two  coronal
utures but also of the sutures of the skull and synchondroses of the
kull base [3,4]. Mutations in the gene coding for fibroblast growth
actor receptor 2 (FGFR2) may  be responsible for the various syn-
romes, according to the type of amino acid alterations, such as

rouzon, Apert or Pfeiffer syndromes but also McGillivray family
caphocephalia, lacrimotorino-dento-digital, Antley-Bixler, cutis
yrata-acanthosis nigricans-craniosynostosis, or Jackson-Weiss

∗ Corresponding author. Service de Neurochirurgie, Hôpital Gabriel-Montpied,
.P. 69, 58, Rue Montalembert, 63003 Clermont-Ferrand, France.

E-mail address: gcoll@chu-clermontferrand.fr (G. Coll).

https://doi.org/10.1016/j.neuchi.2019.09.001
028-3770/© 2019 Elsevier Masson SAS. All rights reserved.
syndromes [2,5,6]. The association between CSF disorder, cerebellar
tonsil prolapse and syndromic craniosynostosis is frequent and well
documented, especially for the Crouzon, Apert and Pfeiffer syn-
dromes. For instance, 30 to 70% of children with Crouzon or Pfeiffer
syndrome [7–10] and 40 to 90% of children with Apert syndrome
show ventriculomegaly [10–12]. This increase in volume results in
progressive ventriculomegaly, requiring neurosurgical treatment
[13]. Hydrocephalus, defined as an increase in the volume occupied
by the CSF with an increase in intracranial pressure, is also com-
mon  [10]. Nine to 17% of patients with Crouzon syndrome, 28–64%
of those with Pfeiffer syndrome and 4–7% of those with Apert
syndrome have authentic hydrocephalus [7–9,11,12,14–16]. A pre-
vious article reported hydrocephalus in 29% of children with
Crouzon syndrome and 33% with Pfeiffer syndrome [10]; all
syndromes were FGFR-2 induced and genetically confirmed. No
children with Apert syndrome had an active fluid disorder [10].
Discrepancies in percentages for Pfeiffer syndrome in most series

probably come from the difficulty of clinically differentiating
between different forms of faciocraniostenosis, such as Crouzon,
Jackson-Weiss and Pfeiffer syndrome, in the absence of genetic

https://doi.org/10.1016/j.neuchi.2019.09.001
http://www.sciencedirect.com/science/journal/00283770
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utation analysis. This problem is absent in Apert syndrome thanks
o its morphological characteristics (syndactyly); which explains
he small percentage discrepancy between reports.

Despite new classifications for Chiari malformation [17], the
resent study focused on Chiari type-I malformation, which we
refer to call ectopia of the cerebellar tonsils (ECT). It is defined
s > 5 mm  protrusion of the cerebellar tonsils under the basion-
pisthion plane, and is found in 70% of Crouzon, 50% of Pfeiffer and
.9% of Apert syndromes [18,19].

. Method

Three literature searches were conducted on PubMed. The first
sed the following keywords: fibroblast growth factor type 2 recep-
or, craniosynostoses, hydrocephalus. The second used: fibroblast
rowth factor type 2 receptor, craniosynostoses, Chiari. The third
sed: fibroblast growth factor type 2 receptor, posterior fossa.
espectively 12, 9 and 7 articles were retrieved, and were all
nalyzed. The complete reference lists of all 28 articles were
xhaustively analyzed.

. Pathophysiology of fluid disorder

Several theories have been developed in recent years to explain
uid disorders in syndromic craniosynostosis.

.1. Constrictive theory

According to constrictive theory, a small posterior fossa results
n a mechanical increase in resistance to the flow of cerebrospinal
uid (CSF). This postulate was based on the finding, in children
ith craniosynostosis and active CSF disorder, of an association

etween compressed subarachnoid spaces in the posterior fossa
nd a small “Chiari like” 4th ventricle anomaly [7,13,20–23]. This
osterior fossa constriction was first referred to in 1976 by Hoffman
nd Tucker as “cephalocranial disproportion” [24]. Hydrocephalus
ould in that case be the consequence of progressive blocking of

he subarachnoid spaces secondary to insufficient posterior fossa
evelopment compared to cerebellar growth [7,25]. It was hypoth-
sized that, in reduced 4th ventricle volume, these posterior fossa
odifications impacted Sylvius aqueduct permeability [8,9,13]; but
RI  studies generally reported an open aqueduct for patients with

rouzon, Apert or Pfeiffer syndrome [7,13,20,22]. Reduced poste-
ior fossa volume was demonstrated on isotopic cisternography
26] and several volumetric studies [27,28]. Sgouros et al. showed
hat the posterior fossa was smaller in the first 2 years of life in
oth girls and boys with craniosynostosis: the posterior fossa had

 smaller anterior posterior diameter but greater width [27]. In
015, we compared the volumes of the posterior fossa and the
erebellum (Fig. 1) between children suffering from FGFR2-induced
raniosynostosis (14 Crouzon, 6 Pfeiffer and 11 Apert syndromes)
nd a population of healthy subjects, using millimetric computed
omography (CT) acquisitions [10]. Posterior fossa volume (Fig. 1)
as measured by contouring the space between the cerebellar tent,

ccipital bone, clivus and temporal bone [10]. The anterolateral
oundary was the ridge of the petrous part of the temporal bone
nd the anterior boundary was its connection with the posterior
etroclinoid ligament [10]. No difference in either posterior fossa
r cerebellum volume emerged between the healthy population
nd the syndromic patients [10].
.2. Venous theory

Venous theory was developed by Sainte Rose et al. in 1984
29]. The alleged pathophysiology consists in venous sinus
ie 65 2019 264–268 265

hyperpressure, following observation of jugular foramen steno-
sis in hydrocephalic children with Crouzon syndrome [7,29]. The
jugular foramen has a large lateral portion, the sigmoidal part,
which receives drainage from the sigmoidal sinus, and a smaller
medial part, the petrous part, which receives drainage from the
lower petrous sinus [30]. This venous hyperpressure results in
defective CSF resorption in venous sinuses [7,29]. Angiographic
studies demonstrated the presence of a highly developed col-
lateral venous network in a majority of children suffering from
Crouzon syndrome and in fewer children with Apert syndrome
[7]. A previous study compared jugular foramina area between
FGFR2-mutant children (Crouzon, Apert and Pfeiffer syndromes)
and a healthy population, using millimetric CT slices (Fig. 2) [10].
Only children with Apert syndrome showed truly reduced jugular
foramina[10], corroborating the finding that children with Apert
syndrome had tetra-ventriculomegaly with a wide open aqueduct
while none showed active hydrocephalus[10]. These findings are
similar to the physiopathology of ventriculomegaly in children suf-
fering from achondroplasia, another FGFR-related pathology with
reduced jugular foramen, showing large ventricles with widening
of the subarachnoid spaces secondary to increased venous pres-
sure but without any active CSF disorder [10,29,31,32]. The theory
of venous hyperpressure, related to stenosis of the jugular fora-
men, may  explain ventriculomegaly in Apert syndrome, but cannot
explain hydrocephalus in Crouzon or Pfeiffer syndromes, where
ventricular dilation is associated with reduced subarachnoid spaces
[10]. All these differences reflect the fact that jugular foramen
stenosis cannot completely explain the pathophysiology of hydro-
cephalus in children with Crouzon or Pfeiffer syndrome.

3.3. Foramen magnum stenosis theory

Foramen magnum (FM) area was  found to be reduced in children
with Crouzon syndrome [3,4,33–37]. A previous study confirmed
this in populations with FGFR2-induced Crouzon and Pfeiffer syn-
drome [10]. The reduction in area was  significantly associated
with CSF disorder [10]. The pathophysiology alleged to explain
hydrocephalus in FM stenosis is a craniospinal pressure gradient:
blockage of the subarachnoid spaces linked to the reduction in
FM area increases pressure in the cranial compartment accord-
ing to Bernouilly’s theorem and the Ventury effect [38]. If fluid
flow is constant and diameter decreases, flow-rate increases and
pressure decreases downstream of the stenosis while the oppo-
site occurs upstream. As previously demonstrated [10,33], and
in agreement with the theory of Greitz [39,40] and Levine [38],
reduced CSF flow between the intracranial subarachnoidal and
spinal subarachnoidal spaces plays a key role in the development of
hydrocephalus in syndromic craniosynostosis. Interruption of CSF
flow, by generating fluctuations independent of fluid pressure on
each side of the FM,  induces a dissociation of craniospinal pres-
sure, resulting in a decrease in subarachnoid craniospinal chamber
compliance [10,38–40]. This reduced craniospinal compliance with
higher pressure gradient at the cranial stage leads, according to
Greitz’s hydrodynamic theory [39,40] and Levine’s theory [38], to
abnormal pressure transmission to brain capillaries, with increases
in ventricular pulse pressure and pulsatile CSF flow in the aque-
duct, and finally global ventricular dilation [10,39]. In 2013, Preus
et al. developed the pulsatile vector theory, according to which
arterial and venous blood flow are at the origin of three vec-
tor forces responsible for CSF pulsatility and circulation [41]. By
altering arterio-venous flow following a decrease in craniospinal
compliance, as in the Greitz model [39], craniospinal pressure dis-

sociation increases the “interstitial fluid shockwave”, as in Preuss’s
model [41], leading to an increase in ventricular CSF pulse wave
and ultimately to ventricular dilation [10]. All these mechanisms
explain the presence of communicating hydrocephalus in children
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Fig. 1. 3D reconstruction, axial, sagittal and coronal millimetric CT slices showing, in blue on the left side, cerebellar volume calculation in a 19-month-old child (Crouzon)
and,  in purple on the right side, posterior fossa volume calculation in a 1-month-old child (control group). iPlan stereotaxy 3.0.2.
Adapted from [10].

Fig. 2. Multiplanar CT reconstruction perpendicular to the major axis of the left jugular foramen in a 3-month-old child with Crouzon syndrome. Left jugular foramen area
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ith Crouzon or Pfeiffer syndrome, who show a reduced FM.  The
bsence of active hydrocephalus in Apert syndrome, where FM is
ot reduced, supports this theory, as does the absence of subarach-
oid effusion in Crouzon and Pfeiffer FGFR2-mutants in previous
eports [10].

.4. Clinical implications

The variable efficacy of endoscopic 3rd ventriculostomy (ETV)
n some children with faciocraniosynostosis [42] is an additional
rgument in favor of craniospinal pressure dissociation [10]. The
toma increases the low compliance as a result of craniospinal
issociation, by creating an alternative CSF pathway to the sub-
rachnoid space [10]. Pediatric craniofacial neurosurgeons usually
erform craniospinal decompression surgeries, associated or not to
osterior cranial vault expansion in children with FGFR2-induced
raniosynostosis [43]. It is usually easier to perform ETV than pos-
erior cranial vault expansion, and future statistical analysis may
ssess the efficiency of these techniques in controlling hydro-
ephalus.

. Pathophysiology of ectopia of the cerebellar tonsils

The pathophysiological explanation of ECT given by Cinalli et al.

19,20] consists in premature closure of lambdoidal sutures in
rouzon and Pfeiffer syndromes compared to Apert syndrome,
esulting in smaller posterior fossa volume. The conflict between
eural growth and reduced bone growth, especially during the
first 2 years of life when cerebellar growth is greater than that
of other posterior fossa neural structures, is believed to be the
origin of cerebellar tonsil ectopia [19,20]. In Crouzon syndrome,
the lambdoid sutures are usually closed at a younger age than
in the general population [3]. Chronologically, the first sutures
to close in Crouzon syndrome are the posterior intra-occipital
sutures, then the lambdoid sutures at the age of 10 months [3]. It
is generally impossible to assess sutures ossification for patients
with Apert or Pfeiffer syndrome, because most are operated on
before 2 years of age [3,10]. Moreover, any craniofacial surgery
can bias analysis of these children [3]. An FGFR2-induced cran-
iosynostosis series of children under 2 years of age found no
growth differential between neural and posterior fossa structures
to explain ECT [10] (Fig. 3). While there was  no statistically sig-
nificant correlation between presence or absence of ECT and the
anatomical measurements we  performed, hydrocephalus and ECT
were significantly associated. The literature data show that, for
Crouzon’s syndrome, all hydrocephalic patients have ECT and 53%
of patients with ECT are hydrocephalic [20]. In an FGFR2-induced
craniosynostosis series, 75% of Crouzon syndrome children with
hydrocephalus had ECT whereas 60% of Crouzon syndrome chil-
dren with ECT had hydrocephalus [10]. The same series also showed
that 83% of hydrocephalic children with Crouzon or Pfeiffer syn-
drome had ECT whereas only 62.5% of Crouzon or Pfeiffer children

with ECT were hydrocephalic [10]. Children with Apert syndrome
did not have reduced FM,  were not hydrocephalic and had no ECT
[10]. The hypothesis of aggravation of FM stenosis by ECT seems
more coherent than a descent of the cerebellar tonsils secondary
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ig. 3. Posterior fossa volume and cerebellar volume plotted by age. Crouzon and P
xtrapolated with locally weighted scatterplot smoothing regression.
dapted from [10].

o hydrocephalus, although this has not been confirmed statisti-
ally.

. Conclusion

Children with FGFR2-induced craniosynostosis can have hydro-
ephalus and ECT. Hydrocephalus and tonsillar prolapse are
tatistically associated [4,10,33]. A correlation between small fora-
en  magnum area and hydrocephalus has been demonstrated in

hildren with genetically confirmed Crouzon or Pfeiffer syndrome
4,10,33]. Children with Apert syndrome have ventriculomegaly
ithout decreased foramen magnum area [10]. While the most

ikely mechanism for active fluid disorder in children with Crouzon
r Pfeiffer syndrome appears to be craniospinal dissociation result-
ng from foramen magnum stenosis, ventriculomegaly in Apert
yndrome appears to be secondary to vascular stenosis at the
ugular foramen [10]. As the clinical phenotype varies greatly
n FGFR2-related synostosis, the pathophysiological mechanisms
nderlying CSF disorders such as cerebellar tonsil prolapse may
lso differ according to the type of mutation.
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