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Prominent Basal Emissary Foramina in Syndromic
Craniosynostosis: Correlation with Phenotypic and

Molecular Diagnoses

Caroline D. Robson, John B. Mulliken, Richard L. Robertson, Mark R. Proctor, Daniela Steinberger,
Patrick D. Barnes, Alicia McFarren, Ulrich Müller, and David Zurakowski

BACKGROUND AND PURPOSE: Jugular foraminal stenosis (JFS) or atresia (JFA) with
collateral emissary veins (EV) has been documented in syndromic craniosynostosis. Disruption
of EV during surgery can produce massive hemorrhage. Our purpose was to describe the
prevalence of prominent basal emissary foramina (EF), which transmit enlarged EV, in syn-
dromic craniosynostosis. Our findings were correlated with phenotypic and molecular
diagnoses.

METHODS: We reviewed the medical records and imaging examinations of 33 patients with
syndromic craniosynostosis and known fibroblast growth factor receptor (FGFR) mutations.
All patients underwent CT and 14 MR imaging. The cranial base was assessed for size of
occipitomastoid EF and jugular foramina (JF). Vascular imaging studies were available from
12 patients. A control group (n 5 76) was used to establish normal size criteria for JF and EF.

RESULTS: Phenotypic classification included Crouzon syndrome (n 5 10), crouzonoid fea-
tures with acanthosis nigricans (n 5 3), Apert syndrome (n 5 10), Pfeiffer syndrome (n 5 4),
and clinically unclassifiable bilateral coronal synostosis (n 5 6). EF $ 3 mm in diameter and
JFS or JFA were identified in 23 patients with various molecular diagnoses. Vascular imaging
in patients with JFS or JFA and enlarged EF revealed atresia or stenosis of the jugular veins
and enlarged basal EV. JFA was seen in all patients with the FGFR3 mutation with crouzonoid
features and acanthosis nigricans. Four patients had prominent EF without JFS. Six patients
had normal JF and lacked enlarged EF.

CONCLUSION: Enlarged basal EF are common in syndromic craniosynostosis and are usu-
ally associated with JFS or JFA. Bilateral basilar venous atresia is most common in patients
with the FGFR3 ala391glu mutation and crouzonoid features with acanthosis nigricans, but
may be found in patients with FGFR2 mutations. Skull base vascular imaging should be ob-
tained in patients with syndromic craniosynostosis with enlarged EF.

Premature fusion of the coronal sutures is the pre-
dominant feature of several distinct monogenic dis-
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orders (1). These autosomal dominant craniosyn-
ostoses are conventionally known by eponyms and
phenotypic features such as the severity of cranio-
facial abnormality and associated limb anomalies
(2). The syndromic craniosynostoses include Apert
syndrome, Crouzon syndrome, Pfeiffer syndrome,
and Saethre-Chotzen syndrome.

Crouzon syndrome is characterized by proptosis,
maxillary hypoplasia, and the absence of major
limb abnormalities. Once thought to be a variant of
Crouzon syndrome (3), another disorder called
crouzonoid and acanthosis nigricans is now consid-
ered to be a discrete entity (4, 5). Periapical ce-
mental dyplasia of the jaws (6) and spinal stenosis
have also been reported in crouzonoid patients with
acanthosis nigricans (7).

Patients who have Pfeiffer syndrome share many
of the craniofacial characteristics of Crouzon syn-
drome; however, they are more likely to have pan-
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synostosis and limb deformities. Their toes and
thumbs are often broad, and sometimes medially
deviated, with cutaneous syndactyly (2, 5). Apert
syndrome is characterized by syndactyly/symphal-
angism and severe cranial dysmorphism (2). How-
ever, there are many patients with bilateral coronal
synostosis who do not fit easily into any of these
categories or have features that overlap the epon-
ymous subgroups (5).

Recently the mutational basis for all of the well-
known syndromic craniosynostoses has been elu-
cidated and has provided insights into the mecha-
nisms by which these malformations arise (8, 9).
These mutations involve genes coding for fibroblast
growth factor receptors (FGFR1, 2, or 3), known
to have specialized roles in skeletal development
(5, 8, 10, 11).

In addition to deformity of the cranium, intra-
cranial hypertension, hydrocephalus, hindbrain her-
niation (Chiari I malformation), and severe cranial
base deformity have been described in syndromic
craniosynostosis (12–18). Impaired venous drain-
age has been proposed as an important factor in the
pathogenesis of intracranial hypertension and hy-
drocephalus. We hypothesize that enlarged emis-
sary foramina (EF) and veins (EV) develop to pro-
vide collateral venous drainage because of jugular
vein stenosis (JVS) or atresia (JVA). Patients with
syndromic craniosynostosis usually undergo fron-
toorbital advancement in infancy, midfacial ad-
vancement in childhood, and may require posterior
fossa cranial remodeling or cervicooccipital de-
compression for Chiari I malformations. Disruption
of the enlarged EV may result in massive, some-
times fatal, intraoperative hemorrhage (12). In this
study, we established normal ranges for sizes of EF
and jugular foramina (JF) in a control group and
documented the prevalence of enlarged EF in pa-
tients with various craniosynostoses. The findings
of enlarged EF were correlated with enlarged EV
and size of JF. We also attempted to correlate our
findings with phenotypic and molecular diagnoses.

Methods

Patients

A list of patients with coronal synostosis and known phe-
notypic and molecular diagnoses was obtained from the re-
cords of the Craniofacial Center at Children’s Hospital. Only
those patients who had undergone thin-section CT of the cra-
nial base were included in this study (n 5 33). All patients
had been classified clinically based on craniofacial features and
the appearance of the hands and feet. Patients with Saethre-
Chotzen syndrome or with synostosis involving only one cra-
nial suture were not included in this study. This group of 33
included 22 male and 11 female patients, ranging in age from
1 month to 28 years at the time of the initial thin-section CT
examination.

The medical records were reviewed for craniofacial and ex-
tremity anomalies, ventricular drainage procedures, posterior
fossa decompression for chronic tonsillar herniation (CTH),
and for excessive intraoperative bleeding.

A control population was assessed for the purpose of estab-
lishing normal values for the cross-sectional area of the JF at

the skull base. The data were obtained from 77 CT scans of
the temporal bone in 76 patients (46 male and 30 female pa-
tients) ranging in age from 12 days to 20 years. The clinical
notes were assessed to ensure that none of the patients had a
history of craniofacial abnormality. Clinical indications for
temporal bone CT in this group included mastoiditis, hearing
loss, otorrhea, cholesteatoma, and trauma.

CT Protocol

All study patients were imaged with CT of the head from
the vertex to the hyoid bone by use of either a GE 9800 or
Advantage CT scanner (General Electric Medical Systems;
Milwaukee, WI). Patients were scanned with 1- to 3-mm con-
ventional axial images (n 5 22) or helical images (n 5 11)
with 3-mm increments at a pitch of 1:1. All patients in the
control group were scanned with 1- to 3-mm conventional ax-
ial images of the temporal bones. Scans were obtained using
120 kV, 80–200 mA, a 1- to 2-s scan time, a 20- to 25-cm
field of view (FOV), and a 512 3 512 matrix. Reformatted
coronal and sagittal images and 3D images were obtained from
all study patients. CT venography (CTV) was done (n 5 3)
using a helical acquisition with 3-mm increments at a pitch of
1:1, 30 seconds after commencing a bolus IV injection of 2cc/
kg Ioversol 68% (w/v) (Optiray 320; Mallinckrodt, Medical
Inc., St. Louis, MO).

MR Protocol

Fourteen patients underwent MR imaging of the brain on a
1.5-T system (General Electric Medical Systems, Milwaukee,
WI) with a quadrature head coil. The imaging protocol con-
sisted of sagittal conventional spin-echo T1-weighted images
(450/14/1 [TR/TE/excitations]; 5-mm slice thickness; 1-mm
interslice gap; 24-cm FOV; 256 3 192 matrix), axial fast spin-
echo (FSE) T2-weighted images (4000/84/1; 5-mm slice thick-
ness; 1-mm interslice gap; 22- to 24-cm FOV; 256 3 192
matrix), axial FSE proton density–weighted images (2000/17/
1; 5-mm slice thickness; 1-mm interslice gap; 22- to 24-cm
FOV; 256 3 192 matrix), or fluid-attenuated inversion recov-
ery images (10004/175/1 ; TI, 2200 ms; 5-mm slice thickness;
1-mm interslice gap; 24-cm FOV; 256 3 192 matrix). Flow-
sensitive pulse sequences included 2D time-of-flight (TOF)
MR venography (MRV) (n 5 2) (23/4.9/1 ; 60-degree flip
angle; 49.5-mm slice thickness; 20 3 15-cm FOV; 256 3 192
matrix), 3D TOF MRV (n 5 3) (53/6.9/1 ; 25-degree flip an-
gle; 1-mm slice thickness; 22 3 16.5-cm FOV; 512 3 160
matrix), spoiled gradient-recalled imaging (n 5 1) (24/6.9/2;
50-degree flip angle, 5-mm slice thickness; 1-mm interslice
gap; 20 3 15-cm FOV; 256 3 160 matrix), or 2D phase-
contrast MRV (38/9.3/1 ; 20-degree flip angle; 10-mm slice
thickness; 0-mm interslice gap; 20-cm FOV; 256 3 128 ma-
trix; 5-cm/s flow velocity). Contrast material was not used for
MRV pulse sequences.

Conventional Angiography

Venous anatomy at the cranial base was evaluated in two
patients with digital subtraction angiography.

Image Review and Analysis

Control Group.—One pediatric neuroradiologist measured
the cross-sectional area of the JF at the skull base in mm2 for
children in the control group by use of a computer-generated
free-hand trace method. Age, gender, and the sum of right and
left JF were tabulated. The width of the right and left mastoid
and central occipital EF were measured in mm.

The relationship between JF size and age in healthy children
between 1 month and 16 years of age (n 5 77) was then
assessed using linear and nonlinear regression analysis. Several
different linear and nonlinear statistical models were compared
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TABLE 1: Predicted value and normal ranges for the sum of the
cross-sectional area of the right and left jugular foramina accord-
ing to age and gender

Age

Female

Predicted
Value
(mm2)

Normal Range
(mm2)

Male

Predicted
Value
(mm2)

Normal Range
(mm2)

1 month
3 months
6 months
9 months
1 year

50
64
78
90
95

33–75
44–96
53–116
60–130
66–140

58
74
88

100
107

39–87
50–110
60–120
68–146
73–158

2 years
3 years
4 years
5 years
6 years

113
125
137
145
152

77–167
85–184
93–201
98–214

103–224

128
144
156
165
173

87–188
98–212

106–229
112–243
118–255

7 years
8 years
9 years
10 years
11 years

159
164
170
174
179

108–234
111–243
115–250
118–258
121–264

181
187
193
199
204

123–266
128–275
131–285
135–293
138–300

12 years
13 years
14 years
15 years
16 years

183
187
191
194
198

124–270
127–277
129–282
131–288
134–293

209
213
218
222
225

142–308
145–314
148–321
150–327
153–332

to determine the most accurate relationship for describing the
data and to use this model to establish pediatric normal ref-
erence ranges. Goodness-of-fit, evaluated by R-squared, and
mathematical simplicity were considered to be the important
features in model selection. A log transformation (base 10) was
applied to normalize and make the data amenable to Gaussian
calculations. Two-way analysis of variance (ANOVA) using
log units was performed to investigate the effects of age and
gender on JF size and to test whether girls and boys shared a
common rate of increase with age. Reference ranges were de-
rived from the 95% individual prediction intervals from log-
transformed variables by using least-squares regression anal-
ysis (19). Finally, predicted values and confidence intervals
(CI) were converted back to the original units by calculating
antilogs. Because one of the primary goals of developing the
normal ranges was to evaluate the patients with abnormal find-
ings in the study, as defined using the CT standard of refer-
ence, sensitivity and specificity of the ranges were determined
using standard formulas with 95% CI approximated by Pratt’s
method (20). Herein, sensitivity corresponds to the proportion
of patients in the study classified as having JF atresia (JFA) or
stenosis (JFS), according to CT, who were correctly identified
as having abnormal findings by the ranges. Specificity refers
to the proportion of 77 normal findings correctly classified by
the established reference ranges. Both sensitivity and specific-
ity are expressed as percentages. For all statistical tests, two-
tailed values of P ,.05 were considered statistically signifi-
cant. Analysis of the data was performed using the SPSS
software package (version 10.0, SPSS Inc., Chicago, IL).

Study Group.—Two pediatric neuroradiologists indepen-
dently reviewed the imaging findings in the study group. The
widths of the right and left occipitomastoid and central occip-
ital EF were measured on CT examinations. Measurements
were obtained for the cross-sectional area of the JF at the skull
base in 39 children. In four patients, the original CT scans
could not be reloaded onto the workstation for JF area mea-
surements. The JF were assessed as being normal, stenotic, or
atretic. Sagittal reformatted CT images and/or sagittal T1-
weighted MR images were used to document the presence or
absence of tonsillar herniation. Ventricular size was assessed
as being either normal or dilated, and termed ventriculomegaly
if no ventricular drainage procedure had been done, or hydro-
cephalus if the patient had required ventricular shunting. The
CTV, MRV, and conventional angiographic images were as-
sessed independent of the CT bone window images for size
and patency of the transverse and sigmoid sinuses and JV, and
for the presence of prominent basal EV.

Results

Phenotypic Diagnosis
The patients were initially classified clinically as

having Crouzon syndrome (n 5 10), crouzonoid
features with acanthosis nigricans (n 5 3), Apert
syndrome (n 5 10), Pfeiffer syndrome (n 5 4), or
clinically nonspecific coronal synostosis and
brachycephaly/turricephaly with or without midfa-
cial retrusion and/or minor limb anomalies (n 5 6).

Molecular Diagnosis
The results of genetic analysis are presented in

Tables 1–6. All but one case had been labeled
Crouzon syndrome and all cases labeled Pfeiffer
syndrome (n 5 13) had an FGFR2 point mutation.
A wide phenotypic range was observed in patients
with identical mutations (Tables). One patient who
was diagnosed with Crouzon syndrome had FGFR3

Pro250Arg, the mutation most frequently encoun-
tered in the clinically unclassified patients (n 5 3).
All patients with the crouzonoid phenotype and ac-
anthosis nigricans had the FGFR3 ala391glu mu-
tation (n 5 3). All Apert syndrome patients (n 5
10) had one of the two known FGFR2 point mu-
tations. The clinically unclassified patients had ei-
ther an FGFR3 pro250arg (n 5 3) or FGFR2 (n 5
3) mutation.

Clinical History

All patients underwent craniofacial procedures.
One patient (Case 1, Fig 1) with crouzonoid and
acanthosis nigricans developed excessive intraop-
erative hemorrhage during attempted craniotomy
for repeat frontoorbital advancement. The proce-
dure was abandoned. Twelve patients required ven-
tricular shunting for hydrocephalus. Posterior fossa
decompression for Chiari I malformation was re-
quired in five patients; in one, the dura was not
opened to avoid the risk of bleeding from visibly
enlarged basal veins at the level of the foramen
magnum. In a second patient, prominent basal col-
lateral veins were encountered and oversewn to
avoid intraoperative bleeding. Another patient re-
quired an occipital craniotomy for relief of in-
creased intracranial pressure. Very large veins were
observed draining directly through the skull at the
level of the torcular, and other large veins were
seen along the course of the transverse sinus, and
were associated with bleeding. To avoid laceration,
a large vein at the torcular was clipped (Case 3,
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FIG 1. Case 1: Eight-year-old girl with
crouzonoid features, acanthosis nigricans,
and FGFR3 ala391glu mutation.

A, Helical CT shows bilateral JFA (ar-
rows) and a large left mastoid emissary fo-
ramen (arrowheads).

B, Axial collapsed maximum intensity
projection (MIP) from 3D TOF MRV (53/
6.9/1 [TR/TE/excitations]) reveals atresia
of the right transverse and sigmoid sinuses
and the both internal JV (arrowheads).
Large occipitomastoid EV arise from the
left transverse and sigmoid sinuses
(arrows).

FIG 2. Case 3: Three-year-old boy with crouzonoid features, acanthosis nigricans, and FGFR3 ala391glu mutation.
A, Axial CT shows a large central occipital emissary foramen (arrow). A small left mastoid emissary foramen is seen (arrowhead).
B, Axial CT 2 years after surgical clipping of the occipital emissary vein (arrowhead) shows marked enlargement of the left mastoid

emissary foramen (arrow).
C, Digital subtraction cerebral angiogram, frontal projection, shows atresia of the right sigmoid sinus and lateral portion of the left

sigmoid sinus (arrows) and atresia of both internal JV. There are large left mastoid EV arising from the proximal left sigmoid sinus
(arrowheads).

Fig 2). This patient subsequently developed a post-
traumatic arteriovenous fistula that was treated
surgically.

Imaging
Control Group.—The best model for describing

the relationship between JF size and age was a non-
linear power function revealing that JF size in-
creased with age according to a curve rather than
a straight line (R-squared 5 0.80 for female pa-
tients, R-squared 5 0.71 for male patients; P
,.0001 in each case). There was a significant dif-
ference between female and male patients, which
indicated a larger JF size for male patients (P 5
.015). Based on the interaction F-test in the two-
way ANOVA, there was clearly no significant dif-
ference in the rate of increase in JF size with age
(ie, slope) between female and male patients (P 5
.77). Because there was a gender effect, the pedi-
atric reference ranges are provided separately for
female and male patients (Table 1). Using these
ranges, 76 of the 77 normal scans were correctly
classified as falling inside the normal range (spec-
ificity 5 99%, 95% CI 5 93–100%). Among the
study group, JF area measurements were available
in 19 of 23 children considered to have JFA or JFS.

All of these were correctly classified as falling out-
side and below the normal range (sensitivity 5
100%, 95% CI 5 82–100%)

EF were usually not seen or measured approxi-
mately 1 mm in width (n521) in patients younger
than 2 years. In three children younger than 2
years, one mastoid EF measured up to 2 mm in
width. EF were also more frequently not seen or
measured approximately 1 mm in width (n 5 32)
in children 2 years or older. In 16 children, one
mastoid EV measured up to 2 mm in width. In a
small number of children (n 5 5), all 9 years or
older, one mastoid EF measured up to 3 mm in
width. In the control group, the central occipital EF
was not seen in 35 of 77 children and did not ex-
ceed 1 mm in width in any child.

Study Group.—Either one (n 5 5), two (n 5 15)
or three (n 5 3) prominent EF $ 3 mm in diameter
and bilateral JFS or JFA were identified in 23 pa-
tients. These patients were divided into three
groups: group 1 had bilateral JFA (n 5 5), group
2 had unilateral JFA and contralateral JFS (n 5 5),
and group 3 had bilateral JFS (n 5 13). Group 4
had prominent EF without stenotic JF (n 5 4).
Group 5 had normal JF and lacked enlarged EF (n
5 6) (Tables 2–6).
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FIG 3. Case 5: Three-year-old girl with Pfeiffer syndrome and FGFR2 cys342arg mutation. Frontal MIP of a CT venogram shows
occlusion of the transverse sinuses (arrowheads) and large duplicated occipital sinuses (arrows).

FIG 4. Case 20: Ten-year-old girl with Pfeiffer syndrome and FGFR2 ser354cys mutation. Helical CT shows a large right occipitomastoid
emissary foramen (arrowhead). The right jugular foramen is stenotic, with prominent septations (arrow). The left JF appeared stenotic
on a caudal image of the skull base (not shown).

Group 1: Bilateral JFA with enlarged EF were
found in all patients with crouzonoid features and
acanthosis nigricans (n 5 3), in Apert syndrome (n
5 1), and in Pfeiffer syndrome (n 5 1) (Table 2).
Conventional angiography (n 5 2) or CTV (n 5
2) was obtained in four of these patients and con-
firmed bilateral JVA (Fig 2C). Additional findings
included atresia (n 5 2) or stenosis (n 5 1) of the
right transverse sinus, atresia (n 5 3), or stenosis
(n 5 1) of the right sigmoid sinus, atresia of the
left transverse sinus (n 5 1), and distal atresia (n
5 2) or stenosis (n 5 1) of the left sigmoid sinus
(Fig 1B). Enlarged EV were seen in all of these
patients, and one child had prominent duplicated
occipital sinuses draining inferiorly from the tor-
cular to the posterior condyloid canals (Case 5,
Fig 3).

Abnormal ventricular size characterized as hy-
drocephalus (n 5 3) or ventriculomegaly (n 5 2)
was present in five patients. Chiari I malformation
was found in all patients with crouzonoid features
and acanthosis nigricans.

Group 2: Unilateral JFS and contralateral JFA
was seen in Crouzon syndrome (n 5 3), Apert syn-
drome (n 5 1), and Pfeiffer syndrome (n 5 1) (Ta-
ble 3). In one child (case 6), the left sigmoid plate
appeared markedly thinned. MRV (n 5 1) and
CTV (n 5 1) revealed atresia of one transverse
sinus, stenosis or atresia of the ipsilateral sigmoid
sinus, and atresia of the ipsilateral JV. This was
right-sided in one patient and left- sided in the oth-
er. In both patients, there were large contralateral
transverse and sigmoid sinuses with stenosis of the
JV at the junction with the sigmoid sinuses and
diversion of blood through very large mastoid EV.

As in group 1, these patients had either hydro-
cephalus (n 5 3) or ventriculomegaly (n 5 2).
Chiari I malformation was only seen in the children
who had hydrocephalus.

Group 3: Bilateral JFS was noted in Crouzon
syndrome (n 5 4), Apert syndrome (n 5 5), Pfeif-

fer syndrome (n 5 1) (case 19, Fig 4), and in clin-
ically unclassified patients (n 5 3) (Table 4). In two
patients (cases 13, 18), the right sigmoid plate was
markedly thinned or deficient and both right and
left sigmoid plates were attenuated in one patient
(case 19). MRV (n 5 4) or CTV (n 5 1) revealed
bilateral JVS (n 5 5) at the junction of the sigmoid
sinus with the JV. Additional features included atre-
sia of the left transverse sinus, stenosis of the left
sigmoid sinus (n 5 3), and stenosis of both right
and left transverse and sigmoid sinuses (n 5 1)
(case 12, Fig 5). Enlarged occipitomastoid EV were
seen extending from the sigmoid sinus or torcular
to the occipital soft tissues (n 5 5) (Figs 5 and 6).

Hydrocephalus (n 5 5) or ventriculomegaly (n
5 4) were found in two thirds of group 3, with
normal-sized ventricles (n 5 4) in one third. Chiari
I malformation was seen in association with hydro-
cephalus (n 5 3), ventriculomegaly (n 5 4), and
normal-sized ventricles (n 5 3). In two children
who did not undergo MR imaging, the craniocerv-
ical junction was not adequately assessed on the
sagittal reformatted CT images.

Group 4: Four patients had prominent EF with-
out stenotic JF. Three children had bilaterally (cases
24, 26) or unilaterally (case 25) thinned or deficient
sigmoid plates (Fig 7). MRV in one of these pa-
tients revealed bilateral stenosis at the junction of
the JV with the sigmoid sinus (case 24, Fig 7). The
torcular appeared irregular, and there was atresia of
the left transverse sinus, with stenosis of the left
sigmoid sinus. Large, central, occipital and right
mastoid EV were also noted in this patient.

Hydrocephalus (n 5 1), or ventriculomegaly (n
5 3) were seen in group 4. Chiari I malformation
was documented in one child with hydrocephalus.

Group 5: Six patients had normal JF without en-
larged EF. A dehiscent left jugular bulb was seen
in one patient. No vascular imaging studies were
obtained from these patients. Ventriculomegaly (n
5 5) was more frequent than was the finding of



AJNR: 21, October 2000 SYNDROMIC CRANIOSYNOSTOSIS 1715

FIG 5. Case 12: A 21-month-old girl with Crouzon syndrome and FGFR2 cys342tyr mutation. Axial collapsed MIP from 3D TOF MRV
(53/6.9/1) 20 months after the initial CT shows JFS. There is stenosis of both transverse and sigmoid sinuses and the internal JV
(arrowheads). There are large, right, occipitomastoid EV (arrows).

FIG 6. Case 23: Three-year-old boy with clinically unclassified, bilateral, coronal synostosis and FGFR2 ala314ser mutation. Axial T1-
weighted MR imaging (450/14/1) reveals flow voids within large bilateral mastoid EV (arrows). The JV are stenotic (arrowheads).

FIG 7. Case 24: Two-year-old girl with Crouzon syndrome and FGFR ser354cys mutation.
A, Axial CT shows that the JF are not stenotic (asterisks).
B, Magnified, oblique, frontal MIP from 3D TOF MRV (53/6.9/1) reveals a focal stenosis at the junction of the right sigmoid sinus with

the internal JV (arrow). There is a large right mastoid EV (arrowheads).

normal-sized ventricles (n 5 1). Chiari I malfor-
mation was seen in three patients, including one
with normal-sized ventricles.

Discussion
Obstruction of dural and jugular venous outflow

is associated with development of collateral venous
circulation through mastoid and central occipital
emissary vessels (21). Jugular venous obstruction
and enlarged EV have been reported in association
with syndromic craniosynostoses, but the preva-
lence of enlarged EF in association with syndromic
craniosynostoses is unknown (12, 15, 22–24). In
our series, 27 of 33 patients with syndromic cra-
niosynostosis were found to have enlarged basal
EF, usually but not invariably, in association with
stenosis or atresia of the JF. Imaging of cranial ve-
nous anatomy in 12 patients correlated with the CT
examinations of the skull base and confirmed the
presence of enlarged EV and variable stenosis or

atresia of the posterior fossa dural venous sinuses
and JV.

There are many factors that may alter either the
venous or osseous anatomy in patients with syn-
dromic craniosynostosis. During normal fetal de-
velopment, morphologic changes have been ob-
served in the formation of the dural venous sinuses
of the posterior fossa. Toward the end of the 1st
trimester, a narrowed segment termed the jugular
sinus exists between the sigmoid sinus and the JV
(25). The inner diameter of the jugular sinus usu-
ally remains at 1 to 2 mm until the 3rd trimester,
resulting in a period of intraluminal hypertension
with enlargement of the transverse sinus (from the
3rd to 7th fetal month), and the development of
multiple EV to provide collateral extracranial ve-
nous drainage (25). Lumenal irregularity, segmen-
tal absence of the sinus (particularly the medial
portion), or septations can accompany the changes
in size of the transverse sinus, as noted in vascular
imaging studies in some of our patients. The jug-
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ular bulb develops postnatally and is usually only
seen after the age of 2 years. This should be taken
into consideration when assessing JF size in chil-
dren under 2 years. Our normal ranges for JF size
take into account the effects of both age and gen-
der. These ranges can be useful for sequential mea-
surements of JF area in an individual patient over
time. One boy with Crouzon syndrome (case 12)
underwent CT at 1 month of age. Combined right
and left JF area fell within normal limits for age
and gender at that time. However, a repeat CT ex-
amination at 2 years of age revealed failure of in-
terval growth of the JF, with area measurements
well below the predicted normal range for age. As
some of the children included in group 5 (normal
JF, normal EF) were under 1 year, they may still
be at risk for the development of JFS and enlarged
EF, which could be detected on follow-up CT
scans.

Extracranial drainage of the posterior fossa dural
sinuses can occur from routes other than the JV,
including drainage via the condylar veins or the
marginal (occipital) sinus into the vertebral, para-
vertebral, and/or deep cervical veins; the mastoid
EV; and the occipital EV into the occipital (or pos-
terior auricular) veins (25). The usual size of the
mastoid EV has been reported as 1 mm, with 10%
over 2 mm in size, and only exceptionally as much
as 4 mm in width (26). In our control group, EF
were usually # 2mm in width, and only five of 76
children, all older than 9 years, had one EF of ap-
proximately 3 mm in width.

We found that enlarged EV in patients with syn-
dromic craniosynostosis are associated with ob-
struction of dural venous sinus outflow. Stenosis or
atresia of the sigmoid sinus and JV can occur for
a variety of factors. These include synostosis of
cranial base sutures, resulting in JFS or JFA (27),
and alteration in obliquity with canting of the pe-
trous bone, turbulence and progressive focal ste-
nosis of the JV, and bony encasement of the dural
venous sinuses (12). The role of altered FGFR ac-
tivity has yet to be determined. Evidence suggests
that the synchondroses of the cranial base are com-
pletely fused at birth in Crouzon syndrome and fuse
early in Apert syndrome (27). Despite the presence
of collateral venous drainage, relative impairment
of dural venous drainage can cause intracranial hy-
pertension and impaired CSF resorption.

Ventriculomegaly (either stable or progressive)
and/or dilatation of the subarachnoid spaces are rel-
atively common findings in patients with syndrom-
ic craniosynostosis. Ventricular dilatation alone
does not indicate raised intracranial pressure (18).
Approximately 12% of these patients require sur-
gical treatment for progressive ventricular dilata-
tion (21). The presence of hydrocephalus in 11 of
23 patients with JFA or JFS (Groups 1–3) supports
the importance of venous hypertension as a path-
ophysiologic mechanism in the development of hy-
drocephalus in patients with craniosynostosis (15).
Hydrocephalus occurred in one patient (case 24)

with a normal JF, enlarged EF, and focal JVS, but
did not occur in any patient who had normal JF
and lacked enlarged EF.

Under normal conditions, CSF pressure is higher
than is the venous pressure within the superior sag-
ittal sinus. This pressure gradient is necessary for
CSF resorption (15). Elevated superior sagittal si-
nus venous pressure has been implicated in the
pathogenesis of hydrocephalus in infants with a
fixed obstruction of venous outflow, often seen in
achondroplasia and syndromic craniosynostosis
(15). Venous hypertension caused by JFS results in
higher CSF pressure to maintain CSF outflow (15).
In addition to venous hypertension and increased
CSF hydrostatic pressure, lambdoid synostosis with
crowding of the posterior fossa may increase ve-
nous outflow resistance by compressing the sig-
moid sinus. Hindbrain herniation can also contrib-
ute to increased CSF outflow resistance (16, 23).
Raised intracranial pressure is more likely with bi-
lateral coronal synostosis and with increasing num-
ber of sutures involved (28). Despite correction of
the cranial deformity, a small percentage of patients
who undergo early craniotomy and decompression
will develop symptoms of raised intracranial pres-
sure (14).

The association of CTH with syndromic cranio-
synostosis has been described (13, 23, 29). CTH
has been found in 72.7% of patents with Crouzon
syndrome and 1.9% with Apert syndrome. We
found CTH in 100% of patients with crouzonoid
features and acanthosis nigricans, 90% with Crou-
zon syndrome, 66% with clinically unclassified
coronal synostosis, and 30% with Apert or Pfeiffer
syndrome. The higher incidence of CTH in Crou-
zon syndrome has been linked to the premature fu-
sion of the lambdoid sutures in the first 2 years of
life (23), or possibly to increased venous turgor in
children with JFS and treated hydrocephalus (13).

Genetic linkage analysis has implicated the mu-
tation of three members of the FGFR gene family
as the underlying cause of several skeletal dyspla-
sias and autosomal dominant craniosynostotic syn-
dromes (3, 5, 8, 10). The mutation is thought to
result in inappropriate receptor signaling that af-
fects the growth and/or patterning of bone (2).
FGFR 3 mutations have been reported in achon-
droplasia, thanatophoric dysplasia, hypochondro-
plasia, and in patients with craniosynostosis and
highly variable phenotype.

There is considerable genetic heterogeneity in
the coronal craniosynostotic syndromes, and the
phenotype does not always predict the genotype.
There is also phenotypic heterogeneity even in pa-
tients with identical mutations, probably the result
of modulation by genes modifying the effects of
the FGFR mutations and by environmental factors
(5). The use of molecular diagnosis as a predictor
of patient outcome has been evaluated, and there
are at least three mutations that allow phenotypic
prognostication of a patient with craniosynostosis.
Point mutations at position 252 and 253 of FGFR
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2 are always associated with the distinctive phe-
notype of Apert syndrome (30). The FGFR3
ala391glu mutation defines the molecular basis for
patients with the crouzonoid phenotype and acan-
thosis nigricans, Chiari I malformation, JFA, and
ventriculomegaly. This mutation is close to the pre-
dominant mutation for achondroplasia in which
JFS and spinal stenosis are commonly seen (5).

In this study, the only mutation that appeared to
correlate with severe basilar venous stenosis or
atresia was FGFR3 ala391glu associated with crou-
zonoid features and acanthosis nigricans. The
FGFR3 pro250arg mutation was most commonly
seen in clinically unclassified patients and occurred
in two of six patients who did not have enlarged
EF. However, two of four patients with this muta-
tion did have enlarged EF and JFS or JFA.

Conclusion
Enlarged basal EF are common in syndromic

craniosynostosis and result from stenosis or atresia
of the JF. The presence of normal JF does not pre-
clude the possibility of focal JVS. Bilateral basilar
venous atresia is most common in patients with the
FGFR3 ala391glu mutation and crouzonoid fea-
tures with acanthosis nigricans, but may be found
in patients with FGFR2 mutations. Preoperative as-
sessment of patients with syndromic craniosynos-
tosis and enlarged EF should include assessment of
the basilar venous drainage.
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